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Abstract

Schistosomiasis, caused by Schistosoma trematodes is the second most devastating
neglected tropical disease. Schistosoma bovis largely affects ruminant hosts,
significantly crippling the economic output of livestock farmers and food security. A
promising anti-schistosomal drug target is the multifunctional detoxification enzyme
Schistosoma bovis 28 kDa glutathione transferase (Sb28GST). While empirical
structural techniques are insightful and used in drug design, they fall short in providing
the dynamics of the protein of interest. Computer aided drug design (CADD) offers a
time and cost-efficient workflow to screen and analyze drug candidates. This method
has limitations, whose misinterpretation can hinder drug design and development. In
this study we caution the careful selection of the crystal structure space groups used
for CADD as isolated analyses influence the conformational states visualized and
simulated as we search for Sb28GST drugs for Schistosomiasis intervention. Upon
the successful expression and purification of Sb28GST, crystal conditions were
manipulated to obtain the protein's crystal structure at 2.4 A in an orthorhombic crystal
system. A 500 ns molecular dynamic simulation consisting of eight stages was
performed on the orthorhombic 8BHZ to compare to the monoclinic Sb28GST 8ALS.
Two distinct trajectories were undertaken by the apo proteins, revealing significant
differences in the dynamic behaviour of the protein systems. A library of flavonoid
compounds was used to perform high-throughput virtual screening for the identification
of potential Sb28GST ligands, whose outputs were filtered using standard precision
and extra precision mode. The screening process showed a diverse selection of
flavonoid compounds between the different space groups with strong favourable
interactions implied from the low free binding. The only common ligand selected
between the protein polymorphs was apigenin 7-O-(2G-Rhamnosyl) Gentiobioside
however, quercetin-3-O-Beta-D-Glucose-7-O-Beta-D-Gentiobioside was the best
performing ligand overall, with the lowest glide score of -15.6645 kcal/mol. The
molecular dynamic simulations of the protein polymorphs with the selected ligands
additionally highlighted different molecular interactions in which the proteins used to
stabilize the proteins bond to the ligands. Concluding that the combined assessment
of protein polymorphs provides more detailed insights into the conformation dynamics

of the protein which would not be otherwise identified in a single space group analysis.

Vi



To test the inhibitory potency of the selected ligands a CDNB-GSH assay showed that
both apigenin and quercetin significantly reduced the activity of Sb28GST. The ICso of
the confirmed inhibitors showed that apigenin was a more potent inhibitor (ICs0 = 0.130
mM) than quercetin (ICso = 0.120 mM). The extrinsic fluorescence studies suggest that
apigenin and quercetin both bind to the hydrophobic H-site and allosteric L-site at the
dimer interface. Analysis of the thermal stability of Sb28GST showed that the presence
of the ligands reduces the thermal stability of the protein in a very insignificant way.
This study presents the first empirical validation of computationally selected lead
flavonoid compounds as inhibitors of Sb28GST for schistosomiasis intervention. From
this studies' findings, future research would entail validating the lead flavonoid
inhibitors through kinetic and mechanistic studies. In addition, in vitro and in vivo
testing of the flavonoid inhibitors would be expanded to other Schistosome GST

isoforms to guide clinical candidate development.
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Chapter 1

Introduction and Literature Review

1.1. Global Burden of Schistosomiasis

The global human population increases at a rate of approximately 1% each year. This
growth is accompanied with a proportionately increased need for natural resources
whose turnover remains unchanged despite the growing demand (Strydom et al.,
2023). Meat consumption in particular is projected to have increased by 14% from the
average consumption rate recorded from 2018-2020 (Use, 2019). To combat this
imbalance, beef production is expected to grow by 5.9% to sustain this ever-growing
market (Outlook, 2021).

The top beef and veal producers globally turned over upwards of 58 184 000 metric
tons of beef carcass weight in 2022 constituting 74% of the global supply of beef
products (Strydom et al., 2023). With commodities of this magnitude, any minor
changes experienced in production efficiency would ultimately leave the industry
vulnerable to massive economic losses (Mustafa et al., 2024). Unfortunately, beef
production or more specifically, cattle operations do in fact face many challenges. One
being parasite-borne diseases which directly affect cattle and consequently, farming
efficiency (Vercruysse et al., 2018). The disruptions brought through animal health
issues within this industry is a cause of great concern. These disruptions have the
potential to reduce the world production of food animals by upwards of 20%, thus
further contributing to the deficient surplus food supply (Charlier et al., 2015).
Helminth-associated diseases in particular have been millennia-old scourges on cattle
and the livelihood of farmers. Their impact has been catastrophic largely due to their
undetectable insidious nature. They have been able to achieve this level of stealth
better than their bacterial and viral counterparts due to chronic diseases they cause
(Vercruysse et al., 2018). These diseases heavily impact animal health by way of
nutrient absorption, growth, mortality rates, carcass weight, fertility, and milk yield. This
negatively impacts farming efficiency and ultimately economic profitability (Charlier et
al., 2020).



1.1.1. Schistosomiasis as a Burden of Disease

One of the major helminth diseases that is a global burden not only to wild and
domestic animals, but humans as well is schistosomiasis (Utzinger et al., 2009).
Schistosomiasis is considered the most important water-based disease from a global
health perspective and is listed as a neglected tropical disease by the World Health
Organization (Organization, Steinmann et al., 2006). It is estimated by the WHO that
schistosomiasis and soil helminths account for over 40% of the global disease burden
caused by all tropical diseases, with the exclusion of malaria (Adenowo et al., 2015).
Schistosomiasis in particular is ranked the third most devastating tropical disease after

malaria and intestinal helminthiases (Olveda et al., 2013).

As depicted in Figure 1.1, schistosomiasis is predominantly found in developing
countries in Africa, the Middle East, Asia, South America and the Caribbean (Utzinger
et al., 2009). In Africa, Asia and South America specifically, there are over 250 million
people infected with schistosomiasis with approximately 732 million more exposed to
possible infection (Adenowo et al., 2015). It is estimated that 90% of the 250 million
persons infected are concentrated in Sub-Saharan Africa (Van der Werf et al., 2003).
In South Africa alone studies showed that 4.5 million schistosomiasis cases arise each
year with over 25 million people exposed to possible infection (Wolmarans et al.,
2009). Additionally, the burden of disease attributable to schistosomiasis species

ranges between 24 - 29 million disability adjusted life years (King et al., 2005).

Prevalence of schistosomiasis .

B High (>50%) }, 1
Moderate (10-49%) 2
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Countries requiring evaluation®
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Figure 1. 1: Global distribution of schistosomiasis as adapted from (McManus et al., 2018)



Despite the risk that schistosomiasis poses to public health, its resolution and
mitigation has largely been neglected due to several factors: (Adenowo et al.,2015) (i)
Schistosomiasis cases are typically concentrated in the worlds most disadvantaged
tropical and sub-tropical areas whose rural and urban communities are largely
marginalized. The plight of these communities is often overlooked and excluded from
national political agendas (Utzinger et al., 2009, Van der Werf et al., 2003). (ii)
Schistosomiasis is not as salient as the “Big Three” namely Malaria, HIV/AIDS and
tuberculosis, and is once again overlooked by public health officials, researchers and
funders for inclusion in national strategic plans and global health initiatives (Adenowo
et al., 2015, King and Dangerfield-Cha, 2008). (iii) Due to the insufficient resources
allocated to schistosomiasis research, the global health burden as expressed by the
disability-adjusted life years lost is reported to be severely underestimated (Olveda et
al., 2013, King and Dangerfield-Cha, 2008).

The world’s largest producers of livestock and beef products are the United States of
America (Jonsson et al.), Brazil, China and the European Union (Strydom et al., 2023).
In areas endemic to schistosomiasis infection, Ethiopia leads in the continent of Africa
with over 70 million heads of cattle produced each year (Molla et al., 2022). This
commodity, like in many parts of Sub Saharan Africa and Asia provides a source of
protein, manure for farmland and household energy, export commodities and food
security in times of crop failure, all while allowing for a means of wealth accumulation
(Strydom et al., 2023). The livestock sector in Sub-Saharan Africa contributes an
average of 35% to the agricultural gross domestic product (GDP) of their nations
(Molla et al., 2022). The total GDP contributed in schistosomiasis endemic areas such
as Ethiopia, Tanzania and Somalia are 19%, 7.4% and 40% respectively with up to
50% contributing to national foreign exchange (Demlew and Tessma, 2020, Molla et
al., 2022). Unfortunately, this sector is not fully exploited and additionally suffers

massive economic losses each year due to inadequately treated diseases.

In addition to the economic impact that schistosomiasis poses to afflicted areas, it also
negatively affects the health and well fare of farmed cattle. Cattle suffering with
schistosomiasis do not meet the World Organization for Animal Health’s status of
“good animal welfare” which is defined as “healthy, comfortable, well nourished, safe,
is not suffering from unpleasant states such as pain, fear and distress, and is able to

express behaviours that are important for its physical and mental state. Good animal
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welfare requires disease prevention and appropriate veterinary care, shelter,
management and nutrition” (Escobar et al., 2018). This shortfall is due to the
interferences that schistosomiasis causes in cattle feeding, rumination, resting and
standing behaviours, negatively impacting cattle welfare (King and Dangerfield-Cha,
2008). The cyclic nature of schistosomiasis-causing organisms negatively contributes

to cattle welfare through the transmission of disease-causing organism.

The additional impact that schistosomiasis has on global warming is another
devastating burden that the disease causes. Reports have shown that cattle with
schistosomiasis and gastrointestinal diseases produce higher greenhouse gas
emissions than their uninfected counterparts (Jonsson et al., 2022). This excessive
production acts in direct opposition of many government’s emission reduction targets.
Thus, compelling cattle producers to reduce their carbon footprint through growing

societal and political pressures (Capper, 2023).

The enormity of the global impact that schistosomiasis has on finance, livelihood,
animal welfare and greenhouse gas emissions is more than enough to justify urgent
control interventions of this disease. That however, requires the examination of the

micro-organism responsible for the global disease burden of schistosomiasis.

1.1.2. Biology of Schistosoma bovis

Schistosomiasis is caused by parasitic dioecious, dimorphic trematodes of the genus
Schistosoma, which belong to the Schistosomatidae family. These organisms are
classified as belonging to the Animalia kingdom, Platyhelminthes phylum under the
class and sub-class Trematoda and Digenea respectively (Angora et al., 2020). There
is a total of 19 described Schistosoma species most of which can affect many

organisms from humans to wild and domestic animals (Demlew and Tessma, 2020).

The three main species responsible for human schistosomiasis are Schistosoma
Japonicum, S. mansoni and S. haematobium (Tsuji, 2020). Schistosoma haematobium
specifically is most prevalent in Africa and responsible for over two thirds of all
schistosomiasis cases within that region (Molla et al., 2022). The threat that S.
haematobium poses to basic health also extends to animals, with the zoonotic nature
of the parasite allowing five different S. haematobium species to cause
schistosomiasis in livestock (Pennance et al., 2021). While there are a total of ten
Schistosoma species known to naturally infect cattle, six are recognized to have
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relevant veterinary significance; S bovis, S. indicum, S. japonicum, S. matthei, S.
intercalatum, S. nasale and S. rodhoni (Molla et al., 2022). Of the mentioned, S. bovis
is the most prevalent, owing to it's pathogenicity and being the most geographically
distributed throughout Schistosoma endemic areas. Additionally, S. haematobium and
S. bovis are closely related phylogenetically. This has slowly allowed interspecies
mating, giving rise to introgression and hybridization between the two species (Angora
et al., 2020). In recent years, there has been an increasing number of these
hybridization cases in humans and ruminants, with both infected children and snail
intermediate hosts shedding S. haematobium - S. bovis hybrids (Léger et al., 2020).
Allowed to continue, this evolutionary zoonotic adaptation will threaten control
interventions, disease dynamics and transmission. A controlled study by (Leger and
Webster, 2017) has already shown that these hybrids exhibit increased virulence,

expanded snail host spectrum, maturation and egg production.

1.1.2.1. Life Cycle of Schistosoma bovis

Schistosomiasis causing parasites have a complex life cycle which involves freshwater
snails as intermediate hosts and vertebrates as definitive hosts (Escobar et al., 2018).
Interestingly, the schistosomiasis symptoms presented in definitive hosts differ in
accordance to the snail intermediate hosts. Biomphalaria snail transmitted
Schistosomes results in hepatic and intestinal symptoms while Oncomelania snalil
transmitted Schistosomes cause intestinal and liver targeted symptoms (Léger et al.,
2020). Upon schistosoma infection, the overall symptoms of infection are
characterized with stomach pain, low-grade fever, coughing and fatigue. If untreated,
these symptoms escalate to profuse watery diarrhoea, emaciation, blood poisoning, a
persistent rash and abdominal cramps (Pérez-Sanchez et al., 2006). These symptoms
heavily disrupt animal and ultimately food product production. Once again affecting
economic profitability, further crippling the farmers that make a living from livestock

while leaving the global market deficient of meat products.

Much like all Schistosoma spp, S. bovis is dependent on two hosts to complete their
life cycle. The snail hosts required for S. bovis propagation belong to the genus
Bulinus, Indoplanorbis and Planorbis. In Africa however, Bulinus afrocanus, B.
truncates and B. abysinicus play the role of S. bovis intermediate host (Demlew and
Tessma, 2020). Upon transdermal infection of the definitive host through the skin of

the leg or perioral skin, the cercariae remain in the skin for approximately three days.
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At this stage the male and female cercariae co-populate within the lumen of the
definitive hosts veins. During this process the cercariae lose their tail and glycocalyx
and transform into Schistosoma larvae. Thereafter the adult females migrate against
the venous blood flow into small venules where approximately 200 — 2000 eggs are
deposited per day. During migration, the ova tend to pass through the blood vessel
walls to adjacent tissues such as the liver, heart and the portal vein of definitive host
but 40-80% of the ova laid are ultimately retained in the mesenteric vessels. At this
point, pairing and sexual maturation of the ova occurs. While a large amount of the
ova migrates to maturation, some of the ova are expelled through to the definitive
hosts faeces and urine. This expulsion is discharged in bodies of water, resulting in
the ova hatching to release miracidia. The miracidia then proceed to invade the
intermediate hosts which are freshwater snails where they continue to develop into
cercariae. Once the cercariae fully mature, they are released by the snail hosts back
into freshwater bodies. The cercariae can once again penetrate their definitive hosts
through the skin or mucous membranes. Thereafter, the cycle restarts with the
cercariae maturing into schistosomula and recirculating through the definitive hosts
lymphatic system and blood vessels to live in the mesenteric veins for years, causing
autoinfection as shown in Figure 1.2 (Adenowo et al., 2015, de la Torre-Escudero et
al., 2017, Olveda et al., 2013).
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Figure 1. 2: Life cycle of Schistosoma bovis (Demlew and Tessma, 2020)

1.1.3. Schistosomiasis Diagnosis

Schistosomiasis infections are typically diagnosed using a range of techniques, such
as clinical assessments, serology, laboratory methods, molecular assays and antigen
detection techniques (Payne et al., 2023). Serology tests detect the presence of anti-
Schistosoma antibodies in blood samples. However, the results obtained from these
tests do not differentiate between past or active infections, as antibodies typically
develop 6-8 weeks after initial infection. Serology techniques are, unfortunately, limited
by their inability to distinguish between Schistosoma species (Hoekstra et al., 2021,
Weerakoon et al.,, 2015). This is resolved by using positive serology results in
combination with clinical assessments, where clinicians further test urine for
haematuria or faecal matter for calprotectin. The gold standard for schistosomiasis
diagnostic techniques is laboratory microscopy-based methods, where Schistosoma
eggs are visualised directly from stool and urine samples (Utzinger et al., 2015). These
visualisation techniques, such as the Kato-Katz assay and the Formalin Ethyl acetate
concentration technique allow for the visualisation of the egg size and morphology
which is vastly different from one Schistosoma species to another (Lamberton et al.,
2014). The use of these techniques for instance, allows diagnosticians to clearly



distinguish between S. haematobium eggs possessing terminal spines from S.
mansoni eggs with lateral spines as shown in Figure 1.3. This then allows for a full

report on the extent and type of Schistosoma infection present (Payne et al., 2023).
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Figure 1. 3: Morphology of Schistosome eggs seen using light microscopy (Payne et al., 2023)

1.1.4. Pathogenesis of Schistosoma bovis

The course of schistosomiasis infection often occurs in three phases: migratory, acute
and chronic (Molla et al., 2022). The infection is initiated with the migratory phase.
While this phase may be asymptomatic, in other cattle, slight dermatitis can be
observed at the point of infection. Additionally, the movement of the ova through the
bovine vessels can cause mechanical damage, pulmonary lesions and pneumonitis.
The ova released into the local tissue during the migration phase can also release
toxins and enzymes, which induce a TH2 mediated immune response. The
inflammatory and granulomatous reaction that occurs to destruct the eggs can cause
fibrosis and scar the affected tissue (Demlew and Tessma, 2020, King and
Dangerfield-Cha, 2008). Following the migratory phase is the acute phase of the
disease where more extensive haemorrhagic lesions are apparent in the mucosa of
the intestine. This progresses to the physical deterioration of the whole intestine with
it adopting a grey appearance with apparent thickening and swelling. The unmitigated
development of this phase leads to its advancement into the chronic phase, where

organ damage and dysfunction are observed (Molla et al., 2022).

Despite the hosts intense anti-Schistosome immune response to eliminate parasitic

invasion, the adult S. bovis worms successfully manage to live in their bovine hosts



for years. This monumentally impairs global initiatives placed to combat the ever-
growing socio-economic demand for efficient and sustainable production of livestock

to meet the world's protein needs (de la Torre-Escudero et al., 2017).

1.1.5. Current Anti-Schistosome Treatments

Several anti-schistosomal treatments such as oxamiquin, niridazole, hyacanthone and
metrifonate have been deployed in the past to combat Schistosoma infections. They
unfortunately, were not as effective as intended due to the toxicity accumulation they
produced before treatment courses could be completed (Olveda et al., 2013). Their
use contaminated meat products, resulting in farmers failing to meet food demands
and additionally increasing chemical pollutant risk in the environment (Vercruysse et
al., 2018). These treatments were replaced with a pyrazinoisoquinolone derivative in
1979 called Praziquantel (PZQ) shown in Figure 1.4, which is now the primary
chemotherapeutic agent for schistosomiasis (Léger et al., 2020). While the exact
mechanism of the drug is not fully understood despite being in use for decades, studies
have shown that the indirect molecular target of PZQ is the Schistosome calcium ion
channel. Itis hypothesised that PZQ attaches onto the Schistosome membrane where
it induces the rapid intake of calcium ions, resulting in the complete destabilization of
calcium ion homeostasis within the parasite. This results in the destabilization of the
parasites membrane, causing its tegumental vacuoles to contract convulsively. This
ultimately forces the Schistosomes latched onto the hosts venous walls to detach and
die (Adenowo et al., 2015). The tegumental disruption critically impairs the parasite's
ability to absorb nutrients, excrete waste and simultaneously exposes Schistosome
surface antigens, increasing susceptibility to the host's immune responses (Vale et al.,
2017). Praziquantel's known interaction with voltage-gated calcium channels is
considered another contributor to its deregulatory effect. This is due to PZQs agonist
role to the Schistosome transient receptor potential melastatin channel (Park et al.,
2019). Other PZQ molecular interactions have been speculated to affect the myosin
regulatory light chain and glutathione S-transferase, directly modulating
Schistosomes' muscle contraction and detoxification pathways (You et al., 2021).
Praziquantel additionally aids the hosts' immune response by stimulating T cell
differentiation and reducing inflammation, allowing the host to better clear parasitic
infection (Doenhoff et al., 2008). Recent studies have also shown that PZQ has

antifibrotic effects, including the downregulation of fibrotic biomarkers and



proinflammatory cytokines, which could alleviate schistosomiasis-associated tissue
fibrosis (Vale et al., 2020).

While administering PZQ causes a range of interactions as shown in Figure 1.5 and
Table 1.1 leading to decreased Schistosome related morbidities, high re-infection and
transmission rates are typically maintained. It has been reported that PZQ
administration results in poor cure rates overall and treatment failure in some cases
(Utzinger et al., 2009). This may be due to PZQ’s inability to target all stages of the
parasites life cycle, as its efficacy is only efficient in adult Schistosome worms (Olveda
et al., 2013). The selective efficacy of the drug results in re-administration of PZQ
which raises concerns of the emergence of drug resistance. Artemisinin and its
analogues artesunate and artemether are anti-malarial drugs which have been
reported to have anti-schistosomal properties. Their efficacy is particularly successful
against juvenile Schistosome larvae (Adenowo et al., 2015). While they could be
administered alongside PZQ, their use is also frowned upon in malaria-endemic areas
due to the fear of Plasmodium drug resistance (King and Dangerfield-Cha, 2008). The
threat to drug resistance that the continued and extensive use of current anti-
schistosomal drugs poses, coupled with the partial control that the drugs provide,

necessitates research into new anti-schistosomal drugs/therapies.

Figure 1. 4: 2D structure of Praziquantel
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Figure 1. 5: The effect of Praziquantel at different stages of the Schistosome life cycle (Wu et al.,
2011)

Table 1. 1: Range of mechanisms disrupted by Praziquantel interaction

Mechanism Description References
(Babes et al., 2017,

Disrupts calcium homeostasis, causing paralysis and Greenberg, 2007, Thomas
Calcium lon Influx  tegumental damage and Timson, 2020)
Tegumental Damages the outer surface, exposing antigens to the (Pearson et al., 2021, Xiao
Damage immune system et al., 2008)
Interaction with (Babes et al., 2017,
Molecules Interacts with myosin light chain, GST Nogueira et al., 2022)
Immune
Modulation Promotes Tr1 cell differentiation, reduces inflammation  (Nogueira et al., 2022)
Resistance Reduced susceptibility observed, potential for (Doenhoff et al., 2008,
Concerns resistance Wang et al., 2012)

Reduces fibrosis by decreasing fibrotic biomarkers and  (Niu et al., 2022, Pereira et
Antifibrotic Effects  cytokines al., 2021)
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1.2. Redox Metabolism in Parasites and Anti-Oxidative Stress Proteins

Many parasites have adapted distinctive thiol-based redox mechanisms to survive
their hosts oxidative immune response (Flohé, 2012, Kehr et al., 2010). Parasites such
as Trypanosoma and Leishmania for instance, have unique trypanothione-centred
thiol-based redox mechanisms which are essential for detoxification, drug resistance,
and maintaining a redox balance within the parasites (Ariyanayagam et al., 2001). The
maintenance of this redox state is crucial as it ensures the prevention of cellular
damage caused by reactive oxygen species, thus allowing the parasites to survive. A
survival adaptation that many parasites possess to counteract oxidative stress is the
deployment of antioxidant systems, often specific for their mammalian hosts (Flohé,
2012, Mdaller et al., 2003). Plasmodium falciparum for instance, possesses a
sophisticated redox system which includes peroxiredoxins, thioredoxins, and

glutathione-dependent pathways (Rahbari et al., 2015).

Much like many other parasites, Schistosomes defence mechanisms have evolved
to be able to consistently circumvent internal and external stresses such as UV
radiation, drugs, free radicals as well as the host's immune response (Angelucci et al.,
2005). Interestingly, Schistosomes manage to maintain their level of parasitic
dominance on their hosts despite the absence of vital phase 1 detoxification enzymes.
In their place, Schistosomes possess glutathione transferases (GST’s) as their sole
defence mechanism against endogenously produced toxins and their host's immune

responses (Akumadu et al., 2020).

Many organisms under the Animalia kingdom from snails to humans use oxidative
stress for the neutralisation of xenobiotic foreign compounds and intracellular
parasites. However, parasitic protozoa make use of the antioxidant system to evade
oxidative stress and consequently, oxidative killing carried out by the host's immune
effector cells (Torres-Rivera and Landa, 2008). This highly sophisticated antioxidant
system uses xenobiotic-metabolising enzymes to facilitate the metabolism,
detoxification and expulsion of toxic compounds in three major steps (Angelucci et al.,
2005).

The first step in this antioxidative system utilises phase | reactions which typically
convert lipophilic xenobiotic compounds into less toxic and more hydrophilic

metabolites. This is carried out by phase | enzymes such as aldo-keto reductase,
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carboxylesterases and cytochrome P450 (Findlay et al., 2006). Through hydrolysis,
reduction or oxidation reactions, these enzymes modify the functional groups of their
targeted xenobiotic compounds. This then provides sites for phase Il conjugation
reactions to occur (Croom and science, 2012). The next step is carried out by phase
Il enzymes such as GST, glutathione peroxidase, N-acetyltransferase and
sulfotransferase. These enzymes interact with phase | metabolites to increase their
hydrophilicity through conjugation reactions. Finally, the conjugated metabolites are
bound to phase Ill enzymes to be transported out of the cells using the antiporter
system (Findlay et al., 2006). The genome analysis of S. bovis interestingly shows the
absence of vital phase | detoxification enzymes. In their place S. bovis expresses the
phase Il detoxification enzyme GST as its primary defence mechanism against
oxidative stress and host immune responses, allowing it to continuously strain its hosts
(Makumbe et al., 2024). This highlights the crucial role that the S. bovis GST plays for

the survival and pathogenicity of the parasite.
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1.2.1. Role of Glutathione in Parasite Redox Metabolism

Glutathione (GSH) plays a critical and multifaceted role in parasite redox metabolism,
underpinning their survival, pathogenicity, and resistance to environmental stress
(Figure 1.6). Central to maintaining cellular redox homeostasis, GSH provides
reducing equivalents to essential enzymes and protects parasites against oxidative
stress, which is particularly important for organisms like Plasmodium falciparum that
lack catalase and glutathione peroxidase, relying heavily on the thioredoxin system for
redox control (Jortzik and Becker, 2012, Muller et al., 2003, Sies and medicine, 1999).
Through its antioxidant properties, GSH scavenges free radicals and detoxifies
reactive oxygen species (ROS) generated from the parasites' intense metabolic
activities (Muller et al., 2003, Franco et al., 2009, Meister and Anderson, 1983).
Beyond its antioxidant role, GSH contributes significantly to drug resistance
mechanisms; for example, it modulates parasite sensitivity to antimalarials like
chloroquine and artemisinin, and inhibition of GSH biosynthesis can sensitize
parasites to antifolate drugs, offering promising therapeutic strategies (Becker et al.,
2004, Muller and Kappes, 2007). Glutathione also detoxifies antimalarial compounds
by conjugation via glutathione transferase, further aiding parasite survival (Muller,
2004). Metabolically, GSH supports rapid parasite growth by donating electrons for
deoxyribonucleotide synthesis, detoxifies toxic heme derived from haemoglobin
digestion, and functions as a coenzyme in the glyoxalase system to neutralize

methylglyoxal, a harmful byproduct of glycolysis (Maller, 2004).
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Figure 1. 6: Parasitic control of intracellular glutathione levels (Miiller, 2004)

The enzymatic network maintaining GSH functionality is equally vital to parasites.
Glutathione reductase (GR) reduces oxidized glutathione disulfide (GSSG) back to
GSH, preserving redox balance, and has been shown to be critical for the mosquito
oocyst stage of Plasmodium (Becker et al., 2003). Some parasites also utilize
thioredoxin-glutathione reductase (TGR), a multifunctional enzyme supplying reducing
equivalents to both thioredoxin and glutathione systems, compensating for the
absence of conventional reductases (Muller, 2004, Sies and medicine, 1999). These
pathways present attractive therapeutic opportunities: targeting enzymes involved in
GSH metabolism, such as y-glutamyl cysteine synthetase (y-GCS) and GR, holds
promise for novel antiparasitic strategies (Ginsburg and Golenser, 2003, Muller and
Kappes, 2007). Notably, methylene blue, an inhibitor of P. falciparum GR, has shown
synergistic effects with chloroquine, highlighting the feasibility of targeting GSH
metabolism in drug development (Mdller, 2004). Overall, glutathione is indispensable
to parasite redox metabolism, influencing survival, growth, and drug resistance and a
deeper understanding of its roles and mechanisms opens exciting avenues for

targeted therapeutic interventions against parasitic diseases.
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1.2.2. Glutathione Transferases

Glutathione transferases [EC 2.5.2.18] are a family of multifunctional enzymes
responsible for phase Il detoxification of xenobiotic compounds. These enzymes
primarily catalyse the conjugation of the tripeptide glutathione (GSH, y-glutamyl—
cysteinyl—glycine) to the electrophilic centres of various xenobiotic compounds
(Sheehan et al., 2001). These endogenous and exogenous compounds include, but
are not limited to; alkyl or aryl halides, activated alkenes, epoxides, olefins, sulphate
esters and quinones (Torres-Rivera and Landa, 2008). The resulting GSH-conjugates
would then be subjected to bioactivation through other metabolic pathways or excreted
in various ways. The role of GSTs is not limited to detoxification as their conjugation
to electrophilic compounds aids in the following: the catabolism of aromatic amino
acids, transportation of organic peroxides, the biosynthesis of prostaglandin and
leukotriene, isomerization, the modulation and development of ion channels and the
regulation of cell signalling transduction pathways which are responsible for cell

survival and apoptosis through protein-protein interactions (Oakley, 2005).

1.2.2.1. Glutathione Transferase Superfamily

Glutathione transferases are divided into three sub-families based on their cellular
locations. These GST sub-families are cytosolic GSTs, mitochondrial GSTs and
microsomal GSTs, otherwise known as membrane-associated proteins in eicosanoid
and glutathione metabolism (MAPEG) (Sheehan et al., 2001). Within these sub-
families, the enzymes are further divided into different classes. Glutathione
transferases are allocated into their classes per their amino acid sequence identities.
There is no specific criterion for amino acid sequence identity established for GST
classification into their respective classes (Torres-Rivera and Landa, 2008). However,
it is widely accepted that GSTs share more than 60% sequence identity within a class.
This is aided by the observation that GST sequence identity within classes is typically
high, at around 70%, while the amino acid sequence identity of GSTs between classes
drops to as low as 10% (Oakley, 2005). The enzymes grouped within each class share
the same immunological cross reactivity, electrophilic substrate specificity and inhibitor

sensitivity.
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1.2.2.2. Glutathione Transferase Structure

Glutathione transferases are composed of 23-28 kDa monomers comprised of ~ 220
amino acids. These monomers adopt the same tertiary and quaternary dimeric
features (Sheehan et al., 2001). Glutathione transferase dimers may be comprised of
monomers from the same class (homodimer) as depicted in Figure 1.7, or different
classes (heterodimer). A monomer of GST is composed of two domains, namely the
N-terminal and C-terminal domain (Oakley, 2005). The topology of the N-terminal
domain is highly conserved across all GST classes. This conserved domain resembles
a thioredoxin like fold, which consists of four B-sheets and three a-helices arranged in
a Bap—BRa motif linked by an a-helix. A short linker sequence connects the N-terminal
domain to the C-terminal domain (Johnson et al., 2003). The topology of the C-terminal
domain is vastly different from GST class to class. This domain is exclusively a-helical,
with the number of helices ranging from 4-7 depending on the GST class (Sheehan et
al., 2001).

Figure 1. 7: Homodimer of S. bovis 28 kDa GST PDB: 8ALS showing secondary structure

elements generated using Pymol (Makumbe et al., 2024)

1.2.2.3. Glutathione Transferase Binding Sites

Each GST monomer consists of two independent catalytic binding sites. The N-
terminal domain houses the GSH binding site (G-site), while the C-terminal domain
houses the hydrophobic substrate binding site (H-site). The conserved nature of the

N-terminal domain is owed to the high specificity of the G-site (Torres-Rivera and
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Landa, 2008). In this region, the GSH sulphur is activated for nucleophilic attack. The
tripeptide is anchored in position through a network of hydrogen bonds, facilitating
electrostatic interactions (Angelucci et al., 2005). The vital hydroxyl groups of tyrosine
or serine, typically located in the GSH active site act as hydrogen bond donors to the
GSH thiol group (Croom and science, 2012). This leads to the formation and
stabilisation of a highly reactive thiolate anion, which is the target for nucleophilic
attack of an electrophilic substrate. The H-site is considerably less conserved in amino
acid sequence and topology between GST classes. The diversity observed in the C-
terminal domain is largely responsible for the vast number of electrophilic substrate
specificities that each GST possess (Armstrong and Biology, 1993). The H-site
interacts directly with the hydrophobic moieties of the electrophilic substrate, orienting
the substrate for nucleophilic attack by the GSH thiol group. Although GST monomers
possess these binding sites, catalytic functionality is only achieved through
dimerization of two GST monomers, as one subunit is dependent on the other for
secondary structural elements (Angelucci et al., 2005). The dimerization of GST
monomers produces an additional non-substrate binding site in the dimer interface
known as the allosteric binding site (L-site). The L-site binds small non-substrate
hydrophobic molecules which can induce conformational changes to the G-site and
thus modulate its affinity for GSH, ultimately affecting the activity and dynamics of the

enzyme (Sheehan et al., 2001).

1.2.2.4. Structural Variations Between Human and Parasite GSTs

Analysis of GST structures belonging to parasites and those of humans shows a wide
range of differences which can be exploited for therapy intervention (Hiller et al., 2006).
While all GSTs possess a thioredoxin like fold, there are multiple variable regions
which are both constructed and fold differently, revealing unique functionalities
between human and parasitic GSTs (Torres-Rivera and Landa, 2008). The H-site is
where most variability exists between GST species. In most GSTs, the loop joining 1
and a1, the C-terminal part of the helix a4 together with the residues after a8 are the
constituents that form the H-site (Hiller et al., 2006). The H-site is generally shielded
by the C-terminal region from surrounding solvents in various ways depending on the
GST class (Frova, 2006). The human alpha (a) class uses its large a-9 present at the

C-terminus while Mu (u) and Pi (1) classes possess wall-like structures. The p class
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has approximately 10 additional amino acid residues located between (32 and a1
called the p loop, which is also said to assist in reducing solvent accessibility (Board
and Menon, 2013, Mannervik et al., 2005). On the other hand, parasitic GSTs such
as the Plasmodium falciparum GST (Pf-GST1) also have a p loop which is typically
truncated, containing only 5 amino acids and thus cannot form a wall. This results in
an expanded hydrophobic substrate active site that accommodates larger substrates,
which is a property that can be specifically targeted for selective inhibitor design in
parasites (Torres-Rivera and Landa, 2008).This suggests that the H-site of PfGST
allows for the binding of a broader range of substrates that include amphiphilic
compounds (Sheehan et al., 2001). Similarly, Schistosoma and mammalian GSTs are
vastly different, sharing an amino acid sequence identity of approximately 24%. This
low sequence identity is indicative of the fact that the different GSTs will have dissimilar
immunological cross-reactivity and specificity towards electrophilic substrates and
sensitivity to inhibitors (Oakley, 2005). Thus, the underscoring Sb28GST'’s viability as
a therapeutic target that will allow the design of selective inhibitors with minimal host

toxicity.

1.2.3. Glutathione Transferase as a Therapeutic Drug Target

The absence of phase | and other detoxification enzymes from Schistosomes’survival
arsenal highlights just how significant a role GSTs play within these parasites. The
multifunctional aspect of schistosomal GSTs makes them a satisfactory primary
defence mechanism against biochemical toxins and the host’s immune response
(Scott and McManus, 2000). This is corroborated by studies showing the increased
expression of schistosomal GSTs in response to chemotherapeutic interventions
(Sheehan et al., 2001). Additionally, there have been growing claims reporting
schistosomal resistance to PZQ (Adenowo et al., 2015). Further investigation into
these claims showed that GST was responsible for this growing resistance. (Barycki
et al., 1997) showed that PZQ molecules bind to the dimer interface (L-site) of the
enzyme 9° from the tyrosine active site, suggesting that drug binding is the cause of
the drug resistance as opposed to the enzyme catalyzed GSH conjugation. Research
from (Tang et al., 2019) showed that silencing schistosomal genes that code for the
28 kDa isoform of GST inhibited female worm fecundity. This ultimately causes a redox
reaction imbalance within the parasite and terminates the development of the

Schistosomes at the egg stage of their life cycle (Torres-Rivera and Landa, 2008). The
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ubiquitousness of GSTs across different organisms might raise concerns about
inhibitor sensitivity as S. bovis 28 kDa GST is within the same class as host GSTs.
However, Sb28GSTs and helminth GSTs in general contain sufficient regions of
structural differences from their host GSTs to be affected by different inhibitors
(Grevelding et al., 2018, Islam et al., 2011). The inhibition of this detoxification function
could expose the Schistosome parasite to the toxic products generated by ruminant
immune attack and hinder further propagation (Huang et al., 2012). Additionally, the
ligandin function that the enzyme possesses has implications in GST activity as ligand
binding can inhibit catalysis effectively aiding in immune response thus making them
promising drug targets for the treatment of schistosomiasis (Yassin et al., 2004). A
Schistosoma japonicum GST (Sj26GST) enzyme was hypothesised by (McTigue et
al., 1995) to be the molecular target of antiparasitic PZQ. To critically assess this
theory, researchers tested whether PZQ could inhibit the enzyme activity of Sj26GST
using various model substrates, or disrupt the binding of physiologically relevant non-
substrates (Vale et al., 2017). The enzymatic activity assays showed that PZQ did not
inhibit the enzyme even at high concentrations of up to 500 uM when tested with
standard GST  substrates such as  1-chloro-2,4-dinitrobenzene, 3,4-
dichloronitrobenzene and ethacrynic acid. When assayed in the presence of bulkier
GST substrates such as 5-androsten-3,17-dione and sulfobromophthalein, no enzyme
activity was observed, which indicated the inability of Sj26GST to act on them in the
presence of PZQ. The inhibitory effects of the G-site specific S-alkyl-glutathione
conjugates were not altered in the presence of PZQ, showing non-interference with
glutathione binding at the G-site. Lastly, PZQ had no effect on bilirubin-mediated
inhibition and other non-substrate ligands, but instead offered Sj26GST non-specific
partial protection against hematin-mediated inhibition (Vale et al., 2017). (McTigue et
al., 1995) hypothesis was dispelled, highlighting the need for better targeted inhibitors

with GSTs as a promising adjunct anti-Schistosome therapy.

1.3. Computer Aided Drug Design

While the interest to establish GSTs as therapeutic drug targets against
schistosomiasis has been highlighted, the route to drug discovery and development is
often long and costly. The pipeline that various lead compounds travel from in-vitro
and in-vivo studies through to their final development into small molecule drugs can

take upwards of ten years and cost a minimum of $ 2 - 5 billion (Figure 1.8) (Zhang et
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al., 2022). This is largely attributed to the repetitive optimisation of lead compounds
and late-stage failure of drug candidates (Sanchez-Linares et al., 2012). The inclusion
of computer aided drug design (CADD) methods into the drug discovery and
development process however, has massively lowered both the timeline and
expenditure previously experienced (Pooe et al., 2021). Many researchers now
consider it an essential part of the pipeline that is to be systematically integrated with

empirical methods.

Figure 1. 8: Drug design and development adapted from (Zhang et al., 2022)

This increasingly popular rationale approach to drug discovery uses high power-
atomic level computers with powerful Graphics Processing Units (GPUs) (Carmena-
Barguefio et al., 2023). This advanced machinery is used in conjunction with
sophisticated algorithms that incorporate Newtonian physics to simulate the quantum
mechanical motions of biomolecules such as proteins with high accuracy
(Hollingsworth and Dror, 2018). This essentially allows for the prediction of promising
lead compounds whose molecular functions and intermolecular dynamic interactions
can be extrapolated (Zhang et al., 2022). This approximation is achieved through the
calculation of the forces exerted by bonded and non-bonded atoms relative to their

spatial positions (Hospital et al., 2015).

These computational tools are initially used in combination with empirical structural
biology techniques such as X-ray crystallography, cryo-electron microscopy, nuclear
magnetic resonance and electron paramagnetic resonance (Hollingsworth and Dror,
2018). The structural data from the mentioned techniques typically provides a starting
point from which a computer model of the molecular system of interest is built (Durrant
and McCammon, 2011). Admittedly, the 3D snapshots offered by these techniques are
undoubtedly essential for drug design, providing invaluable insights into the

biomolecules' macromolecular structure (Maveyraud and Mourey, 2020). They
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unfortunately provide a partial static view which excludes the constant motion and
ultimately, the dynamic properties of the protein being studied (Karplus and
McCammon, 2002). The two main tools used in CADD are high-throughput virtual

screening (HTVS) and molecular dynamic simulations (MDS) (Pearson et al.,2021).

1.3.1. High Throughput Virtual Screening

High throughput screening of a wide selection of compounds has traditionally been
considered the best method for the identification of lead compounds in ligand-based
drug discovery (Sanchez-Linares et al., 2012). However, this method requires high
costs to procure and biochemically test hundreds of thousands to millions of potential
drug candidates. The computational adaptation of this drug discovery technique not
only allows for a cost-effective way to screen compounds, but also allows for the
expansion of drug candidates through the exploration of non-natural ligands (Pyzer-
Knapp et al., 2015).

The efficiency and precision of HTVS hits are heavily dependent on how the receptor
binding pocket/s are described empirically (Yang et al., 2011). This description is
typically translated from the biomolecular crystal structure bound to the ligands
through molecular docking techniques (Zhang et al., 2022). A library of druggable
compounds and the protein drug targets are initially prepared for high throughput
docking in multiple poses (Zhou and Caflisch, 2010). Thereafter, a scoring system is
implemented to calculate the binding affinities between the molecular drug targets and
library compounds (Tripathi and Bandyopadhyay, 2022, Zhang et al., 2014). The
scoring functions use molecular mechanical models to either represent water as a
homogenous dielectric or simulate individual water molecules within the prepared
system (Pyzer-Knapp et al., 2015). Alternative scoring functions use Generalized Born
Surface Area models to account for the electrostatic interactions parametrised on the
Poisson-Boltzmann equation (Kuhn et al., 2005, Massova et al., 2000). To arrive at a
final score, which is the measure of the binding free energy, these scoring models are
used together. This allows for a well-rounded calculation of the binding score with
influences from solvation, entropy and receptor flexibility taken into consideration
(Yang et al., 2011). The most popularly used scoring function combinations are the
molecular mechanics/ Poisson-Boltzmann surface area and the molecular mechanics
models (Zhang et al., 2014).
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1.3.2. Molecular Dynamic Simulations

While HTVS allows for the quantitative identification of protein binding pockets and the
determination of binding affinities between ligand-protein complexes, it cannot predict
the quantum mechanical motions of proteins/complexes as a function of time (Durrant
and McCammon, 2011). Proteins are highly dynamic molecules which undergo
conformational changes to perform their molecular functions (Hollingsworth and Dror,
2018). In drug design specifically, determining how a ligand might bind to a protein
target is key to elucidating its function. A frame by frame depiction of proteins in motion
could reveal loop or domain closures, which could isolate the active site consequently
changing the chemical environment around substates. Conversely, conformational
changes could also initiate catalytic events, bringing essential partners together
(Hospital et al., 2015).

Much like HTVS, experimentally obtained structures are used to build a model from
which the molecular system can be simulated. Thereafter, the molecular structure is
used to determine the potential energy of the model through the calculation of the
forces that act on each of the atoms, known as force fields (MacKerell Jr et al., 1998,
Ott and Meyer, 1996). The mathematical models used in force field equations to
approximate the behaviour of the molecular interactions that occur over a specified
time are simplified using the analogues; springs, periodic functions, Lennard Jones
potentials and Coulomb’s law (Hospital et al., 2015). These equations allow for the
simplification of molecular interaction calculations for even the largest molecular
systems. For instance, springs are used for bond lengths and angles where the energy
is determined from how the bonds stretch and compress from equilibrium. The periodic
functions are simplified for bond rotations, representing the periodic nature of the
torsional energy barriers. Lennard Jones potentials for Van de Waals interactions
where atoms attract and repel each other based on their proximity (Wormald et al.,
2002). Columbs laws for electrostatic interactions where forces between charged
particles are calculated based on their charge and distance (Perez et al., 2008, Rueda
et al., 2007, Wormald et al., 2002). Once the individual forces of the atoms are
obtained, Newtonian laws of motion are used to approximate accelerations and
velocities and consistently updated for the position of the atoms (Hollingsworth and
Dror, 2018). This allows for a full depiction of the protein’s molecular dynamic activity
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and ligand bioactivity in an explicit solvent model to be extrapolated for drug design
(Durrant and McCammon, 2011).

1.4. Protein Structure and Dynamics in Different Protein Crystal Space Groups

As powerful and invaluable as these computational tools are in the simplification of
drug design and discovery, their haphazard utilization can lead researchers astray.
More specifically, researchers have not considered a more cautious approach to the
implementation of the empirical data from which the computational studies are built,
and consequently, the extrapolations from the resulting data. The blind assumption
that proteins crystallised in different space groups would behave similarly in in-silico
modelling has often led to inaccurate predictions of lead compound performances
when validated empirically (Beran, 2016). Principles in molecular biology however,
dictate that varying symmetries and arrangements of protein molecules in the crystal
lattice could induce various discrepancies between computational predictions and

empirical results (Yeates and Kent, 2012).

1.4.1. Protein Crystallography

Elucidating the atomic structures of proteins is a profound gateway to understanding
their function and assists in structure-based drug design (Maveyraud and Mourey,
2020). The leading technique and gold standard for obtaining the 3D structure of
proteins is X-ray crystallography (Yeates and Kent, 2012). In this technique, protein
crystals are grown using highly specific components and conditions that promote the
protein's self-assembly into a crystalline state from solution (llari et al., 2008). The
formation of this crystalline state requires controlled protein precipitation from a
saturated solution. This allows for the periodic assembly of the protein molecules into
highly sophisticated patterns that extend in three dimensions, building the crystal
lattice (McPherson and Gavira, 2014). The individual structural element that makes up
the crystal lattice is called the unit cell. The unit cell, in a 3D box formation, is repeated
in all directions, eventually creating the entire crystal (Nespolo et al., 2018). Thereafter,
an X-ray from any range of sources is illuminated onto the protein crystal, where the
scattered and diffracted beam’s direction and intensity are measured (Yeates and
Kent, 2012). Subsequently, information regarding the electron density is extrapolated

to determine the structure of the molecules within the unit cells (llari et al., 2008).
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1.4.2. Protein Crystal Space Groups

During protein precipitation, protein molecules can assemble in a wide variety of
arrangements into a crystalline form (Yeates and Kent, 2012). The molecular
arrangement in which the unit cells organize is guided by protein packing at its lowest
free energy state and most stable form (Beran, 2016). The unit cell is defined by three
axes: a, b and c, which describe the edges of the unit cell, and three angles a (angle
between b and c), B (angle between a and ¢) and y (angle between a and b) (Nespolo
et al., 2018). Additionally, crystals exhibit symmetry, which is defined through unit cell
inversion, reflections, translational and rotational operations (Yeates and Kent, 2012).
The culmination of the unit cell parameters, arrangement of the unit cell within the
crystal lattice and the variable combination of the symmetry operations gives rise to
230 space groups. Protein crystals, however, can only assemble into 65 different
space groups due to their chirality (Wukovitz and Yeates, 1995). These space groups
are divided into seven crystal systems which are namely triclinic, monoclinic,
orthorhombic, tetragonal, trigonal, hexagonal and cubic shown in Figure 1.9 (Gauir,
2021). The classification into crystal systems is based on the geometry of the unit cells
and primarily defined by the relationship between the unit cell axes ( a, b, ¢ and the

angles between them (a, 3 and y), shown in Table 1.2.
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Figure 1. 9: The seven primitive crystal systems (The Editors of Encyclopaedia Britannica, 2017)

Table 1. 2: Geometrical characteristics of the seven primitive crystal systems

Crystal system Unit cell axes Unit cell angle Space group

Triclinic a*b+*c a#pB#y+90 P1

Monoclinic a*b#*c a=y =90, B +90° P2,P21,C2

Orthorhombic a+xb+c a=B=y=90° P222,P2221, P21212, P212124,
C2221,C222,F222,1222,1212121

Tetragonal a=b#c a=B=y=90° P4, P41, P42, P43, 14, 141, P422,
P4212, P4122, P41212, P4222,
P4:212, P4322, P43212,1422, 14122

Trigonal a=b=c a=B=y+90° P3, P34, P32, R3,P312, P321, P3112,
P3121, P3212, P3221, R32

Hexagonal a=b#c a=8=90°y =120’ P6, P61, P6s, P62, P64, P63, P622,
P6122, P6522, P6222, P6422, P6322

Cubic a=b=c a=B=y=90° P23,F23,123, P213,1213, P432,

P4,:32,F432, F4132,1432, P4332,
P4132,14132
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1.4.3. Protein Crystal Polymorphs

During protein precipitation, the crystal packing order can occur in any number of
ways. Variation in the molecular assembly of the unit cells can thus alter the unit cell
parameters and symmetry operations (Nespolo et al.,, 2018). This in turn allows
proteins to be formed in different crystallographic phases or space groups in a
phenomenon commonly referred to as crystal polymorphism (Beran, 2016). While the
intrinsic structure determined from crystal polymorphs remains unchanged, there still
exists fundamental molecular differences observed in the crystal packing, symmetries
and interactions within the crystal lattice between polymorphs (Yeates and Kent,
2012).

Protein crystal polymorphism is not an uncommon phenomenon, as proteins can be
naturally inclined to form structural polymorphs based on a multitude of factors. These
factors can range from the protein’s properties to crystallisation conditions, which
ultimately affect the crystal packing forces (llari et al., 2008). For instance, when a
dynamic protein with flexible regions approaches supersaturation, reaching its lowest
free energy state, the conformation in which nucleation begins will ultimately dictate
the packing forces utilized to build the protein crystal (Beran, 2016). Thus, allowing the
protein crystal to form in different space groups. In a similar fashion, the surface
properties of a dynamic protein in solution, governed by the distribution of
hydrophobic, polar, and charged amino acid residues, can engage in different
intermolecular interactions (Du et al., 2016, Nangia, 2008). This can influence the
formation of the crystal lattice in different crystallographic phases, allowing different
space group crystals to emerge (Nespolo et al., 2018). Changes in crystallization
conditions can similarly induce the formation of different space group crystals.
Understandably so, as the crystal environment plays a significant role in stabilizing
conformations. For instance, changes in pH, and the addition of different precipitants
at varied concentrations could alter protein-protein interactions which again alters
crystal packing forces and consequently influence the formation of different space
groups. Changes in temperature as well as the addition of ligands and co-factors affect
the molecular dynamics and the free energy state of proteins, effectively inducing
different crystal packing forces yet again (llari et al., 2008). Additionally, the inclusion
of ligands favours specific conformations and intermolecular interactions, inducing

different crystal packing forces yet again (Yeates and Kent, 2012).
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A consequence to be expected from varied packing assemblies in the formation of
protein crystals is different packing densities, with high protein density leading to
reduced conformational freedom of a protein. Conversely, low packing density in turn
potentially allows increased flexibility and conformational variability (Weathers et al.,
2007). Furthermore, the solvent content of crystal polymorphs may reveal drastically
different solvent channels due to the crystal packing forces utilised (Hospital et al.,
2015). These solvent-filled holes and channels can occupy anywhere from 40 — 60 %
of the crystal volume (llari et al., 2008). Differences in crystal packing forces
additionally influence symmetry operations and consequently symmetry constraints.
These constraints alter the functionality of flexible regions of proteins such as loops
and amino acid side chains (Nangia, 2008). Most significantly, variations in crystal
packing events may promote varying intermolecular interactions such as hydrogen
bonds and Van de Waals interactions with neighbouring protein molecules (Charlton,
1998).

1.4.3.1. Polymorphism In Glutathione Transferases

The frequent nature of crystal polymorph formation is reflected through the abundance
of 3D structural data deposited in many reputable databases such as Protein Data
Bank (PDB) and RCSB (Bank, 1971). The analysis of the 38 Schistosoma GSTs
deposited in PDB shows a great number of 3D structures obtained from polymorphic
crystals. From the 29 GST structures of S. japonicum deposited on PDB, 26 were
derived from crystal polymorphs with their distribution highlighted on Figure 1.10.
Similarly, from a total of nine 3D structures of S. haematobium deposited on PDB, six
were derived from polymorphic crystals. A broader analysis of GSTs with a larger
sample size shows that human GSTs share the same polymorphic propensity. Human
GST Alpha 1-1 (HGSTA1-1), Human GST Pi 1-1 (HGSTPi1-1) and Human GST
Omega 1 (HGSTO1) each with a total of 47, 43 and 15 3D structures deposited into
PDB respectively similarly had 46, 40 and 14 structures derived from polymorphic
crystals (Berman et al., 2000). The conformational adaptivity that GSTs possess to
accommodate the large diversity of ligands they neutralize, permits the proteins to be
malleable to various crystal packing assemblies and consequently, crystal group

formations.

28



Figure 1. 10: Frequency and distribution of GST crystal polymorphs populated from PDB

1.4.4. Crystal Polymorph Implications in Computational Studies

As the addition of computational tools becomes an increasingly pertinent step in the
drug design and development pipeline, the scrutinization 3D structure space groups
should be considered a more critical priority. It is typically assumed that the selection
criteria to build reliable molecular systems is 3D structure resolution (Maveyraud and
Mourey, 2020). However, the impact of neglecting crystal space groups and crystal

systems influence over the predicted data could lead to incomplete and misleading
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data extrapolation (Du et al., 2016). The consequence of which would be the selection

of false positives as lead compounds to be investigated and optimised.

The shortcomings of haphazardly selecting 3D structures solely on resolution and not
multiplicities include but are not limited to: (i), Oversimplification. Data from a single
space group crystal is translated into a model, which is fixed in a particular
conformation (Maveyraud and Mourey, 2020). The data translated computationally will
not show the full range of conformational states that the protein can adopt. As a result,
the force fields calculated will be oversimplified, computing very particular
conformational flexibilities and molecular interactions that fail to show complex
interactions and lack nuance (Weathers et al., 2007, Yang et al., 2011). This could
potentially lead to inaccuracies when modelling highly dynamic systems such as
GSTs. (ii), Alteration of binding site. One space group model could exhibit varied unit
cell geometry from the next, resulting in the accessibility of the ligand binding site being
slightly altered. This could lead to the exclusion of important molecular interactions
and steric clashes (Wormald et al., 2002). The unfortunate implications of this would
be the additional exclusion of promising lead compounds, due to the biased selection
of compounds better fit for the protein conformation inputted. (iii). Thermodynamic and
kinetic inconsistencies. Polymorphic crystals possess different crystal lattice energies.
This creates differences in the energy landscape of the polymorphs, with varying free
energy levels computed for ligand binding (Beran, 2016, Du et al., 2016).
Consequently, the use of one space group model could produce suboptimal docking
poses and misleading binding affinity predictions and scores (Zhang et al., 2014).
Therefore, to improve the predictive accuracy and reliability of computationally
determined outputs, the incorporation of crystal multiplicities should be implemented
in CADD.

1.5. Rationale and Significance of This Study

Schistosomiasis is a global burden not only to wild and domestic animals, but human
as well. From a global health perspective, it is considered the most important and
devastating water-based disease and as such, is listed by the WHO as a NTD
(Organization, 2022). While the global burden of schistosomiasis far outweighs that of
many diseases, it is still overlooked by policymakers, who prioritise the likes of malaria
and TB, ultimately limiting resources for schistosomiasis research (Organization,

2013). Fortunately, this oversight is slowly being corrected with the WHO proposing a
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revised roadmap to the control and elimination of schistosomiasis by the year 2030
using a One Health approach. With the One Health approach aiming to optimise the
health of people, animals and the ecosystem, therapies against S. bovis, which
economically and socially threaten the livelihoods of traditional and commercial
farmers, food security, animal welfare and the environment, would greatly help this

cause (de la Torre-Escudero et al., 2017, Organization, 2020).

While there exist anti-schistosomal drugs such as PZQ, the partial control they
provide, coupled with the emerging resistance to them, allows the parasite to continue
plaguing much of the world's human and animal population (King and Dangerfield-
Cha, 2008). However, the development of new generation anti-schistosomal drugs as
aimed in this study, would aid in recovery measures taken to propel anti-schistosomal
strategies. Targeting S. bovis’ sole defence mechanism against toxin build up and host
immune responses appears to be the most promising approach to aid in the
elimination of the parasite's pathogenicity and transmission potential. The
indispensable role of Sb28GST to the parasites’ redox metabolism, combined with its
structural divergence from mammalian GSTs, presents the enzyme as an attractive
and strategic selective target for anti-schistosomal drug development (Scott and
McManus, 2000, Sheehan et al., 2001).

The approach to identifying new generation anti-schistosomal drugs while addressing
a critical gap in CADD serves to caution researchers of the pitfalls of haphazardly
using tools simply based on their popularity and ease of use. Most CADD methods
rely on structural data from crystal structures obtained experimentally as a basis for
the construction of simulation systems (Hollingsworth and Dror, 2018). However,
empirical structural methods do not fully capture the dynamic nature of proteins
(Maveyraud and Mourey, 2020). Therefore, an investigation into the influence that
protein crystal polymorphs have on the conformational dynamics of simulated protein
systems and their subsequent impact on ligand selectivity could reveal improved

predictive accuracy and reliability of computationally determined lead compounds.

1.6. Study Hypothesis

This study hypothesises that the use of protein models derived from different crystal
space groups is crucial for a more comprehensive understanding of protein behaviour,

leading to the prediction of reliable lead compounds in CADD. In so doing, the
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acknowledgement of the impact protein polymorphism has in CADD will allow the
successful identification of effective inhibitors of parasitic enzymes such as Sb28GST,

to advance the development of new generation anti-schistosomal drugs.

1.7. Aims and Objectives

This study aims to investigate the influence that protein crystal polymorphs have on
the conformational dynamics of simulated protein systems and their subsequent
impact on ligand selectivity in CADD. Furthermore, this work contributes to the
development of new generation anti-Schistosomes through the identification empirical
confirmation of Sb28GST inhibitors.

The following objective were set to achieve this aim:

e Overexpress and purify recombinant Sb28GST using an Escherichia coli (E.
coli) system and affinity chromatography respectively.

e Crystallize Sb28GST in a monoclinic alternative space group

e Solve the structure of Sb28GST and determine conformational features

e Perform MD simulations of Sb28GST from different space group models

e Evaluate and compare ligand selectivity from different space group models

e Identify lead compounds and determine molecular interactions with Sb28GST
using MD simulations

e Characterize the ligandin properties of Sb28GST with selected lead compounds

1.8. Novelty of The Study

While schistosomal GSTs from species like S. japonicum and S. haematobium have
been explored as drug targets for years, their host spectrum is primarily limited to
humans (Tsuji, 2020). The extent of their global burden does not exert tremendous
socio-economic pressure on the livelihood of farmers, the food export trade of 3™ world
countries, compromise the environment through excessive production of greenhouse
gases, nor do they threaten food security (Pennance et al., 2021, Strydom et al., 2023).
Schistosoma bovis however, is guilty of the aforementioned, whilst receiving limited
attention for its control. This study reports the first investigation of synthesizable
flavonoids as therapeutic agents against the parasitic Sb28GST protein. Flavonoids,
which are natural polyphenolic compounds found in abundance in fruits and
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vegetables, have been reported to have antiviral, antibacterial, antioxidant and
antiradical properties (Prochazkova et al., 2011). Studies have reported the
modulation of various drug metabolising enzymes by flavonoids. Not only do these
compounds reduce the production of GSTs within cells and tissues, but studies have
also shown their ability to directly inhibit the catalytic activity of GSTs (Chaudhary et
al., 2010, Wiegand et al., 2009). Therefore, in the quest to develop novel anti-
schistosomal drugs, synthesizable flavonoids strongly present as promising
therapeutic agents. Addressing the pursuit of developing novel anti-schistosomal
drugs, this study successfully expressed, purified and crystallised catalytically active
recombinant Sb28GST. This led to the first successful empirical validation of

computationally selected lead flavonoid compounds as inhibitors of Sb28GST.

This study additionally addresses a significant gap in CADD methodology through
investigation of the impact of protein crystal polymorphism on computational ligand
binding and effectively, ligand selectivity. Through the successful crystallisation of
Sb28GST in an orthorhombic crystal system, the comparative computational studies
carried out showed the repercussions of neglecting multi-space group crystal systems
in CADD. The study showed that proteins crystallised in different crystal systems
exhibit distinct cavity constructions, dynamic behaviours, and ligand interactions in
molecular dynamic simulations (Mfeka et al., 2025). This suggests the importance of
the collective assessment of multi-space group crystals to obtain a more
comprehensive, multi-dimensional understanding of protein dynamics and ligand

interactions.
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Chapter 2

Crystallisation of Schistosoma Bovis 28 kDa Glutathione Transferase

Abstract

Glutathione S-transferases (GSTs) are potential therapeutic drug and vaccine targets
against helminthic diseases and schistosomiasis. These essential enzymes prevent
oxidative stress by inhibiting toxin build-up in the worm during animal host infection.
Schistosoma infections affect farmers economically as the infection increases
susceptibility to other infections, often leading to death. To improve upon
computational methods of protein selection in molecular simulations, it is important to
investigate whether different protein space groups bring about the selection of different
ligands due to varying protein symmetries and packing within the system. In this study,
the recombinant expression, purification, crystallization, X-ray diffraction and structure
resolution of Sb28GST from Schistosoma bovis is described. The recombinant
Sb28GST was purified by Immobilized metal affinity chromatography (IMAC).
Diffraction quality crystals of Sb28GST were obtained by the hanging-drop vapor
diffusion method with the presence of a high concentration of ammonium sulfate (2.1
M) in the reservoir solution. X-ray diffraction data were collected using a Bruker D8
Venture advance X-ray diffractometer with a Bio PHOTON Il area detector. The
Sb28GST crystal was diffracted up to 2.4 A resolution. The crystals belonged to the
orthorhombic space group C 2 2 21 with one whole biological molecule (dimer form)
occupying the asymmetric unit with the unit-cell parameters are a = 73.796 A, b =
77.57 A, c = 77.185 A and B=90° which is different to the monoclinic Sb28GST (8ALS)
published.
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2.1. Introduction

Schistosomiasis is a devastating neglected, tropical, and poverty-associated disease
caused by trematode parasites from the Schistosoma genus (Utzinger et al., 2009).
The disease is responsible for the debilitating health conditions of over 240 million
infected people, with as many as 732 million more exposed to possible infection. The
zoonotic nature of Schistosoma extends its burden of disease to domestic and wild
animals alike from contaminated water sources (Adenowo et al., 2015). The
prevalence of animal schistosomiasis particularly on cattle severely impacts global
attempts to sustainably supply the growing demands of cattle meat and food products
(Strydom et al., 2023). A schistosomiasis infection causes anaemia, emaciation,
haemorrhagic enteritis and death in some cases. This drastically impacts milk yields,
feed efficacy, carcass weight and composition while servery crippling food availability
during crop failure (Charlier et al., 2020). This in turn leads to major financial setbacks
for local farmers and greater economic losses on return of investments for cattle

producers (Strydom et al., 2023).

Bovine schistosomiasis is caused by Schistosoma bovis whose life cycle is maintained
in the bovine host and freshwater snail intermediate hosts. However, Schistosoma
bovis’s close immunological and phylogenetic relation to Schistosoma haematobium
is of great concern owing to the increasing number of reported inter-species mating
occurrences (de la Torre-Escudero et al., 2017). The growing prevalence of
Schistosoma bovis—haematobium hybrids is assumed to alter both disease
transmittance and distribution to both animal and bovine hosts alike. The threat that
these hybrids pose is amplified by reports of increased virulence and increased
intermediate host target, making the need for schistosoma intervention of vital

importance (Angora et al., 2020).

The current treatment available against schistosomiasis is Praziquantel which is
unfortunately exclusively efficacious to adult egg producing Schistosomes and fails to
target each stage of the parasite’s life cycle (Olveda et al., 2013). Much like many
helminths parasites, S. bovis’ possess the detoxification enzyme GST as their sole
defence mechanism in the absence of vital phase | detoxification enzymes.
Glutathione transferases possess ligandin capabilities that allow them to catalyse the
nucleophilic conjugation of reduced glutathione to a variety of electrophiles, making

them less harmful, more soluble compounds (Angelucci et al., 2005). Their
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overexpression during chemotherapeutic interventions coupled with their presence in
all stages of the parasite's life cycle, make them a promising target for anti-

schistosomal drug development (Pérez-Sanchez et al., 2006, Sheehan et al., 2001).

Determining the selection of drugs to screen as possible inhibitors against specific
enzymes has become an easy task. This is so due to the growing popularity of using
high power atomic level computers that can simulate relevant biomolecule interactions
(Durrant and McCammon, 2011). These computational simulations can predict the
movement of every atom on a protein over a period using Newtonian physics to
approximate atomic motion. The computational simulations are used in combination
with X-ray crystallography as models build the simulation system around
(Hollingsworth and Dror, 2018, Hospital et al., 2015). The use of X-ray crystallography
is a powerful, reliable technique used to provide very detailed structural information to
glean molecular mechanisms that are fundamental for the functioning of biomolecules.
This technique however, is bottlenecked at the crystallisation step as the growth of
protein crystals is a nuanced rate limiting step in structure determination (McPherson
and Gavira, 2014). The stages of crystallization are nucleation where appropriate
conditions allow for proteins in solution to form thermodynamically stable aggregates,
crystal growth which is governed by principles of diffusion aiding in the ordered
assembly of the nuclei and cessation of growth occurring once protein molecules are
depleted from solution (Krauss et al., 2013). In some occurrence, proteins can grow in
two or more different crystal states in a phenomenon called polymorphism. While this
occurrence was once referred to as “Nemesis of crystal engineering”, it is now
considered to be of grave significance in understanding crystal packing and the
mechanisms of crystallization (Desiraju, 2010). Proteins that exhibit crystal
polymorphism occupy different space groups as they are packed differently with
varying symmetries within the unit cell they are packed in (Chruszcz et al., 2008).
Whether this has any influence over the interaction with other molecules introduced
into this system and thus affecting ligand recognition in computational simulations
such as high throughput virtual screening is not known. In this work we aim to answer
this question by obtaining the Sb28GST in a different space. Here, we describe the
recombinant expression, purification, crystallization, and structure resolution of
Sb28GST in an orthorhombic.
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2.2. Materials and Methods

2.2.1. Materials

All chemicals and reagents used were analytical grade. Vector synthesis was carried
out by GenScript (NJ, USA). The Escherichia coli (E. coli) T7 Express chemically
competent cells were purchased from New England Biolabs (USA). Tryptone, yeast
extract, NaCl, ampicillin, N,N,N',N'- tetramethylethylenediamine (TEMED),
bisacrylamide, acrylamide, sodium dodecyl sulfate (SDS), B-mercarptoethanol,
glycine, isopropyl-B-D-thiogalactoside (IPTG), reduced glutathione (GSH), 1-chloro-
2,4-dinitrobenzene (CDNB), sodium phosphate, glacial acetic acid and coomassie
Blue-G250 dye were all purchased from Sigma Aldrich (MO, USA). Thermo
Scientific™ PageRuler™ Plus Prestained Protein Ladder and Snakeskin™ dialysis
tubing (10K MWCO, 22 mm) were purchased from Thermo Fisher Scientific (MA,
USA). The crystal buffers used for screening, reagents and other apparatus were
purchased from Hampton research (CA, USA). The 15-well EasyXtal® plates were
purchased from Qiagen (VVV, NL).

2.2.2. Methods
2.2.2.1. Recombinant Expression of Sb28GST

The recombinant expression of a target gene housed in a pET11a (+) vector, shown
in Figure 2.1, is typically controlled by the T7 promoter. However, a repressor protein
encoded by the /acl gene typically present in the genomic and plasmid DNA disables
both the T7 and /lac promoters necessary for the expression of T7 RNA polymerase.
This is circumvented by deactivating the repressor protein by way of culturing T7
Express E. coli cells in the presence of IPTG. As a result, the RNA polymerase freely
expresses the T7 RNA polymerase which binds to the T7 promoter to induce the

expression of the target protein (Smith and Johnson, 1988).

Uniport KB database was used to obtain the nucleotide sequence of Sb28GST
(accession: M87800), following the addition of an N-terminal hexahistidine tag, the
sequence was cloned into the multiple cloning site of the pET11a (+) vector between
the restriction enzymes Bamh1 and Nde1 with ampicillin resistance (Genscript, USA).
The E. coli T7 Express cells with the described vector were inoculated into a 2x YT
broth supplemented with 100 ug/mL ampicillin. The cells were incubated for 16 h at
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30°C and 230 revolutions per minute (rpm). The overnight cultures were then diluted
in 1:100 ratio into fresh 2x YT broth supplemented with 100 ug/mL ampicillin and
incubated once more (37°C at 200 rpm). Once the photographic density of the cells
reached 0.4 — 0.6 at 600 nm, representing the mid-log phase, the cells were cold
shocked in an ice bath for 30 min. Thereafter, the cells were induced with IPTG with a
final concentration of 0.5 mM and further incubated for 6 h (30°C at 200 rpm). The cell
contents were harvested through centrifugation at 7 500 x g, 4 °C for 10 min. The
supernatant containing the media broth was discarded and the cell pellet was stored
at -20 °C.
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Figure 2. 1: Vector map of pET-11a

2.2.2.2. Purification of Sb28GST Protein

Obtaining a pure protein requires its isolation from numerous bacterial cell
components expressed alongside the protein of interest. Appropriate fractionation
techniques need to be utilized to successfully isolate the target protein. An effective

isolation technique used for the purification of biomolecules is affinity chromatography.
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The governing principles of affinity chromatography rely on the exploitation of
biomolecules to bind to specific immobilized ligands to which they have a high affinity
for. This allows the miscellaneous bacterial proteins to be eluted from the
chromatography system. Thereafter, the bound protein is then eluted alone using an
elution buffer that disrupts the interactions holding the protein bound to the ligand. This
disruption can be achieved by the addition of a competitive ligand or a buffer that

introduces a change in the pH or ionic strength (Labrou et al., 2014).

To isolate Sb28GST, the harvested cells were thawed at room temperature. The cell
pellet was resuspended in equilibration-wash buffer containing phosphate-buffered
saline (PBS), 25 mM imidazole, 0.02% NaNs, pH 7.2 and mixed using an end over end
rotor for 1 h. The cells were then lysed on ice through sonication using an ultrasonic
processor (in 30 s intervals x 10) at 70 amps. The cells were then centrifuged at
18 000 x g for 30 min at 4 °C. The resulting supernatant containing the soluble cell
fraction was filtered through a 0.45 pM cellulose acetate membrane filter to avoid
clogging. The Sb28GST protein was the purified using immobilized metal affinity
chromatography (IMAC). The filtered lysate was passed through an equilibrated
HisTrap™ Fast Flow column (Sigma Aldrich). The bacterial cell components were
washed using the equilibration-wash buffer. Thereafter, the desired protein was eluted
using an elution buffer containing PBS, 500 mM imidazole, 0.02% NaNs, pH 7.2. The
purity and homogeneity of the purified protein were determined by Sodium Dodecyl
Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE). The eluents were
subsequently pooled and dialyzed against a PBS pH 7.4 buffer to remove the

imidazole contents from the pure Sb28GST solution.

2.2.2.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

A popular and efficient tool used for the analysis of proteins is SDS-PAGE. This
technique allows for the characterization of proteins based on their migration in the
presence of an electric field. The SDS used in this technique is an anionic detergent
that causes the disruption of both the secondary and non-disulfide linked tertiary
protein structures while additionally masking their intrinsic charge. This in turn creates
a uniform charge: mass ratio among the proteins treated with SDS to allow the
migratory distance travelled to be governed solely by their molecular weights (Walker
and Wilson, 2010).
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The purity and homogeneity of the Sb28GST was assessed using 12.5% SDS-PAGE
as described by (Laemmli, 1970). Samples to be analysed were prepared from the cell
lysate, unbound protein flow through, and the imidazole induced affinity exchanged
eluents. These samples were mixed in a 1:2 ratio with a reducing treatment buffer (125
mM Tris HCI, 4 % (w/v) SDS, 20 % (v/v) glycerol, 10 % (v/v) 2-mercaptoethanol) and
subsequently boiled for 5 min to achieve denaturation. Thereafter, the samples were
cooled on ice prior to loading into the gel. The gels were connected to a BIO-RAD
Powerpac™ followed by protein separation at 40 V, 18 mA per gel in tank buffer (250
mM Tris-HCI, 192 mM glycine, 0.1 (w/v) SDS, pH 8.3). The gels were then stained
overnight with staining solution (0.125 % (w/v) Coomassie blue R-250, 50 % (v/v)
methanol, 10 % (v/v) acetic acid. They were then destained overnight with destaining
solution (50 % (v/v) methanol, 10 % (v/v) acetic acid) until background was clear to

capture the resulting gel.

2.2.2.4. Protein Concentration Determination

Proteins possess certain molecular features that allow them to absorb ultraviolet (UV)
light. This ability is exploited to aid in determining the concentration of proteins using
UV spectroscopy. Specifically, the peptide bonds, tryptophan, tyrosine and
phenylalanine aromatic amino acids and to a lesser extent, disulfide bonds are the
molecular components that allow proteins to absorb light at 280 nm (Walker and
Wilson, 2010).

Following a 1: 50 dilution of the purified protein into PBS, the concentration and purity
of Sb28GST was determined spectrophotometrically using the Jasco V-630 UV-VIS
spectrophotometer (Jasco Inc., Tokyo, Japan). To determine protein purity, the diluted
protein was scanned through a UV absorption spectrum monitored between 240 and
350 nm. For protein concentration, the diluted protein was additionally serial diluted in
1:1 ratios with a final dilution factor of 0.00125. The concentration of the protein was

determined using the Beer-Lamberts Law (Swinehart, 1962):
A = gl Equation 1

where A represents the absorbance in arbitrary units (AU), &, represents the molar
extinction coefficient (M-'.cm') at a particular wavelength (1 = 280 nm), c represents
the molecule of interest’s concentration (M) and [ represents the pathlength of the light

through the solution (cm). The ¢,5, of Sb28GST was calculated in accordance to
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Perkins (1986), combining the sum of the number of absorbing chromophores and

their respective extinction coefficients demonstrated in equation 2:
€280(Sb28GST) = 5550).Trp + 1490).Tyr + 150).Cys Equation 2
€250(Sb28GST) = 5550(2) + 1490(8) + 150(1)

£,80(Sh28GST) = 23045 M~1cm™1 per monomer

2.2.2.5. Specific Activity Assay

Monitoring enzyme catalysed reactions is typically done by observing the
concentration of the enzymatic substrate or product over a period of time. This exploits
the unique spectroscopic properties of chromophoric compounds during reactions
where structural changes can occur (Sheehan, 2009). The unique chromophoric
products can be monitored at specific absorbance spectra using visible absorbance
spectroscopy. A standard GSH-CDNB conjugation assay is monitored in a similar
fashion, where GSTs catalyse the conjugation of GSH with the substrate CDNB to
produce 1-(S-glutathionyl)-2, 4-dinitrobenzene shown in Figure 2.2. The concentration
changes of this chromophore which absorbs light at 340 nm can then be monitored
using the Beer-Lambert Law to determine the activity of the GST enzyme, allowing
real-time monitoring of the enzymatic reaction through spectrophotometric analysis
(Habig et al.,, 1974). The rate of increase in absorbance at 340 nm is directly
proportional to GST activity, thus providing a quantitative measure of enzyme function.
CDNB is particularly suited for this assay because it is a broadly reactive substrate
across various GST isoforms, readily available, and chemically stable under standard
assay conditions. Given its reliability, sensitivity, and adaptability, the GSH-CDNB
conjugation assay remains a fundamental tool in biochemical, toxicological, and

pharmacological research for studying GST-mediated detoxification mechanisms.
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Figure 2. 2: Glutathione conjugation to 1-chloro-2,4-dinitrobenzene in a GST catalysed reaction

Purified recombinant Sb28GST was dialysed into 100 mM sodium phosphate, pH 6.5.
Thereafter, the catalytic activity of Sb28GST was spectrophotometrically monitored
using the CDNB-GSH assay as previously described (Zhan et al., 2010). Varying
concentrations of Sb28GST (0 - 500 nM) were prepared in the reaction buffer, which
contained 100 mM sodium phosphate, 1 mM EDTA, 5 mM DTT, 0.02% NaNs3, 5 mM
GSH, 1 mM CDNB (3% (v/v) ethanol), pH 6.5. The formation of the chromophoric
product 1-(S-glutathionyl)-2,4-dinitrobenzene (g320 = 9600 M~'-cm™~') was monitored
using a Jasco V-630 UV/Vis spectrophotometer (Jasco, Japan). Triplicates of the
reactions were carried out for 60 s. The specific activity was obtained by plotting linear

progress curves corrected for non-enzymatic reaction rates.

2.2.2.6. Protein Crystallography and Structure Determination

To elucidate three-dimensional structure of biomolecules, X-ray crystallography is
popularly used to accurately determine structural details at atomic resolution.
However, protein crystals are required to obtain this structure. The growth of protein
crystals is a formidable task requiring specific supersaturation conditions that promote
the slow precipitation of proteins in a thermodynamically stable state. The result is the
periodic assembly of protein molecules in a three-dimensional crystal lattice held

together by non-covalent bonds (Krauss et al., 2013).

A tried-and-true method used to achieve supersaturation is vapour diffusion. This
method uses the diffusion of water between small protein droplets containing buffer
with precipitants and the reservoir with the same buffer components. Sealing the
reservoir creates a vacuum allowing the protein droplet to equilibrate over the reservoir
either in a sitting or hanging position. This creates an environment where water

diffuses from the droplet into the reservoir, leading to the slow increase of protein
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concentration, thus causing supersaturation and consequently, crystal growth

(Benvenuti and Mangani, 2007).

Once protein crystals are successfully grown X-ray diffraction is employed where
incident X-ray beams are emitted into a single mounted crystal. The resulting
diffraction pattern is the reciprocal of the protein crystal lattice. The intensities of the
diffracted reflections are calculated to determine the distribution of electron density
which is related to the atomic positions within a unit cell. This data is indexed,
integrated, scaled and merged to build a model into the electron density. The model is
finally refined and validated through sophisticated algorithms to obtain the crystal

structure of the protein of interest (llari et al., 2008).

2.2.2.6.1. Crystallization of Sb28GST
Recombinant Sb28GST was concentrated to 15 mg/ml in PBS at 7.5 pH prior to

crystallization trials. The crystallization experiments were performed at 298 K using
hanging and sitting-drop vapor-diffusion methods. Initially, the crystallization
conditions were screened using commercially available kits such as Index™ Screens
| and Il (Hampton Research, USA) through a sitting vapour diffusion method on a 96
well microplate using the Oryx8™ protein crystallisation robot (Doughlas Instruments,
East Garston, UK). Additionally, the previously reported condition used by (Johnson et
al.,, 2003) was added into the screening process. Apo Sb28GST crystals were
produced through the hanging drop vapor-diffusion method using the Qiagen
EasyXtal™ 15-well plates. Diffraction quality crystals were obtained using 2 pL drop
of pure protein solution and 2 uL drop of the reservoir buffer consisting of 2.1 M
ammonium sulfate, 100 mM Tris (pH 7.5), and 5 mM B-mercaptoethanol. Long needle-
shaped crystals of apo Sb28GST grew within 2 - 4 days at 20°C.

2.2.2.6.2. X-ray Diffraction, Data Collection and Structure Solution

A single Sb28GST crystal was mounted in a 0.1 - 0.2 mm nylon loop and soaked in a
cryoprotectant paratone solution (Parabar 10312; Hampton Research). This was flash
frozen in liquid nitrogen at 100 K to deter radiation damage from the X-ray beam. The
X-ray diffraction data for Sb28GST was collected using a rotating anode X-ray source
(Cu Ka; 1.5418A) and the pixel Bruker D8 Venture Bio PHOTON Il area detector
diffractometer with a crystal-to-detector distance of 41 mm. The unit cell and full data

was collected using the PROTEUM* software suite (Evans, 2006). The data was
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integrated with SAINT and SADABS was used to reduce and scale the data.
SCALEPACK and AIMLESS/POINTLESS, which are built into the PROTEUM* suite,
were used to process the diffraction data (Evans, 2011). The structure was determined
by way of molecular replacement using the PHASER program built into PHENIX
software (McCoy et al., 2007). The search model used for molecular replacement was
10E7. Model building was performed with the WinCoot (Emsley et al., 2010). Water
molecules were added during refinement using the “Flat Bulk Solvent Model”
procedure on Coot. The protein structure was further refined using PHENIX, followed
by structural validation using PROCHECK (Afonine et al., 2012, Laskowski et al.,
1993). To generate the images, PyMOL was used. The resulting structure was
deposited into the PDB under the code 8BHZ. To interpret the flexibility and disorder
of different regions of the resolved Sb28GST molecule, normalised B-factors which
are statistically adjusted B-factor values (with respect to the standard deviation around

the mean value) were calculated using the following equation:

Bnorm = % Equation 3

The protein files were submitted into UCSF Chimera in PDB format to compute the

normalised B-factors.
2.3. Results

2.3.1. Expression and Purification

To obtain a pure Sb28GST protein for downstream studies, the E. coli T7 Express cells
transformed with the target protein vector were expressed at 30°C for 6 h, induced
with 0.5 mM IPTG. The cellular fraction was harvested from the 2 x YT media upon
recombinant expression yielding a 5.2 g/L wet cell pellet. The Sb28GST protein was
present in the soluble fraction of the harvested E. coli contents and subsequently
filtered to avoid clogging the purification column. The Sb28GST protein was then
purified from the homogenised soluble fraction of harvested E. coli using Ni?* affinity
chromatography. The lysed cells were injected into the purification column allowing
the hexa-histidine tagged protein to bind to Ni?* while the unbound proteins were
eluted in the flow-through as shown in Figure 2.3A. The protein was eluted through

single step elution using 500 mM imidazole.
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The purity of the eluted Sb28GST protein was analysed using SDS-PAGE. As seen in
Figure 2.3B, the target protein successfully bound to the column while the unbound
proteins flowed through the column. There was no loss of the target protein during this
step owing to its absence in the flow-through. The protein eluted due to the addition of
imidazole was seen to be pure, resulting in the successful purification of a 24 kDa
Sb28GST protein.

Figure 2. 3: Expression and purification profile of Sb28GST. A: The elution profile of Sb28GST
purified using a Ni2+ affinity column eluted with 500 mM imidazole. B: A 12.5 % (w/v) polyacrylamide
gel with the molecular weight marker (MWM), sonicated cell lysate, the flow through (FT) and eluents

collected from the 500 mM imidazole elution. The monomer size of Sb28GST was 24 kDa.

2.3.2. Protein Concentration Determination

The purity and concentration of eluted Sb28GST was verified spectroscopically by way
of UV-Vis absorbance. Analysis of Sb28GST purity across a UV absorption spectrum
of 240 to 340 nm showed a peak at ~280 nm. The absorbance signal observed
thereafter dropped approaching 0 AU at 340 nm as depicted in Figure 2.4A. There
were no additional peaks observed at 320 and 340 nm, indicating the absence of
protein aggregates and other UV absorbing impurities or unwanted dust particles. The
protein concentration of Sb28GST was determined to be 18.37 mg/mL using a linear

regression slope shown in Figure 2.4B.
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Figure 2. 4: Determination of Sh28GST purity and concentration. A: UV Scan of IMAC purified
Sb28GST within a range of 240 - 340 nm. B: Concentration determination of purified Sb28GST. The
purified protein was initially diluted (1:50) followed by the scan being taken across a 240-340 nm range
to determine any impurities. The highest peak observed was at 277 nm and no other peaks were seen
thereafter. The slope of linear regression for Sb28GST was y = 8.4529x — 0.0083 resulting in a
Sb28GST concentration of 18.37 mg/mL.

2.3.3. Specific Activity Assay

To ensure that the recombinant Sb28GST with which crystallisation studies would be
performed is catalytically active, the specific activity of the protein was determined
using the CDNB-GSH conjugation assay. As shown in Figure 2.5, the specific activity
of Sb28GST was determined to be 13.3150 pmol.min"'.mg', confirming that the

enzyme was not inactive.
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Figure 2. 5: Specific activity profile of Sb28GST. The GSH-CDNB conjugation assay was performed
at 340 nm by monitoring the formation of the chromophoric product 1-(S-glutathionyl)-2,4-
dinitrobenzene catalysed by Sb28GST. Varying concentrations of Sb28GST (0 — 500 nM) were used to
determine the specific activity of the enzyme. All assays were performed in triplicate, with the data

corrected for non-enzymatic rates.

2.3.4. X-ray Crystallography
At the time of this study there was one Sb28GST crystal structure deposited into PDB

with the code 8ALS belonging to a monoclinic P 1 211 space group. To determine
whether Sb28GST could be crystallized in a different crystal space group, various
crystal buffers and conditions were tested. Crystals of varying morphologies grew
within 2 - 4 days however, the crystals obtained were not diffraction quality and were

often small and brittle if not cloudy as seen in Figure 2.6.
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Figure 2. 6: Crystal trials of Sb28GST grown at 20°C. The crystal trial conditions that allowed 10
mg/mL of Sb28GST to precipitate in a 1:1 ratio with the following reservoir conditions A: 0.1 M Citric
acid pH 3.5, 2.0 M Ammonium sulfate. B: 0.1 M Sodium acetate trihydrate pH 4.5, 25% w/v Polyethylene
glycol 3,35. C: 27. 2.4 M Sodium malonate pH 7.0. D: 0.1 M Potassium thiocyanate, 30% w/v
Polyethylene glycol monomethyl ether 2,000.

The condition that allowed satisfactory Sb28GST crystals to grow consisted of 2.1 M
ammonium sulfate, 100 mM Tris (pH 7.5), and 5 mM B-mercaptoethanol. The protein
crystals grew within two days by hanging drop vapour diffusion and had a needle-like
morphology as shown in Figure 2.7 A. The crystals were harvested, mounted on a
nylon loop and coated in a paratone solution prior to being flash frozen with liquid
nitrogen at 100 K. The measures were taken to protect the Sb28GST crystal from
radiation damage. A rotating anode X-ray source utilizing Cu Ka radiation was used to
diffract the protein crystal. The data was subsequently collected using a Bruker D8
Venture Bio PHOTON IIl area detector diffractometer. The raw diffraction data was
reduced to a consistent dataset and scaled across multiple frames using the SADABS
program, integrated into the PROTEUM* software suite. This was carried out with the
multi scan absorption correction algorithm, which effectively corrected for absorption
effects presented as noise in the measured intensities for each reflection, corrupted

by the crystal and paratone cryoprotectant. The multi scan algorithm successfully
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aided in the improvement of data consistency by systematically minimising additional
errors in the raw data which were caused by radiation decay and detector geometry.
Data processing showed that the Sb28GST crystal unit cell had dimensions of a =3 =
y = 90°, which is characteristic of orthorhombic crystal systems. The geometrical
characteristics of the Sb28GST molecules adopted a C 2 2 21 space group. The C 2
2 21 space group crystals were thinner and more clustered than the previously
described 8ALS crystals (Figure 2.7 B). The structure of Sb28GST was determined by
molecular replacement using the coordinate file of 1OE7. The data collection and
refinement statistics comparing the two crystals were compiled in Table 2.1. The
Sb28GST crystal diffracted to a resolution of 2.4 A with the structure refined to a final
Rractor of 19.8%. The solvent content and Matthew’s coefficient (Vm) were 46.55% and
2.33 A3 Da' respectively. The 3D structure was visualized on PyMol as shown in
Figure 2.8. The structural alignment and superimposition of the two structures give a

root mean square deviation (RMSD) values of 1.664 A.

Figure 2. 7: Sb28GST crystals grown. The crystals were grown by hanging drop method at 20°C. A:
Needle like crystals grown in the presence of PBS deposited as 8BHZ. B: Thick needle like crystals
grown in the presence of 25 mM NaH2PO4 buffer deposited at 8ALS.
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Table 2. 1: Data collection and processing statistics

Orthorhombic Monoclinic
Light source CuKa Cu Ka
Wavelength (A) 1.5418 1.5418

Detector

Temperature (K)

Space group

Unit-cell parameters (A)
a, b, c(A)

B(°)

Resolution range (A)

No. of observed reflections

PIXEL Bruker PHOTON llI

100
C222

73.796, 77.57, 77.185, 90

24 .4- 2.4 (2.49-2.4)*
8849

Bruker Venture Bio PHOTON
Il area detector

100

P1211

54.133, 77.086, 54.015, 93.15
24.68 -2.30 (2.38-2.30)*
19582

No. of unique reflections 8867 19612
Completeness (%) 99.2 (93.8)* 98.8 (89.9)*
I/a(1) 8.6 (2.7)* 11.4 (3.4)*
Rmerge¥ 0.093 (0.329)* 0.132 (0.600)*
Multiplicity 3.8 (3.2)* 8.1 (6.1)*
Structure refinement
Reflection used 8849 19.582
Resolution range 244-2.4 24.68-2.30
Final overall Rfactor (%) 19.88 21.68
Rework (%) / $Rfree (%) 19.55/ 25.82 21.52/24.48
Number of protein atoms 1635 3274
Average B factor value (A2) 25 24.0
RMSD in bond length (A) 0.0013 0.002
RMSD in bond angles (°) 0.4277 0.506

Ramachandran statistics

Favoured; Allowed; Outliers (%)

Matthew’s coefficient V (A3 Da_1)

Solvent content (%)

97.00, 3.00, 0.00
2.33

46.55

96.00, 4.00, 0.00
2.36

47.98

*Values in parentheses are for the highest resolution shell.

*Rinerge = Lnw 2il I; (hkl) — (I (hkD)) |/ Xnia X 1; (hkl), where I; (hkl) is the intensity of the observed

reflection and (I (hkl)) is the mean intensity of the reflection
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Figure 2. 8: Dimer ribbon representation of Sb28GST with the protein topology. A: The Sh28GST
dimer of 8BHZ. B: The Sh28GST dimer of 8ALS. C: Topology of Sb28ST showing the secondary
structure characteristics. The ribbon diagrams were generated using PyMol molecular graphics

program.

2.4. Discussion

Crystal polymorphism is a regularly occurring phenomenon that can be induced in
many ways (Desiraju, 2010). One of which being the manipulation of the crystallisation
conditions by way of pH, temperature and precipitating agents’ concentration (Krauss
etal., 2013). To investigate this hypothesis, pure protein is required to grow high quality
crystals. To this end, Sb28GST was recombinantly expressed under the conditions
previously reported by (Makumbe et al., 2024), using 0.5 mM IPTG, for a 6 h induction
at 30 °C. Prior to induction, the E. coli T7 Express cells were cold shocked in an ice
bath. This aids in the reduction of metabolic stress on the host cells in order to reduce
the risk of aggregation and protein misfolding, yielding amounts of soluble protein as
seen in Figure 2.3 and 2.4 (Qing et al., 2004).

The Sb28GST protein was then successfully purified using a nickel affinity column.
The absence of the target protein in the flow-through shown in Figure 2.3 indicating
the successful binding of N-terminal hexa-histidine tagged Sb28GST to the Ni?*
chelator resin column. This was achieved by the selective coordinate covalent binding
between Ni?* and the imidazole ring of the hexa-histidine tag (Block et al., 2009). The
purified protein was confirmed to be 24 kDa in size which corresponds to current
literature (Makumbe et al., 2024). However, a cross-comparison with the net isotopic

mass of the amino acids shows that the theoretical molecular mass of the protein is
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23.4 kDa. The discrepancy is owed to the N-terminal addition of a hexa-histidine tag
which accounts for approximately 0.8 kDa (Sgrensen and Mortensen, 2005). The
enzyme was additionally catalytically active, with the specific activity recorded being

comparable to other Sb28GST enzymes recorded (Makumbe et al., 2024).

While the precipitation of proteins into high quality crystals is a gruelling endeavour,
the conditions that lead to satisfactory crystal growth are achieved by a very narrow
range of conditions. This is corroborated by the fact that living systems are operational
almost exclusively on very particular agueous chemistry and interactions, whose
deviations or perturbations are rarely tolerated (McPherson and Gavira, 2014). As
such, only four crystal conditions allowed for the precipitation of Sb28GST from the
Index™ Screens | and Il condition kit (Hampton Research, USA). The resulting
crystals were not sufficient to proceed to X-ray diffraction due to their fragility. This is
because protein crystals are loosely packed when precipitating into their crystalline
state. Their assembly is made up of 40 — 60 % solvent-filled holes and channels, which
make them particularly fragile and vulnerable to radiation damage and disintegration
when undergoing X-ray diffraction (llari et al., 2008). However, alteration of the
condition previously described by (Johnson et al., 2003, Krauss et al., 2013, Labrou
et al., 2014, Laemmli, 1970, Laskowski et al., 1993, Makumbe et al., 2024, McCoy et
al., 2007, McPherson and Gavira, 2014, Olveda et al., 2013, Pérez-Sanchez et al.,
2006) lead to the precipitation of Sb28GST into diffraction-quality crystals.

It has been suggested that changes in crystallization conditions such as pH or the ionic
strength of the crystal environment can impact crystal packing, resulting in changes of
the crystal unit cell parameters (Jacobson et al., 2002). Comparison of the conditions
that brought about 8ALS to those of 8BHZ revealed small but impactful differences
that induced the formation of Sb28GST in a different space group. While 8ALS was
suspended in 25 mM NaH2PO4, 8BHZ was suspended in PBS (Majeed et al., 2003).
Despite both solvents possessing a phosphate based buffering system, the addition
of KCl and NaCl in PBS largely influences the solubility of Sb28GST. The utilization of
both monobasic and dibasic phosphate salts modifies the surface charges and ionic
strength of the protein leading to reduced electrostatic variability, unique crystal
contact and an altered arrangement of the crystal lattice (Vaney et al., 2001).
Additionally, 5.3 mg/mL was used to obtain 8ALS crystals, while 15 mg/mL of

Sb28GST was used to obtain 8BHZ. This difference in concentration directly impacts
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the nucleation rate and consequently, the packing order and compactness of the
crystal lattice as seen by 8BHZ forming an orthorhombic system (Table 2.1) (Krauss
et al., 2013). Lastly, the ratios used to grow the Sb28GST crystals were 1:2 and 1:1
for BALS and 8BHZ respectively. The lower protein: reservoir buffer dilution allows for
slower protein nucleation which allows Sb28GST to adopt a more thermodynamically
stable packing arrangement (Rupp, 2009). The culmination of the buffer contents,
protein concentration and protein: reservoir buffer ratios factored in the formation of

Sb28GST in an orthorhombic crystal space group.

Obtaining Sb28GST in an orthorhombic C 2 2 21 space group will allow for the further
exploration of the conformational landscape of polymorphic crystals in computational
studies. This will be essential in determining whether space group polymorphism

affects ligand selectivity across crystal variants in Sb28GSt drug design investigations.
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Chapter 3

Assessing Ligand Selectivity of Schistosoma Bovis Glutathione Transferase

Through Computational Modelling in Different Crystal Space Groups

Abstract

Empirical structural methods have been instrumental in drug design, but they often fall
short of capturing protein dynamics. To address this limitation, computer-aided drug
design (CADD) has become essential. Given that Schistosoma bovis 28 kDa
glutathione transferase (Sb28GST) is a promising anti-Schistosome drug target, a
careful selection of crystal structure space groups is used for CADD. This study aimed
to determine whether the conformational landscape provided by crystal polymorphs
affected the selectivity of ligands across crystal variants. The Sb28GST crystal
variants, namely 8BHZ and 8ALS underwent molecular dynamic simulation (MDS) to
determine whether these crystal polymorphs undertook identical trajectories in a
solvated simulation. Thereafter, high-throughput virtual screening (HTVS) studies
were explored using a curated library of flavonoid compounds. The HTVS was
performed on monoclinic 8ALS and orthorhombic 8BHZ to identify potential ligands
to use as lead compounds. The HTVS showed a diverse selection of hit compounds,
with apigenin 7-O-(2G-rhamnosyl)gentiobioside (apigenin) being the common ligand.
However, quercetin-3-O-Beta-D-Glucose-7-O-Beta-D-Gentiobioside  (quercetin)
showed the highest affinity to 8ALS with a glide score of -15.66 kcal/mol. Thereafter,
500 ns MDS of the 8ALS-Sb28GST and 8BHZ-Sb28GST apo systems in complex with
apigenin and quercetin showed two distinct trajectories which reveal significant
differences in their dynamic behaviour and with varying interactions. This highlights
the need for a collective assessment of protein polymorphs to comprehensively

understand protein dynamics when used for the purposes of drug design.
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3.1. Introduction

Computer-aided drug design (CADD) is fast gaining popularity with its inclusion as a
rational approach to the drug design and development pipeline (Zhang et al., 2022).
The computational aspect of the pipeline is initiated with the examination and
extrapolation of the molecular structure of target proteins. This is typically extrapolated
from X-ray crystallography, which is vital for understanding the structural conformation
of proteins (Maveyraud and Mourey, 2020). However, understanding the overall
dynamic nature of proteins is equally as important in drug design. While this
information can be obtained using various experimental techniques, the cost to benefit
ratio is largely disproportional when investigating multiple ligands as lead therapeutic
compounds (Sanchez-Linares et al., 2012). Additionally, the dynamic capabilities of
proteins and their complexes are typically reflected as an ensemble of average
motions when examined experimentally, failing to showcase the individual protein
molecule motions to qualify ligand selection (Kukol, 2008). The computational
approaches typically included in CADD are high throughput virtual screening (HTVS)

and molecular dynamic (MD) simulations.

High throughput virtual screening digitalises the screening of various compounds
through the simulation of ligands and substrates interacting with all available binding
sites of the protein of interest. This technique aims to identify the potential positions
for ligand binding of screened compounds while simultaneously calculating the affinity
between various ligands with the protein target (Zhang et al., 2014). This is determined
by sampling all possible positions, orientations and conformations of the screened
compounds relative to the binding sites of the target protein, providing atomistic details
of interactions. The binding potential is scored using the most energetically favourable
binding poses, which are then ranked in order of most probable (Karplus and
McCammon, 2002, Tripathi and Bandyopadhyay, 2022). This has been useful for
narrowing down lead compounds for subsequent experimental assays (Hospital et al.,
2015).

Molecular dynamic simulations are then used to compute further inferences from the
predicted top binding ligands. This method mimics the individual motions of complex
molecular systems in their physiological environments at an atomic level (Durrant and
McCammon, 2011). This is achieved through the calculation of forces with the energy

of the participating particles combined to compute a MD system. The particle motions
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are then calculated using the molecular mechanics force fields to determine the
potential energies and forces of a system. These energies and forces are solved using
Newtonian equations of motion to predict the trajectories of the atoms and compounds
within the simulated system (Hospital et al., 2015, MacKerell Jr et al., 1998, Ott and
Meyer, 1996). The use of MD simulations is advantageous due to the in-depth analysis
of both the physical environment and the fluctuations of the participating particles over
a specified time period to fully capture the dynamic evolution of a system
(Hollingsworth and Dror, 2018).

Researchers often assume target proteins crystallized in different space groups
behave similarly in in-silico modelling when predicting a lead compound. However,
empirical testing suggests varying symmetries and arrangements could affect results.
This has led to inaccurate predictions of lead compound performance in empirical
testing (Jacobson et al., 2002). The impact of polymorphic protein space groups on
conformational dynamics and ligand selectivity is underexplored. Crystal polymorphs'
varying symmetries affect solvent content and distribution, potentially leading to one-
dimensional interpretations in molecular dynamic simulations (Chruszcz et al., 2008).
This study aims to identify novel flavonoid inhibitors targeting Schistosoma bovis 28
kDa GST and assess how polymorphic protein crystals affect ligand selectivity. This
research showed that the pooling data from various crystal polymorphs could provide
deeper insights into protein conformational states and diverse molecular interactions,

offering a more comprehensive analysis than studying a single crystal space group.
3.2. Materials and Methods

3.2.1. Materials

All computational studies were performed using two high-power computing units. The
bulk of the computational experiments were carried out using a Windows OS desktop
housing the Schrédinger Maestro v13.0 software. This computer was equipped with
an AMD RYZEN Threadripper 1950X Processor with 16 cores/ 32 threads and an Asus
Rog Strix X399-E Gaming Ryzen motherboard all with a 4.0 GHz Precision Boost
X399 chipset. The desktop had 4 TB of internal SSD storage with 6 GB/s 3D NAND
technology speeds, 64 GB (16GB x 4) Quad-channel DDR4 desktop RAM, and an 11
GB GDDR6 MSI GeForce RTX 2080 Ti graphics card (GPU). The workstation housing

the Schrodinger Desmond software was solely used for molecular dynamic
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simulations. This computer had an Ubuntu OS desktop equipped with an AMD
Threadripper 3990X processor with 64 cores/ 128 threads and a MSI TRX40 PRO 10
G motherboard all with a 4.3 GHz Turbo boost clock and TRX40 chipset. The desktop
had a 4 TB HDD and 1 TB of internal M.2 SSD storage with up to 3.5 GB/s speeds,
64GB Quad-channel DDR4 desktop RAM and 8GB GDDR6 GeForce RTX 2070 GPU.

3.2.2. Methods

3.2.2.1. Protein Preparation

The monoclinic and orthorhombic crystal structures of Sb28GST, namely 8ALS and
8BHZ respectively were retrieved from the protein data bank. The crystal structure co-
ordinates were submitted into the OPLS_2005 Protein Preparation wizard module
implemented in Maestro. The ions, ligand and water molecules were removed from
the structure and subjected to energy minimization. Thereafter, hydrogen atoms and
disulfide bonds were added to the crystal structures using the default parameters. Het

states were then generated at pH 7.0 £2 using the Epik module.

To build the systems for MD simulation, the System Builder module implemented in
Maestro was used. The two Sb28GST systems were built using the OPLS_2005 force
field, solvating the system utilizing the TIP3P explicit solvent model. For the boundary
conditions an orthorhombic box shape was used, encapsulating the protein at the
centre of the box consisting of a 10 A a = b = ¢ distance with 90° « = B =y angles. The
box volume containing the Sb28GST systems was minimized. Counter ions (Na* or
Cl") were added in accordance with the molecular systems’ overall charge, thus

conditioning the system physiologically through the addition of 0.15 M NaCl.

3.2.2.2. Molecular Dynamic Simulation of Apo Crystal Systems

The now solvated, ionized molecular systems were then subjected to MD simulation.
The production phase of the simulation consisted of eight stages whose simulation
parameters were specified for each phase. The simulation employed the NPT
ensemble class using 1 bar pressure and 300 K temperature implemented in all runs.
Stages 1 - 7 were for equilibration, where short simulations occurred. This was
followed by stage 8 where the final long-range simulation occurred. The stages
progressed as follows: Stage 1- The parameters of the solvated systems were
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detected. Stage 2 - Brownian Dynamics were used to carry out a 100 ps simulation
using NVT conditions at 10 K, restraining the solute heavy atoms. Stage 3 - NVT
conditions were used for a 12 ps simulation now restraining heavy atoms. Stages 4, 6
and 7 had short simulation steps lasting 12, 12 and 24 ps respectively. The same
conditions were used as stage 3 however stage 7 had no restraints placed on heavy
atoms. Stage 8 had the long range 500 ns simulation at a constant temperature of 300
K.

3.2.2.3. Post-Dynamic Analysis

The post-dynamic analyses of the simulation trajectories were carried out on Maestro.
This allowed for a comparative analysis of the conformational dynamics of the
simulated molecular systems. The simulation interaction diagram module was used
on Maestro to calculate the Root Mean Square Deviation (RMSD) and the Root Mean
Square Fluctuation (RMSF) of the protein backbone alpha carbon atoms (Ca). The
radius of gyration (Zhang et al., 2014) was determined using the Simulation Events
Analysis tool on Maestro. The liganded protein simulations were analysed further to
determine the ligand RMSD and the ligand properties which include the molecular
surface area (MolSA), solvent accessible surface area (SASA) and intramolecular

hydrogen bonds (IntraHB).

3.2.2.4. Receptor Grid Generation
To prepare the MD simulated 8BHZ and 8ALS systems for HTVS, the receptor grid

was created. The receptor-grid generation module implemented on Maestro was used.
The grid box was centroid of protein active site residues from both chains of the protein

dimer. The size of the box allowed for the docking of ligands with a 36 A length.

3.2.2.5. Ligand Library Preparation

Alibrary of 1433 synthesizable flavonoid compounds were used to screen for potential
hits. The Structure data files of the compounds were obtained from PubChem
database. Maestro was used to prepare the compounds using the LigPrep module.
The compounds were protonated, with ions removed, and the geometry optimized. In
Maestro the ligands were subjected to energy minimization using OPLS 2005 force

field to optimize the bond length, angle, and dihedral.
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3.2.2.6. HTVS With MD Simulated Apo Crystal Systems

The virtual screening workflow module implemented in Maestro was used to perform
HTVS. The flavonoid library was selected as the source of the ligands. The QikProp
filter was exclusively applied whilst also excluding compounds with reactive functional
groups. In preparation for the screening event, the Epik module was used to generate
possible protonation states at a target pH of 7.0 £ 2.0. Additionally, Epik state penalties
were used for docking thus factoring in the energetic cost of each state to avoid false
positive hits. Thereafter, high energy ionization /tautomer states were removed. The
stereochemical information of the ligands were obtained from the specified 2D stereo
properties included in the default settings. The compounds were docked with Glide
HTVS, the successful hits that could bind to the 8BHZ and 8ALS binding site were
further screened using standard precision (SP) mode. Those outputs from that
screening were then further filtered using extra precision (XP) mode. The docking
results were processed with Prime MM/GBSA to predict the free-binding energy for
ranking purposes. The binding energies was used to calculate the compounds binding

affinity for the 8BHZ and 8ALS systems using the below equation:
AG° = RTInKd Equation 1

where AG° represents changes in the docking energy, R represents the Boltzmann gas
constant (R = 1.987cal/mol/K), T represents the temperature and Kd represents the

binding affinity.

3.2.2.7. MD Simulation of Top Scoring and Common HTVS Outputs

Two compounds were chosen for further MD simulation; the top scoring compound
with the lowest free binding energy and a common compound found in both 8BHZ and
8ALS SP mode screening outputs. Apigenin 7-O-(2G-Rhamnosyl) Gentiobioside
herein named apigenin and quercetin-3-O-Beta-D-Glucose-7-O-Beta-D-Gentiobioside
herein named quercetin were complexed with 8BHZ and 8ALS and subsequently
prepared and subjected to 500 ns MD simulations as described previously section in
3.3.2.2.
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3.3. Results

3.3.1. MD Simulations and Post-Dynamic Analyses of Sb28GST Systems

A 500 ns MDS was done to compare the trajectory of the two crystal polymorphs of
Sb28GST. A RMSD evolution which depicts the dynamic behaviour and stability of the
protein backbone throughout a simulation period, revealed that the structural
conformation throughout the simulation of the polymorphs was not identical, it however
followed a similar trend (Figure 3.1 A). A gradual increase in the first 100 ns of the
simulation was followed by fluctuations which equilibrated at 400 ns at an average
value of 3.5 A for 8BHZ and 3.1 A for 8ALS was observed. The RMSF shown in Figure
3.1 B indicated changes along the protein chain over the 500 ns simulation. The RMSF
profiles showed similar fluctuation patterns throughout the simulation. The most
notable distinctions were the marginally higher peaks observed from 8BHZ N-terminal
amino acids, which are Lys115 and Ser204 on 8BHZ. The Rg trajectory observed from
8BHZ and 8ALS underwent minimal fluctuations throughout the 500 ns simulation,
indicating a sustained degree of structural compactness (Figure 3.1 C). The lower Rg

observed in the 8ALS model suggests a marginally more stable system than 8BHZ.
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Figure 3. 1: Trajectory analysis of 500 ns molecular dynamic simulations of Sb28GST systems.
The red and purple profiles represented 8BHZ and 8ALS respectively. A: The RMSD of the Ca atoms.
B: The RMSF of the Ca atoms. C: Radius of gyration of the Ca atom.

3.3.2. Cavity Analysis of Sb28GST

Upon observation of the Sb28GST systems’ staggered trajectories, data was collected
to probe into the possible binding sites available within the two systems. There are
typically four main classes to rank cavity druggability. Sites with D scores > 1.0 are
considered very druggable, D scores between 0.75 — 1.0 are considered druggable,
scores between 0.5 — 0.75 are considered moderately druggable, and scores below
0.5 are deemed difficult (Halgren and modeling, 2009). The frames from the MDS
trajectories of the two Sb28GST systems showed that both structures possessed five
potential binding cavities, as shown in Table 3.1. However, only three were putative
due to their D score ranking. The druggability levels of these sites are relatively

comparable, with the total volume being recorded showing similarity.
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Table 3. 1: Cavity analysis of MD simulated trajectories of 8BHZ and 8ALS

Cavity Rank 8BHZ 8ALS

D Score Volume (A3) D Score Volume(A3)
1 0.9803 1161.7410 1.0586 1261.5540
2 0.6237 101.5280 0.9100 199.9690
3 0.7368 159.8380 0.7017 102.2140
4 0.4158 85.4070 0.6196 151.9490
5 0.7393 233.5830 0.5186 65.8560

3.3.3. High throughput Virtual Screening of Flavonoid Library for Sb28GST.

Given that the two Sb28GST MDS trajectories followed different courses, coupled with
their assorted binding cavities, a comparative HTVS study was performed to show
whether the hit ligands would be identical. This was simultaneously done to determine
the best drug candidate for schistosomiasis treatment. The screened top-hit ligands
showed compounds with the highest affinity for Sb28GST, ranked using their free
binding energy (AG). The compounds with the lowest AG indicated a high affinity for
the protein and high protein-ligand complex stability. The free binding energy range
exhibited from the HTVS was -15.6645 to -3.591 kcal/mol, indicating that the binding
occurred exergonically. Different top ligands from the HTVS were selected for the
Sb28GST polymorph, with Table 3.2 showing the ligand 6™-Feruloylspinosin being
selected for 8BHZ, while Quercetin-3-O-Beta-D-Glucose-7-O-Beta-D-Gentiobioside
was selected for 8ALS. Interestingly, despite the two systems belonging to the same
Sb28GST protein, only one ligand was common within the list of top 5 hits, which was
Apigenin 7-O-(2G-Rhamnosyl)Gentiobioside. Additionally, the ligands selected
surpassed bromosulfophthalein (BSP), which has been considered the benchmark
ligand in previous GST inhibition studies (Padi et al., 2021, Onisuru et al., 2024).
Although BSP passed the initial virtual screening, receiving a glide score of -5.93093
kcal/mol, it was subsequently filtered out when subjected to further refinement using
SP mode and XP mode.
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Table 3. 2: The top-ranking flavonoid ligands for Sb28GST selected from high-throughput virtual screening 1433 flavonoid compounds.

HTVS Ligands PubChem ID 2D Structure AGbind (kcal/mol)
Method
8BHZ SP 6"-Feruloylspinosin 21597353 -8.22965
PR N
| . |
= jl"
Tiliroside 5320686 -7.65273
.'|
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7-0-(2G-
Rhamnosyl) Gentiobioside

Apigenin

10795088

-7.38069

Licuraside

14282455

-7.26056
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Robinetin

5281692

-6.70999

XP

6"'-Feruloylspinosin

21597353

-11.2551
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8ALS

Quercetin-3-O-Beta-D-
Glucose-7-O-Beta-D-

Gentiobioside

131637041

-10.5487

2-[1-(Triethylsiloxy)-2-

propenyljtoluene

57831727

-9.76189
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Pinocembrin 68071 -9.6947
Apigenin 7-0-(2G- | 10795088 -9.32839
Rhamnosyl)

Gentiobioside
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Vaccarin

71307582

-9.07955
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XP

Quercetin-3-O-Beta-D-
Glucose-7-O-Beta-D-

Gentiobioside

131637041

R

{TETE

-15.6645
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3.3.4. MD Simulations and Post-Dynamic Analyses of Ligand Complexed
Sb28GST Systems

Another MDS was performed to test the dynamic behaviour and stability of the
interactions between the ligands and the Sb28GST systems. This allowed the protein-
ligand complex to be observed in a cell-like environment enclosed in a water box with Na*
and CI" ions as neutralizers. Apigenin (the common ligand produced in the polymorph’s
HTVS) and Quercetin (the hit with the highest AG) were selected for further investigation.
The Ca RMSD showed the conformation of the protein backbone throughout the 500 ns
simulation with reference to the first frame. The Ca RMSD of Sb28GST-quercetin was
very stable in both systems, showing minor fluctuations with an RMSD of 4.24 and 3.80
A for 8BHZ and 8ALS respectively (Figure 3.2 B). The Sb28GST-apigenin complex
however, was less comparable between the two Sb28GST systems but had lower RMSDs
in comparison to the reference frame with RMSD values of 3.08 and 2.54 A for 8HBZ and
8ALS respectively (Figure 3.2 A). The RMSF of the Sb28GST-quercetin and Sb28GST-
apigenin complexes showed more homogeneity (Figure 3.2 C and D) with most of the
peaks observed corresponding with the amino acids that interact with the ligands, an
indication of the stability of the active site. However, additional peaks were observed for
the liganded systems compared with the apo systems. In the apigenin complex system,
the N-terminal amino acids 150, 228 and 352 as well as the amino acids 148, 178 and
260 in complex with quercetin, exhibited higher conformational changes. The Rg was
examined to determine the compactness of the protein during the simulation. The Rg
profiles of 8BHZ and 8ALS systems shown in Figure 3.2 E were relatively comparable,
indicating that polymorphic Sb28GST systems shared similar compactness. However, the
overall Rg for 8BHZ-apigenin is 21.75 (£ 0.12) and 21.81 (x0.12) for 8ALS-apigenin. On
the other hand, 8BHZ-quercetin and 8ALS-quercetin’'s Rg were 21.66 (£ 0.11) and 21.97
(x 0.14) respectively, an indication of moderate conformational changes during the 500
ns MDS (Figure 3.2 F). Similarly, the ligand RMSD trajectory showed the stability of the
ligand in its protein binding site, with Figure 3.3 A showing how apigenin exhibited
significant fluctuations before reaching equilibrium when bound to 8BHZ and was less
dynamic in the 8ALS binding pocket. This showed that while the ligand diffused away

from the initial binding pocket (between 0—-150 ns), it maintained a stable degree of motion
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at 150 — 430 ns. On the other hand, similar activity was observed with quercetin
complexed 8ALS, as depicted in Figure 3.3 B. Quercetin drastically diffused away from
the initial binding pocket of 8ALS, followed by a stable degree of motion maintained from

200 — 500 ns while behaving completely stable in 8BHZ.

Additional molecular properties of apigenin and quercetin such as MolSA, SASA and
IntraHB were studied to determine the stability of the ligands in their Sb28GST binding
pockets, shown in Figure 3.4. The SASA profiles showed the surface area of the ligand
that is accessible by the solvent molecules. The SASA of 8BHZ in Figure 3.4 A showed a
minor increase in the first 100 ns of the simulation with apigenin, which subsequently
equilibrated with an average SASA of 251.7 A2. The SASA of 8BHZ in contrast, was stable
for the first 280 ns, fluctuating around a constant average of 199.4 A2 followed by a steep
increase. For quercetin however, the SASA was maintained at a steady average of 211.5
A? with 8BHZ while the SASA only reached equilibrium after 200 ns with 8ALS at 332.9
A2 The analysis of the intramolecular hydrogen bond (H-bond) formation throughout the
MDS between 8BHZ and apigenin depicted in Figure 3.4 C, showed up to four H-bonds
formed with two remaining intact at the end of the simulation. However, the H-bonds
formed with 8ALS and apigenin were maintained at one, with two forming near the end of
the simulation. In Figure 3.4 D, we see up to four H-bonds formed between both 8BHZ
and 8ALS with quercetin. A majority of the two H-bonds were maintained throughout the
simulation. The MolSA s equivalent to the Van Der Waals surface area probed at a radius
of 1.4 A. The MolSA of the protein-ligand complexes were relatively comparable, with the
averages being 585.7 A? for the 8BHZ-apigenin complex, 587.3 A2 for 8BHZ-quercetin
and A2580.0 for 8ALS-quercetin. The lowest MolSA value obtained was 564.4 A2
obtained from 8ALS-apigenin.
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Figure 3. 2: Trajectory analysis of the 500 ns MDS of Sb28GST systems complexed apigenin and
quercetin. The red and purple profiles represented 8BHZ and 8ALS respectively with apigenin interactions
depicted on the left panels and quercetin interactions depicted on the right panels. A: The RMSD of the Ca
atoms of Sh28GST systems with apigenin. B: The RMSD of the Ca atoms of Sb28GST systems with
quercetin. C: The RMSF of the Ca atoms of Sb28GST systems with apigenin. D: The RMSF of the Ca
atoms of Sh28GST systems with quercetin. E: The Rg of the Ca atoms of Sb28GST with apigenin. F: The
Rg of the Ca atoms of Sb28GST with quercetin.
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Figure 3. 3: Root mean square deviation of the apigenin and quercetin with respect to Sb28GST
residues. The red and purple profiles represented 8BHZ and 8ALS residues respectively. A: The ligand
RMSD of apigenin with Sb28GST receptors. B: The ligand RMSD of quercetin with Sb28GST receptors.
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Figure 3. 4: Analysis revealing the ligand properties of apigenin and quercetin during the 500 ns
MDS with Sb28GST systems. The red and purple profiles represented 8BHZ and 8ALS respectively with
A: The solvent accessible surface area available to apigenin. B: The solvent accessible surface area
available to quercetin. C: The intramolecular hydrogen bonds within apigenin. D: The intramolecular
hydrogen bonds within quercetin. E: The molecular surface area of apigenin. F: The molecular surface area

of quercetin.
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Figure 3.5 showed the Sb28GST interacting amino acid and the trajectory cluster
analysis, revealing that apigenin and quercetin were stabilized by hydrogen bonds, water
bridges, hydrophobic and ionic interactions. In the 8BHZ-apigenin complex, water bridges
played a larger role compared to 8ALS-apigenin. Figure 3.5 A showed that through 50%
of the 500 ns simulation trajectory, apigenin formed H-bond interactions with B:Lys120 of
8BHZ. B:Arg14 (H-bond, 31%) and B:His107 (pi-pi stacking, 36%) interactions were also
formed. B:His169 and B:Ser71 formed a water-mediated H-bond with the apigenin
hydroxyl group (33%) and the carbonyl group (31%). Apigenin also formed an
intramolecular H-bond between its hydroxyl and carbonyl group through 64% of the
simulation. This bond was not formed in the 8ALS-apigenin simulation. However, the
interactions observed were more complex and lasted longer than those seen in the 8BHZ
simulation, as shown in Figure 3.5 B. In the 8ALS GST A:Glu70 and A:Leu72 formed H-
bonds with the apigenin hydroxyl group through 85% and 32% of the simulation
respectively. A:Glu103 formed bonds with two apigenin hydroxyl groups (H-bond, 82%),
A:Ser72 formed a bond with a carbonyl group (H-bond, 80%) and A:Glu106 (H-bond
52%). B:Glu103 formed a water-mediated H-bond through 76% of the simulation and a

pi-cation formation through 75% and 50% of the simulation.
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Figure 3. 5: 2D interaction plot of the trajectory frame based on the RMSD of most dominant
snapshots throughout a 500-ns MDS. The protein: ligand complexes were depicted as follows; A: 8BHZ-
Apigenin, B: 8BHZ-Quercetin, C: 8ALS-Apigenin, and D: 8ALS-Quercetin. Amino acid residues within 4 A
of the ligand are colour-coded: positively charged (violet), negatively charged (orange), non-polar ( )
and polar ( ). Hydrogen bonds ( lines) and salt bridges (red lines) are shown, with solvent

exposure shaded grey. Images were created using Maestro v13.0.

Compared to apigenin, significantly more interactions occurred between the Sh28GST
systems and quercetin. The top interactions shown in Figure 3.6 A are A:Glu103 (H-bond,
99%), A:Asp102 (H-bond, 94%), B:Glu106 (H-bond, 84%), B:Glu107 (H-bond, 77%).
A:Glu106 also formed a mediated H-bond with the quercetin hydroxyl group through 82%
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of the simulation. A pi-pi stack interactions were formed by A:His107 (56%) and B:His107
(56 and 34%), and lastly pi-cation interactions were formed with quercetin by B:Arg16
(33%). Again, pi-pi stacking interactions were also formed between 8ALS and quercetin
by A:His107 through 70% of the simulation shown in Figure 3.6 B. Quercetin also formed
intramolecular hydrogen bonds between its hydroxyl and carbonyl group through 64% of
the simulation. Other interactions include A:Asp104 (H-bond, 70%), A:Glu70 (H-bond,
67%) and A:Glu103 (H-bond, 57%). Water-mediated hydrogen bonds were formed by
B:Glu103 (64 and 38%), B:Arg16 (59%) and B:Asp104 (58 and 35%).

Between the two polymorphic systems, there was only one interaction shared with
apigenin, although the contributing amino acid was from different subunits 8BHZ-B:Ser71,
which was a water-mediated H-bond (31%), and 8ALS-A:Ser71, which was H-bonded to
the apigenin carbonyl group. With quercetin, the two interactions shared between 8BHZ
and 8ALS were B:His107, forming a pi-pi stack of 57% and 76%, respectively. The other
interaction shared between 8BHZ and 8ALS was A:Glu103 with a hydroxyl group

occurring throughout 99% and 57% of the simulation respectively.
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Figure 3. 6: Analysis of the 2D summary contact of ligand atoms interacting with Sb28GST amino
acids. The protein: ligand complexes were depicted as follows; A: 8BHZ-Apigenin, B: 8BHZ-Quercetin, C:
8ALS-Apigenin, and D: 8ALS-Quercetin. Representation of positively charged amino acids are violet,
negatively charged are orange, non-polar are green, and polar are blue. The percentages indicate ligand-
Sb28GST interactions over 500 ns.
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3.4. Discussion

To address the question of whether different crystal space groups could influence
ligand selectivity in CADD we employed computational methods to examine the
behaviour of two Sb28GST space group systems in solution through molecular
dynamic simulation, namely 8BHZ (orthorhombic) and 8ALS (monoclinic). The
simulations conveyed details of individual particle motions as a function of time,
offering a way to quantify the degree of conformational changes in protein backbones

and side chains (Hollingsworth and Dror, 2018).

Simulating the apo Sb28GST systems showed that the diverging trajectories of the
protein backbone showed that different space group proteins possess unique
conformational states relative to one another, which manifest through dissimilar
dynamic properties. The protein side chains were comparably and relatively stable in
solution with slight fluctuations observed with 8BHZ. These greater RMSF values
indicated increased flexibility throughout the simulation. The lower RMSF values,
however, reflected the stability of the 8ALS side chain residues. The radius of gyration
showed us the degree of compactness of the protein systems. Although the degree of
compactness remained relatively similar between the protein systems, 8ALS
appeared to remain more compact throughout the simulation compared to 8BHZ. This
highlights the divergence of polymorphic systems' dynamic properties from the

anticipated identical molecular disposition.

The cavity detection of the Sb28GST systems revealed essential information for virtual
screening, drug discovery and receptor binding analyses. This method allowed us to
consider the flexibility of the protein and the potential cavity volume to quantitatively
estimate the druggability of a particular site (Ricci et al., 2022). Once again, the cavities
observed were not identical, although they were similar in volume. This could be due
to variations in crystal packing forces inducing different side chain rearrangements
(Chruszcz et al., 2008). The ranging orientations adopted by Sb28GST chains in
orthorhombic and monoclinic space group systems thus induced regions of the protein
surfaces to be involved in assorted interchain interactions, effectively resulting in
slightly varied cavity arrangements. Since the D score is governed by the number of
site points, enclosure score and hydrophilic score, inconsistencies in these parameters

would not be surprising as the different side chain conformations could ultimately give
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rise to different binding site possibilities due to the crystal packing environment
(Jacobson et al., 2002, Vidler et al., 2012). There were three confirmed binding sites
which were deemed favourable across the two models. This aligns with current
literature which corroborates the existence of three known GST binding sites (Yassin
et al., 2004). In a single monomer of the dimeric protein there exists a G-site which is
highly covered and specific for GSH. Adjacent to that is in contrast a highly
promiscuous H-site which accommodates a variety of electrophiles. Within the dimer
interface of the GST monomers exists an additional L-site where substrate binding
within the H-site is modulated (Sheehan et al., 2001).

The observations made from the diverging MD trajectories and cavity environments
lead us to further investigate the selection of ligands predicted to be lead compounds
in schistosomiasis treatment. A library of plant derived polyphenols were used to
identify anti-Schistosome drugs due to the ease of procurement and the adeptness
flavonoids possess to modulate drug metabolising enzymes (Bousova et al., 2012). It
was evident that the Sb28GST systems exhibit an affinity for a wide variety of ligands.
Analysis of the top five binding flavonoids for the orthorhombic and monoclinic
Sb28GST systems revealed only one common ligand. This ligand was Apigenin 7-O-
(2G-Rhamnosyl) Gentiobioside of the flavone subclass. Interestingly, this compound
exhibited different binding energies across the two systems. The top binding ligand
with the lowest binding energy was Quercetin-3-O-Beta-D-Glucose-7-O-Beta-D
Gentiobioside of the flavonol subclass. These flavonoids held therapeutic potential due
to their polyphenolic structure and the specific arrangements of their hydroxyl groups
on the A, B, and C rings available to facilitate stable binding within the protein active
site. Additionally, the presence of the gentiobioside and rhamnosyl glycosides primed
the flavonoids for enhanced interactions through increased water solubility and

bioavailability (BouSova et al., 2012).

Although the screening showed apigenin and quercetin to have favourable binding
energies towards the Sb28GST systems, analysis of the dynamic behaviours of the
protein systems in complex with the ligands was performed. The Sb28GST side chains
were relatively stable in the presence of both drugs as their presence led to
interactions with near identical amino acid residues. Distinctions were observed with

contrasting degrees of fluctuations between the two systems, showing that the
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residues were impacted in varying degrees, with differing flexibility ranges while

maintaining a notable level of stability.

The Rgs of the simulated systems in the presence of the ligands were relatively similar
with an insignificant difference between them however, the apo 8ALS Rg was
noticeably smaller. This suggests that the introduction of a ligand into a less packed
monoclinic system allowed the protein structure to expand, significantly losing its
compactness (Lobanov et al., 2008). This pattern was not seen with 8BHZ possibly
because the orthorhombic unit cells do not allow for the same level of expansion. This
suggests that monoclinical structures thus have room to expand and lose their

compactness to accommodate the introduction of ligands into a system.

Assessing the ligand properties shows that both drugs had similar dynamic motions
throughout the simulation with minor differences. Apigenin was not as stable in the
Sb28GST active site as quercetin. The binding energy and the lig-RMSD suggested
that quercetin diffused towards the active site and remained for the duration of the
simulation. Apigenin however appeared to have diffused slowly towards the protein
active site, then proceeded to drift away. This is further corroborated by the
observation that the polar surface area of apigenin was not as consistent as quercetin,
implying that apigenin did not have consistent and stable interactions with the solvent
molecules as it failed to maintain a balanced distribution of polar contacts with the
protein throughout the simulation. The ligands both seem to orient themselves within
the active site prior to equilibration at certain positions as evidenced by the SASA. The
number of intermolecular hydrogen bonds formed are important for ligand binding and
heavily considered when designing drugs. They are essential for providing stability to
the ligand-protein complex (da Fonseca et al., 2024). In both systems, there was a
considerable network of hydrogen bonds formed throughout the simulation, with
apigenin forming more bonds overall. The significantly higher number of hydrogen
bonds formed within the monoclinical system showed that the monoclinical
environment allowed for higher stability networks with the ligand compared to the

orthorhombic environment.

Although the Sb28GST systems made strong interactions with both apigenin and
quercetin, the amino acids utilized by the different space group systems to interact
with the drugs vary in identity and intensity of the interaction. The increased presence
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of water bridges observed in 8BHZ interactions could be as a result of spatial
constraints contributed by fewer voids and channels of the tightly packed orthorhombic
protein system (Shah et al., 2024). The restricted conformational flexibility can also
result in fewer but more stable interactions aided by the abundant water molecules
(Zhou and Caflisch, 2010). Limited access to the binding site would also result in
increased reliance on more indirect interactions such as water bridges, making water
molecules very crucial to mediate interactions as seen with 8BHZ (Chruszcz et al.,
2008, Jacobson et al.,, 2002). While this is advantageous, the tight packing in
environments such as those in the orthorhombic 8BHZ can limit the amount of water
that can interact with the protein ligand complex as a result of fewer solvent channels
(Chruszcz et al., 2008). On the other hand, the less regularly packed monoclinical
8ALS environment allows for more conformational stability, increased accessibility to
the protein active site, larger solvent channels and increased overall hydration. These
differences allow more complex, varied interactions which last longer allowing ligands
to form more direct interactions with 8ALS amino acids. These differences allow direct
hydrogen bonding and give way for more complex interactions due to the freedom
ligands have to adopt multiple conformations, allowing optimal binding for a wide

variety of interactions (Chruszcz et al., 2008).

In conclusion, adopting computational methods to identify lead compounds for
schistosomiasis management is an effective time saving approach to drug discovery.
Our study however, showed that it is crucial to be aware that the relationship between
a protein's crystal structure relative to its dynamic behaviour in solution. The
irregularities obtained from ligand screening, binding affinities and molecular
interactions from two different space group models of the same protein highlighted the
value in collectively analysing multi-space group crystals. This would allow a more
comprehensive understanding of the possible conformational states a protein can

assume and the resulting interactions formed because of it.
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Chapter 4

Characterization of The Ligandin Properties of Schistosoma Bovis 28 Kda

Glutathione Transferase from Computationally Selected Flavonoid Compounds

Abstract

Schistosoma bovis 28 kDa glutathione transferase (Sb28GST) is a vital detoxification
enzyme that aids in the parasite's control tactics employed by the host and through
chemical intervention. This makes Sb28GST a promising therapeutic drug target for
the devastating disease schistosomiasis. Herewith the computationally determined
lead compounds apigenin 7-O-(2G-rhamnosyl)gentiobioside and quercetin-3-O-Beta-
D-Glucose-7-O-Beta-D-Gentiobioside referred to as apigenin and quercetin,
respectively, are validated as inhibitors against the parasitic enzyme. Upon the
successful expression and purification of Sb28GST the inhibitory potency of apigenin
and quercetin was determined using a reduced glutathione (GSH) - 1-chloro-2,4-
dinitrobenzene (CDNB) conjugation assay. This activity assay confirmed that the lead
compounds significantly reduced the specific enzyme activity of Sb28GST with both
ligands having half-maximal inhibitory concentration (ICso0) of approximately 0.12 mM.
Extrinsic fluorescence studies and thermal shift assay indicated that these compounds
bind to the hydrophobic H-site and allosteric L-site at the dimer interface and have
minimal effect on the protein's thermal stability. The quantitative thermodynamic
parameters of apigenin and quercetin were examined using isothermal titration
calorimetry. This analysis showed the interactions between Sb28GST and the
compounds apigenin and quercetin were spontaneous and entropically driven (AG’
apigenin = -46.76 kJ/mol and AG® quercetin = -26.17 kJ/mol), binding to Sb28GST
with both compounds bound naturally to Sb28GST without the input of external energy.
Apigenin bound endothermically to Sb28GST (AH® = 18.29 kJ/mol), while quercetin
bound exothermically to Sb28GST (AH® = -17.69 kJ/mol), suggesting varying binding

interactions.
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4.1. Introduction

The schistosomiasis burden of disease is of major concern both to humans and
animals. This disease is caused by trematodes of the Schistosoma parasite which are
responsible for symptoms of anaemia, haemorrhagic enteritis and death in some
cases (Molla et al., 2022). Schistosoma bovis most significantly impacts ruminants,
causing devastating veterinary problems which influence animal growth, immune
system and productivity (de la Torre-Escudero et al., 2017). Interferences of this nature
translate to significant economic losses globally while crippling food security pathways
in poor rural communities that rely on agricultural activities for survival thus
perpetuating an endless cycle of poverty (Charlier et al., 2020, Strydom et al., 2023).
The zoonotic potential that has arisen from S. bovis-S. haematobium hybrids amplifies
the health burden caused by schistosomiasis. These Schistosoma hybrids have
evolved to expand their host spectrum and exhibit increased virulence, resulting in
increased reports of outbreaks of clinical disease in both cattle and humans (Angora
et al., 2020, Léger et al., 2020). With insufficient control measures in health, education
and sanitation to decrease schistosomiasis morbidity, disease mitigation relies heavily
on chemotherapeutic intervention. However, the major anti-schistosomal drug used,
named Praziquantel (PZQ), falls short of effective schistosomal control due to its
predisposition to exclusively control egg producing adult Schistosome worms (Demlew
and Tessma, 2020, Olveda et al., 2013). This shortfall highlights the urgent need for

alternative chemotherapy interventions.

A promising therapeutic target for schistosomiasis intervention is the detoxification
enzyme glutathione transferase (GST). The significance of GSTs is amplified due to
their existence as Schistosomes' sole defence against host immune responses and
chemotherapeutic disruptions, as they lack phase | detoxification enzymes (Huang et
al., 2012, Pérez-Sanchez et al., 2006). The role of GSTs in Schistosomes, much like
in eukaryotic cells is crucial for maintaining vital cell metabolic processes such as
repairing oxidised macromolecules and biosynthesizing physiologically important
metabolites (Muller, 2015). However, the primary role of GSTs is the detoxification of
a wide range of electrophilic substrates through their conjugation to reduced
glutathione (GSH) for subsequent excretion (Sheehan et al., 2001). The inhibition of
this enzyme would render the parasite unable to evade parasite control interventions,

both by the host immune system and external chemical aid, while simultaneously
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disrupting cellular metabolic processes (Torres-Rivera and Landa, 2008). To
strategically target this enzyme for anti-schistosomal intervention, observing its
binding characteristics against lead compounds can empirically verify GST inhibitors
pre-selected computationally. Glutathione transferases are dimeric in nature,
possessing three binding sites (Sheehan et al., 2001). There exists a hydrophobic
substrate binding site called the H-site and a GSH binding site called the G-site
(Torres-Rivera and Landa, 2008). Adjoining the GST monomers at the dimer interface
is a third non-substrate binding site within the enzyme's core which is typically
implicated in drug binding, called the L-site (Yassin et al., 2004). The ligandin
functionality that GSTs possess due to their promiscuous affinity to a wide range of
xenobiotic substrates has been shown to result in the enzymes' inhibition. This allows
for the exploitation of the enzymes' ligandin functionality as a noteworthy pathway to
investigate lead compound efficacy that inhibits the enzymes' catalytic functionality
(Kolobe et al., 2004, McTigue et al., 1995).

A rational approach to drug design systematically integrates computational and
empirical studies to advance drug molecules through the drug development pipeline.
In this study, the computationally determined lead compounds apigenin 7-O-(2G-
Rhamnosyl)gentiobioside and quercetin-3-O-Beta-D-Glucose-7-O-Beta-D-
Gentiobioside hence forth referred to as apigenin and quercetin respectively, were
validated in vivo using spectroscopic, fluorescent and calorimetry techniques. Through
monitoring the ability and rate at which Sb28GST can catalyse the conjugation of GSH
to the substrate 1-chloro-2,4-dinitrobenzene (CDNB), the inhibitory capabilities of the
lead compounds can be determined (Habig et al., 1974). To further characterize the
drug compounds' binding characteristics within the protein, changes within the
hydrophobic regions of the protein are probed using the fluorescent dye anilino-1-
naphthalene sulphonate (Hawe et al., 2008). The displacement of this dye both
competitively and non-competitively by hydrophobic ligands typically speaks to the
specificity of the protein's binding sites (Kinsley et al., 2008). Fluorescent dyes such
as SYPRO Orange are further exploited to monitor hydrophobic regions exposed
during thermal denaturation events. Such techniques thus allow for the determination
of protein melting points as well as the effect of drug compounds on the thermal
stability of proteins (Huynh and Partch, 2015). Lastly, to gain insight into the binding

affinities of the flavonoids for Sb28GST, the thermodynamic characteristics of the
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drugs are typically investigated using calorimetry techniques (Du et al., 2016). This is
the first reported study of synthesizable flavonoids investigated as therapeutic agents
against Sb28GST.

4.2. Materials and Methods

4.2.1. Materials

All chemicals and reagents used were analytical grade. Vector synthesis was carried
out by GenScript (NJ, USA). The Escherichia coli (E. coli) T7 Express chemically
competent cells were purchased from New England Biolabs (USA). Tryptone, yeast
extract, NaCl, ampicillin, N,N,N'N- tetramethylethylenediamine (TEMED),
bisacrylamide, acrylamide, sodium dodecyl sulfate (SDS), B-mercarptoethanol,
glycine, isopropyl-B-D-thiogalactoside (IPTG), glacial acetic acid and coomassie Blue-
G250 dye, reduced glutathione (GSH), 1-chloro-2,4-dinitrobenzene (CDNB), anilino-
1-naphthalene sulphonate, Dithiothreitol (DTT), Tris (2-carboxyethyl) phosphine
(TCEP), sodium phosphate, Tris-HCI, ethylenediaminetetraacetic acid (EDTA),
sodium azide (NaNs) and (phosphate buffered saline (PBS) reagents were all
purchased from Sigma Aldrich (MO, USA). Thermo Scientific™ PageRuler™ Plus
Prestained Protein Ladder, Snakeskin™ dialysis tubing (10K MWCO, 22 mm) and
SYPRO Orange dye were purchased from Thermo Fisher Scientific (MA, USA).
Quercetin-3-O-Beta-D-Glucose-7-O-Beta-D-Gentiobioside and Apigenin 7-O-(2G-

Rhamnosyl)gentiobioside were purchased from ChemFaces (WUH, China)

4.2.2. Methods
4.2.2.1. Sb28GST Enzymatic Specific Activity and Inhibitory Assay

After the recombinant expression and purification of Sb28GST as shown in sections
2.2.2.1 and 2.2.2.2 the enzymatic specific activity of the Sb28GST and the inhibitory
strength of the ligands quercetin and apigenin were tested using a reduced GSH-
CDNB activity assay, where the catalytic activity of Sb28GST was
spectrophotometrically monitored at varying enzyme concentrations as previously
described (Zhan et al., 2010). The formation of the chromophoric product 1-(S-
glutathionyl)-2,4-dinitrobenzene (€340 = 9600 M~'-cm™') using a Jasco V-630 UV/Vis
spectrophotometer (Jasco, Japan) was monitored. The reaction buffer contained 100
mM sodium phosphate, 1 mM EDTA, 5 mM DTT, 0.02% NaNs3, 5 mM GSH, 1 mM
CDNB (3% (v/v) ethanol), pH 6.5. Varying concentrations of Sb28GST (0 — 50 nM)
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were incubated for 30 minutes in the absence or presence of 50 yM apigenin and
quercetin. Triplicates of the reactions were carried out for 60 s. The specific activity
was obtained by plotting linear progress curves corrected for non-enzymatic reaction

rates.

The assay was additionally used to determine the half-maximal inhibitory [ICso] of
apigenin and quercetin. Varying concentrations of apigenin and quercetin, ranging
from 0 — 1 mM were used with 50 nM Sb28GST. Experimental controls were conducted
simultaneously in the absence of the protein. The data was then fitted using a four-

parameter regression model equation 1:

_ bottom+(top—bottom)
~ 1+10((0gIC50—x) X hillslope)

Equation 1

Where y is the enzyme activity, and the bottom and top are the minimum and
maximum y - values for the curve asymptotes respectively. log ICso is the concentration
at which 50% of the enzyme activity was inhibited (nM), x the logarithm of inhibitor

concentration and hillslope is the slope factor.

4.2.2.2. Extrinsic Fluorescence Spectroscopy Analysis of Sb28GST with
Ligands

The use of fluorescence spectroscopy has aided in the structural characterization of
proteins. The application of fluorescence in protein characterization exploits the
principles of electromagnetic radiation interacting with matter, inducing energy
transitions by way of electronic rearrangements (Pérez-Juste and Nieto Faza, 2015).
When electrons of chromophores are excited to higher energy states upon light
absorption, their relaxation back to an energy minimised state is accompanied with the
emission of light representative of the energy lost by electrons (Sheehan, 2009).
Extrinsic fluorescent dyes are used in combination with fluorescence spectroscopy
due to their sensitivity to surrounding environments, allowing them to be effective
probes used to determine their location on proteins. The extrinsic fluorophore ANS is
most popularly used to probe the hydrophobic surfaces of proteins and consequently,
protein active sites. While ANS has a low quantum yield in solution, when it binds non-
covalently to a protein in a non-polar environment, its fluorescence exhibits both a
hypsochromic blue shift and increased fluorescence intensity as shown in Figure 4.1

(Stryer, 1965, Uversky et al., 1998). Therefore, the amphiphilic nature of ANS allows
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for its utilisation to monitor its competitive and non-competitive displacement by

hydrophobic ligands bound to GST to probe ligand-protein interactions.

Figure 4. 1: ANS spectral shift and quantum yield changes anticipated for protein binding

To detect changes in protein conformation and probe hydrophobic clefts formed
through Sb28GST interactions with apigenin and quercetin, a Jasco FP-6300
spectrofluorometer was used to measure the spectra using the Spectra Manager
software v1.5.00 (Jasco Inc., Tokyo, Japan). The samples were prepared in 50 mM
Tris-HCIl pH 7.2, 1 mM EDTA and 1 mM DTT with 50 uM apigenin or quercetin. The
samples contained 10 uyM Sb28GST incubated with 50 uM of either GSH, CDNB, or
PZQ co-substrates and additionally incubated with 200 uM of freshly prepared ANS.
The samples were excited at 395 nm, and the emission spectra were collected at 400
- 650 nm with an excitation bandwidth of 5 nm, emission of 2.5 nm, data pitch of 1 nm,
1 cm pathlength and a scanning speed of 200 nm/min. The samples were collected in
triplicate and were subsequently averaged and buffer corrected to determine protein—

ligand interactions.

4.2.2.3. Thermal Shift Assay of Sb28GST with Ligands

To probe the thermal stability of Sb28GST in the presence of lead compounds, a
fluorescence based thermal shift assay (TSA) was used. This assay monitors the
fluorescent dye SYPRO Orange during protein unfolding to determine the melting
temperature (Tm) of proteins in the presence and absence of ligands. This method,
depicted in Figure 4.2, involves the systematic increase of temperature to a protein

solution resulting in its unfolding. The denaturation that ensues leads to the exposure
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of hydrophobic regions within the protein, typically buried within the protein’s core
(Huynh and Partch, 2015). The accessibility of these regions allows for SYPRO
Orange to bind through hydrophobic interactions resulting in a significant increase in
the quantum yield of the hydrophobic dye. As the protein continues to unfold and
eventually aggregate due to intolerably high temperatures, the dye completely
dissociates from the protein resulting in the decrease of the SYPRO Orange
fluorescence emission (Kolobe et al., 2004). Thereafter, the melting temperature of the
protein is determined using the signal curves obtained from the denaturation event.
The Tm is finally calculated using the first derivative of the fluorescence emission with

respect to temperature.

Figure 4. 2: Thermal unfolding profile of native and liganded protein denaturing in the presence

of a fluorescent dye (Samuel et al., 2021)

The TSA was performed using a CFX96 Touch-Real-Time PCR detection system (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). This was monitored using a highly
sensitive fluorescent dye called SYPRO Orange, whose quantum yield increases
when hydrophobic patches are exposed during protein denaturation. Cocktails of 20
MM Sb28GST samples prepared in PBS containing 1 mM DTT and 1 mM EDTA
supplemented with 0.5 mM GSH and 1 x SYPRO Orange dye were loaded into a 96-
well gPCR plate. Additional samples containing apigenin [ICso] and quercetin [ICso]
were also prepared and loaded into the qPCR plate. The melting curves were tracked

from 10 °C to 95 °C with 0.5 °C increments at 10 s intervals. The relative fluorescence
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unit (RFU) vs temperature (°C) was recorded, and the derivative of the plot (-

d(RFU)/dT) was used to determine the protein’'s Tm.

4.2.2.4. Isothermal Titration Calorimetry of Sb28GST with Ligands

To investigate the thermodynamic parameters associated with biomolecular
interactions, biocalorimetry techniques are most suitably used. This isothermal titration
calorimetry (ITC) technique offers a label free method to quantify the binding affinity
(Ka), enthalpy (AH) and entropy (AS) occurring during protein—ligand binding events
through the measurement of heat change (Freyer and Lewis, 2008). Figure 4.3 shows
how the change in heat occurs as small aliquots of a ligand are titrated into a sample
cell containing the protein of interest. The heat released or absorbed during these
binding events is recorded against a reference cell to be plotted as an isotherm which
reflects the change in heat against the molar ratio (Du et al., 2016). The isotherm is
used to gain insight into how the hydrophobic or electrostatic interactions facilitate
biomolecular interactions with respect to the structural and thermodynamic functioning

of interacting biomolecules (Dutta et al., 2015).
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The thermodynamics of interactions between Sb28GST with apigenin and quercetin
were studied using the NanolTC instrument (TA Instruments, Delaware, USA). Freshly
purified Sb28GST was dialysed in PBS containing 1 mM TCEP-HCI, 2 mM EDTA, 0.02
% (w/v) NaN3, pH 6.5. To avoid a buffer mismatch, the final dialysate was used to
prepare 25 mM of both apigenin and quercetin as working stock and 25 yuM of
Sb28GST. The protein, ligand and buffer were degassed for 20 min at 0.3-0.5 atm.
The reference cell contained Milli-Q® water whilst the sample cell contained a protein
sample. The ITC experiment was performed at 20 °C. The ITC syringe volume which
held the ligands, was 150 pL and the stir rate used was 250 rpm. Atotal of 19 injections
were used with the initial injection volume being 2 uL, followed by subsequent 5 pL
injections added every 300s. NanoAnalyze™ Software was used to analyze the data,
allowing the integrated heats per an injection (in microjoules) to be corrected for the
heats of dilution. The Data was then fitted to a multiple site binding model and

visualized using the NanoAnalyze™ Software.
4.3. Results

4.3.1. Specific Activity and Inhibition Studies of Sb28GST

Figure 4.4 A shows the specific activity of Sb28GST with and without ligands apigenin
and quercetin. The specific activity of Sb28GST was 19.9474 pmol.min-".mg™". In the
presence of inhibitors, however the specific activity was drastically reduced. In the
presence of apigenin the specific activity of Sb28GST was 2.5848 umol.min-'.mg",
while in the presence of quercetin, the specific activity was reduced to 0.0056
umol.min*.mg". In Figure 4.4 B, the ICso of apigenin and quercetin were determined
to be 0,130 and 0,120 mM respectively.
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Figure 4. 4: Specific activity analysis and inhibition studies of Sb28GST with apigenin and
quercetin. The GSH-CDNB conjugation assay was performed at 340 nm in the presence of apigenin
( ) and quercetin (Olveda et al.) by monitoring the formation of the chromophoric product 1-(S-
glutathionyl)-2,4-dinitrobenzene catalysed by Sb28GST. A: The specific activity of Sb28GST through
varying concentrations of Sb28GST from 0 — 50 nM in the presence and absence of 50 uM apigenin
and quercetin. B: Inhibition studies of Sb28GST to determine the ICso of the ligands apigenin and
quercetin. The ligand concentrations varied from 0 — 1 mM with 50 nM Sb28GST. All assays were

performed in triplicate and the data were corrected for non-enzymatic rates.

4.3.2. Extrinsic Fluorescence Analyses of Sb28GST with Ligands

ANS fluorescence spectroscopy was performed to determine possible binding
interactions between Sb28GST and the ligands apigenin and quercetin. When ANS
binds to hydrophobic patches on proteins, a hypsochromic shift is typically observed
in addition to increased fluorescent yield compared to free ANS. Figure 4.5 A shows
the baseline fluorescence intensities of ANS incubated with Sb28GST and apigenin or
quercetin, from which other spectra would be compared. The fluorescence of ANS-
Sb28GST increased significantly compared to free ANS spectra. This was coupled
with a blue shift in ANS emission from 520 nm to 492 nm in the presence of the protein.
Upon the addition of GSH in Figure 4.5 B, the ANS - Sb28GST amplification was
maintained with no notable fluorescence emission changes. The addition of CDNB
and PZQ as co-substrates to the base samples led to a significant decrease in
fluorescence intensity shown in Figure 4.5 C and D. Two anomalies were observed
due to the presence of either quercetin or apigenin. In Figure 4.5 D the addition of
quercetin showed a substantial hypsochromic shift to the ANS fluorescent intensity of
Sb28GST with PZQ, while the opposite was observed to the ANS fluorescent intensity
of Sb28GST with CDNB, shown in Figure 4.5 C.
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Figure 4. 5: Extrinsic ANS Fluorescence of Sb28GST. The emission spectra of 10 uM Sb28GST
were collected at 400 - 640 nm upon excitation at 395 nm. The concentration of ANS used was 50 M.
Combinations of the Sb28GST and ANS (blue), apigenin, Sb28GST and ANS ( ), quercetin,
Sb28GST and ANS (Olveda et al.), and free ANS ( ) were recorded alongside varying co-

substrates. A: No co-substrate. B: Glutathione. C: 1-chloro-2,4-dinitrobenzene. D: Praziquantel.

4.3.3. Thermal Stability of Sb28GST and Its Complexes

The fluorescent dye SYPRO orange has an affinity for hydrophobic patches, which
typically result in increased quantum yield. This is seen upon protein denaturation
where buried hydrophobic regions become exposed, allowing the dye to occupy more
hydrophobic regions. Upon saturation, the dye becomes quenched indicated by
decreasing fluorescence. The melting temperature of the Sb28GST was derived from
the proteins' melting curve in the presence and absence of apigenin and quercetin.
Figure 4.6 showed the thermal denaturation profile of Sb28GST in the presence and
absence of apigenin and quercetin. The protein was stable at room temperature and
began unfolding with increasing temperature, reaching a single transition peak at 70
°C. In the presence of apigenin, the Tn, of the Shb28GST was reduced by 0.5 °C.
Similarly, the T, of Sb28GST in the presence of quercetin was reduced to 62 °C from
63.5 °C.
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Figure 4. 6: Thermal stability profile of Sb28GST in the presence and absence of apigenin and
quercetin. The readings of Sb28GST (black), Sb28GST - apigenin ( ) and Sb28GST - quercetin
(Olveda et al.) were recorded in triplicates and averaged to generate individual thermal melt curves
corrected with buffer blanks. A: The standardized RFU vs. temperature ("C). B: The derived -d(RFU)/dT

vs temperature (‘C).

4.3.4. ITC of Sb28GST with Apigenin and Quercetin

Isothermal titration calorimetry was used to determine the thermodynamic parameters
of apigenin and quercetin binding to Sb28GST. The thermodynamic parameters of
apigenin and quercetin binding to Sb28GST are summarised in Table 4.1. The
thermograms and corresponding fitted data depicted in Figure 4.7 A show that the
binding of apigenin to Sb28GST occurs endothermically as seen by the positive
change in enthalpy (AH). Additionally, with Gibbs free energy (AG) of -46.75 and a
TAS’ of 65.04 kJ/mol, this interaction appears to be a spontaneous reaction that is
entropically driven. The binding of quercetin to Sb28GST is carried out in an
exothermic reaction, as evidenced by the negative AH’ and downward facing peaks in
Figure 4.7 B. The negative AG" and positive TAS" further show that this exothermic

reaction occurs spontaneously and is entropically driven.

Table 4. 1: Thermodynamic parameters of Sb28GST interacting with either apigenin or quercetin

System Ka (HM) AH® TAS® (kd/mol) AG’ (kJ/mol)
(kJ/mol)

Sb28GST- apigenin 4.69 x108 18.29 65.04 -46.75

Sb28GST- quercetin 21.69 -17.69 8.48 -26.17
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Figure 4. 7: The thermograms of Sb28GST interacting with either apigenin or quercetin. Using
ITC, the interactions between A: 5 mM apigenin with Sb28GST and B: 7 mM quercetin with Sb28GST
were monitored by titrating the ligands into 25 yM Sb28GST. NanoAnalyze software using the multiple
sites model to fit the data to visualize the raw titration data depicted in the upper panel and fitted data

in the lower panel.
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4.4. Discussion

While the previous computational studies identified apigenin and quercetin as the lead
compounds to execute flavonoid mediated Sb28GST inhibition, empirical validation is

an important procedural part of the drug design and development pipeline.

Verification studies were done to empirically substantiate the ligands inhibitory potency
of the lead compounds apigenin and quercetin. The catalytic activity of Sb28GST was
monitored through the conjugation of CDNB to GSH and was found to have a specific
activity of 19.94 ymol.min-".mg™" which is comparable to previously reported Sb28GST
studies. In the presence of apigenin and quercetin the specific activity of Sb28GST
was practically abolished, with the resulting activity reduced to 12.95% and 0.03%
respectively. The potency at which the inhibition was achieved, determined through
ICs0 showed that quercetin is a more potent inhibitor compared to apigenin. As this
was the first study to empirically examine Sb28GST inhibition, there is no research to
date, available to compare the inhibitory potency of other potential Sb28GST

inhibitors.

To determine the potential binding sites of these confirmed inhibitors, spectroscopic
techniques were employed. Changes in the spectral properties of ANS by way of
fluorescence intensity and/emission wavelength, in the presence of hydrophobic
regions were used as probes to identify protein binding pockets (Hawe et al., 2008).
The addition of ligands and co-substrates whose binding sites are known were
incorporated to analyse the fluorescence displacement of ANS to determine the
specific hydrophobic pockets that apigenin and quercetin bind to (Kinsley et al., 2008,
Sluis-Cremer et al., 1996). The combination of Sb28GST with ANS saw a significant
increase in the fluorescence intensity as typically expected, as the dye could occupy
all accessible hydrophobic regions of the protein. The presence of apigenin and
quercetin saw the reduction of the ANS fluorescence intensity, indicating the
displacement of ANS within some hydrophobic pockets without identifying their
specific binding sites. The lack of fluorescent changes observed upon the addition of
GSH from the base profiles showed that ANS could not outcompete GSH for the highly
specific G-site (Padi et al., 2021). The decrease in ANS fluorescence upon the addition
of CDNB which binds at the GST H-site, showed its ability to displace ANS from that
specific H-site hydrophobic pocket (Akumadu et al., 2020). The additional decrease in

ANS fluorescence of GST in the presence of CDNB and quercetin indicated that the
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inhibitor had a higher affinity for the H-site effectively displacing both ANS and CDNB.
This trend was similarly observed with the displacement of PZQ and ANS from the
GST L-site by apigenin, indicating its preferred binding site (Padi et al., 2021). An
anomaly was observed upon the addition of CDNB and apigenin which induced a
fluorescent decrease lower than that of free ANS. This indicated that the combination
of both the inhibitor and CDNB completely displaced ANS from all available
hydrophobic regions, effectively quenching ANS fluorescence. The second anomaly
observed showed the ANS fluorescence of GST in the presence of PZQ and quercetin
being greater than that of PZQ. This indicated that quercetin was able to bind to
hydrophobic regions of the protein that did not directly overlap with the PZQ binding
pocket, thus partially displacing ANS in hydrophobic pockets distinct from those
occupied by PZQ. Both these anomalies indicate that the inhibitors might occupy both
the H-site and L-site, corroborated by GST the amino acids the inhibitors were reported

to interact with.

A quantitative approach was adopted to investigate the thermal stability of Sb28GST
in the presence of apigenin and quercetin. The thermal stability of Sb28GST was
slightly reduced by the addition of the flavonoid ligands. Although the reduction was
not significant, it was however anticipated as previous research had shown that dietary
flavonoids were sensitive to thermal conditions (Gao et al., 2022). While this is not
entirely favourable, several investigations have proven that thermal exposure also
promotes the flavonoids' bioactivity and bioavailability (Chaaban et al., 2017). While
decreasing the thermal stability of Sb28GST might be seen as an advantage, as it
could promote the denaturation of the protein, the extent to which the protein is
destabilized is not significant enough to denature the protein. This does show however,

that the ligands can be explored further as drug candidates.

The additional usage of heat analysis was employed to determine thermodynamic
parameters of apigenin and quercetin binding to Sb28GST using ITC. This calorimetric
technique allowed the determination of quantitative thermodynamic parameters
through close analysis of heat changes and exchanges during protein-ligand
interactions (Du et al., 2016). Both ligands exhibited spontaneous entropically driven
binding to Sb28GST, showing that both flavonoids bound naturally to Sb28GST
without the input of external energy. However, while apigenin bound endothermically

to Sb28GST, quercetin bound exothermically. These different thermodynamic
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signatures and varying heat exchanges highlight differences in molecular interactions
occurring during binding. The endothermic reaction observed with apigenin suggests
non-covalent interactions such as hydrophobic effects which compensate for the
unfavourable enthalpy changes (Liu et al., 2012). On the other hand, the exothermic
binding that occurred between quercetin and Sb28GST suggests favourable
interactions such as van de Waals forces and hydrogen bonds formed (Perozzo et al.,
2004). Interestingly, apigenin possessed the lowest dissociation constant, showing
that even though quercetin was predicted to have a higher affinity, its appearance in
only one of the Sb28GST computational systems showed that analysis leads to critical

information being missed.

In conclusion, adopting computational methods to identify lead compounds for
schistosomiasis management is an effective time saving approach implemented in
drug discovery. Our study however, showed that it is crucial to be aware that the
relationship between a protein's crystal structure and its dynamic behaviour in solution
is relatively ambiguous. Diverging crystal structures of one Sb28GST protein could
be obtained in monoclinic and orthorhombic space groups. The empirical validation of
these drug candidates confirmed that apigenin and quercetin could significantly reduce
Sb28GST activity. Extrinsic fluorescence studies showed that the inhibitors could bind
both the hydrophobic H-site and the allosteric L-site at the dimer interface, with

minimal impact on the protein’s thermal stability.
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Chapter 5

Overall Discussion, Summary and Conclusion

5.1. Overall Discussion

Efficacious therapy intervention strategies are urgently needed to achieve the World
Health Organisation’s (WHO) goal of “a world free of schistosomiasis” by 2030, after
missing the previously set 2025 goal (Organization, 2013, Organization, 2020,
Organization, 2022). With the WHO’s revised roadmap to achieve this goal by
adopting a One Health approach, greater emphasis has now been placed on animal
health and environmental links (Organization, 2020). Schistosomiasis, caused by
trematodes of the parasite Schistosoma spp has devastating medical and veterinary
impacts, affecting over a quarter of a billion people globally and over 165 million
livestock (de la Torre-Escudero et al., 2017, Moné et al., 1999). This prevalence
severely threatens the profitability of beef agriculture and cripples protein food security
together with the livelihood of cattle farmers and industry investors (Strydom et al.,
2023). However, neglect of the zoonotic abilities of Schistosoma spp has allowed
many interspecies hybridization cases to arise, expanding health risks through evolved
disease transmissions and host spectrum expansion (Angora et al., 2020, Boon et al.,
2018, Mogaiji et al., 2023).

At present, Praziquantel (PZQ) is the only available anti-Schistosome vehicle for the
treatment of schistosomiasis (Léger et al.,, 2020). However, the drug's efficacy is
limited to the host antibody response caused by adult egg-producing Schistosomes,
excluding immature Schistosomes. For that reason, PZQ administration typically
requires repeat treatment, increasing the risk of drug resistance (Olveda et al., 2013).
Additionally, the availability of veterinary formulations of PZQ is rather scant for many
regions in Sub-Saharan Africa (Gower et al., 2017).

In this study, increasingly popular CADD methods were used as a rational approach
to schistosomiasis intervention. We utilised polymorphic space group crystals to
determine their impact on ligand selectivity and, consequently, computational drug
discovery. We secondly sought to discover novel flavonoid inhibitors to Sb28GST that

were identified by structure based HTVS and MDS for schistosomiasis treatment. Our
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in-silico studies showed that crystal packing and, ultimately crystal space groups

impact proteins’ dynamic potential and, consequently, ligand selectivity.

This study successfully integrated structural biology, computational drug design, and
biophysical assays to identify potential inhibitors of Schistosoma bovis 28 kDa
glutathione S-transferase (Sb28GST), a critical enzyme in parasite detoxification and
survival. The overexpression and crystallization of Sb28GST in a monoclinic
alternative space group allowed for detailed structural characterisation, revealing key
features of the enzyme’s active and allosteric sites. High-throughput virtual screening
(HTVS) coupled with molecular dynamics (MD) simulations facilitated the identification
of flavonoid compounds exhibiting strong binding affinities. These computational
predictions were validated through GST enzymatic assays, where selected ligands
demonstrated inhibitory effects. The findings support the feasibility of Sb28GST as a
therapeutic target and highlight the utility of combining crystallographic and
computational approaches in antiparasitic drug discovery (Angelucci et al., 2005,
Makumbe et al., 2024, Miller, 2015).

Importantly, this study addressed a significant gap in structure-based drug design by
evaluating the influence of protein crystal polymorphism on ligand binding predictions.
Comparative MD simulations of Sb28GST models from different space groups
revealed that crystal packing variations can alter protein conformational dynamics and
affect ligand binding modes and affinities. This underscores the need for considering
multiple crystal forms when performing CADD to avoid oversimplification and potential
misidentification of lead compounds (Beran, 2016, Yeates and Kent, 2012). Our
findings align with previous reports that polymorphic crystal forms can induce
differential protein flexibility, solvent channel architecture, and intermolecular
interactions, all of which can impact druggability assessments (Du et al., 2016,
Hospital et al., 2015).

The discovery of lead compounds capable of inhibiting Sb28GST enzymatic activity
also reinforces the therapeutic relevance of targeting parasite-specific redox
metabolism. Given the absence of phase | detoxification enzymes in Schistosomes,
GSTs serve as the primary defence mechanism against host-derived oxidative stress
and xenobiotic threats (Akumadu et al., 2020, Torres-Rivera and Landa, 2008). The
flavonoid inhibitors identified in this study not only disrupted GST catalytic function but

110



may also impair the parasite’s ligandin activity, potentially enhancing the susceptibility
of S. bovis to host immune responses and environmental stressors (Grevelding et al.,
2018). Moreover, the structural differences between host and parasite GSTs observed
in this work support the possibility of designing selective inhibitors that minimize host
toxicity (Sheehan et al., 2001).

Overall, this research advances the understanding of Schistosome GST structure-
function relationships, provides a robust framework for incorporating crystallographic
polymorphism into drug discovery workflows, and identifies promising molecular
scaffolds for further development. Future studies should expand empirical validation
of lead compounds in parasite culture and in vivo models, assess resistance potential,
and explore structure-activity relationships to optimize pharmacological properties. By
integrating empirical and computational strategies, this work contributes to addressing
the urgent need for novel, effective anti-schistosomal therapeutics, especially in the

context of emerging praziquantel resistance (Vale et al., 2017).

5.2. Conclusion

This thesis demonstrates the successful application of an integrated structure-based
drug discovery approach to target Schistosoma bovis 28 kDa glutathione S-
transferase (Sb28GST), a key enzyme in parasite redox metabolism. By combining
protein crystallography, high-throughput virtual screening, molecular docking, and
molecular dynamics simulations with enzymatic inhibition assays, the study identified
flavonoid-based lead compounds exhibiting promising inhibitory potential. Importantly,
it also highlighted how protein crystal polymorphism can influence conformational
dynamics and ligand binding predictions, a factor often overlooked in computer-aided
drug design (CADD). The findings validate Sb28GST as a viable therapeutic target
and provide insights into the structural basis for selective inhibition. This research
contributes to the broader goal of developing novel anti-schistosomal agents,
addressing the increasing challenge of praziquantel resistance, and enhancing the

methodological framework for antiparasitic drug discovery.

While this study has provided valuable insights, certain limitations should be
acknowledged. First, although molecular dynamics simulations provided detailed
predictions of ligand binding and stability, these computational models cannot fully

capture the complexity of the parasite’s intracellular environment. Second, the in vitro
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inhibition assays, while robust, were limited to biochemical validation and did not
include cellular or whole-organism assays to assess compound efficacy in live
parasites. Additionally, only a single GST isoform from S. bovis was investigated, and
the potential cross-reactivity or selectivity of the identified inhibitors against other
Schistosome species or host GSTs was not assessed. Finally, although the influence
of crystal polymorphism was explored, the structural models used still represent
approximations and may not fully reflect the dynamic conformational landscape of

Sb28GST under physiological conditions.

5.3. Future Directions

Building on these promising results, future research should focus on extending
biochemical and biophysical validation of the identified flavonoid inhibitors through
kinetic studies and mechanistic analyses. Evaluating the efficacy of lead compounds
in in vitro parasite cultures and in vivo infection models will be essential to confirm
antiparasitic activity and assess safety profiles. Structure-activity relationship studies
should be undertaken to optimize compound potency, specificity, and pharmacokinetic
properties. Expanding the investigation to include additional GST isoforms from other
Schistosome species could identify broad-spectrum inhibitors. Moreover,
incorporating more advanced molecular dynamics simulations that account for solvent
effects, membrane interactions, and parasite-specific intracellular conditions may
improve predictive accuracy. Ultimately, translating these findings toward clinical
candidate development will require interdisciplinary collaboration and engagement

with public health stakeholders in endemic regions.
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ARTICLE INFO ABSTRACT

Keywords: Empirical structural methods have been instrumental in drug design, but they often fall short of capturing protein
Schistosoma bovis dynamics. To address this limitation, computer-aided drug design (CADD) is essential. Given that Schistosoma
Polymorphs bovis 28 kDa-Glutathione S-Transferase (Sb28GST) is a promising anti-schistosome drug target, a careful selection
High throughput virtual sereening f crystal d for CADD is emphasized in this study. Sb28GST full

Mol ics tions of crystal structure space groups used for is emphasized in this study. was successfully over-
Empirical, ligand expressed and purified to grow protein crystals with a resolution of 2.4 A in an orthorhombic space group system.
Binding ’ High-throughput virtual screening (HTVS) of a flavonoid compound was performed on monoclinic 8ALS and

orthorhombic 8BHZ Sb28GST to identify potential ligands. The results showed a diverse selection of hit com-
pounds with apigenin 7-O-(2G-rhamnosyl)gentiobioside (apigenin) being the common ligand. However, quer-
cetin-3-O-Beta-p-Glucose-7-O-Beta-D-Gentiobioside (quercetin) showed the highest affinity to 8ALS with a Glide
gscore of —15.66 kcal/mol. Also, 500-ns molecular dynamics simulations (MDS) of the 8ALS-Sb28GST and 8BHZ-
Sb28GST apo systems, as well as their corresponding apigenin and quercetin complexes, show two distinct
trajectories which reveal significant differences in their dynamic behaviour and also showed varying in-
teractions. This highlights the need for collective assessment of protein polymorphs to comprehensively un-
derstand protein dynamics. The inhibitory potency of apigenin and quercetin via a GSH-CDNB conjugation assay
confirmed that they significantly reduced the specific enzyme activity of Sb28GST with both ligands having half-
maximal inhibitory concentration (ICsp) of 0.13 mM. Extrinsic fluorescence studies and thermal shift assay
indicated that these compounds bind to the hydrophobic H-site and allosteric L-site at the dimer interface and
have a minimal effect on the protein’s thermal stability.

1. Introduction leaving all other zoonotic reservoirs untreated and found ineffective

against immature schistosome larvae [3]. An additional emerging threat

Schistosomiasis, caused by zoonotic trematodes from Schistosoma
species, is the second most neglected tropical disease with a high so-
cioeconomic impact after malaria. Schistosoma bovis severely affects
ruminants, leading to high morbidity, mortality, reduced productivity,
growth, and reproductive performance, crippling farmers’ economic
output and increasing livestock vulnerability [1,2]. Schistosomiasis
intervention in animals is neglected, with praziquantel (PZQ) being the
only treatment since the 1980s. However, PZQ only targets humans,

schistosomiasis infections pose to global health is the increasing hy-
bridization of Schistosoma haematobium and Schistosoma bovis. These
hybrids, which are found in humans and ruminants (with infected
children and snail hosts shedding the S. haematobium - S. bovis hybrids),
complicate disease control efforts [4]. This evolutionary zoonotic
adaptation will threaten control interventions, alter disease dynamics,
and transmission if allowed to continue. Hence, these highlight the ur-
gent need for S. bovis control to reduce the economic loss suffered by
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farmers and prevent the spread of hybrid schistosomes from human
vectors.

Schistosoma lacks cytochrome P450 and relies on glutathione trans-
ferases (GSTs) to conjugate glutathione to xenobiotics. These GSTs are
the parasite’s primary defence, aiding in toxin storage, transport, and
protection against oxidative damage. They also prevent the harmful
accumulation of hydrophobic molecules at hydrophilic sites within cells
[5-7]. Gene knockout experiments revealed that silencing Schistosoma
28 kDa GST impairs egg growth due to redox imbalance and reduces
prolificacy [8]. This is because GSTs bind xenobiotics with high affinity,
and inhibiting this detoxification exposes the parasite to immune attack
[7,9]. Their ligandin function, which inhibits catalysis, makes them
promising drug targets for schistosomiasis treatment [6,10].

The empirical discovery of novel lead compounds is typically slow
and costly, but computer-aided drug design (CADD) has accelerated and
reduced costs in drug development [11,12]. CADD uses high-power
atomic-level computers and Newtonian physics to simulate protein
atom movements over time [13]. This approach reveals molecular
functions and intermolecular dynamic interactions between bio-
molecules, offering insights beyond static crystallized protein snapshots.
CADD has become an essential tool in the modern drug discovery
pipeline, improving accuracy and efficiency in understanding biomole-
cular dynamics [14]. Molecular dynamics (MD) simulations are crucial
in drug discovery, providing a dynamic perspective on biomolecular
interactions beyond static docking models. High throughput virtual
screening (HTVS) and molecular dynamic (MD) simulations were the
CADD tools utilised in this research. High throughput virtual screening
digitalises the screening of various compounds, identifying interactions
with all available binding sites with the protein of interest [15]. While
molecular docking predicts the binding orientation of small molecules to
their protein targets, MD simulations refine these interactions by ac-
counting for conformational changes, stability, and environmental ef-
fects. They help evaluate binding affinities, predict long-term stability,
and assess the impact of point mutations on drug-target interactions.
This allows for calculation of the affinity between various ligands with
the protein target by sampling all possible positions, orientations and
conformations of the screened compounds relative to the binding sites of
the target protein [16,17]. The binding potential is scored using the most
energetically favourable binding poses, which are then ranked in order
of most probable [18]. Molecular dynamic simulations are then used to
compute further inferences from the predicted top-binding ligands [19].
This method mimics the individual motions of complex molecular sys-
tems in their physiological environments at an atomic level, providing
insights into the dynamic behaviour of biomolecular complexes [14].
Therefore, combining molecular docking with MD simulations enhances
drug design by validating binding poses and optimizing potential in-
hibitors for therapeutic applications.

Computational simulations of biomolecules often rely on X-ray
crystallography models, but caution is needed when selecting 3D protein
structures [14]. Researchers often assume target proteins crystallized in
different space groups behave similarly in in-silico modelling when
predicting a lead compound. However, empirical testing suggests
varying symmetries and arrangements could affect results. This has led
to inaccurate predictions of lead compound performance in empirical
testing [20]. The impact of polymorphic protein space groups on
conformational dynamics and ligand selectivity is underexplored.
Crystal polymorphs’ varying symmetries affect solvent content and
distribution, potentially leading to one-dimensional interpretations in
molecular dynamics simulations [21]. This study aims to identify novel
flavonoid inhibitors targeting Schistosoma bovis 28 kDa GST and assess
how polymorphic protein crystals affect ligand selectivity. This is
because pooling data from various crystal polymorphs will provide
deeper insights into protein conformational states and diverse molecular
interactions, offering a more comprehensive analysis than studying a
single crystal space group.
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2. Materials and methods
2.1. Materials

All chemicals and reagents used were of analytical grade. Vector
synthesis was carried out by GenScript (NJ, USA). While crystal
screening buffers were purchased from Hampton Research (CA, USA),
other chemicals such as ampicillin, Isopropyl-p-D-thiogalactopyronoside
(IPTG), Coomassie Blue-G250 dye, reduced glutathione (GSH), 1-chloro-
2,4-dinitrobenzene (CDNB), anilino-1-naphthalene sulphonate (ANS)
and dimethyl sulfoxide (DMSO) were all purchased from Sigma Aldrich
(MO, USA). SYPRO Orange dye and PageRuler™ Plus Prestained Protein
Ladder were purchased from Thermo Fisher Scientific (MA, USA).
Escherichia coli (E. coli) T7 Express chemically competent cells were
purchased from New England Biolabs (Massachusetts, USA). The 15-
well EasyXtal® plates were purchased from Qiagen (Hilden, Ger-
many). Quercetin-3-O-Beta-p-Glucose-7-O-Beta-D-Gentiobioside and
Apigenin 7-O-(2G-Rhamnosyl)gentiobioside were purchased from
ChemFaces (WUH, China).

2.1.1. SbGST recombinant expression and purification

For the recombinant expression of Sb28GST, E. coli T7 expression
cells were used following the protocol previously discussed in [22]. In
this study, 0.5 mM IPTG was used to induce successful overexpression of
Sb28GST, after which cells were harvested through centrifugation at
7500 xg, 4 °C for 10 min. The resulting pellet was resuspended in
phosphate-buffered saline (PBS), 25 mM imidazole, 0.02 % NaNs, pH
7.2 and lysed through sonification. The Sb28GST protein was subse-
quently purified using immobilized Ni2* affinity chromatography, and
soluble Sb28GST protein was eluted using PBS, 500 mM imidazole, 0.02
% NaNs, pH 7.2. The purity and homogeneity of the purified protein
were determined by Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE).

2.1.2. Crystallization of Sb28GST

Soluble and pure Sh28GST protein (15 mg/mL in PBS, pH 7.5) was
first screened for crystallization conditions using Index Screens I and II
(Hampton Research) through a sitting drop vapour diffusion method on
a 96-well microplate. Apo Shb28GST was subsequently crystallized
within 48-72 h using hanging drop methods. The diffraction quality
crystals (long needle-shaped) were obtained with 1:1 of protein and
crystallization buffer, i.e. 2 pL drop of protein solution and 2 pL drop of
the crystallization/reservoir buffer (2.1 M ammonium sulfate, 100 mM
Tris pH 7.5, and 5 mM fS-mercaptoethanol). Long needle-shaped crystals
of apo Sb28GST grew within a few days.

2.1.3. Data collection and Sb28GST crystal structure solution

A single Sb28GST crystal was mounted in a nylon loop and soaked in
a cryoprotectant paratone (Parabar 10,312; Hampton Research) solu-
tion. This was flash-frozen in liquid nitrogen at 100 K. The X-ray
diffraction data for Sb28GST was collected using a rotating anode X-ray
source (Cu Ko; 1.5418 A) and the pixel Bruker D8 Venture Bio PHOTON
III area detector with a crystal-to-detector distance of 41 mm. The unit
cell and complete data were collected using the PROTEUM4 software
suite [23]. The data was integrated with SAINT and reduced and scaled
using SADABS. SCALEPACK and AIMLESS/POINTLESS, which are built
into the PROTEUM4 suite, were used to process the diffraction data
[24,25]. The structure was determined by molecular replacement using
the PHASER program built into PHENIX software [26]. The search
model used for molecular replacement was 10E7. Model building was
performed with the WinCoot [27]. Water molecules were added during
refinement using the “Flat Bulk Solvent Model” procedure on Coot. The
protein structure was further refined using PHENIX followed by struc-
tural validation using PROCHECK [28,29], with the final structure
deposited into protein data bank (PDB) as 8BHZ. PyMOL was used to
generate the images [30].
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2.2. Computational modelling

2.2.1. Computer hardware

All computational studies were performed using two high-power
computing units. A Windows OS desktop housing the Schrodinger
Maestro v13.0 software (used for MDS) and equipped with an AMD
RYZEN Threadripper 1950x Processor, 16 cores/ 32 threads, an Asus
Rog Strix X399-E Gaming Ryzen motherboard and a 4.0 GHz Precision
Boost X399 chipset was used for the HTVS. Similarly, a desktop with 4
TB internal SSD storage and 6 GB/s 3D NAND technology speeds, 64 GB
(16GB x 4) Quad-channel DDR4 desktop RAM, and an 11 GB GDDR6 MSI
GeForce RTX 2080 Ti graphics card (GPU) was used for the MDS. Also,
an Ubuntu OS desktop computer equipped with an AMD Threadripper
3990x processor with 64 cores/ 128 threads and an MSI TRX40 PRO 10
G motherboard, all with a 4.3 GHz Turbo boost clock and TRX40 chipset
and another desktop with 4 TB HDD and 1 TB of internal M.2 SSD
storage with up to 3.5 GB/s speeds, 64GB Quad-channel DDR4 desktop
RAM and 8GB GDDR6 GeForce RTX 2070 GPU were used for the post-
dynamic analysis.

2.2.2. Protein and ligand library preparation

The monoclinic (8ALS) [31] and orthorhombic (8BHZ) crystal
structures of Shb28GST (which are crystal structures deposited into PDB
from our research group) were retrieved from PDB. Whole structures
were submitted into the OPLS_2005 protein preparation wizard module
in Maestro. The structures were energy minimized, after which, using
default parameters, hydrogen atoms and disulfide bonds were added. A
System Builder module implemented in Maestro was used to build the
systems for the MDS. Both Sb28GST systems were built using the
OPLS_2005 force field, solvating the system utilizing the TIP3P explicit
solvent model. For the boundary conditions, an orthorhombic box shape
was used, encapsulating the protein at the centre of the box consisting of
a10 A a = b = c distance with 90" a = b = y angles. The box volume
containing Sh28GST systems was minimized. Counter ions (Na* or Cl )
were added per the molecular systems’ overall charge, thus conditioning
the system physiologically by adding 0.15 M NaCl. Similarly, a 1433
library of easily synthesizable flavonoid compounds was used to screen
for potential hits. The structure data files of the compounds were ob-
tained from PubChem database. The LigPrep module in Maestro was
used to prepare the compounds. The compounds were protonated, ions
were removed, and geometry optimized. The ligands were subjected to
energy minimization using the OPLS 2005 force field to optimize the
bond length, angle, and dihedrals.

2.2.3. Molecular dynamics simulations and post-dynamic analyses of Apo
Sb28GST systems

The solvated and ionized molecular systems were subjected to MDS.
The production phase of the simulation consists of eight stages, with
simulation parameters specified for each phase. The simulation
employed the NPT ensemble class with the 1 bar pressure and temper-
ature of 300 K implemented in all runs. Stages 1-7 were for equilibra-
tion, where short simulations occurred. This was followed by stage 8,
where the final long-range 500 ns simulation occurred at a constant
temperature of 300 K. For a comparative analysis of the conformational
dynamics of the simulated molecular systems, post-dynamic analyses of
the simulation trajectories were carried out using the simulation inter-
action diagram module on Maestro. This calculates the Root-Mean-
Square-Deviation (RMSD) and the Root-Mean-Square-Fluctuation
(RMSF) of the protein backbone alpha carbon atoms (Ca). Similarly,
the radius of gyration (Rg) was determined using the Simulation Events
Analysis tool on Maestro.

2.2.4. High-throughput virtual screening

The receptor grids were first created to prepare the MD-simulated
8BHZ and 8ALS systems for high throughput virtual screening (HTVS)
using the receptor-grid generation module implemented on Maestro.
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The grid box was a centroid of protein active site residues from both
chains of the protein dimer with a 36 A length size of the box allowed for
the docking of ligands. The virtual screening workflow module imple-
mented in Maestro was used to perform HTVS. The QikProp filter was
exclusively applied while excluding compounds with reactive functional
groups. For the preparation, Epik was used to generate possible states at
a target pH of 7.0 + 2.0 while also using Epik state penalties for docking.
High energy ionization/tautomer states were removed. The stereo-
chemical information of the ligands was obtained from the specified 2D
stereo properties included in the default settings. The compounds were
docked with Glide HTVS, and the successful hits that could bind to the
8BHZ and 8ALS binding sites were further screened using standard
precision (SP) mode. Those screening outputs were further filtered using
extra precision (XP) mode. The docking results were processed with
Prime MM/GBSA to predict the free-binding energy for ranking pur-
poses. The binding energies were used to calculate the compound’s
binding affinity for the 8BHZ and 8ALS systems using the below
equation:

AG= RTInKa (1)

where G represents changes in the docking energy, R represents the
Boltzmann gas constant (R = 1.987 cal/mol/K), T represents the tem-
perature, and Ka represents the binding affinity.

Two compounds corresponding to the top-scoring compound with
the lowest free binding energy and a common compound found in both
8BHZ and 8ALS SP mode screening outputs were then chosen for further
MDS. The complexes of 8BHZ- apigenin 7-O-(2G-Rhamnosyl)gentiobio-
side herein named apigenin, 8BHZ- quercetin-3-O-Beta-p-Glucose-7-O-
Beta-D-Gentiobioside herein named quercetin, 8ALS-apigenin and 8ALS-
quercetin were prepared and subjected to a 500 ns MDS as described
previously. The liganded protein simulations were further analysed for
the ligand RMSD and the ligand properties, which include the molecular
surface area (MolSA), solvent accessible surface area (SASA) and intra-
molecular hydrogen bonds (IntraHB).

2.3. Sb28GST enzymatic specific activity and inhibitory assay

The enzymatic specific activity of the two Sb28GST proteins and the
inhibitory strength of the ligands (quercetin and apigenin) were tested
using a reduced GSH-CDNB activity assay, where the catalytic activity of
Sb28GST was spectrophotometrically monitored at varying enzyme
concentrations as previously described [32]. The formation of the
chromophoric product 1-(S-glutathionyl)-2,4-dinitrobenzene (es49 =
9600 M l.cm 1) using a Jasco V-630 UV/Vis spectrophotometer (Jasco,
Japan) was monitored. The reaction buffer contained 100 mM sodium
phosphate, 1 mM EDTA, 5 mM DTT, 0.02 % NaNs, 5 mM GSH, 1 mM
CDNB (3 % (v/v) ethanol), pH 6.5. Varying concentrations of Shb28GST
(0-50 nM) were incubated for 30 min in the absence or presence of 50
pM apigenin and quercetin. Technical triplicates of the reactions were
carried out for 60 s. The specific activity was obtained by plotting linear
progress curves corrected for non-enzymatic reaction rates. The assay
was also used to determine the half-maximal inhibitory (ICsg) of api-
genin and quercetin. Varying concentrations of apigenin and quercetin
were used with 50 nM Sb28GST. Experimental controls were conducted
simultaneously in the absence of the protein. The data was then fitted
using a four-parameter regression model (Eq. 2)

top bottom
1+10((logIC507x)><hilleupe) ( )

Y = bottom +

where y is the enzyme activity, and the bottom and top are the minimum
and maximum y - values for the curve asymptotes respectively. Log ICsg
is the concentration at which 50 % of the enzyme activity is inhibited
(nM), x is the logarithm of inhibitor concentration and Hillslope is the
slope factor.
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2.4. Fluorescence spectroscopy analysis of Sb28GST and with ligands

Extrinsic ANS fluorescence was employed to detect changes in pro-
tein conformation and probe hydrophobic clefts formed through
Sb28GST interactions with apigenin and quercetin. A Jasco FP-6300
spectrofluorometer was used to measure the spectra using the Spectra
Manager software v1.5.00 (Jasco Inc., Tokyo, Japan). The samples were
prepared in 50 mM Tris-HCl pH 7.2, 1 mM EDTA and 1 mM DTT with 50
UM apigenin or quercetin. The samples contained 10 pM Sbh28GST
incubated with 50 uM of either co-substates GSH, CDNB, or PZQ and
additionally incubated with 200 puM of freshly prepared ANS. The
samples were excited at 395 nm, and the emission spectra were collected
at 400-650 nm with an excitation bandwidth of 5 nm, emission of 2.5
nm, data pitch of 1 nm, 1 cm pathlength and a scanning speed of 200
nm/min. The samples were collected in triplicate and were subsequently
averaged and buffer-corrected.

2.5. Thermal shift assay of Sb28GST and with ligands

To determine the thermal stability of Sb28GST in the presence of
apigenin and quercetin, a thermal shift assay (TSA) was performed using
a CFX96 Touch-Real-Time PCR detection system (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). This was monitored using a highly sensitive
fluorescent dye called SYPRO Orange, whose quantum yield increases
when hydrophobic patches are exposed during protein denaturation.
Cocktails of 20 pM Sb28GST samples prepared in PBS containing 1 mM
DTT and 1 mM EDTA supplemented with 0.5 mM GSH and 1 x SYPRO
orange dye were loaded into a 96-well qPCR plate. Additional samples
containing apigenin [ICs5] and quercetin [ICsy] were also prepared and
loaded into the qPCR plate. The melting curves were tracked from 10 °C
to 95 °C with 0.5 °C increments at 10 s intervals. The relative fluores-
cence unit (RFU) vs temperature (°C) was recorded, and the derivative of
the plot ( d(RFU)/dT) was used to determine the protein’s melting
temperature (Tm).

2.6. Isothermal titration calorimetry (ITC) of Sb28GST with ligands

The thermodynamics of interactions between Sb28GST with apige-
nin and quercetin were studied using the NanoITC instrument (TA In-
struments, Delaware USA). Freshly purified Shb28GST was dialysed in
PBS containing 1 mM TCEP HCI, 2 mM EDTA, 0.02 % (w/v) NaNs, pH
6.5. The final dialysate was used to prepare 25 mM of apigenin and
quercetin as working stock and 25 pM of Sh28GST to avoid a buffer
mismatch. The protein, ligand and buffer were degassed for 20 min at
0.3-0.5 atm. The reference cell contained Milli-Q® water and the sam-
ple cell contained the protein sample. The ITC experiment was
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performed at 20 °C. The ITC syringe volume which held the ligands was
150 pL and the stir-rate used was 250 rpm. A total of 19 injections were
used, with the initial injection volume being 2 pL, followed by subse-
quent 5 pL injections added every 300 s. NanoAnalyze™ Software was
used to analyze the data, allowing the integrated heats per an injection
(in microjoules) to be corrected for the heats of dilution. The data was
then fitted to a multiple site binding model and visualized using the
NanoAnalyze™ Software.

3. Results
3.1. SbGST'’s recombinant expression in E. coli and purification

Protein fractions containing soluble Shb28GST were harvested upon
successful recombinant expression using a 0.5 mM IPTG concentration.
The lysed cells were injected into the column after being centrifugally
separated (15,000 x g, 10 mins), purified through a one-step elution
method and using Ni?* affinity chromatography to obtain a pure protein
for downstream studies. While the result shows very little protein was
lost to the flow through, as shown in Fig. 1, SDS-PAGE confirms the
purity of the protein eluted and size to be 24 kDa.

3.2. Crystallization, data collection and structure solution of Sb28GST

Different crystallization buffers and conditions were tested before
finally using 2.1 M ammonium sulfate, 100 mM Tris pH 7.5, and 5 mM
p-mercaptoethanol to grow Sb28GST crystals. The protein crystals (with
a needle-like morphology as shown in Fig. 2A), which grew within 48 h
were diffracted to a resolution of 2.4 A and had the structure refined
with a final Rgactor Of 19.8 %. The solvent content and Matthew’s coef-
ficient (Vi) were 46.55 % and 2.33 A Da ! respectively. Upon X-ray
diffraction structural data collection and structure solution, it was found
to belong to the C 2 2 2; space group, different from already deposited
8ALS (Fig. 2B) in PDB. The crystals were thinner and more clustered
than the previously deposited 8ALS crystals. The structure was deter-
mined by molecular replacement method using the coordinate file of
8ALS. The data collection and refinement statistics comparing the two
crystals were compiled in Supplementary Table 1. The 3D structure was
visualized on PyMol and compared with the previously deposited, as
shown in Fig. 3, with the superimposed structure showing a 1.664 A
RMSD to one another.

Purified Sb28GST

MWM FT Lysate

Fig. 1. The purification, purity and homogeneity of Sh28GST. (A) Shows the elution profile of Sh28GST purified using a Ni>" affinity column eluted with 500 mM
imidazole and (B) showing a 12.5 % (w/v) SDS-PAGE gel with the molecular weight marker (MWM), sonicated cell lysate, the flow through (FT) and Sb28GST eluents

collected from the 500 mM imidazole elution.
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0.5mm

Fig. 2. Crystallization of Sb28GST by hanging drop method at 20 °C with (A) showing needle-like crystals grown as orthorhombic crystal system and deposited in the
PDB as 8BHZ, and (B) thick needle-like crystals which belong to the monoclinic crystal system and deposited as 8ALS in the PDB.

Fig. 3. The ribbon representation generated using the PyMol molecular graphics program and showing (A) the orthorhombic crystal and dimeric Sb28GST deposited
in the PDB as 8BHZ and (B) the monoclinic crystal and dimeric Sb28GST deposited in the PDB as 8ALS.

3.3. Computational modelling results

3.3.1. Molecular dynamics simulations and post-dynamic analyses of apo
orthorhombic and monoclinic Sb28GST systems before HTVS

A 500 ns MDS was done to compare the trajectory of the two crystal
polymorphs of Sh28GST. A RMSD evolution which depicts the dynamic
behaviour and stability of the protein backbone throughout a simulation
period revealed that the structural conformation throughout the simu-
lation of the polymorphs was not identical. However, followed a similar
trend (Fig. 4A). A gradual increase in the first 100 ns of the simulation
was followed by fluctuations which equilibrated at 400 ns at an average
value of 3.5 A for 8BHZ and 3.1 A for 8ALS was observed. The RMSF
shown in Fig. 4B indicated changes along the protein chain over the 500
ns simulation. The RMSF profiles showed similar fluctuation patterns
throughout the simulation. The most notable distinctions were the
marginally higher peaks observed from 8BHZ N-terminal amino acids,
which are Lys115 and Ser204 on 8BHZ. The Rg trajectory observed from
8BHZ and 8ALS underwent minimal fluctuations throughout the 500 ns
simulation, indicating a sustained degree of structural compactness
(Fig. 4C). The lower Rg observed in the 8ALS model suggests a
marginally more stable system than 8BHZ.

3.3.2. High-throughput virtual screening of flavonoid library for Sb28GST

Given that the two Sb28GST MDS trajectories are different and
coupled with their assorted binding cavities, an HTVS (which is a further
comparative study) was performed to show whether the hit ligands

would be identical despite the different MDS trajectories. This was
simultaneously done to determine the best drug candidate for schisto-
somiasis treatment. The screened top-hit ligands show compounds with
the highest affinity for Sh28GST. This is because compounds with the
lowest free binding energy (AG) indicate a high affinity for the protein
and high protein-ligand complex stability [33]. The range exhibited
from the HTVS was 15.6645 to 3.591 kcal/mol, indicating that the
binding occurred exergonically. Different top ligands from the HTVS
were selected for the Sb28GST polymorph, with Supplementary Table 3
showing the ligand 6"-Feruloylspinosin being selected for 8BHZ while
Quercetin-3-O-Beta-p-Glucose-7-O-Beta-D-Gentiobioside was selected
for 8ALS. Interestingly, despite the two systems belonging to the same
Sb28GST protein, only one ligand was common within the list of top 5
hits, which was apigenin 7-O-(2G-Rhamnosyl)gentiobioside. Addition-
ally, the ligands selected surpassed bromosulfophthalein (BSP), which
we considered our benchmark ligand, given its potency as elucidated in
our previous GST inhibition studies [34,35]. Although BSP passed the
initial virtual screening, receiving a Glide gscore of 5.93093 kcal/mol,
it was, however, filtered out when subjected to further screening using
SP and XP modes. Supplementary Table 2 details the assorted binding
sites/cavities available within the two systems.

3.3.3. Molecular dynamics simulations and post-dynamic analyses of apo
orthorhombic and monoclinic Sb28GST systems after HTVS

Another MDS was performed to test the dynamic behaviour and
stability of the interactions between the ligands and the Sb28GST
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systems. This allowed the protein-ligand complex to be observed in a
cell-like environment enclosed in a water box with Na* and Cl ions as
neutralizers. Apigenin (the common ligand produced in the polymorph’s
HTVS) and quercetin (the hit with the highest AG) were selected for
further investigation. The Ca RMSD showed the conformation of the
protein backbone throughout the 500 ns simulation with reference to
the first frame. The Sb28GST:apigenin complex was less comparable
between the two Sb28GST systems but had lower RMSD values in
comparison to the reference frame with RMSD values of 3.08 and 2.54 A
for 8HBZ and 8ALS respectively (Fig. 5A). The Co RMSD of Sh28GST:
quercetin was very stable in both systems, showing very little fluctuation
with an RMSD of 4.24 and 3.80 A for 8BHZ and 8ALS respectively
(Fig. 5B). The RMSF of the Sb28GST:apigenin and Sh28GST:quercetin
complexes however showed more homogeneity (Fig. 5 C and D respec-
tively) with most of the peaks observed corresponding with the amino
acids that interact with the ligands, an indication of the stability of the
active site. However, additional peaks were observed for the liganded
systems compared with the apo systems. In the apigenin complex sys-
tem, the N-terminal amino acids 150, 228 and 352 as well as the amino
acids 148, 178 and 260 in complex with quercetin, exhibited higher
conformational changes. The Rg was examined to determine the
compactness of the protein during the simulation. The Rg profiles of
8BHZ and 8ALS systems shown in Fig. S5E were relatively comparable,
indicating that polymorphic Shb28GST systems shared similar compact-
ness. However, the overall Rg for 8BHZ:apigenin is 21.75 (£ 0.12) and
21.81 (£0.12) for 8ALS:apigenin. On the other hand, 8BHZ:quercetin
and 8ALS-quercetin’s Rg were 21.66 (+ 0.11) and 21.97 (+ 0.14)
respectively, an indication of moderate conformational changes during
the 500 ns MDS (Fig. 5F). Similarly, the ligand RMSD trajectory showed
the stability of the ligand in its protein binding site with Fig. 6A showing
how apigenin exhibited significant fluctuations before reaching

equilibrium when bound to 8BHZ and less dynamic in the 8ALS binding
pocket. This shows that while the ligand diffused away from the initial
binding pocket (between 0 and 150 ns), it however maintained a stable
degree of motion at 150-430 ns. On the other hand, similar activity was
observed with quercetin complexed 8ALS, as depicted in Fig. 6B.
Quercetin drastically diffused away from the initial binding pocket of
8ALS, followed by a stable degree of motion maintained from 200 to
500 ns while behaving completely stable in 8BHZ.

Additional molecular properties of apigenin and quercetin such as
MolSA, SASA and IntraHB were studied to determine the stability of the
ligands in their Shb28GST binding pockets. The results are presented
under Supplementary Fig. 1.

Similarly, Fig. 7 shows the interacting amino acid and the trajectory
cluster analysis, revealing that apigenin and quercetin were stabilized by
hydrogen bonds, water bridges, and hydrophobic and ionic interactions.
The report presents a 2D interaction analysis based on the root-mean-
square-deviation (RMSD) of the most dominant snapshots over a 500
ns molecular dynamics simulations (MDS). In 8BHZ:apigenin (Fig. 7A),
water bridges played a more significant role than in 8 ALS:apigenin
(Fig. 7C). On the other hand, water bridges were more pronounced in
8BHZ:quercetin (Fig. 7D) than 8 ALS:quercetin (Fig. 7B).

Compared to apigenin, significantly more interactions occurred be-
tween the Sh28GST systems and quercetin with the analysis of their
atoms’ 2D contact summary interacting with Sb28GST amino acid pre-
sented and reported in detail under Supplementary Fig. 2.

3.4. Specific activity and inhibition studies of Sb28GST

Fig. 8A shows the specific activity of Shb28GST with and without li-
gands apigenin and quercetin. The specific activity of Sb28GST was
19.95 + 0.5 pmol.min l.mg !. In the presence of inhibitors, however
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the specific activity was drastically reduced. In the presence of apigenin
the specific activity of Sh28GST was 2.59 + 0.5 ymol.min l.mg !, while
in the presence of quercetin, the specific activity was reduced to 0.01
pmol.min L.mg 1. In Fig. 8B, the ICsq of apigenin and quercetin were

determined to be 0.13 and 0,12 mM respectively.
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Fig. 7. 2D interaction plot of the trajectory frame based on the RMSD of most dominant snapshots throughout a 500 ns MDS showing complexes of (A) 8BHZ:
Apigenin, (B) 8BHZ:Quercetin, (C) 8ALS:Apigenin, and (D) 8ALS:Quercetin. Amino acid residues within 4 A of the ligand are colour-coded: positively charged
(violet), negatively charged (orange), non-polar (green), and polar (blue). Hydrogen bonds (purple) and salt bridges (red) are shown, with solvent exposure shaded
grey. Images were created using Maestro v13.0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 8. Specific activity analysis and inhibition studies of Sb28GST with apigenin and quercetin. The GSH-CDNB conjugation assay was performed at 340 nm in the
presence of apigenin (orange) and quercetin (red) by monitoring the formation of the chromophoric product 1-(S-glutathionyl)-2,4-dinitrobenzene catalysed by
Sb28GST. (A) The specific activity of Sb28GST through varying concentrations of Shb28GST from O to 50 nM in the presence and absence of 50 pM apigenin and
quercetin. (B) Inhibition studies of Sh28GST to determine the ICsq of the ligands apigenin and quercetin. The ligand concentrations varied from 0 to 1 mM with 50 nM
Sb28GST. All assays were performed in triplicates, and the data were corrected for non-enzymatic rates. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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3.5. Extrinsic fluorescence analyses of Sb28GST and its complexes

ANS fluorescence spectroscopy was performed to determine possible
binding interactions between Sb28GST and the ligands. When ANS binds
to hydrophobic patches on proteins, a hypsochromic shift is typically
observed in addition to increased fluorescent yield compared to free
ANS. Fig. 9A shows the baseline fluorescence intensities of ANS incu-
bated with Sh28GST and apigenin or quercetin, from which other
spectra will be compared. The fluorescence of ANS:Sb28GST increased
significantly compared to free ANS spectra. This was coupled with a blue
shift in ANS emission from 520 nm to 492 nm in the presence of the
protein. Upon the addition of GSH in Fig. 9B, the ANS-Sb28GST ampli-
fication was maintained with no notable fluorescence emission changes.
The addition of CDNB and PZQ as co-substrates to the base samples led
to a significant decrease in fluorescence intensity shown in Fig. 9C and
D. Two anomalies were observed due to the presence of either quercetin
or apigenin. In Fig. 9D, the addition of quercetin showed a substantial
hypsochromic shift to the ANS fluorescent intensity of Sb28GST with
PZQ, while the opposite was observed to the ANS fluorescent intensity of
Sb28GST with CDNB, shown in Fig. 9C.

3.6. Thermal stability of Sb28GST and its complexes

The fluorescent dye SYPRO orange has an affinity for hydrophobic
patches, which typically result in increased quantum yield. This is seen
upon protein denaturation where buried hydrophobic regions become
exposed allowing the dye to occupy more hydrophobic regions. Upon
saturation the dye becomes quenched indicated by decreasing fluores-
cence. The melting temperature of the Shb28GST was derived from the
proteins’ melting curve in the presence and absence of apigenin and
quercetin. Fig. 10A and B show the thermal denaturation profile of
Sb28GST in the presence and absence of apigenin and quercetin
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respectively. The protein was stable at room temperature and began
unfolding with increasing temperature, reaching a single transition peak
at 70 °C. In the presence of apigenin, the T, of the Sb28GST was reduced
by 0.5 °C. Similarly, the T, of Sb28GST in the presence of quercetin was
reduced to 62 °C from 63.5 °C.

3.7. Isothermal titration calorimetry analyses of Sb28GST with apigenin
and quercetin

Isothermal titration calorimetry was used to determine the thermo-
dynamic parameters of apigenin and quercetin binding to Sb28GST. The
thermodynamic parameters of apigenin and quercetin binding to
Sb28GST are summarized in Table 1. The thermograms and corre-
sponding fitted data depicted in Fig. 11A show that the binding of api-
genin to Shb28GST occurs endothermically as seen by the positive change
in enthalpy (AH). Additionally, with Gibbs free energy change (AG) of

46.75 kJ/mol and a TAS°® of 65.04 kJ/mol. This interaction appears to
be an entropically driven spontaneous reaction. Quercetin binding to
Sb28GST is carried out in an exothermic reaction as evidenced by the
negative AH® and downward-facing peaks in Fig. 11B. The negative AG®
and positive TAS® further show that this exothermic reaction occurs
spontaneously and is entropically driven.

4. Discussion

This study aims to evaluate the impact of polymorphic crystal space
groups on ligand selectivity and identify novel flavonoid inhibitors that
specifically target Shb28GST. Since Sb28GST has been recognized as a
promising anti-schistosome drug target, carefully selecting crystal
structure space groups for computer-aided drug design (CADD) is crucial
in understanding how protein conformational dynamics influence in-
hibitor binding and efficacy. To the best of our knowledge, no
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Fig. 9. Extrinsic ANS Fluorescence of Sb28GST. The emission spectra of 10 pM Sb28GST were collected at 400-640 nm upon excitation at 395 nm. The concentration
of ANS used was 50 pM. Combinations of the Sb28GST and ANS (blue), apigenin, Sb28GST and ANS (orange), quercetin, Sb28GST and ANS (red), and free ANS
(yellow) were recorded alongside varying co-substrates. (A) No co-substrate. (B) Glutathione. (C) 1-chloro-2,4-dinitrobenzene. (D) Praziquantel. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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polymorphic crystal space groups and ligand selectivity study has been
considered in identifying novel flavonoid inhibitors that specifically
target Sb28GST using an integration of in silico and empirical study
approaches. 16|
The Sb28GST protein was successfully and recombinantly expressed Mole Ratio

as a soluble protein, purified to homogeneity using immobilized Ni**

affinity chromatography, and confirmed the molecular mass using SDS- ol Emes  Ase ite o0 ,m“'"w) T —
PAGE to be 24 kDa, corresponding to the theoretical size. The purified : L. S J ) i ! ! ' :
protein was subsequently and successfully crystallized to 2.4 A resolu- B
tion. The crystal was found to belong to the C 2 2 2; space group and
orthorhombic unit cell (8BHZ), different from the pre-existing mono-

clinic unit cell (8ALS) and P 1 2; 1 space group, previously deposited

into PDB from our research group. This polymorphic development
(allowing us to explore downstream hypotheses) is attributable to

changes in crystallization conditions, such as pH or the ionic strength of .

Corrected Heat Rate (pJ/s)

the crystal environment, which can impact crystal packing, resulting in § :: ‘ S
changes in the crystal unit cell parameters [20]. £ . ™

Given that simulation conveys details of individual particle motions § “t s g
as a function of time, offering a way to quantify the degree of confor- g . — . - L
mational changes in protein backbones and side chains, the behaviour of e -+ 4 & I & = = Py
two Sb28GST space group systems in solution through MDS was evalu- Mole Ratio

ated. The resulting divergent trajectories (RMSD, RMSF, and Rg) of the

Fig. 11. Thermograms of Sh28GST interacting with either apigenin or quer-
protein backbone showed that these polymorphic space groups possess & 8 8 Pig N

cetin. Using ITC, the interactions between (A) 5 mM apigenin with Sb28GST

unique conformational states, manifesting through dissimilar dynamic and (B) 7 mM quercetin with Sh28GST were monitored by titrating the ligands
properties but with relatively similar compactness degrees. However, into 25 pM Sbh28GST. NanoAnalyze software uses the multiple sites model to fit
the protein side chains were comparably and relatively stable in solu- the data to visualize the raw titration data depicted in the upper panel and
tion, with slight fluctuations observed with 8BHZ. These results high- fitted data in the lower panel.

light the divergence of polymorphic systems’ dynamic properties from

the anticipated identical molecular disposition. Similarly, considering orientations adopted by Sh28GST chains in orthorhombic and mono-
the flexibility of the polymorphic proteins and their potential cavity clinic space groups thus induce regions of the protein surfaces to be
volume to quantitatively estimate the druggability of their respective involved in assorted interchain interactions, effectively resulting in
sites, cavity detection of the Sb28GST systems was carried out to reveal slightly varied cavity arrangements. Three confirmed binding sites are
essential information for virtual screening, drug discovery and receptor deemed favourable across the two models. This aligns with current
binding analyses. The cavities observed were not identical but were literature that corroborates three known GST binding sites [10].
similar in volume. This could be due to variations in crystal packing A library of plant-derived and synthesizable polyphenols (flavo-
forces inducing different side chain rearrangements [21]. The ranging noids) was screened (via HTVS) to identify potential anti-schistosome
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drugs due to their ease of procurement and adeptness in modulating
drug-metabolizing enzymes [36,37]. The HTVS analysis of the top five
binding flavonoids for the orthorhombic and monoclinic Sh28GST sys-
tems revealed only one common ligand (apigenin) among the top five
hits. This is an indication that the polymorphic systems have different
affinities for the ligands with different binding energies across the two
systems. Quercetin-3-O-Beta-p-Glucose-7-O-Beta-D Gentiobioside, a
flavanol, showed the lowest binding energy. Its polyphenolic structure,
hydroxyl group arrangement, and glycosides enhance water solubility,
bioavailability, and stable binding within the protein active site, offering
therapeutic potential [36,37].

The MDS and post-dynamic analyses of the systems gave more in-
sights. Apigenin and quercetin exhibited favourable binding energies to
Sb28GST, and dynamic analysis showed stable side chains with similar
amino acid interactions. However, varying degrees of fluctuations be-
tween the systems indicated differences in residue flexibility while
maintaining overall stability in both complexes. The Rg values of ligand-
bound systems were similar, but apo 8ALS showed a smaller Rg, indi-
cating that ligand introduction into the less packed monoclinic system
caused protein expansion and loss of compactness [38]. This expansion
was not observed in the orthorhombic 8BHZ system, likely due to its
structural constraints, which limit flexibility and expansion. Both api-
genin and quercetin behaved similarly in simulations, but quercetin was
more stable in the Shb28GST active site. Quercetin diffused quickly and
remained throughout the simulation, while apigenin moved slowly to-
wards the active site and then drifted away. Apigenin’s inconsistent PSA
suggested unstable solvent interactions and unbalanced polar contacts
with the protein. Both ligands formed significant networks of hydrogen
bonds, crucial for stability, with apigenin forming more bonds overall
[39]. However, the monoclinic system facilitated more stable hydrogen
bond networks than the orthorhombic system, likely due to its structural
flexibility. This indicates that the monoclinic environment promotes
greater ligand stability and stronger interactions, making it more
favourable for ligand binding. Similarly, the Sb28GST systems exhibited
strong interactions with both apigenin and quercetin, but the amino
acids involved varied across space groups in identity and interaction
intensity. In 8BHZ, fewer voids and channels in the orthorhombic
structure resulted in restricted conformational flexibility, leading to
more stable but fewer interactions, heavily reliant on water bridges.
Limited solvent access increased dependence on water bridges, making
them crucial mediators [20,21]. In contrast, the less compact monoclinic
8ALS structure allowed greater conformational stability, larger solvent
channels, and more complex interactions, including direct hydrogen
bonding and multiple ligand conformations, enhancing ligand binding.

Empirically, the catalytic performance of Sb28GST and the inhibitory
ability of apigenin and quercetin as lead inhibitors of Sb28GST were
tested. The specific activity of Sh28GST (19.94 pmol.min '.mg 1)
dropped to 12.95 % with apigenin and 0.03 % with quercetin. This result
and that of the ICsg highlight quercetin’s superior inhibitory potency.
This study is the first to empirically evaluate Sb28GST inhibition, with
no existing research for comparison with other potential inhibitors.
Spectroscopically, the potential binding sites of apigenin and quercetin
on polymorphic Sb28GST were carried out by analyzing ANS fluores-
cence spectra and intensities in hydrophobic regions. The fluorescence
intensity of ANS increased when bound to accessible hydrophobic re-
gions of the proteins, indicating that the dye occupied the accessible
hydrophobic regions of the protein. However, upon the addition of
apigenin and quercetin, a decrease in ANS fluorescence was observed,
indicating the displacement of ANS from certain hydrophobic pockets.
No fluorescence changes were seen with GSH, suggesting that ANS could
not compete for the G-site. The decrease in ANS fluorescence upon
adding CDNB, known to bind at GST’s H-site [40], showed its ability to
displace ANS from that specific H-site hydrophobic pocket. On the other
hand, there is an additional decrease in ANS fluorescence of GST in the
presence of CDNB and quercetin, indicating that the inhibitor had a
higher affinity for the H-site. Thus effectively displacing both ANS and
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CDNB. Similarly, apigenin displaced ANS and PZQ from the protein’s L-
site, their known binding site [34], showing preference for that binding
site. Two anomalies were observed: a significant decrease in ANS fluo-
rescence with both CDNB and apigenin and a fluorescence increase
when quercetin and PZQ were present. These results suggest that api-
genin and quercetin might bind to both the H-site and L-site, corrobo-
rating the interactions with the amino acids reported in the inhibitors’
dynamic studies.

The TSA revealed that apigenin and quercetin slightly reduced the
thermal stability of Sb28GST, although the reduction was minimal. This
is unexpected, as previous studies have shown that dietary flavonoids
are sensitive to heat, and at the same time, thermal exposure can also
enhance their bioactivity and bioavailability [41,42]. While the ligands’
presence destabilization was not significant enough to denature the
protein, it suggests potential for further exploration as drug candidates.
Isothermal titration calorimetry (ITC) analyses revealed that both api-
genin and quercetin bind entropically and spontaneously to Sh28GST,
with apigenin binding endothermically and quercetin exothermically,
reflecting distinct molecular interactions. Apigenin’s binding suggests
non-covalent interactions, like hydrophobic effects, compensating for
unfavourable enthalpy changes. In contrast, quercetin’s binding in-
dicates favourable interactions, such as van der Waals forces and
hydrogen bonds [43,44]. These results corroborate the MDS findings.
Interestingly, despite quercetin’s predicted higher affinity, apigenin had
the lowest dissociation constant, showing stronger binding. This dif-
ference underscores a limitation within the study, highlighting how
computational analyses might miss critical information about ligand
behaviour across different systems. True interaction events occur over
micro-millisecond time frames, the simulation of which is not readily
available without costly computing power or cloud-based solutions
[45]. While machine learning advances to bridge this gap, enhanced
sampling methods could be explored in the interim, such as metady-
namics or accelerated molecular dynamics [46,47].

5. Conclusion

While computational methods can effectively identify lead com-
pounds for schistosomiasis management, understanding the relationship
between a protein’s crystal structure and its dynamic behaviour in so-
lution is crucial. Our study revealed that Sh28GST protein structures
obtained from monoclinic and orthorhombic space groups led to distinct
molecular conformations due to differences in packing environments.
This affected ligand selectivity, binding affinities and interactions. Mo-
lecular dynamics simulations of apigenin and quercetin with the poly-
morphic Sb28GST models revealed varied stabilizing interactions,
underscoring the importance of analyzing multiple space group crystals
to comprehensively understand protein conformational states. Empirical
validation confirmed that both ligands identified significantly reduced
Sb28GST activity. Additionally, fluorescence studies showed that api-
genin and quercetin could bind to both the H-site and L-site at the dimer
interface with minimal impact on the protein’s thermal stability. These
findings highlight the importance of combining computational and
empirical approaches in drug discovery.
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