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ABSTRACT 

Schistosomiasis is a debilitating parasitic worm-induced, neglected tropical disease with veteri-

nary and medical concerns in areas with poor socio-economic establishments. S. haematobium is 

one of the species that mainly affect humans and it has a zoonotic character enabling it to form 

hybrids with S. bovis thus justifying their common ancestor. In schistosomes, GSTs are primary 

detoxification enzymes. Moreover, they are involved in host immune response which makes them 

attractive drug candidates. However, studies are limited by an incomplete sequence of S. haemat-

obium and there is a drug-resistant threat that calls for a new generation of anthelmintics. In this 

study, we designed a pseudo-Sbh26GST to elucidate its structural and functional properties in 

response to potential inhibitors, praziquantel (PZQ); artemisinin (ART) and bromosulfophthalein 

(BSP) in comparison to the well-studied Sh28GST. Several sequence analysis tools were used to 

complete the sequence of S. haematobium/bovis and generate the pseudo-Sbh26GST which was 

overexpressed successfully in E. coli with vector, pMAL-c5x while Sh28GST was expressed in 

pET-11a. All proteins were in the soluble fraction and then purified to ˃95% homogeneity. Func-

tional characterisations were based on the classical GSTs glutathione (GSH) and 1-chloro-2,4 

(CDNB) conjugation assay. Sh28GST had a higher 44 µmol/min/mg activity towards CDNB 

relative to 13 µmol/min/mg for Sbh26GST. PZQ and ART slightly increased the activity insignif-

icantly while BSP inhibited Sbh26GST with an IC50 of 27 µM and 0. 88 µM for Sh28GST. The 

mode of inhibition, determined by kinetics was found to be random and non-competitive respec-

tively. Structural characterisations were studied through Far-UV circular dichroism which 

showed that both proteins have a predominantly α-helical secondary structure content. Fluores-

cence spectroscopy studies showed that BSP and ART disturbed the local Trp environment 

whereas PZQ had an insignificant effect, all in the presence and absence of co-substrate, GSH 

and its similar structure, S-hexylglutathione (GTX). Additionally, extrinsic 8-anilino-1-

naphthalenesulfonate fluorescence proved that BSP outcompetes it, while PZQ enhances it thus 

showing competition for the dimer interface and hydrophobic binding site. Thermodynamics pa-

rameters obtained by isothermal titration calorimetry indicate that the interaction between dimeric 

Sbh26GST and Sh28GST with one molecule of BSP is spontaneous and enthalpically driven, 

with additional entropy support in Sbh26GST but entropy cost in Sh28GST. Stability inferences 

from SYPRO Orange-based thermal shift assay demonstrated Sbh26GST had increased stability 

in the presence of BSP and GSH. BSP proved to bind and inhibit both proteins which translate to 

possibly rationalized new generation anthelmintics for the treatment of schistosomiasis. 
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Chapter 1 
Introduction 

1.1. Background  

 Schistosoma haematobium is a parasitic trematode that causes urogenital schistoso-

miasis, a neglected tropical disease most prevalent in sub-Saharan Africa and affects over 230 

million people worldwide (Chitsulo et al., 2000; Steinmann et al., 2006; King and 

Dangerfield-Cha, 2008; Vos et al., 2012). The infection results in an induced range of chronic 

pathologies that include anaemia, impaired cognition, growth stunting, organ fibrotic damage 

and cancer as well as enhanced susceptibility to other infections such as HIV/AIDS 

(Kallestrup et al., 2006; Burke et al., 2009; Downs et al., 2012; Secor, 2012). For over a dec-

ade, schistosomiasis control has been driven by the mass administration of praziquantel 

(PZQ) treatment. Still, it is under pressure with a fairly unchanged significant disease burden 

of helminths. 

1.2. Problem statement 

There have been several attempts to contain the transmission of schistosomiasis infec-

tions. One of the World Health Organisation (WHO) programmes proposed reducing the den-

sities of intermediate hosts (snails) using molluscicides, but the plan was abandoned as it 

proved to be a high cost linked to environmental hazards (Utzinger et al., 2009). Alternative-

ly, chemotherapy and several drugs were used for the treatment of schistosomiasis as well as 

good hygiene. Unfortunately, affected populations could hardly afford the costs, and some 

drugs were not effective except as supplements (Caffrey, 2007; Doenhoff et al., 2008). The 

only standing treatment for schistosomiasis is PZQ, which is majorly effective against adult 

worms and not early-stage immature worms (Colley et al., 2014) 

Moreover, its mode of action is not fully understood, and it has a short half-life (1-2 

hrs) that does not promote combination therapy in some cases such as chemoprophylaxis 

(Ross et al., 2002). Available helminths controls are held back by drug tolerance or failure 

and post-treatment reinfections as supported by reports of some Schistosoma species display-

ing drug resistance against PZQ  in endemic countries and laboratory models (Doenhoff et 

al., 2008). Hence, the burden of some Schistosoma species remains unchanged. There is a 

need to identify and develop new approaches for a rationalised new generation of anthelmin-

tics 
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1.3. Rationale 

It is essential to develop new therapeutics to control schistosomiasis due to the threat 

of PZQ resistance that might cause breakouts and re-infections that are not decreasing the 

disease burden. An attractive drug target candidate in schistosomes is their glutathione S-

transferase enzymes (Connelly et al.). They are primarily essential for detoxification in para-

sitic helminths for survival (Ramsay and Dilda, 2014). GSTs also exhibit a high capacity to 

bind various non-substrate with different affinities to render their uptake and transportation. 

Additionally, this ligandin function has been associated with the regulation of GSTs activity 

as ligand binding can inhibit the catalytic properties of these enzymes.  

Ligands such as bromosulfophthalein (BSP) and ellagic acid (EA) were reported to 

bind at the dimer interface and inhibit the activity of the closely related 26 kDa S. japonicum 

GSTs (Sj26GST) (Yassin et al., 2004; Akumadu et al., 2020; Pooe et al., 2021). Similarly, 

PZQ has been shown to bind at the dimer interface of Sj26GST but with no inhibition 

(McTigue et al., 1995; Milhon et al., 1997). This phenomenon of ligands binding at the dimer 

interface is not common in human GSTs, so the binding could be accounted for by the struc-

tural variations of Schistosoma GSTs being more hydrophobic, thus forming the structural 

backbone required for rational drug design of substrate analogue inhibitors. The structural 

profile of the protein of interest, S. haematobium 26 kDa GST is limited as its open reading 

frame (ORF) is incomplete unlike the 28 kDa isoform and it has previously impeded its re-

search progression. However, we completed the sequence through common ancestor homolo-

gy analysis in this study, thus yielding a pseudo-26 kDa S. haematobium/bovis GST 

(Sbh26GST). All in all, to introduce potential inhibitors against Schistosoma GSTs for the 

control of schistosomiasis, namely ART and BSP which are all available in the market thus 

decreasing the cost and time of drug discovery.  

1.4. Aims and objectives 

This study aimed to determine the structural and functional characterisation of a pseu-

do-Sbh26GST and Sh28GST in the presence and absence of potential inhibitors namely PZQ, 

ART and BSP. The following objectives were used to address the research question: 

• To recombinantly overexpress pseudo-Sbh26GST and Sh28GST with pMALc5X and 

pET-11a vector respectively, in an Escherichia coli (E. coli) system.  

• To purify the recombinant proteins with various affinity chromatography, namely 

maltose-binding protein (MBP) and immobilised metal affinity chromatography 

(IMAC) 
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• To perform a quality assessment of the expression and purification using sodium do-

decyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

• To determine the concentrations of the purified recombinant enzymes spectrophoto-

metrically 

• To conduct structural and functional characterisation of Sbh26GST and Sh28GST by 

performing: 

o CDNB/GSH conjugation assay for its specific activity and effects of ligands 

o The far-UV circular dichroism for secondary structure content 

o Fluorescence spectroscopy to analyse solvent accessibility of intrinsic Trp res-

idues and extrinsic 8-anilino-1-naphthalenesulfonate binding in the presence 

and absence of ligands 

• To Obtain the IC50 of potential GSH-CDNB conjugation assay inhibitors 

• To determine kinetic parameters (Vmax, KM, kcat, kcat/KM) of Sbh26GST and Sh28GST 

in the presence and absence of ligands 

• To understand the energetics of binding through thermodynamic parameters (ΔH, ΔS, 

ΔG and Kd) using isothermal titration calorimetry. 

• To perform conformational stability studies via thermal shift assay in response to lig-

ands 

1.5. Novelty 

GSTs are highly conserved across different schistosomes thus rendering them suitable 

targets for drug therapy. They play a critical role in detoxification; hence targeting GSTs 

would cause catastrophic metabolic deficits in parasites that would lead to cell death. Howev-

er, the gene sequence of some GST species such as S. haematobium is incomplete, which has 

previously limited studies. The sequence design of a complete open ORF of Sh26GST was 

based on closely related homologous species to produce a pseudo-Sbh26GST, a concept that 

has never been explored. These were performed to achieve high yields of soluble Sbh26GST 

that is easy to purify and active for characterisation of structural and functional insights using 

biophysical and chemical strategies.  

1.6. Limitation scope of the study 

The native structure of S. haematobium is unknown so we made structural and func-

tional characterisation inferences based on a pseudo-design that is not a 100% true reflection 

of the Schistosoma species at hand. Furthermore, some ligands used were not soluble at high 
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concentrations in aqueous nor organic solvents at a percentage that was not detrimental to 

proteins and hence not incorporated in some cases. Given that ligands were dissolved in 

DMSO which causes a lot of background noise when it comes to CD studies, the effects of 

BSP and PZQ on the secondary structure of proteins of interest were not persuaded. Lastly, 

the GSH-CDNB conjugation assay used for kinetic studies was not useful for the determina-

tion of the H-site mode of inhibition as CDNB is not a natural substrate of GST and could not 

reach saturation. 
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Chapter 2 
 Literature review 

 

2.1. Schistosomiasis epidemiology 

Helminths are ancient scourges of humans with insidious impact. They are usually 

characterised by chronic diseases that gradually deteriorate one’s health, unlike bacterial and 

viral diseases that mostly produce acute illness (Abraham et al., 2018; Stutzer et al., 2018). 

Amongst species of concern, Schistosomiasis infections are one of the major threats. Schisto-

somiasis (bilharziasis) is a waterborne disease instigated by parasitic blood flukes (trema-

todes) from Schistosoma. Amongst neglected tropical diseases (NTD), schistosomiasis is one 

of the most debilitating diseases and comes second to malaria (Sangweme et al., 2010). This 

parasitic infection tackles both humans and animals, thus posing an alarming medical and 

veterinary concern that strains the socio-economic state of affected regions. Worldwide con-

servative estimates revealed that over 230 million people are infected with schistosomiasis, of 

which 200 000 die annually, and 800 million people are at risk (Hotez et al., 2014; McManus 

et al., 2018). In addition, schistosomiasis is responsible for at least 3.3 million disability-

adjusted life years (DALYs) due to clinal and subtle morbidities associated with the infection 

(King et al., 2005; Vos et al., 2012). The most affected groups are school-aged children and 

pregnant women in tropical regions such as sub-Saharan Africa. These areas where schisto-

somiasis is prevalent, are usually associated with indigent and rural societies that are re-

source-deprived with low incomes or large segments of world populations (Chitsulo et al., 

2000; Colley et al., 2014; Anisuzzaman and Tsuji, 2020). In terms of livestock, schistosomia-

sis has been estimated to affect 165 million cattle (De Bont and Vercruysse, 1997). Animal 

schistosomiasis does not receive as much attention as human schistosomiasis. However, there 

is some evidence of bidirectional introgressive hybridisation between a bovine and human 

Schistosoma due to environmental changes (Huyse et al., 2009). This poses a threat of heter-

osis, which can negatively impact schistosomiasis prevalence, pathology, and treatment. 

Schistosomes were first discovered in 1851 by Theodor Bilharzia. There are several 

Schistosoma species of attention flagged by the WHO with distinct geographic distributions, 

tissue localisation and clinical manifestations: S. mekongi, S. intercalatum, S. bovis, S. mat-

teei, S. japonicum, S. mansoni and S. haematobium. The latter three predominate human in-

fections, S. mansoni occurs in Arabia, South America, the Caribbean, and Africa; intestinal S. 

japonicum in the Philippines, China and Japan; and urinary S. haematobium in the Middle 
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East and Africa as depicted in Figure 2.1. The schistosomes species also have their respective 

intermediate snail species that determine their prevalence: Tricular (Neotricular aperta) for 

S. mekongi, Biomphalaria for S. mansoni, Oncomelania for S. japonicum and Bulinus for S. 

haematobium and S. intercalatum.  

 

Figure 2.1. Global distribution of schistosomiasis. Amongst the areas that various Schistosoma species domi-

nate, S. mansoni is local to sub-Saharan Africa, Surinam, the Arabic peninsula, lower and middle Egypt, Vene-

zuela, northeast Brazil, and the Caribbean; S. haematobium is endemic in sub-Saharan Africa, Egypt to Sudan 

(Nile river), the Arabian Peninsula and the Maghreb; S. japonicum dominates China (River Yangtze and central 

lakes), small pockets in Indonesia, Mindanao, Leyte, and some other Philippian islands; S. mekongi is frequent 

in central Mekong Basin in Laos and Cambodia; S. intercalatum is central to the pockets in the west and central 

Africa. https://journals.asm.org/doi/10.1128/cmr.00137-14.  

These parasitic worms attack their definitive host through skin penetration and mi-

grate to their respective site of infection (bladder or intestine) via the blood circulatory sys-

tem. In the process, the schistosomes undergo various morphological, physiological, and bio-

chemical changes that further develop them into male and female mature worms that eventu-

ally pair up and lay eggs. However, the changes are accompanied by high hazardous oxida-

tive stress caused by internal and external host immune responses (Alger and Williams, 

2002). Therefore, schistosomes promote survival by releasing immunomodulating molecules 

that paralyze the highly orchestrated defence mechanism of the host during the invasion and 

express a syncytial tegument with detoxification systems. This unique host-interaction layer 

has gained attention in research due to the expression of potential drug and vaccine targets 

(Ressurreição et al., 2016). These include three antioxidant enzymes, namely: super-oxidase 

https://journals.asm.org/doi/10.1128/cmr.00137-14
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dismutase responsible for dividing toxic superoxide (O2
−) radicals into oxygen (O2) and hy-

drogen peroxide (H2O2) via oxidative metal potential (Mkoji et al., 1988); glutathione perox-

idase that reduces hydrogen peroxide to water and oxygen as well as peroxide radicals to al-

cohols and oxygen via GSH oxidation (Arthur, 2000). Lastly, GST participates in the conju-

gation of electrophilic xenobiotics compound with GSH neutralising reactive oxidative spe-

cies from lipid peroxidation. The link of parasitic GSTs to membranes explains their partici-

pation as the first line of defence against host immune response thus making them crucial in 

schistosomes to tolerate oxidative stress (Zelck and Von Janowsky, 2004). GSTs are also re-

sponsible for synthesising prostaglandin D2 (PGD2), which is essential for parasitic fertility 

and escaping the host’s immune response through inhibition of the migration of Langerhans 

cells during infection (Baiocco et al., 2006). 

2.2. The life cycle of schistosomes 

Schistosoma species have a two-host lifecycle as illustrated in Figure 2.2. The male 

and female adult worm co-exist whereby the male holds the female in a gynecologic canal 

groove in his body (A). The pair copulate and lay eggs within the mesenteric venules of the 

vertebrate host. In the case of S. mansoni, it dominates the large intestine, whereas S. japoni-

cum goes for the small intestines, and S. haematobium uses the perivascular and rectal ven-

ules. The eggs are eliminated to the environment through urine (S. haematobium) or faeces 

(S. mansoni and S. japonicum) but when retained in human tissues, they thrive by feeding on 

erythrocytes and producing energy through glucose metabolism. The trapped eggs in the 

body re-enter the liver and heighten immune responses such as inflammation as the eggs 

build up. Once the eggs reach an optimal environment, they hatch and release a free-living 

ciliated larva called miracidia (C). The miracidia penetrate an intermediate host, snail tissue 

and mature into sporocysts which reproduce asexually and release multiple motile cercariae 

into water within 4-6 weeks (D). Upon release, infectious cercariae penetrate the unbroken 

skin of their definitive host, the ruminants/humans and lose their forked tail to develop into 

schistosomulae (E). The schistosomulae travels to the liver via the portal blood circulation to 

mature into adult worms and spread to their distinct residence depending on the species. 
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Figure 2.2. The lifecycle of Schistosoma parasite. A. Paired adult worms live and produce distinct eggs ac-

cording to different species B. S haematobium, S mansoni, S japonicum (left to right). C. A ciliated miracidium 

matures and penetrates respective D. Intermediate host snails: Oncomelania, Biomphalaria, Bulinus (left to 

right) for asexual reproduction. E. Cercariae (Colley et al., 2014). 
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2.3. Pathology of schistosomiasis 

The condition of schistosomiasis begins with the migratory stage (cercarial dermatitis 

and swimmer’s itch) upon cercariae skin penetration, followed by acute Katayama syndrome 

within two to twelve weeks after infestation (Ross et al., 2002) and eventually becomes 

chronically organ-specific if left untreated. The worms mature and produce eggs that secrete 

antigens that induce an immune response of granulomatous inflammatory reactions, fibrosis, 

and obstruction as depicted in Figure 2.3 characterised by T-helper 2 cytokines, eosinophils 

and activated macrophages that result in clinical diseases (Burke et al., 2009). Clinical mani-

festation ranges from pain, lesions, gastrointestinal bleeding, tissue damage, and seizures to 

cancer depending on the Schistosoma species as they have varying locations and frequencies 

or times of egg production. The eggs embedded in the intestines, liver, bladder, or urogenital 

system rather than adult worms account for observed morbidities in Schistosoma infections. 

Childhood development is heavily compromised at both cognitive and physiological levels in 

cases of re-infection as well as in pregnant women, which leads to anaemia, malnutrition, 

splenomegaly, infants with low birth weight etc. Genital schistosomiasis is underappreciated 

despite being debilitating in females, resulting in infertility, menstrual disorders, and 

dyspareunia. In severe cases, schistosomiasis leads to tissue damage and disfigurement of 

limbs, increasing the susceptibility to other infections such as HIV. This was supported by 

studies that respectively showed that genital schistosomiasis infection was an apparent co-

factor in the transmission of HIV (Downs et al., 2012; Secor, 2012), and patients with HIV 

showed a poor response to schistosomiasis chemotherapy (Kallestrup et al., 2006). 
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Figure 2.3. Pathologies of schistosomiasis. A. The liver of an experimental mouse showing acute granuloma 

from an infection of S. mansoni egg affecting eosinophils, lymphocytes, and some macrophages, but large red 

cells of murine hepatocytes were intact. B The progression to chronic liver granuloma surrounding the remain-

ing schistosome egg in mouse liver where blue regions represent dominant fibrous tissue. C A closer look at 

urinary schistosomiasis depicting macrohaematuria caused by bladder wall ulceration. D. Irregular bladder wall 

and polyp captured with ultrasonography. E. Intravenous pyelography of bilateral hydroureter and hydronephro-

sis. F Severe bloody diarrhoea at late stages of S. mansoni infection. G. A minor with gross reactive hepatosple-

nomegaly. H. An adult depicting symptoms of chronic fibrotic hepatic schistosomiasis (splenomegaly, external 

varices, and growth retardation). I. An ultrasonography image of an advanced periportal fibrosis and portal 

venodilatation (Colley et al., 2014). 
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2.4. Treatment of Schistosomiasis 

The treatment of schistosomiasis currently relies heavily on one drug, the anti-

helminthic praziquantel (PZQ) (C19H24N2O2, MW 312.41 g/mol) (Figure 2.5 A) which was 

discovered in 1982. The drug is specific to trematodes and cestodes by targeting the calcium 

ion channels of schistosomes for a Ca2+ influx that disrupts the permeability of cell mem-

brane, resulting in contractions, vacuolization and disintegration of their tegument that sig-

nals an immune response. Secondary effects include glucose uptake inhibition, decreased 

glucose levels and enhanced lactate release. However, PZQ’s activity is ideal under an effec-

tive host antibody response caused by adult schistosome worms producing eggs rather than 

poorly detected juvenile schistosomes (Colley et al., 2014). The mode of action that PZQ us-

es is not well understood (Doenhoff et al., 2008), despite having a well-tolerated adminis-

tered dose of 40 mg/kg with minimal side effects that yields an outcome of 60% cure within 

1-2 months of treatment (Kramer et al., 2014). Alternative drugs for schistosomiasis include 

oxamniquine which only attacks S. mansoni (Fenwick et al., 2003) and metrifonate for S. 

haematobium (Feldmeier and Chitsulo, 1999), but the high specificity of these drugs comes at 

the cost of high operational dose that causes remarkable side-effects like epileptic seizures, 

drowsiness etc. which poverty and underdevelopment associated endemic regions cannot af-

ford. In addition, antimalarial drugs such as artemether and artesunate derivatives of artemis-

inin are also active against Schistosoma worms that are not fully developed to the adult stage 

(Utzinger et al., 2000). Hence, artemisinin derivatives and praziquantel could be used togeth-

er to enhance treatment in regions of high re-infection rates. 

Despite inexpensive high cure rates of PZQ yielding a reduction in transmission and 

morbidity, mass administration for over four decades has placed pressure on the inevitable 

route of drug resistance (Cioli et al., 2014). There are reported cases of PZQ tolerance in en-

demic regions by S. mansoni and laboratory-induced resistance cases of other species to back 

up the concern (Wang et al., 2012). Another factor is the high chances of re-infection by un-

attacked immature schistosome larvae (Rollinson, 2009). Hence the need to identify new 

drugs with a well-understood mode of action that can be used solely or co-administered with 

other anti-helminths in integrated control programs. So far, the major vaccine and drug target 

against schistosomiasis is the primary detoxification enzyme, glutathione S-transferase with 

vaccines that have made it to clinical trials being Sh28GST (Bilhvax) and Sm14 (Ricciardi 

and Ndao, 2015). Nevertheless, the complicated life cycle of Schistosoma makes it challeng-

ing to control and eradicate this parasitic disease. Additional attractive stages that can be re-

duced include snail infections, human penetrations and pairing of adult worms but measures 
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in place are either costly, ineffective, or harmful. The key is to develop medication by analyz-

ing the structure and function of a target molecule rather than using arbitrary drugs in the 

hope of eliciting a therapeutic effect. 

2.5. Parasitic glutathione transferases  

Glutathione S-transferases (EC 2.5.1.18) are a multifunctional superfamily of en-

zymes that form part of intracellular multi-gene isoenzymes responsible for phase II detoxifi-

cation (Jakoby and Ziegler, 1990) of electrophilic compounds through GSH tripeptide (γ-Glu-

Cys-Gly) conjugation to inactivate toxic molecules. This is achieved by increasing the solu-

bility of electrophiles and eventually excreting them via a mercapturate pathway (Boyland 

and Chasseaud, 1969). However, the role of GSTs is not always catalytic, and they tend to 

bind a wide range of endo and exogenous ligands: alkyl or aryl halides, activated alkenes, 

epoxides, olefins, sulphate esters, quinones and organic peroxides for transportation; prosta-

glandin and leukotriene biosynthesis; catabolism of aromatic amino acids; isomerisation, 

modulation and/or development of ion channels and regulation of cell signalling transduction 

pathways responsible for cell survival and apoptosis via protein-protein interactions (Torres-

Rivera and Landa, 2008). GSTs are classified into different groups based on their localisa-

tion, sequence similarities and interactions with substrates. This includes the mitochondrial 

GSTs, microsomal GSTs or MAPEG (membrane proteins associated with eicosanoid and glu-

tathione metabolism) and cytosolic GSTs. The mitochondrial group includes Kappa (κ) 

(Pemble et al., 1996), which plays a major role in the β-oxidation of fatty acids and lipid pe-

roxidase. The microsomal GSTs are not well characterised like other groups despite studies 

that showed there are four groups (I, II, III, IV) (Jakobsson et al., 1999; Frova, 2006). The 

cytosolic GSTs are further divided according to ubiquitous groups of Alpha (α), Mu (μ), Pi 

(π) (Mannervik et al., 1985), Sigma (σ) (Buetler and Eaton, 1992), Theta (θ) (Meyer et al., 

1991), Omega (ω, Ω) and Zeta (ζ, Ζ) (Board, 2011). GSTs are composed of homo or hetero-

dimers with a molecular weight of ~50 kDa made up of ~25 kDa subunits. The dimerization 

is essential for catalytic functionality since one subunit needs secondary structural elements 

from the neighbouring subunit. It also creates an allosteric binding site buried at the subunits 

interface that accommodates non-substrate ligands (L-site) (Dirr et al., 1994). In each subu-

nit, there is an independent catalytic site that is catered for the binding of GSH (G-site) and 

hydrophobic electrophiles (H-site). Furthermore, the H-site can accommodate a wide range of 

molecules due to its low specificity for substrates.  
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GSTs are of utter importance to schistosomes due to the lack of alternative detoxifica-

tion mechanisms such as Phase I, cytochrome P-450 (use heme as a cofactor for monooxy-

genases) in parasitic helminths (McTigue et al., 1995). They tend to be mostly expressed in 

response to drug therapy (Sheehan et al., 2001), thus their popular use as targets for develop-

ing a vaccine and chemotherapeutic drugs. The activity levels of other detoxification en-

zymes are low relative to other organisms such as humans. This difference in schistosomes is 

compensated by having two types of one enzyme, particularly the 26 and 28 kDa Schistoso-

ma GST isoforms. S. mansoni has five GST isoforms (two being the 26 kDa ones (1 and 2). 

The other three are 28 kDa (GST 1, 2, 3) which are similar to the 26 kDa and 28 kDa isoform 

found in S. japonicum (Wright et al., 1991), and all homologous to Mu GSTs of the mamma-

lian class that is similar to Pi and Alpha GSTs (Walker et al., 1993). 

Interestingly, it has been discovered that the 28 kDa of S. haematobium is similar to 

the one found in S. bovis (Trottein et al., 1992). The isoforms have varying kinetic properties 

and substrate-binding functions thus different responses to inhibitors. Furthermore, their dif-

ferent locations in parasites explain the respective metabolic pathways routes taken. The 

isoforms are found in the tegument and subtegumentary parenchymal cells. The 26 kDa is 

based in the finger-like part of the cytoplasm confined at the apical chamber outlined via the 

body of the flame cell. The 28 kDa dominates the surface of undeveloped germinal cells of 

the male and female as well as ootype in the female genitals. In schistosomes, GSTs are high-

ly expressed during the egg stage to aid fecundity. The silencing of the 28 kDa isoform has 

been proven to compromise egg growth due to redox reaction imbalance and eventually de-

creases prolificacy (Walker et al., 1993; Huyse et al., 2009). 

 Conversely, the 26 kDa isoform plays a role in toxin storage and transportation. This 

includes minimising (I) lipid peroxidation, which causes oxidative damage (Walker et al., 

1993), and (Board et al.) heme built up during host erythrocyte metabolism that would oth-

erwise form hematin and block the parasite’s gut (Toh et al., 2010; Zhan et al., 2010). In con-

clusion, GST inhibition in schistosomes would interrupt metabolic processes in crucial areas; 

otherwise, they would protect parasites from the toxic impact of anthelmintics (Huang et al., 

2012). 

The lack of complete genome and transcriptome information for S. haematobium GST 

as well as its difficulty to maintain in the lab hinders research. Distinctively, the zoonotic 

characters of S. haematobium promote the natural interaction of bidirectional introgressive 

hybridization with S. bovis which supports the close relationship between the two species and 

an insignificant phylogenetic distance (Huyse et al., 2009; Rollinson, 2009). What is frighten-
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ing is that Schistosoma hybrids tend to depict heterosis (diverse intermediate host, faster mat-

uration, and increased fecundity) (Taylor, 1970), which might collapse the available treat-

ment for schistosomiasis. Unfortunately, studies on GSTs of these species have been confined 

by the lack of a complete open reading frame (ORF) encoding the 26-kDa isoforms in both S. 

haematobium and bovis. In particular, 12 residues are missing from the N-terminus Met, de-

spite the sequence of S. bovis being less partially complete  (Hsu et al., 1966; Agnew et al., 

1989; Djuikwo-Teukeng et al., 2019). Preliminary studies have shown that the sequence en-

coding the putative 26-kDa GST in S. haematobium and bovis appears to be ~100% identical 

in both amino acid sequence and mRNA sequence. 

The 3-dimensional structure of Sbh26GST has not been elucidated thus, the use of the 

well-studied homologous Sj26GST as a model but the one for Sh28GST has been solved. The 

classical GSTs structure contains 218 amino acids which take on a fold of two distinct do-

mains namely, the small (1-76 residues) N-terminal domain with a βαβαββα topology (thi-

oredoxin-like fold) that forms the hydrophobic core of the protein to house the G-site in prox-

imity to the dimer interface and the larger C-terminal which consists of five α helices and an 

extended linker coil (residue 195-218) to yield the H-site (Figure 2.4). In particular, the dimer 

interface is lined by residue 50–53 (β-turn), 63-66 (β4), 67- 76 (α3), 77-85 (loop), 88-109 

(α4) and 129-136 (α5) of which Asp77-Arg89 and Glu51-Arg136 form two salt bridges.  

In schistosomes, the hairpin loop formed by residue 211-218 (Gly-Gly-Gly-Asp-His-

cis Pro-Pro-Lys) makes their GSTs distinct from human GSTs (McTigue et al., 1995). More-

over, the active site in each monomer is characterized by fewer polar residues in the H-site 

than in human GSTs, thus rendering this site more hydrophobic with a different substrate 

sensitivity. This also explains the unique orientation of catalytic Tyr103 in Sj26GST 

(Cardoso et al., 2003). Subsequently, the dimer interface of these schistosomes (residue 33-

41 and 200-218) can bind non-substrates/xenobiotics without affecting catalysis, as proven by 

the study of PZQ binding in Sj26GST, and this site is usually not implicated in human GSTs 

(McTigue et al., 1995; Sheehan et al., 2001; Rufer et al., 2005; Baiocco et al., 2006). Addi-

tionally, some ligands such as ellagic acid (EA) and BSP have been shown to bind at the di-

mer interface, with detrimental effects on the enzymes that decrease their enzyme activity 

(Akumadu et al., 2020; Pooe et al., 2021). The residues that may be involved in binding at 

the long (40 Å) narrow cleft dimer interface include Phe52, which makes the main hydropho-

bic contact found in α4 and α5. In contrast, the polar contacts contributions are from residues 

Ser, Gln, Arg107, Tyr103, Asp, Leu100 and Met69 lining the active sites. Despite similarities 

in mammalian and parasitic GSTs such as the position of 117Cα location from α helices and β 
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strands, there exist adequate structural differences between them as demonstrated (McTigue 

et al., 1995), thus giving a selective rational structural backbone for designing novel genera-

tion of anthelmintics drugs.  

 

Figure 2.4. Cartoon homology model of Sj26GST for Sbh26GST elucidation. The primary sequence of 

Sj26GST when read from the N to C-terminus yields a secondary structure fold that is predominantly α-helical 

(red) with few β-sheets (yellow) entangled in coils (green). The enzyme houses the catalytic binding site, G and 

H with bound glutathione sulfonic acid (GSO3H) as well as the allosteric L-site. The image was generated with 

PyMOL (PDB 1m99). 

The native structures of GSTs have varying stability, Sj26GST conforms to the co-

operative two-state transition involving the native dimer at ~ 25 kcal/mol and the unfolded 

monomer with no presence of thermodynamically stable intermediates (Kaplan et al., 1997). 

Higher stability is observed in the class Alpha/Pi/Mu/Sj26GST compared to Sigma and Theta 

due to the differences in the dimer interface. The latter lacks stabilising hydrophobic interac-

tion since their dimer interface is lined by a network of polar residues. Therefore, the quater-

nary interactions have a more significant role in these classes for subunit stabilisation than 

those that show intermediates of molten globule-like inactive monomers. This supports that 

the evolution of GSTs is towards the functionality of the protein dimer than enhancing subu-

nit stability. 
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2.6 Activity properties of GSTs- substrate specificity and inhibition 

Enzymes speed up the rate of reactions through tight regulations of specificity for 

substrates. GSTs are bi-substrate enzymes where the isoform determines the order and mode 

of reaction. Sj26GST tends to follow a sequential displacement catalytic mechanism with 

preferential binding to GSH (Stefanidis et al., 2018). GSTs, conduct their catalytic role by 

deprotonating the thiol group of GSH by using a hydrogen bond donor which results in a 

highly reactive thiolate group that can easily attack electrophiles. This is achieved by lower-

ing the pKa of GSH by two or three pH units in the enzyme-substrate complex.  

The G-site’s critical residues accessible to the solvent include Tyr7, Asn54, Leu55, 

Gln67, Ser68 and Asp101 which stabilise orientations for alignment and interactions 

(Cardoso et al., 2003). Hydrophobic pockets form the H-site that houses xenobiotics and oth-

er endogenous substrates in domain II, namely the α4 helix (Arg103, Tyr104, Ser107, 

Tyr111), the loop of β1‐α1 (Tyr7, Trp8, Ile10, Gly12, Leu13) and the coil at the C-terminus 

(Gln204, Gly205, Trp206, Gln207) (Cardoso et al., 2003) that either takes on the in or out 

conformation which determines the variability of substrates. On the other hand, the catalysis 

and thermodynamics of the L-site are not well-understood, especially for parasites and it is 

the site that accommodates a wide range of non-substrate such as PZQ in a non-competitive 

manner towards GSH-CDNB conjugation. 

Anthelminthic compounds targeted at GSTs inhibit or modulate their activity thus 

leaving parasites with no shield against oxidative stress and harmful xenobiotics that would 

otherwise be metabolised. A potent inhibitor of Pi, Mu and Alpha GSTs is the diuretic ethac-

rynic acid (EA) that disrupts electrolyte balance through binding at the H-site (Ploemen et al., 

1993). However, some inhibitors such as ellagic acid can bind both the H-site and dimer in-

terface of Sj26GST. Ligands used in the study include PZQ, artemisinin (ART) and BSP, 

which all display bulky rings with some hydrophobic character. They are polyphenols with 

varying arrangements and are used as modulators of numerous biological processes. 

 BSP (C20H8Br4Na2O10S2, Mw 838.0 g/mol) properties from PubChem include being 

in an organic class called benzofuran with four rings, the water solubility of 7.99× 10−3 

mg/mL, a physiological charge of -2, an H-bond acceptor of nine and donor of four, rotatable 

bond count of four and three covalent bonds. BSP is an amphipathic anion dye initially used 

in liver function tests (Figure 2.5 B), whereby healthy patients show rapid sequestration from 

the blood through bile conjugates. However, it is also used as a probe for catalytic properties 

of GSTs, since it alters the intracellular concentration of GSH. BSP has been shown to bind at 

the hydrophobic cleft enthalpically, L-site in GST classes such as Alpha which results in con-
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formational changes that hamper the activity of the enzyme (Sluis-Cremer et al., 1998; Plaa, 

2010), while in schistosomes, it favours binding at the dimer interface. This knowledge pro-

vides an alternative site for non-substrate xenobiotics to regulate GSTs.  

ART (C15H22O5, MW 282.33 g/mol) (Figure 2.5 C), properties from PubChem include 

no H-bond donors but five acceptors, no rotatable bonds, no formal charge, and one covalent-

ly bonded unit. It has been evaluated for safety and efficacy. ART is a sesquiterpene lactone 

with organic peroxide derived from sweet wormwood to treat malaria, displaying effective-

ness that can extend its anti-infective agent to phylogenetically unrelated parasites such as 

schistosomes (Krishna et al., 2008). The mechanism of action for ART uses a heme-mediated 

decomposition of the endoperoxide bridge to produce carbon-centred free radicals thus their 

toxic selectivity to parasites, bacteria and viruses (Meshnick, 2002). Given the mentioned 

drugs are well studied and already available on the market, repurposing these for the treat-

ment of schistosomiasis will be shorter and less costly than developing novel drugs. 

 

Figure 2.5. 2D structural illustration of the three ligands used in the study. A. Praziquantel, B. Bromosul-

fophthalein and, C. Artemisinin. 

It is evident there is a need for rational drug discovery against schistosomes. Our ap-

proach uses GST enzymes as a drug target since there are critical for metabolism. However, 

to eradicate all species, it is essential to generate a complete picture of the biochemistry of 

both isoforms in all human Schistosoma parasites. Available sequence information on the pu-

tative 26 kDa GST in S. haematobium, S. bovis and the complete ORF sequences from other 

parasitic species were used to construct a pseudo-Sbh26GST. This was done to recombinant-

ly expression and purify Sbh26GST using the pMAL-c5X in comparison to the well-known 

Sh28GST isoform. The structure, function, and ligandin enzyme’s properties were studied to 

add to the body of knowledge on potential inhibitors that can be designed or re-purposed as 

new-generation anti-helminthics. 
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Chapter 3 
Over-expression and purification of Sbh26GST 

and Sh28GST 

3.1. Introduction 

The machinery of E. coli was manipulated to produce high levels of recombinant 

pseudo-Sbh26GST and Sh28GST. Thereafter, the proteins of interest were isolated from oth-

er bacterial proteins, crucial for their survival. All based on the prior knowledge of basic 

properties of the respective proteins, extracted from ProtParam ExPASy. Sbh26GST is made 

up of 230 amino acids weighting 26.61 kDa with a theoretical isoelectric point (pI) of 7.16 

(Ext. coefficient at 280 nm = 39880 M-1.cm-1 when all Cys residues are reduced) while 

Sh28GST is made up of 219 amino acids weighing 24.93 with pI 6.67 (Ext. coefficient at 280 

nm = 22920 M-1.cm-1 when all Cys residues are reduced). All-inclusive of the extra N-

terminal His-tag and MBP tag respectively. The chapter unfolds how proteins of interest were 

overexpressed and purified to produce high yields of active proteins for downstream analysis. 

3.2. Materials 

Escherichia coli (E. coli) T7 Express Competent Cells (New England Biolabs, Ips-

wich, MA, USA), expression vectors; pMAL-c5X for Sbh26GST and pET-11a for Sh28GST 

were supplied by GenScript, USA. Reagents and chemicals supplied by Sigma-Aldrich® St. 

Louis, MO, USA include isopropyl β-D-1-thiogalactopyranoside (IPTG), NaCl, yeast extract, 

tryptone, chloramphenicol, ampicillin, NiSO4, Tween-20 and, BLUeye Prestained Protein 

Ladder (molecular weight marker). The agar was from Merck Biosciences. Electrophoresis 

apparatuses were from Bio-Rad suppliers (bromophenol blue, N, N, N,’ N’-tetramethyl eth-

ylenediamine (TEMED), bis-acrylamide, acrylamide, sodium dodecyl sulfate (SDS), β-

mercaptoethanol, glycine, Coomassie Brilliant Blue G-250, Coomassie Brilliant Blue R-250, 

glacial acetic acid). Snakeskin™ dialysis tubing (10K MWCO, 22 mm) was purchased from 

Thermo scientific (South Africa). Other non-standard reagents used were of analytical grade. 

3.3. Methods 

   3.3.1. Gene construction of Sbh26GST  

Given the gene sequence of Sbh26GST is incomplete, Dr Ikechukwu Achilonu used several 

sequence analyses tools to generate the unknown region in its ORF. The construction of 

pseudo-Sbh26GST was based on the similarity of native Sh26GST and Sb26GST that 
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showed 99.9% sequence identity as shown in Figure 3.1. Resembling, they might have 

stemmed from a common ancestor which is inconsequential. The partially complete polypep-

tide and nucleotide sequences for Sh26GST (UniProtKB ID: A0A6A5D1Y9) and Sb26GST 

(UniProtKB ID: A0A430Q9J5) were extracted from the UniProtKB database. Furthermore, a 

program that searches for similarities in the sequence database (Clustal Omega) was used to 

confirm that the latter sequences are related to the well-known complete Sj26GST (EMBL 

ID: CAX71419), and the focus was on the 26 kDa isoform of Schistosoma GST, not the 28 

kDa. However, the first 12 amino acids are missing in both sequences. In this study, the latter 

sequence was completed through BLAST which is used to identify evolutionary related se-

quences in the database whereby top scoring sequences were subjected to multiple sequence 

alignment analysis to identify a consensus first 12 amino acids sequence. The consensus was 

generated with CLC bio™ bioinformatics software which uses a computed score based on the 

Shannon entropy (Schneider and Stephens, 1990) to show each alignment position and se-

quence information. Thus, it helped determine the 12 initial amino acids missing in the se-

quence of Sbh26GST referred to as a pseudo-26 kDa S. bovis-haematobium GST 

(Sbh26GST). 

   3.3.2. Design of vectors enabling expression of Sbh26GST and Sh28GST  

pMAL-c5X is an E. coli plasmid cloning vector that uses a pMAL protein fusion and 

purification system to enhance the expression and solubility of the target protein. This is 

achieved by translational fusion of maltose-binding protein (MBP) encoded by the malE gene 

to the N-terminus of the cloned target protein in the cytoplasm (Maina et al., 1988). To over-

express Sbh26GST, its constructed gene was inserted in the multiple cloning sites of the 

pMAL-c5X vector via amplifying the DNA fragment with primers through polymerase chain 

reaction (PCR) and ligated to the vector after digestion with restriction enzymes, namely 

BamHI and NdeI. However, the cDNA was modified by adding a hexa-histidine tag to the N-

terminus of the ORF to aid with the second round of purification. The promiscuous, factor Xa 

site was substituted for the thrombin cleavage site (Waugh, 2011). Similarly, the codon opti-

mised gene of Sh28GST was cloned into the vector, pET-11a with a single modification of a 

His-tag. Inqaba Biotech ™ (Pretoria, South Africa) performed all sequencing whereby the 

mRNA was optimised through codon harmonisation of E. coli frequencies and the plasmids 

were synthesized by GenScript Corporation (Piscataway, NJ, USA).  

In both vectors, protein synthesis is under the transcriptional control of a T7 tac pro-

moter and the inducible lacIq promoter encoding RNA polymerase. This is advantageous 



 

20 

 

over the strain of lambda DE3 prophage since the wild-type lac promoter results in a lower 

basal expression in E. coli and it is monitored by the lacI repressor which inhibitory binds the 

lac operator. Moreover, protein synthesis before induction is restricted by co-expression of 

T7 lysozyme (Studier, 1991). The inhibition can be relieved by the addition of lactose or 

IPTG. The vectors also have an ampicillin resistance selective mechanism against other bac-

teria without plasmids of interest, on top of that the T7 cells are resistant to chloramphenicol 

(Kesik-Brodacka et al., 2012).   

   3.3.3. Transformation of T7 E. coli cells with vectors, pMAL-c5X and pET-11a for ex-

pression of Sbh26GST and Sh28GST 

E. coli is a well-studied Gram-negative bacterium widely used for recombinant pro-

tein technology due to the ease of genetic manipulations and rapid growth in low-cost media 

(Rosano and Ceccarelli, 2014). The T7 E. coli competent cells were transformed with vector, 

pMAL-c5X encoding Sbh26GST and pET-11a encoding Sh28GST by using the heat shock 

method to increase membrane permeability thus enabling the uptake of constructed vectors 

(Froger and Hall, 2007). The respective lyophilized vectors were reconstituted by allowing 

the vial to warm to room temperature (20 °C) for 30 min and centrifuged at 16 000 g for 5 

min. After that, 100 µL of 0.2 µm filtered water was added to a final concentration of 40 

ng/µL before vortexing for 1 min. Lastly, the vial was spined down for 10 sec and 25 µL was 

transferred into an 1.5 mL microfuge tube for use as stock stored at -20 °C. A 1.5 mL micro-

fuge tube of 50 µL of T7 competent cells were thawed on ice followed by an addition of 5 µL 

of the vector (200 ng) and left for 30 min. The cells were then briefly placed on a heating 

block for 60 secs at 42 °C and back in ice for 10 min. The mixture was added to 1 mL of 

SOC media (Super Optimal broth with Catabolite repression made up of 0.5 % (w/v) yeast 

extract, 2 % (w/v) tryptone, 20 mM MgCl2, 2.5 mM KCl, 10 mM glucose) for one h incuba-

tion at 37 °C and 250 rpm for aeration. Furthermore, the cells were centrifuged at 6800 g for 

1 min whereby 80% of the supernatant was decanted and the pellet was resuspended. Trans-

formed cells were plated on LB agar (1% tryptone, 0.5% yeast and 0.5% NaCl) supplemented 

with 50 μg. mL-1 ampicillin as well as 35 μg. mL-1 chloramphenicol and incubated overnight 

(12-16 h) at 37 °C and 230 rpm. 
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Figure 3.1 Schematic diagram of pMAL-c5X and pET-11a vector maps. A. The gene of Sbh26GST incorporated with BamHI and NdeI restriction enzyme to the multiple cloning 

sites of pMAL-c5X yields maltose binding protein (MBP) fusion proteins. B The gene of Sh28GST, on the other hand, was inserted in between the T7 promoter and terminator of pET-

11a along with a histidine tag. 
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To expression the respective proteins, three single colonies were individually grown 

overnight in 50 mL of 2X YT media (1.6 % (w/v) tryptone, 1.0 % (w/v) yeast extract and 0.5 

% (w/v) NaCl) augmented with 50 μg. mL-1 ampicillin and 35 μg. mL-1 chloramphenicol at 

37 °C and 230 rpm. Some overnight cultures were used to make glycerol stocks (5 per colo-

ny) by adding a 1:1 ratio of culture and 80% (v/v) glycerol. At the same time, the rest of the 

cultures were diluted 50X into 100 mL 2X YT in 500 mL Erlenmeyer flasks and grown under 

the same conditions until they reached the mid-log phase (an OD600 between 0.45 and 0.55). 

Subsequently, the flasks were chilled on ice for 10 min. Each culture was split into 50 mL of 

uninduced cells and 50 mL of induced cells with 0.5 mM IPTG (an allolactose analogue that 

remains constant in the media due to the unhydrolyzed sulfur bond). After that, the cells were 

incubated at 30 °C while shaking at 230 rpm for ~ 6 h followed by harvesting in 50 mL fal-

con tubes at 5000 g for 15 min. The pellets of cells were resuspended in 2.5 mL of resuspen-

sion buffer (50 mM Tris-HCl, and 0.02% (w/v) NaN3 pH 7.4) for Sbh26GST and phosphate 

buffer saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) 

for Sh28GST then stored at -80°C overnight to aid lysing. The respective frozen cell suspen-

sion was left to thaw at room temperature (20°C) and sonicated thoroughly on ice using 5-sec 

pulses for ten repeats at 40 Amp for a 1.5 mL microfuge tube. After that, 1 mL of the cell ly-

sate was transferred into a 1.5 mL microfuge tube and centrifuged at 16 000 g, 4°C for 5 min 

to separate the soluble and insoluble fractions that SDS-PAGE analysed.  

   3.3.4. Qualitative analysis of Sbh26GST and Sh28GST on gels  

The success of protein overexpression and purity at a later stage was established by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to 

Laemmli (1970). The principle behind this technique is about separating protein on a support 

matrix through an electric field making it possible to visualise different proteins in a sample 

upon staining with a dye like Coomassie blue. SDS achieves this, an anionic detergent that 

masks the net charge and shape by adding negative charges around the protein’s backbone, 

thus denaturing it into individual linear polypeptides that can solely be separated based on 

size (Jafari et al., 2018). Small molecules migrate faster than large ones due to less resistance 

from the gel (Moosavi-Movahedi, 2005). The support matrix used is polyacrylamide, which 

is acrylamide crossed linked with bis to create a sieving effect for small molecules like pro-

teins. The PAGE setup is discontinuous, where the stacking gel is on top of the separating 

gel. The lower acrylamide percentage and pH of the stacking gel result in glycine with no net 
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charge. Therefore, causing constraints and collection of all the proteins at the same point be-

fore the initiation of separation in the resolving gel with negatively charged glycine, improv-

ing the resolution. A clear single band that represents the size of the monomeric protein struc-

ture would represent a homogenous mixture and the intensity correlates to concentration. 

Smeared bands usually represent degradation or a protein overload. 

A 50 µL sample of the various supernatants were transferred into fresh 1.5 mL micro-

fuge tubes and mixed with equivalent amount of reducing buffer (125 mM Tris-HCl pH 6.8, 

2% (w/v) SDS, 20% (v/v) glycerol, 0.05% (w/v) bromophenol blue and 5% (v/v) β-

mercaptoethanol). The pellets were washed 3X with deionised water using sonication and 

centrifugation. Thereafter, the pellets were resuspended in 1 mL of deionised water and 50 

µL was transferred to 1.5 mL microfuge tubes of the reducing buffer. All samples were 

boiled at 100 °C for 5 mins and placed on ice before loading into the stacking gel wells (4 % 

(w/v) acrylamide, 0.36 % (w/v) bis-acrylamide, 0.1 M Tris-HCl pH 6.8, 0.1 % (w/v) SDS, 

0.07 % (w/v) ammonium persulfate and 0.17 % (v/v) TEMED) that feeds the separating gel 

(12.5 % (w/v) acrylamide, 1.11 % (w/v) bis-acrylamide, 0.4 M Tris-HCl pH 6.8, 0.1 % (w/v) 

SDS, 0.07 % (w/v) ammonium persulfate and 0.67 % (v/v) TEMED) on the Bio-Rad mini 

protean electrophoresis system. The 3 µL of BLUeye Prestained Protein Ladder (Bio-Rad) 

was added to the wells to serve as the molecular weight marker (MWM). The electrophoresis 

ran with a glycine electrophoresis buffer, pH 8.3 (25 mM Tris,192 mM glycine and 0.1 % 

SDS) in the tank at 160 V for ~ 1 h. The gel was stained with Coomassie dye (0.1 % (w/v) 

Coomassie Brilliant Blue R-250 dye in 1:5:4 (v/v/v) acetic acid: methanol: water) and de-

stained in 1:5:4 acetic acid: methanol: water solution for visualisation. The distances that the 

proteins travelled on the gel relative to the dye front known as the retention factor were used 

to interpolate the molecular weight of Sbh26GST and Sh28GST from a calibration curve of 

log molecular weight vs the distance migrated by the standard proteins created on GraphPad 

Prism version 8.0.2 (GraphPad Software, San Diego, California, USA) which shows a linear 

relationship. 

   3.3.5. Overexpression of Sbh26GST and Sh28GST 

The expression trials showed that 0.5 mM IPTG at 30 °C, 230 rpm for ~ 6 h is suffi-

cient for optimal overexpression of Sbh26GST and Sh28GST (no alterations required). 

Hence, proceedings to large-scale overexpression were made. Individual glycerol stock of the 

best colony was used for inoculating 50 mL 2X YT supplemented with 50 μg. mL-1 ampicillin 

and 35 μg. mL-1 chloramphenicol at 37 °C, 230 rpm overnight. After that, the cultures were 
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diluted 50X into 500 mL fresh 2X YT media with antibiotics in 2 L Erlenmeyer flasks equat-

ing to 2 L of each protein. IPTG inductions were performed as previously described (3.3.3). 

However, the cells were harvested by centrifugation at 5 000 g, 4 °C for 15 mins in 500 mL 

bottles and the pellets were weighed before resuspending in 50 mL of respective buffers per 1 

L of culture. Thereafter, the cells were stored in 50 mL falcon tubes at -80 °C overnight be-

fore complete sonication at 60 Amp instead and centrifugation at 18 000 g, 4 °C for 20 min to 

separate the soluble and insoluble fraction. The supernatant was subsequently filtered with a 

0. 2 µm syringe filter and used for purification of each protein. 

    3.3.6. Affinity chromatography purification of Sbh26GST and Sh28GST 

The selective isolation and purification of proteins, Sbh26GST and Sh28GST were 

achieved by affinity chromatography. The technique efficiently exploits highly specific bio-

logical interactions between two molecules, enzymes, and substrates, to separate them from 

biochemical mixtures with high capacity. A substrate is immobilised on support to trap the 

enzyme. The enzyme’s binding to the immobilised substrate can be reversed through compet-

itive binding or by weakening the affinity with pH or ionic strength alterations. For instance, 

in the first round of purification of Sbh26GST, the MBP tag incorporated in the pMAL-c5x 

vector can be used to trap the protein in the amylose sepharose resin column since MBP has a 

natural affinity for α-(1–4) maltodextrin while the rest of the components in the cell lysate 

flow through. Immobilised Sbh26GST is then washed with salt or detergent to remove any 

bound DNA, proteins, and lipids as well as any weakly bound Sbh26GST. Thereafter, pure 

Sbh26GST can be freed through competitive binding with maltose (Duong-Ly and Gabelli, 

2015).   

On the other hand, immobilised metal affinity chromatography (IMAC) is used to pu-

rify Sh28GST and the second round of Sbh26GST takes advantage of metal chelators. Delo-

calised electrons in the ring of histidine-tagged to the proteins can bind nitrilotriacetic acid 

matrices with positively charged divalent metal ions such as nickel or cobalt (Arnau et al., 

2006). The interaction can be reversed through competitive binding with imidazole to release 

the recombinant protein. The mentioned tags can be removed with enzymatic proteases if 

they have significant effects on the structure and function of the protein e.g., thrombin can be 

facilitated by a thrombin cleavage site incorporated in the vector whereby it cuts between ar-

ginine and glycine residues thus releasing the recombinant protein (Waugh, 2011).  

Gravity flow amylose-agarose affinity resin column connected to low pressure pump 

(Bio-Rad Model EP-1 Econo™) was equilibrated with 10X column volume of equilibration 
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buffer (50 mM Tris-HCl, 200 mM NaCl, 1mM EDTA and 0.02% (w/v) NaN3, pH 7.4). Sub-

sequently, 50 mL of the filtered supernatant from the soluble fraction of Sbh26GST’s over-

expression was loaded onto the column at 4 mL/min for MBP tag binding and the 

flowthrough was collected. This was followed by 3X contaminants’ washing with 10X col-

umn volume of the equilibration buffer and the wash in-between had 0.5 % Tween-20. Sub-

sequently, the protein was eluted with a 2X column volume of equilibration buffer with 10 

mM maltose. The eluents were collected at fractions of 1 mL/min. While collecting fraction, 

50 µL of the eluted fraction was added to 950 µL of Bradford dye (6% (v/v) β-

mercaptoethanol, 10% (w/v) SDS, 30% (v/v) glycerol, 0.05% (v/v) Bromophenol Blue, 150 

mM Tris-HCl, pH 7) which turns blue in the presence of protein thus used as an indicator of 

when to stop collecting fraction. Fractions with absorbance at 280 nm ≥ 1 were pulled to-

gether (11 mL) and dialysed with 10kDa cut-off snakeskin for 2X overnights against 5 L of 

50 mM Tris-HCl, 5 mM CaCl2 and 0.02% (w/v) NaN3 pH 7.4 to prepare for thrombin cleav-

age since MBP weighed heavily on the protein of interest. Afterwards, ~ 3 µL of thrombin 

was added per 1 mL of dialysed protein (0.5 U/mg of recombinant protein) and left overnight 

at 20 °C on a gentle rotator. In addition, time-dependent trials of thrombin cleavage were per-

formed under the above conditions to find the optimal duration and evaluate efficiency. 

Similarly, His GraviTrapTM (Ni Sepharose® 6 Fast Flow) column was prepared with 

of 9.5 of sepharose resin and then washed with 100 mL of deionised water (10X column vol-

ume) to remove the ethanol that helps in preservation. The matrix was charged with Ni2+ by-

passing 0.1 M NiSO4 through gravity and washing with water, was equilibrated with the latter 

dialysis buffer, and loaded with the cleaved protein where only His-tagged Sbh26GST binds 

and other protein (thrombin and MBP) flows through. After that, the column was washed 

with the dialysate or 50 mM Tris-HCl, 200 mM NaCl, 50 mM imidazole, 0.5 % Tween-20 

and 0.02% (w/v) NaN3. pH 7.4. The protein was eluted with 50 mM Tris-HCl, 500 mM NaCl, 

300 mM imidazole and 0.02% (w/v) NaN3, pH 7.4 at a 1 mL/min flow rate under the control 

of Bradford reagent. Thereafter, the protein was dialysed against 1 L of 50 mM Tris-HCl, pH 

7.4 and 0.02% (w/v) NaN3 to remove the concentrated imidazole as it might interfere with 

subsequent studies. No cleavage was required since His-tag has an insignificant effect on the 

proteins due to their small size. All the different stages of the purification process were cap-

tured by collecting 1 mL samples and assessed on SDS-PAGE as described in 3.3.4. The pu-

rification of Sh28GST was performed according to the second purification of Sh26GST, 

IMAC but with a different buffer, PBS instead of Tris-HCl: equilibration buffer (137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 25 mM imidazole and 0.02% (w/v) 
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NaN3, pH 7.4). Wash buffer (equilibration buffer with 0.05 % Tween-20) and elution buffer 

(equilibration buffer with 300 mM imidazole). Each protein’s final respective dialysis buffer 

is technically the storage buffer, and it was used for subsequent studies that require dilutions. 

    3.3.7. Protein concentration determination 

Purified Sbh26GST and Sh28GST were quantified spectrophotometrically. Light is 

either absorbed or transmitted when it passes through a sample. In the case of proteins: tryp-

tophan, tyrosine, and to some extent, phenylalanine tends to absorb light at 280 nm. There-

fore, the absorbance can be used to calculate the concentration of a protein based on Beer 

Lambert’s law, 

𝐴 = 𝜀λ𝑐𝑙 

                                                                                                                         (3.1) 

Where A is the absorbance, ελ is the molar extinction coefficient at a specific wavelength (M-

1.cm-1), c is the molar concentration (M), and l is the path length of light passing through the 

cuvette (cm). The extinction coefficient, 79 760 M-1.cm-1 for Sbh26GST’s dimer and 45 840 

M-1.cm-1 for Sh28GST’s dimer at 280 nm in water was theoretically determined on Expasy’s 

ProtParam (Gasteiger et al., 2005) or calculated using the Perkins method,1986. 

𝜀 =  5550 ∑ 𝑇𝑟𝑝 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 +  1340 ∑ 𝑇𝑦𝑟 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 +  150 ∑ 𝐶𝑦𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 

(3.2) 

Where ε is the extinction coefficient, 5550 is the molar absorption coefficient of the residue 

Trp,1340 for Tyr and 150 for Cys and ∑ is the sum of the respective residues. 

Doubling dilution series of the respective protein was prepared in 100 mm micro‑QS 

quartz absorbance cuvettes and analysed on Jasco V-630 BIO UV/VIS spectrophotometer 

(Jasco Inc., Tokyo Japan) set at a data pitch of 1 nm, a scan speed of 200 nm/min for three 

accumulations. The monitored absorbances were on a 240 to 350 nm spectrum to make sure it 

assumes an ideal protein shape of no contamination. In particular, the ratio of A260/280 is for 

nucleic acids’ presence which needs to remain below 0.6 (Warburg and Christian, 1941) 

whereas protein aggregates are checked at 340 nm. Corrected absorbances for the buffer and 

aggregates were used to establish a calibration graph of absorbance vs dilution factor for ob-

taining the gradient required for concentration determination in the equation below: 
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𝐶 (
𝑚𝑔

𝑚𝐿⁄ ) =  
𝑆𝑙𝑜𝑝𝑒 × 𝑀𝑊 (𝐷𝑎)

𝜀 (𝑀−1. 𝑐𝑚−1)  × 𝑙 (𝑐𝑚)
 

(3.3) 

3.4. Results 

Ample amounts of proteins of interest, Sbh26GST and Sh28GST were recombinantly 

overexpressed with E. coli machinery and purified on the basic principle of affinity chroma-

tography to get isolated enzymes. 

   3.4.1 Sbh26GST gene construct 

Homology studies using Clustal Omega have shown that the partial sequence of 26 

kDa GST from Schistosoma haematobium has a sequence identity of ~100% at both nucleo-

tide and amino acids level with the 26 kDa GST from Schistosoma bovis, which is less in-

complete as shown in Figure 3.1.  Therefore, the partial sequence of 26 kDa GST from Schis-

tosoma bovis was aligned with the closely related complete sequence of 26 kDa GST from 

Schistosoma japonicum and mansoni as depicted in Figure 3.2 to establish how the protein of 

interest varies from the typical sequence of Schistosoma GSTs that affect humans. The trend 

reflected a conserved amino acid sequence despite having different nucleotide sequences. 

However, it was observed that there are 12 unknown initial amino acids in the 26 kDa Schis-

tosoma bovis/haematobium GST (Sbh26GST). The homologous organisms were used to gen-

erate a sequence logo in Figure 3.3 for the missing initial 12 amino acids motif using the CLC 

bio™ bioinformatics software. The established sequence was incorporated into the cDNA 

sequence of wild-type Schistosoma bovis to produce pseudo Sbh26GST along with a hexa-

histidine fusion tag and thrombin cleavage site at its N-terminal cap. The latter was inserted 

into an increased solubility pMAL-c5x vector. 
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Figure 3.2. Sequence alignment of the putative 26 kDa GSTs from S. bovis and S. haematobium frag-

ments. The partial sequence of S. haematobium (SCHHA, KAF1314627) is incorporated in the less incomplete 

sequence of S. bovis (SCHBO, RTG84353) as depicted by 99.9 % sequence identity at both amino acid (A) and 

nucleotide (B) level on Clustal Omega whereby the (*) represents common residues and (-) for incomplete se-

quence. This excludes the additional C-terminus region in bovis.  
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Figure 3.3. Protein sequence alignment of 26 kDa GSTs from Schistosoma bovis with homologous species. 

The partial sequence of Schistosoma bovis (SCHBO/Sb26GST) was compared to the complete closely related S. 

japonicum (Sj26GST) and S. mansoni sequence (Sm26GST) to establish the variation from typical Schistosoma 

GSTs. The results show 12 initial unknown amino acids in the N-terminus as represented by (-). The rest of the 

symbols represent common residues (*), different amino acids with similar properties (:) and different properties 

(.). Overall, this also confirms that the fragments are likely to be 26 kDa isoforms from bovis and/or haematobi-

um and not the 28 kDa isoform. 

 

Figure 3.4. Synthesized Sbh26GST. Sequence logo of the missing initial 12 amino acids of 26 kDa GST from 

S. haematobium/bovis was generated with CLC bio™ bioinformatics software by aligning five motifs that had 

top-scoring sequences from BLAST analysis using dendrogram clustering (implemented in the Clustal Omega 

algorithm), namely Biomphalaria glabrata (BIOGL), Clonorchis Sinensis (CLOSI), S. mansoni (SCHMA), S. 

japonicum (SCHJA) and S. mekongi (SCHME). The conserved amino acids (Web Logo analysis-consensus) are 

highlighted in yellow (MAPALGYWKIKG) represented by (*) for common residues whereby different amino 

acids with similar properties are represented by (:) and ones with different properties by (.). Alanine is the 4th 

amino acid, and the catalytic Tyr (in bold) is the 7th position.  
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   3.4.2. Overexpression of Sbh26GST and Sh28GST 

Sbh26GST and Sh28GST were recombinantly expressed at 30 °C for 6 h upon addi-

tion of 0.5 mM IPTG at OD600 of 0.5 to T7 cells transformed with pMAL c5X and pET-11a 

vector which respectively encodes for enzymes, MBP-His tagged Sbh26GST (~68 kDa) and 

His tagged Sh28GST (~27 kDa). The success of overexpression and solubility of the respec-

tive proteins were evaluated with SDS-PAGE, as depicted in Figure 3.4. The electrophoreto-

gram shows thick bands in the supernatant (soluble fraction) of IPTG induced batch and 

small bands in the pellet whereas the uninduced culture had no overexpression. Therefore, the 

used concentration of IPTG was sufficient to overexpress Sbh26GST and Sh28GST without 

any alteration before proceeding with large-scale overexpression and purification processes. 

3.4.3. Affinity chromatography purification of Sbh26GST and Sh28GST 

          The soluble fraction of each protein was subjected to respective affinity chromatog-

raphy columns for purification. In the case of Sbh26GST, double purifications were per-

formed whereby initially the agarose resin trapped the MBP tag. Bound protein was washed 

off impurities and eluted with 10 mM maltose. The eluents were collected in fractions of 1 

mL/min and the ones with an A280 >1 were pooled together for thrombin cleavage studies. 

The optimal conditions in terms of time for thoroughly cleaving MBP with 0.5 U of thrombin 

per 1 mg of recombinant protein was approximately 3 h at 20 °C as shown in Appendix, Fig-

ure S1, less than that is not sufficient despite rapid cleaving at 30 min. The cleaved protein 

was then subjected to the Ni-IMAC column that binds His tagged Sbh26GST and then, re-

leased with 500 mM imidazole. The eluents were again measured at A280, and they displayed 

a single bell-shaped plot as expected for protein presence during purification processes. 

          Similarly, Sh28GST was isolated with the Ni-IMAC column. Samples of each protein 

were collected at every stage of purification and analysed on a 12% glycine SDS-PAGE gel 

as shown in Figure 3.5.A. Pure proteins were obtained without any contaminants as indicated 

by the single bands in orange and blue squares. All the columns were efficient in binding as 

no protein remnants were observed in the washes. The SDS-PAGE calibration curve in Fig-

ure 3.5 B was used to interpolate the monomeric size of Sbh26GST and Sh28GST. The pro-

teins’ molecular weights were experimentally found to be around 25 kDa and 29 kDa, respec-

tively which correlates with the theoretical sizes of 26 kDa and 28 kDa as well as the general 

25 kDa for GSTs (McTigue et al., 1995; Sheehan et al., 2001; Rufer et al., 2005). 
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Figure 3.5. The overexpression of Sbh26GST and Sh28GST. T7 E. coli cells were transformed with A. 

pMAL-c5X encoding Sbh26GST and B. pET11 for Sh28GST. Three colonies (C1-3) were picked from the 

transformation colonies of each protein to check the success of recombinant overexpression at 30 °C for 6 h. 

The uninduced culture (U) showed no overexpression of the desired protein. However, the culture that was in-

duced with 0.5 mM IPTG (I) showed thick bands in its soluble fraction, supernatant (S) and small bands in the 

insoluble fraction, pellet (P). The molecular weight marker (MWM) was used to track the expected molecular 

weight of the desired proteins. 
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Figure 3.6. Affinity chromatography of Sbh26GST and Sh28GST. A. 12 % glycine SDS-PAGE showing the 

stages of purification from the cell lysate that was lysed and centrifuged to separate the soluble supernatant from 

the insoluble pellet. Thereafter, the respective protein solutions were subjected to an IMAC and MBP column to 

isolate Sbh26GST and Sh28GST from other bacterial proteins, respectively. Subsequently, several washes were 

performed to remove any impurities or weakly bound protein. Lastly, bound protein was released through com-

petitive binding as observed in affinity chromatography. A Sbh26GST was firstly purified via agarose-MBP and 

then released with 10 mM maltose in (50 mM Tris-HCl, pH 7.4). Afterwards, the MBP tag was cleaved with 

thrombin before the second round of purification with ((Ni-IMAC)-His) where the bound protein was released 

with 500 mM imidazole. B. Similarly, Sh28GST was purified with (Ni-IMAC)-His but using PBS buffer. C The 

standard curve of Sbh26GST for molecular weight determination using SDS-PAGE, Y= -0.9570 + 2.279 and 

R2= 0.9959. MBP-His-Sbh26GS ( ) weighted 68 kDa compared to a theoretical 69.5 kDa. Whereby, the 46 

kDa MBP tag ( ) opposed to the theoretical 42.5 kDa was cleaved to yield pure His-Sbh26GST ( ) weighing 

25 kDa experimentally and 26 kDa theoretically D Similarly, the molecular size of Sh28GST was experimental-

ly determined to be 29 kDa compared to theoretical 28 kDa with Y= -0.8477 + 2.054 and R2= 0.976.
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   3.4.4. Protein quantification 

Pure proteins, Sbh26GST and Sh28GST were analysed with a JASCO V-630 spectro-

photometer to confirm there are no impurities/ interferences before quantification Figure 3.6 

shows an absorbance spectrum with a single peak at A280 which is indicative of proteins and 

the flat line at A340 means there are no protein aggregates or any particles that might cause 

light scattering. Lastly, the A280/A260 ratio was 0.61 for Sbh26GST and 0.51 for Sh28GST 

which supports no presence of DNA contamination (Porterfield and Zlotnick, 2010). Once 

cleared, the pooled proteins’ concentrations were determined to be 3.8 mg/mL for Sbh26GST 

and 4.2 mg/mL for Sh28GST by using the gradient of a serial dilution in the Beer-Lamberts’ 

equation as depicted in Figure 3.7. The overall protein yield average was 4 mg/g for 

Sbh26GST and 8 mg/g for Sh28GST of wet cells per litre of culture.  

 

Figure 3.7. Absorbance spectra of Sbh26GST and Sh26GST. The purity of the respective proteins, 

Sbh26GST (orange) and Sh28GST (blue) were supported by the spectra taken from 250 -350 nm on the JASCO 

V-630 spectrophotometer. The peak at 280 nm indicates protein and the flat line at 340 nm shows that aggre-

gates are negligible. In addition, the A280/A260 ratio was 0.61 for Sbh26GST and 0.509 for Sh28GST, which im-

plies there was insignificant DNA contamination. 
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Figure 3.8. Protein quantification of Sbh26GST and Sh26GST.A doubling dilution series was performed for 

each protein on the JASCO V-630 spectrophotometer whereby A280 was monitored for protein presence and 

A340 was used to correct for any aggregates. The corrected absorbances were plotted against the dilution factor 

of the protein. The gradient from the line of best fit was then used in Beer-Lambert’s equation to obtain concen-

tration. The outcome was Y= 0.063x+0.0054, R2=0.9999 for Sbh26GST (orange) meaning 3.78 mg/mL protein 

in storage buffer (50 mM Tris-HCl, pH 7.2, 0.02% NaN3) and Y= 0.057x+0.0015, R2=0.9998 for Sh28GST 

(blue) meaning 4.20 mg/mL protein in PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 

KH2PO4, pH 7.4). 

3.5. Discussion  

Recombinant overexpression of Sbh26GST was performed with a pMAL-c5X expres-

sion vector which employs MBP as a fusion tag in addition to the incorporated His-tag in the 

sequence of Sbh26GST to increase solubility and ease purification (Duong-Ly and Gabelli, 

2015). In the case of Sh28GST, vector pET-11 expressed His-tagged Sh28GST. All in all, 

under optimised conditions, to produce respective proteins in higher than native concentra-

tions. The SDS-PAGE profile of both proteins showed that they were only expressed under 

IPTG induction which supports the tight control of the Ptac promoter with no 

leaky/background overexpression, as expected. Furthermore, the proteins were mostly soluble 

with a minimal amount in the insoluble fraction of the cell lysate as firstly observed in previ-

ous studies of a related protein, Sj26GST by Smith and Johnson (1988). The high levels of 

soluble proteins were also supported by cold induction conditions that promoted proper pro-
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tein folding by slowing down and cooling the protein expression machineries in E. coli. The 

overexpression follow-up step was isolating proteins of interest to characterise them.  

Therefore, two-step purification using various affinity chromatography namely, MBP 

and IMAC for Sbh26GST and one-step purification of IMAC for Sh28GST were used to ob-

tain pure proteins. Single, clear, and concentrated bands were predominant on SDS-PAGE 

electrophoretogram at theoretical and published molecular weights of approximately 25 kDa 

for Sbh26GST and 29 kDa for Sh28GST. The absence of over-expressed protein in the final 

flow-through and wash-up steps supports a strong selection of the trapped His-tagged protein 

with Ni2+ chelator resin column and removal of contaminants (Arnau et al., 2006). Moreover, 

no other bands were observed and respective buffers with Tween-20 did not disrupt the 

bound proteins. 

The location of the tags were at the N-terminus of Sbh26GST and Sh28GST’s se-

quence, influenced by the direction of purification and cleavage. The plasmid designs were in 

a manner whereby the MBP tag was initially expressed, followed by the thrombin cleavage 

site then His tag and lastly the expressed protein. The reason behind the design was to allow 

the initial purification to be based on the interaction of amylose and MBP and eliminate other 

proteins expressed by E. coli, followed by cleaving of the latter tag with thrombin. After that, 

the second round of purification would isolate cleaved His-Sbh26GST with IMAC from 

thrombin, cleaved MBP protein and uncleaved MBP-His-Sbh26GST protein as it will bind to 

the column while other proteins would be eradicated in the flow-through. This, then made it 

possible to collect pure His-Sbh26GST in a controlled single elution. 

 The cleavage was performed off-column to avoid aggregates but incurred minor pro-

tein loss or dilution due to additional steps of eluting uncleaved protein and loading cleaved 

protein to the column. Thrombin proved to be efficient in the cleavage as the results were 

seen within 30 min of incubation, but it was left overnight for maximum concentration of 

cleaved His-Sbh26GST. 

On the other hand, purification of Sh28GST was straight forward and achieved with 

IMAC yielded the expected results. The protein production of Sh28GST was double the one 

for Sbh26GST. These may be accounted for by protein stability, the response of E. coli ma-

chineries and purification dilutions etc. Moreover, a different buffer was used for Sbh26GST 

due to its purification process whereby thrombin optimally works with calcium but forms 

calcium stones in the presence of PBS buffer, hence the use of Tris-HCl.  

In terms of purification processes’ quality, the 240 to 340 nm spectra showed a typical 

peak at 280 nm dominated by tryptophan residues and no peak at 340 nm, indicating no pro-
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tein aggregation or other contaminants, thus yielding Sbh26GST and Sh28GST with homo-

geneity of greater than 95% purity. The above processes were crucial in laying the foundation 

for the study as protein yield, purity and activity are key prerequisites to any structural biolo-

gy research. 
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Chapter 4 

Structure-function characterisation of GSTs from S. 

haematobium/bovis 

4.1. Introduction 

Enzymes catalyse the rate of chemical reactions by optimising substrate conversion to 

products. It requires the correct structural conformation orientation of substrates to perform 

its role. However, some substrates or molecules can inhibit the process by compromising the 

ideal conditions for maximum catalytic efficiency. In this chapter, the structure of Sbh26GST 

and Sh28GST were analysed in the presence and absence of non-substrate PZQ, ART and 

BSP using various techniques and functional tests. The information was used to gain insights 

into possible binding conformations of the ligands as they interact with the enzyme. 

4.2. Materials 

Purchased from Sigma are as follows: GSH, CDNB, 8-anilino-1-naphthalenesulfonate 

(Vos et al.), PZQ, ART, BSP, Dithiothreitol (DTT), Tris (2-carboxyethyl) phosphine (TCEP), 

sodium phosphate, Tris-HCl, EDTA, NaN3 and PBS reagents.  Snakeskin™ dialysis mem-

brane (10K MWCO, 22 mm) was purchased from Thermo scientific (South Africa). All other 

reagents used in the study were of analytical grade. 

4.3. Methods 

   4.3.1. Enzyme activity studies 

The biological activity of Sh26GST and Sh28GST were evaluated through the classi-

cal GSTs enzymatic performance, GSH-CDNB conjugation assay proposed by (Habig and 

Jakoby, 1981) as depicted in Figure 4.1. The substrate, CDNB goes through a nucleophilic 

aromatic substitution of chlorine for the thiol group of GSH to yield a dinitrophenyl thioether 

chromophore, 1-(S-glutathionyl)-2,4 dinitrobenzene at a faster rate in the presence of an en-

zyme. This product absorbs light at 340 nm thus enabling spectrophotometric assay for GST 

activity. The activity of GST is defined as the amount of enzyme-producing 1 µmol of GS-

DNB conjugate per minute. 
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Figure 4.1 Schematic description of CDNB conjugating assay. GSTs conjugate CDNB using GSH resulting 

in a chromogenic product, 1-(S-glutathionyl)-2,4 dinitrobenzene which absorbs light at 340 nm. 

https://www.biovision.com/documentation/datasheets/K263.pdf. 

The catalytic activity of Sbh26GST and Sh28GST was assayed exclusive and inclu-

sive of potential inhibitors, PZQ, ART and BSP. Samples were prepared by varying the con-

centration of the enzyme while the ligands remained constant at 0.05 mM in a final volume of 

3 mL reaction buffer made up of 100 mM sodium phosphate, pH 6.5, 1 mM EDTA, 0.02% 

(w/v) NaN3, 5.0 mM GSH and 1.0 mM CDNB. The rate of product formation was attained on 

the UV-visible light spectrophotometer (Jasco V-730 BIO, Jasco Inc., Tokyo Japan) by 

measuring the change in absorption as the reaction at 20 ℃, 340 nm (Ԑ = 9600 M-1.cm-1) pro-

gresses for 60 s. The absorptions were converted to concentrations based on Beer Lambert’s 

law in the equation below: 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝜇𝑚𝑜𝑙

𝑚𝑖𝑛⁄ ) =
𝐴340  × 3000

9600 ×  106
 

(4.1) 

All samples were measured in triplicates, blank corrected for non-enzymatic rates and stand-

ard deviation was used to measure variation for control. The specific activity (μmol.min-1.mg-

1) was determined from the slope of initial velocity against the amount of enzyme (mg).  

   4.3.2. Inhibition analysis-IC50 of BSP 

The half-maximal inhibitory concentration (IC50) is a quantitative measure of the effi-

cacy of a substance in inhibiting a specific biological process. It estimates the concentration 

of an inhibitor required to reduce the response (or binding) by 50%, thus measuring the po-

tency of an antagonist drug (Neubig et al., 2003). The IC50 of BSP towards the enzyme ac-

tivity of Sbh26GST and Sh28GST was monitored by varying the concentrations of the poten-

tial inhibitors when performing the GSH-CDNB conjugation assay as described in section 

4.3.1. All samples were analysed in triplicates using 100 nM of Sbh26GST and 64 nM of 

Sh28GST, all incubated for an hour in respective ligands. The progress curves were captured 

spectrophotometrically at 340 nm for 60 s and blank corrected. The data of activity (%) vs the 

https://www.biovision.com/documentation/datasheets/K263.pdf
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logarithm of inhibitors’ concentration was then fitted on GraphPad Prism version 8.0.2 

(GraphPad Software, San Diego, California, USA) using the non-linear regression curve fit 

with four parameters variable slope shown below: 

𝑌 =
𝑏𝑜𝑡𝑡𝑜𝑚 + (𝑡𝑜𝑝 − 𝑏𝑜𝑡𝑡𝑜𝑚)

1 + 10((log 𝐼𝐶50−𝑥)×ℎ𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒)
 

(4.2) 

Where Y is the enzyme activity (%), bottom and top are the minimum and maximum of the 

plateaus of the graph (%), IC50 in respective units (µM), x is the log of inhibitor concentration 

and hillslope is the slope factor of the curve at its midpoint.   

   4.3.3. Enzyme steady-state kinetics  

Measurements of the initial rates, V0 of a catalysed reaction are prerequisites to un-

derstanding the mechanism by which enzymes work and estimating their activity in a biolog-

ical system. The initial rate is the maximum rate for a given enzyme and substrate concentra-

tion under defined experimental conditions. For many enzymes, there is a hyperbolic rela-

tionship between the initial rate and substrate concentration expressed as the Michaelis-

Menten (MM) equation, 

𝑉𝑜 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑀 + [𝑆]
 

(4.3) 

Where Vmax is the maximum velocity, the reaction can reach when all the limiting active sites 

are occupied at initial rates, KM is the Michaelis constant which represents the substrate con-

centration at which the reaction velocity is 50 % of the maximum velocity. The smaller the 

value, the higher the enzyme’s affinity for the substrate, achieving low catalytic efficiency. 

[S] is the substrate concentration. 

            The enzyme kinetics of Sbh26GST and Sh28GST were measured using the GSH-

CDNB conjugation assay as previously described in 4.3.1. However, the protein concentra-

tion remained the same at 100 nM for Sbh26GST and 64 nM for Sh28GST. In contrast, the 

concentration of GSH (natural substrate) was varied to obtain the apparent Vmax and KM from 

the Michalis-Menten (MM) model in GraphPad Prism version 8.0.2 (GraphPad Software, San 
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Diego, California, USA). In addition, the linear reciprocal of the MM equation, Lineweaver-

Burk below was used to evaluate the type of inhibition that is taking place: 

1

𝑉𝑜
=

1

𝐾𝑀
(

1

[𝑆]
) +

1

𝑉𝑚𝑎𝑥
 

(4.4) 

          Only the KM is changed for competitive inhibition, Vmax for non-competitive inhibition 

and both for uncompetitive inhibition.  Another valuable catalytic constant is the turnover 

number, kcat which is defined as the maximum number of moles of the substrate that can be 

converted to product per mole of the enzyme in unit time:  

𝑘𝑐𝑎𝑡 =
𝑉𝑚𝑎𝑥

[𝐸𝑡]
 

(4.5) 

Where [Et] is the total concentration of enzyme. However, since kcat is the first-order reaction 

rate constant for conversion of the enzyme-substrate complex to a product, a true measure of 

catalytic efficiency would be the specificity constant, 
𝑉𝑚𝑎𝑥

𝐾𝑀
⁄  .It is a second-order rate con-

stant for the reaction of an enzyme converting substrate to produce the product at low sub-

strate concentration. Therefore, the kcat was obtained from the initial linear plot of enzyme 

velocity versus substrate concentration in the presence and absence of potential inhibitors. 

Whereby substrate concentration, GSH was kept far below its KM value towards enzymes, 

Sbh26GST and Sh28GST, respectively. 

   4.3.4. Secondary structure  

Circular dichroism is a phenomenon that measures the difference in absorption be-

tween left-and right-handed circular polarised light due to distinct structural asymmetry 

caused by the amide interactions in the polypeptide backbone and aromatic side chains 

(Greenfield, 1996). Consequently, it can give insights into proteins’ folding and secondary 

structure content. When used in the far-UV range (250-170 nm), the absorption of the circu-

larly polarised light is mainly due to the tryptophan and tyrosine in the backbone of the pro-

tein (Greenfield, 2006). Proteins that are dominated by α helices result in absorbance at 208 

nm and 222 nm in a negative ellipticity and positive ellipticity at 190 nm. In contrast, β-
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sheets absorb at 218 nm in negative ellipticity and 195 nm in positive ellipticity (Brahms and 

Brahms, 1980). 

The far-UV CD spectrum of Sbh26GST and Sh28GST were obtained with a 2 mm 

path length flat quartz cuvette at 20 ℃ and wavelength range of 250-180 nm from Jasco J-

810 spectropolarimeter connected to Spectra Manager software v1.5.00 (Jasco Inc., Tokyo, 

Japan). The used 2 µM of protein in native state was stored in 50 mM Tris-HCl, pH 7.2, 1 

mM EDTA, 1 mM DTT and 0.02% (w/v) NaN3 for Sbh26GST and PBS, pH 7.4, 1 mM 

EDTA, 1 mM DTT and 0.02% (w/v) NaN3 for Sh28GST to reduce salt concentration for a 

better noise to signal ratio. All spectra readings were set at a bandwidth of 1 nm, a scan speed 

of 100 nm/min, data pitch of 0.5 nm and 1 sec response time for ten accumulations under 

continuous nitrogen flush to remove oxygen. Data was buffer corrected and normalised to 

mean residue ellipticity [θ] (deg.cm2.dmol-1) 

[𝜃] =
100 (𝑠𝑖𝑔𝑛𝑎𝑙)

𝐶. 𝑛. 𝑙
 

(4.6) 

The signal is the CD signal average for several accumulations in millidegrees after the corre-

lation for the solvent baseline, C is the protein concentration (mM), n is the number of resi-

dues and l is the path length of light (cm). In addition, the percentages of the secondary struc-

ture content of Sbh26GST and Sh28GST were obtained from the Dichroweb algorithm server 

(Whitmore and Wallace, 2008). 

   4.3.5. Tertiary structure  

         4.3.5.1 Intrinsic tryptophan fluorescence spectroscopy 

The phenomenon whereby molecules can absorb light or electromagnetic radiation 

and subsequently emit light is called fluorescence. The observed emission results from elec-

trons returning to the stable ground state after being excited to higher energy states (shorter 

wavelengths) by light absorption. The difference in excitation and emission energy is known 

as the Stokes shift, and it is due to energy being lost to vibrational relaxation. Fluorescence 

spectroscopy measures the radiation energy emitted. Amongst the aromatic amino acids, tryp-

tophan contributes to fluorescence due to delocalised electrons possessed in its indole ring 

that can solely be excited at 295 nm. The ring is also sensitive to solvent polarity and is a 

suitable intrinsic probe.  This makes the emission maxima (300-350 nm) closely related to the 

occurrence and positioning of Trp residues within the protein matrix. Trp residues are usually 
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buried in hydrophobic environments which results in high quantum yield; hence high fluores-

cence intensity occurs (blue shift) (Ghisaidoobe and Chung, 2014).  

The three-dimensional structure of Sbh26GST and Sh28GST in the presence and ab-

sence of co-substrates and potential inhibitors were characterised using the fluorescence spec-

tra obtained on the Jasco FP-6300 spectrofluorometer with Spectra Manager software v1.5.00 

(Jasco Inc., Tokyo, Japan). The used conditions were set at 20 °C in a 10 mm path length 

quartz cuvette, 300 to 400 nm using an excitation wavelength of 295 nm, 200 nm/min speed, 

5.0 nm excitation and 2.5 nm emission slit width. The protein concentration used was 10 µM, 

where Sbh26GST was in 50 mM Tris-HCl buffer, and Sh28GST in PBS buffer, all with 1.0 

mM DTT, 1.0 mM EDTA and 0.02% (w/v) NaN3 at pH 7.2 were measured in triplicates of 

three accumulations. Similarly, the respective proteins were incubated in 1.0 mM co-

substrate, GSH and a similar structure to the co-substrate, S-hexylglutathione (GTX), in the 

presence and absence of 100 µM PZQ, ART and BSP, respectively. All the spectra were 

buffer-corrected for any Raman peaks. 

          4.3.5.2 Extrinsic ANS fluorescence spectroscopy 

The fluorescent dye, ANS as shown in Figure 4.2 was used as a probe for hydropho-

bic cavities in Sbh26GST and Sh28GST. ANS has a characteristic increase in fluorescence 

intensity when bound to solvent-accessible non-polar regions which are few in native proteins 

or unavailable in denatured proteins. Free ANS electrons are excited to a higher energy state 

by absorbing light in the interaction. However, processes such as vibrational relaxation and/or 

internal conversion, intramolecular charge transfer and solvent relaxation result in energy 

losses that compete with fluorescence thus wavelength redshift is observed. Consequently, 

any change in ANS’ polarity increases quantum yield (ΔΦ) and intensity, resulting in a 

blueshift between the wavelengths of 500 nm and 480 nm (Hawe et al., 2008). 

 

Figure 4.2. 2D illustration of the structures of 8-anilino-1-naphthalenesulfonate. 
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Stock ANS was prepared in 20 mM sodium phosphate, 1.0 mM EDTA, 0.02% (w/v) 

NaN3, pH 7.4 and its concentration was measured spectroscopically at 372 nm (Ԑ= 7800 M-

1cm-1). The solution was wrapped in foil and stored at 4℃ to prevent photodecomposition. 

Freshly diluted 100 µM of ANS with respective buffer was incubated for 30 min in the dark 

with 10 µM Sbh26GST and Sh28GST, 1.0 mM of ligand GSH and GTX in the presence and 

absence of 100 µM potential inhibitors (PZQ, ART and BSP) to enhance proper binding in 

mimicked natural conditions. All samples were analysed using Jasco FP-6300 fluorimeter 

with excitation at 390 nm, 20 ℃, with 5 nm slit widths, emission at 400-600 nm and a scan 

speed of 200 nm.min-1. The readings were corrected by subtracting the spectra of free ANS 

from ANS bound to Sbh26GST and Sh28GST. Furthermore, the contribution of the inner fil-

ter effect by ligands whereby they would absorb excitation (primary) or emission (secondary) 

light was corrected by using the equation below (Lakowicz, 1999) 

𝐹𝑐𝑜𝑟𝑟 = 𝐹𝑜𝑏𝑠 × 10(
𝑂𝐷𝑒𝑥+𝑂𝐷𝑒𝑚

2
)
 

(4.7) 

Where Fobs is the observed, uncorrected fluorescence intensity, ODex and ODem are the 

inhibitor optical densities at the emission and excitation wavelengths respectively. 

4.4. Results 

Structural characterisation techniques (far-UV CD, Trp and ANS fluorescence) and 

functional ones (GSH-CBNB assay for activity, IC50 and kinetics) were used in the presence 

and absence of non-substrates, PZQ; ART and BSP to determine the effects of these ligands 

to the structure-function of pseudo Sbh26GST in comparison to the known Sh28GST. 

4.4.1 Functional characterisation 

The function of Sbh26GST and Sh28GST was characterised by GSTs' ability to cata-

lyse GSH-CDNB conjugation which speaks more to their role in metabolism. The interest 

was in investigating the reaction rates under different conditions, which reveals the mecha-

nism of action, substrate specificity and how agonists inhibit the enzyme. 

   4.4.1.1 Catalytic activity of Sbh26GST and Sh28GST 

The functionality of the enzymes, Sbh26GST and Sh28GST were evaluated through 

the GSH-CBNB conjugation assay in the presence and absence of 0.5 mM potential inhibitor, 

BSP and PZQ. The progress curve of product formation from 5 mM GSH and 1.0 mM CDNB 
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in 100 mM NaHPO4, pH 6,5, 1 mM EDTA, 0.02% (w/v) NaN3 buffer was monitored in trip-

licates at an absorbance of 340 nm for 60 seconds as shown in Appendix, Figure S3. The 

slopes of the reaction curves, which are the initial velocity, were plotted against enzyme con-

centration to determine the enzyme activity. The latter measure is required to determine spe-

cific activity, whereby it is plotted against enzyme mass as shown in Figure 4.3. The specific 

activity of 13 µmol/min/mg for Sbh26GST was consistent with Sj26GST studies (Kaplan et 

al., 1997; Pooe et al., 2021), and 44 µmol/min/mg for Sh28GST was high but within ranges 

of GSTs. Both enzyme activities were halted by ~ 99% in the presence of BSP, whereas PZQ 

and ART had an insignificant impact. 

  

Figure 4.3. Specific activity towards GSH-CDNB conjugation.  An activity plot of GSH-CDNB conjugation 

by GSTs against the amount of enzyme. The product, 1-(S-glutathionyl)-2, 4 dinitrobenzene formation, was 

monitored on absorbance spectroscopy at 340 nm for 60 sec in reaction buffer (1 mM sodium phosphate, pH 

6.5, 5 mM GSH and 1.0 mM CDNB). All measurements were performed in triplicates in the absence or pres-

ence of 0.5 mM ligand, whereby standard deviation was used to account for error bars. The following slopes 

were obtained from the plot for specific activity determination: 13 µmol/min/mg, R2= 0.9984 for Sbh26GST ( ) 

with insignificant increase to 19 µmol/min/mg in both cases of Sbh26GST +PZQ ( ), R2= 0.9992 and 

Sbh26GST +ART ( ), R2= 0.9961 but a complete knock-out to 0.07 µmol/min/mg, R2=0.9715 for Sbh26GST 

+BSP ( ). Similarly, 44 µmol/min/mg, R2=0.9997 for Sh28GST ( ) with insignificant change to 42 

µmol/min/mg, R2= 0.9994 for Sh28GST +PZQ ( ) and knockout to 0.17 µmol/min/mg, R2=0.9994 for 

Sh28GST +BSP ( ). 
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   4.4.1.2 Inhibition studies for IC50 determination 

The observed halt of GSH-CDNB conjugation by BSP in respective enzymes was 

studied further by determining the ligand’s half-maximal inhibitory concentration (IC50) to 

understand its effect. This was established from a plot of GSTs’ activity as the reaction pro-

gresses vs the logarithmic concentration of BSP, Figure 4.4. The data was fitted on GraphPad 

Prism 8.0.2 (GraphPad Software, San Diego, California, USA) with the four-parameter-linear 

regression for sigmoidal curves. The IC50 calculation for Sbh26GST was 27 µM and 0.88 µM 

for Sh28GST. 

 

Figure 4.4. The inhibitory concentration of BSP on Sbh26GST and Sh28GST. CDNB-GSH conjugation 

was performed in 100 mM NaHPO4, pH 6,5, 1 mM EDTA, 0.02% (w/v) NaN3 buffer containing 5 mM GSH 

and 1 mM CDNB in the presence of 100 nM Sbh26GST (orange) and 64 nM Sh28GST (blue). The product 

formation was monitored at 340 nm for 60 sec after 30 min of incubation in the presence of a varying concentra-

tion of BSP. The enzymes’ recorded percentage activities were plotted against the log of BSP’s concentrations 

for the interpolation of IC50 values, which were found to be 27 µM, R2=0.9938 and 0.88 µM, R2= 0.9961, re-

spectively. The error bars represent ± SD for the triplicates. 

   4.4.1.3 Enzyme kinetics of GSTs’ GSH-CDNB conjugation  

The evaluation of the GSH-CBNB conjugation assay was conducted continuously to 

measure product formation. This was performed in the absence and presence of varying BSP 

concentrations. The GSH-CDNB conjugation by Sbh26GST and Sh28GST, followed a Mich-

aelis-Menten hyperbolic curve of reaction velocity as a function of substrate concentration, as 



 

46 

 

depicted in Figure 4.5. The plots were used to determine the Vmax and KM of GSH towards the 

enzymes, as shown in Table 4.1 with the non-linear regression enzyme kinetics feature in 

GraphPad Prism. The Vmax of Sbh26GST was comparatively lower than the one in Sh28GST, 

but the KM of Sbh26GST was higher than Sh28GST.  

Furthermore, the Vmax and KM in the case of Sbh26GST catalysis were decreased by 

84 and 70 % in the presence of BSP. Similarly, both KM and Vmax of Sh28GST catalysis was 

significantly decreased by 98 and 92 %. However, when Sbh26GST was exposed to ART it 

decreased KM by 52 % but the Vmax change was insignificant (6%). Additionally, a more ac-

curate linear plot of Lineweaver-Burk, Hanes-Woolf and Eadie-Hofstee was used to support 

KM and Vmax predictions in addressing the mode of inhibition of BSP towards GSH as shown 

in Appendix, Figure S4 and Table S1. Overall, the liner plots were in comparable ranges with 

the GraphPad predictions in the order of Hanes-Woolf, Eadie-Hofstee and Lineweaver-Burk. 

The effects of BSP interaction on the enzymes were probed further to evaluate catalytic effi-

ciency, kcat and the rate of product formation kcat/KM. Whereby the focus was below KM of 

GSH at the first-rate linear order on the Michaelis-Menten curves. In all cases, the catalytic 

efficiency of Sbh26GST and Sh28GST were reduced as depicted in Table 4.1 and Appendix, 

Figure S5, whereby Sh28GST experienced more deteriorative impact from BSP binding, 

about 90%% than Sbh26GST at 80%. 

 

Table 4.1. Kinetic parameters of Sbh26GST and Sh28GST. GSH-CDNB conjugation assay was performed 

under varying concentrations of GSH at different conditions of BSP exposure. 
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Figure 4.5. Michaelis-Menten curve of Sbh26GST and Sh28GST towards GSH. The GSH-CBNB conjuga-

tion assay was conducted in 100 mM NaHPO4, pH 6,5, 1 mM EDTA, 0.02% (w/v) NaN3 buffer containing vari-

able amounts of GSH and 1 mM CDNB. The product formation was monitored at A340 for 60 s. The orange 

plots in A. are for Sbh26GSH, whereas the blue plots in B. are for Sh28GST. The hyperbolic curves in plots of 

reaction velocity vs GSH concentration ( , , ) represent no drug, 2.7 µM BSP and 27µM BSP, respective-

ly. Similarly, ( , , ) represent no drug, 0.08 µM BSP and 0.8 µM BSP. The error bars are ±SD of each 

replicate experiment. 
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4.4.2 Structural characterisation 

The structural integrity of Sbh26GST and Sh28GST in the presence and absence of 

PZQ, ART and BSP were analysed at the secondary level using Far-UV CD and tertiary level 

using intrinsic tryptophan fluorescence spectroscopy as well as ANS spectroscopy. 

   4.4.2.1 Far-UV circular dichroism spectropolarimetry 

The secondary structure of Sbh26GST and Sh28GST are mainly stabilised by hydro-

gen bonding of the proteins’ backbone was assessed through far-UV CD. The spectrum of 

Sbh26GST as depicted in Figure 4.6 shows a trough at 219.5 and 208 nm which is close to 

the expected troughs at 208 and 222 nm, plus a peak at 195 nm for such folds (Kelly et al., 

2005). However, the peak at 195 nm was disturbed by the high voltage compensation sig-

nalled by the HT spectrum (data not shown). Similarly, Sh28GST has a peak at 220, 215.5 

and lastly at 212 nm. In addition, Dichroweb was used to calculate the secondary structure 

content fit of the submitted data to the actual secondary structure. The results showed 

NRMSD (normalized root mean square deviation) within the typical range of accurate good 

fits in both cases (Whitmore and Wallace, 2004) and it agrees with the CD data.   

   4.4.2.2 Intrinsic tryptophan fluorescence 

The tertiary structure of Sbh26GST and Sh28GST in the presence and absence of 

PZQ, ART and BSP were analysed with fluorescence spectroscopy using Trp residues as a 

probe for the polarity of the microenvironment of the enzyme. The indole rings of these Trp 

residues were selectively excited at a wavelength of 295 nm and the emission was monitored 

between 300 and 500 nm as depicted in Figure 4.7. The fluorescence spectra show the maxi-

mum emission wavelength as 342 nm for Sbh26GST with higher intensity compared to the 

341 nm of Sh28GST, all in the absence of ligands compared to free Trp that emits at 350 nm 

(Lakowicz, 2006). The introduction of PZQ to the systems had no significant impact. How-

ever, when BSP was introduced, it changed the polarity and completely knocked down the 

respective microenvironment. The fluorescence intensities decreased by 82 % for Sbh26GST 

with no wavelength shift. The latter trend was also observed when ART was added with a 79 

% decrease. Concerning Sh28GST, BSP resulted in an over 95 % decrease in intensity ac-

companied by a redshift in wavelength. 



 

49 

 

 

Figure 4.6. Far-UV CD spectra of Sbh26GST and Sh28GST. The spectrums were recorded at 20 ℃ on Jasco 

J-810 spectropolarimeter using a 2mm path length cuvette containing 2 µM of protein, namely Sbh26GST (or-

ange) in 50 mM Tris-HCl, pH 7.4 and Sh28GST (blue) in PBS buffer. The profiles are characteristic of predom-

inantly α-helical protein with a trough at ~ 208 and 222 nm. 

Table 4.2. Dichroweb data for secondary structure content of Sbh26GST and Sh28GST. The CONTILL 

algorithm was used to determine the NRMSD (Normalised Root-Mean-Square Deviation) which is a measure of 

goodness of fit for calculated data compared to obtained experimental data whereby a value below 0.1 is accept-

ed as a good fit (Sreerama and Woody, 2000). 
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Figure 4.7. Trp fluorescence emission spectrum of Sbh26GST vs Sh28GST. The fluorescence emission 

spectrum of 10 µM of Sbh26GST in Tris-HCl (A) and Sh28GST in PBS buffer (B) after selectively exciting Trp 

residues at 295 nm. The maximum emission for Sbh26GST was at 342 nm with higher intensities, whereas for 

Sh28GST it was at 341 nm. Furthermore, 100 µM of ligands PZQ, ART and BSP were added. The results show 

that PZQ has no significant impact as sole Sbh26GST overlays on top of Sbh26GST+PZQ. Similarly, sole 

Sh28GST and Sh28GST+PZQ had negligible differences. On the other hand, it was observed that BSP shows a 

significant decrease in fluorescence intensities in the case of Sbh26GST+BSP and a knockout in Sh28GST+BSP 

along with a redshift in wavelength from 341 nm to 377 nm. The insert graphs show that sole ligands had an 

insignificant contribution to the fluorescence intensities at studied wavelengths. 
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In addition, the natural co-substrate GSH and its analogue GTX were introduced to 

the systems. Overall, similar trends in the presence and absence of ligands were followed as 

depicted in Appendix, Figure S6. The differences observed were higher intensities in the 

presence of GSH and even higher in the presence of GTX, and negligible wavelength chang-

es (±1 or 2 nm). GSH (in the presence of BSP) had even greater disturbance (90 %) and ART 

had an 80 % impact, whereas PZQ had no significant change for Sbh26GST. GTX, on the 

other hand, decreased Trp environment disturbance to 72 % in the presence of BSP and no 

change for ART but increased the disturbance by 9 % in the presence of PZQ. In terms of 

Sh28GST, the presence of GSH was the one that resulted in a 17% decreased intensity of 

PZQ, while GTX had similar trends that were mentioned earlier. 

 

   4.4.2.3 Extrinsic ANS fluorescence 

The tertiary structure of Sbh26GST and Sh28GST was further extrinsically studied 

using ANS as a probe for hydrophobic patches and a ligand for possible binding sites. The 

emission spectrums of the respective protein in the presence of ANS resulted in a significant 

increase in quantum yield and slight blueshift in wavelength concerning free ANS that max-

imally emit at 520 nm as shown in Figure 4.8. The conclusion was made based on the maxi-

mum emission of Sbh26GST+ANS at 493 nm and Sh28GST+ANS at 490 nm. This trend is 

characteristic of ANS interacting with a hydrophobic pocket of a protein (Gasymov and 

Glasgow, 2007). When BSP and ART were introduced to the reference, ANS-bound proteins, 

these ligands outcompeted ANS, which decreased its quantum yield and a 9 and 21 nm red-

shift for Sbh26GST and Sh28GST, respectively (Appendix, Table S3). However, the binding 

of PZQ exposed more hydrophobic patches that were not available to ANS, increasing its 

quantum yield accompanied by a 3 and 7 nm redshift for Sbh26GST and Sh28GST. All the 

conditions were repeated in the presence of co-substrate, GSH and its similar structure, GTX 

as shown in Appendix, Figure S7. The trends followed were similar to those above except for 

GSH having slightly the lowest fluorescence intensity, relative to Apo native proteins and 

GTX being the one with the highest intensities. Furthermore, it was also noted that in the 

presence of GSH and GTX, PZQ had a blueshift in wavelength (±2 or 3 nm) relative to ANS-

bound protein and not the observed redshift in Apo conditions, thus speaking to the degree of 

folding. 
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Figure 4.8. ANS fluorescence emission spectrum of Sbh26GST vs Sh28GST. The fluorescence 

emission spectra of 10 µM Sbh26GST and Sh28GST in 20 mM sodium phosphate, 1 mM EDTA, 

0.02% (w/v) NaN3, pH 7.4 after excitation at 395 nm were analysed between 400 and 600 nm. The 

maximum emission for Sbh26GST was at 493 nm while Sh28GST was at 490 compared to free ANS 

at 520 nm. Therefore, blueshift in wavelength was accompanied by decreased intensities in the pres-

ence of ART and BSP but increased one in the presence of PZQ. The insert graphs show the addition-

al contribution of the drugs towards the studied ANS spectrum which was insignificant and corrected. 
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4.5. Discussion 

The study of enzyme kinetics which are rates of reactions gives insights into how the 

respective enzymes achieve their role in catalysis. This study used the catalysis of GSH-

CDNB conjugation by Sbh26GST and Sh28GST to determine the activity of the enzymes and 

mechanism of action for the introduced drugs (PZQ, ART and BSP) as potential inhibitors. 

The active site of cytosolic GSTs has an allosteric site at the dimer interface of the two subu-

nits. In each subunit, a site that accommodates the GSH (G-site) is positioned towards the N-

terminus while the hydrophobic site that accommodates CDNB (H-site) is at the C-terminus.  

Both enzymes were active and the specific activity of Sh28GST was established to be 

higher than Sbh26GST. This suggests a better selectivity fit/ affinity driver of certain sub-

strates in the active site of one enzyme than the other. Furthermore, the introduction of BSP 

proved to decrease enzyme activity and has a higher affinity towards Sh28GST than 

Sbh26GST as shown by a factor of 10 decreases in IC50 values. Upon further analysis of the 

reaction through kinetic studies, it was observed that BSP binds non-competitively to 

Sbh26GST and Sh28GST with respect to GSH and electrophilic substrates. This supports 

studies that agree with such non-substrates partially occupying the H-site and or an allosteric 

L-site at the dimer interface (van Bladeren and van Ommen, 1991; Bico et al., 1995; Lyon et 

al., 2003; Pooe et al., 2021). The catalytic mechanism observed was a random substrate-

binding due to the formation of a ternary complex and it agrees with what is available in the 

literature about Sj26GST (Stefanidis et al., 2018; Akumadu et al., 2020). The latter inference 

was made based on the ability of non-competitive inhibitors to bind the enzyme or enzyme-

substrate complex with equal affinity. 

The binding of GSH to Sbh26GST and Sh28GST showed high affinity as expected 

since it is the natural co-substrate for these enzymes, and it is found in high abundance (1-10 

mM) in the cytosol. In terms of the rate constant, kd for conversion of the enzyme-substrate 

complex to product, it showed a non-rapid process that correlates to moderate affinity for 

substrates and aligns with observations of Fabrini et al. (2010). Overall, Sh28GST is more 

sensitive to BSP inhibition, or it is more indirectly proportional to catalytically efficiency 

than Sbh26GST concerning GSH-CDNB conjugation. Moreover, these observation supports 

previous decreased enzyme activity upon BSP binding. On the contrary, ART and arguable 

PZQ had increased kinetics which correlates with increased activity. There is limited infor-

mation on the kinetics of cytosolic GSTs for comparison to our study. When it came to the 

kinetic parameters of CDNB, they were not analysed as it is not a natural substrate for GSTs, 

and it does not reach saturation. Yet, in previous studies, non-substrates such as EA have 
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shown to bind uncompetitively at the H-site, which also speaks to such ligands binding else-

where e.g. L-site at the dimer interface (Akumadu et al., 2020). Therefore, in our study, we 

resorted to other substrates to probe H-site characterisation as explained in 4.3.5.2. Other-

wise, KM and Vmax values were compared across several linear plots of Michaelis-Menten ki-

netics. All the data yielded values with negligible differences and few outliers, but they were 

fairly according to similar studies (Walker et al., 1993; Akumadu et al., 2020). The primary 

goal of the CDNB-GSH assay was to test and check whether the functionality of the respec-

tive enzymes was intact. Followed by a detailed understanding of how catalysis is achieved 

which helps in ligands designs for therapeutic response upon cracking structural confor-

mations. 

Regarding the structural integrity of Sbh26GST and Sh28GST, the secondary profile 

from CD data has shown that both proteins support the established GST structure, which is 

predominately α-helical. Furthermore, Sbh26GST had more β-sheet than Sh28GST due to a 

higher quantity of amino acids such as Trp residues which are more susceptible to such folds. 

The observed variation is imperative for substrate recognition and catalysis of GSTs. Hence 

the conserved three-dimensional fold of GSTs is crucial for the interaction of the α-helices 

and β-strands with co-substrate GSH while the H-site and L-site have more variations that 

enable these closely related enzymes to bind a vast range of substrates. Moreover, the flexi-

bility of these structural elements also drives substrate-dependent catalysis. The CD data was 

supported by DichroWeb analysis which gave secondary structure content percentages within 

acceptable NRMSD that aligned with the experimental data. However, a considerable per-

centage of unordered regions were not flagged on the CD spectrum at 200 nm. Nonetheless, 

the data still correlates and comes down to a high-resolution structure of predominantly α-

helical GST enzymes. 

In Sbh26GST, there are four Trp residues per monomer (Trp 20,53,213 and 218) but 

only two are situated near the active sites, whereas Sh28GST has only two conserved Trp res-

idues (Trp 49 and 75) critical to binding near the active site. Therefore, this explains the 

higher intensities observed in Sbh26GST than in Sh28GST as the polarities of the Trp envi-

ronment are slightly different. However, it is not easy to differentiate individual spectral con-

tributions. Trp residues in both cases show an overall slight blue shift (<10 nm) in the emis-

sion wavelength relative to free Trp. It can be concluded that the Trp residues are mostly bur-

ied in non-polar regions of correctly folded Sbh26GST and Sh28GST whereas unfolding ex-

poses the Trp residues to the polar environment. The introduction of BSP and ART decreased 

intensities related to Trp residues being more exposed to the polar solvent and not necessary a 
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change in the global structure. Moreover, Sh28GST showed more exposure to Trp residues 

than Sbh26GST which has Trp residues situated in hydrophobic patches or clefts. However, 

the presence of co-substrate GSH and its analogue, GTX with a bulky side chain would oth-

erwise impede the exposure to some extent due to non-covalent interactions with amino acids 

lining the dimer interface.  

The tertiary structure of Sbh26GST and Sh28GST was further probed with an anionic 

dye, ANS, which is sensitive to hydrophobic clefts or pockets, whereby upon binding, its 

quantum yield increases. Indeed, ANS in the presence of sole Sbh26GST and Sh28GST had a 

higher quantum yield than free ANS accompanied by blueshift in wavelength. The observa-

tions of hydrophobic binding sites are consistent with Sj26GST and GSTs class Mu studies 

(Kinsley et al., 2008; Akumadu et al., 2020). Furthermore, Sbh26GST had higher intensities 

than Sh28GST, meaning hydrophobic patches were more accessible in Sbh26GST. In 

Sh28GST they tend to be more buried and less exposed to the aqueous solvent. It has been 

established that ANS tends to mostly bind at the H-site of GSTs (Mannervik and Danielson, 

1988; Oakley et al., 1997; Dirr et al., 2005) but not exclusively as ANS has also been shown 

to bind elsewhere in Sj26GST, possibly the L-site in the dimer interface and not the highly 

specific G-site for GSH (Yassin et al., 2004). Therefore, since ART and BSP outcompeted 

ANS and decreased its intensity, these ligands could potentially bind at these sites. The ob-

tained results agreed with a similar study by Yassin et al. (2004) showed Sj26GST has a low 

affinity for ANS as a strong binder, and BSP outcompeted it.  More so, ANS in cytosolic 

GSTs tends to bind at the H-site (Litwack et al., 1971). Previous studies have shown that 

non-substrates such as BSP, indanyloxyacetic acid 94 (IAA-94) and ellagic acid (EA) can 

bind at the H-site and/or the L-site of GSTs, which concur with our findings (Yassin et al., 

2004; Akumadu et al., 2020; Pooe et al., 2021). Conversely, PZQ promoted ANS binding. 

More specifically, it was shown to bind at the dimer interface of Sj26GST with no inhibition 

(McTigue et al., 1995). The binding sites occupied and orientations of the mentioned ligands 

are different, but GSTs hydrophobic binding site is very promiscuous and can accommodate a 

wide range of substrates, including weak and highly transient interactions (Dirr et al., 1994; 

Atkinson and Babbitt, 2009). 

The introduction of co-substrates in both proteins showed that GSH had better interac-

tions with all ligands (PZQ, ART and BSP) or more contacts than GTX as it had the lowest 

intensities; thus, the minimal hydrophobic room was left for ANS to bind. This depicts in-

duced fitting as alkyl groups of GTX make non-specific apolar contacts while GSH makes 

specific ones with H-site, rendering additional binding energy and subsequently tighter binds 
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(Quesada-Soriano et al.,2006). The proteins’ hydrophobic sites were more buried (folded) in 

the case of PZQ than in BSP and ART that exposed/lost these regions upon unfolding/ sol-

vent interaction. Overall, Sh28GST had a more wavelength shift than Sbh26GST when BSP 

was introduced in all cases. Hence Sh28GST has an effect of more structural changes or an 

induced fit towards the ligand that reconfigures side chains of amino acids aligning the active 

site for optimal interactions in a closed active site that is less polar covering most of the 

bound product to allow tight interactions. This could potentially affect the enzyme’s function 

as supported by the observation of BSP having a higher affinity for Sh28GST than 

Sbh26GST in enzyme activity studies mentioned earlier. This also supports the different 

mechanisms of binding observed in Sbh26GST and Sh28GST since the enzymes experience 

ligand-induced fitting. 
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Chapter 5  
Thermodynamics of BSP-Sbh26GST/Sh28GST in-

teraction 

5.1. Introduction 

Thermodynamic parameters of the interaction between BSP binding towards 

Sbh26GST and Sh28GST in the presence and absence of GSH were monitored to determine 

drivers of these chemical reactions as a function of temperature effects on the structures and 

how they will affect the equilibrium properties of the molecule’s population. Isothermal titra-

tion calorimetry (ITC) takes advantage of the universal heat transfer when molecules bind 

whereby heat is either absorbed or released thus giving insights into binding equilibriums 

(Pierce et al., 1999). The ITC machine setup has two cells called the reference cell and the 

sample cell in an adiabatic jacket with no heat transfer with the surroundings. Their tempera-

ture differences are constantly monitored to be uniform with every injection of ligand to pro-

tein in the sample cell via internal power compensation by the Peltier cooler/heater controlled 

by the reference cell. The observed peaks of heat compensations are associated with binding 

energies. The areas underneath the peaks are then integrated to produce isotherms of the 

Wiseman plot that can be used to directly determine thermodynamic parameters (Wiseman et 

al., 1989). This includes affinities (associate constant (Ka) and dissociation constant), enthal-

py (ΔH) and stoichiometry (n). Whereas entropy (ΔS) and Gibbs free energy (ΔG) can be cal-

culated using the equations below: 

𝛥𝐺 =  −𝑅𝑇𝑙𝑛𝐾𝑎 𝑜𝑟 − 𝑅𝑇 ln(1 𝐾𝑑)⁄   =  𝛥𝐻 − 𝑇𝛥𝑆 

(5.1) 

             Where ΔG represent the change in Gibbs free energy (kJ/mol), R is the gas constant 

(8.3145 J/mol/K), T is the absolute temperature (K), and Ka is the binding affinity (associa-

tion) constant (M-1) which is the inverse of the dissociation constant Kd (M). Furthermore, ΔH 

represents the change in enthalpy (kJ/mol), the heat released or absorbed during a reaction 

under constant pressure and ΔS represents a change in entropy (kJ/mol. K). All the infor-

mation on ITC set-up and thermodynamic parameters is illustrated in Figure 5.1. 
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Figure 5.1. Schematic diagram of ITC concept. An ITC machine set-up of an adiabatic jacket with an injec-

tion that titrates a molecule to the substance in a sample cell, controlled by the reference cell that takes note of 

temperature changes and corrects it with internal power provided by the system. The output is a thermogram 

showing heat peaks generated as the two molecules (e.g., protein and ligand) interact until they reach saturation. 

doi: 10.3389/fmicb.2015.01049 

5.2. Materials 

All reagents used were purchased from Sigma-Aldrich: Tris-HCl, EDTA, TCEP, 

NaN3, GSH, DMSO and BSP. 

5.3. Methods 

Thermodynamic parameters of Sbh26GST and Sh28GST were studied via the Nano 

ITC standard volume instrument (TA® Instruments, New Castle, DE, USA). Sbh26GST and 

Sh28GST were individually dialysed into two batches of 50 mM Tris-HCl, pH 7.2, 2 mM 

EDTA, 0.02% (w/v) NaN3 and 1 mM TCEP in the presence and absence of 1 mM GSH over-

night at 4°C. The respective buffers were used to prepare 2 mL of 50 µM Sbh26GST and 

Sh28GST as well as 1.0 mM of the ligand, BSP with 1% (v/v) of dimethyl sulfoxide (DMSO) 

(from a stock of 500 mM BSP in 100% (v/v) DMSO) to help with solubility. Furthermore, an 

equivalent amount of DMSO was added to the protein samples to prevent any buffer mis-

matches or organic solvent damage. The ITC machine was appropriately cleaned, and sam-

ples were filtered and degassed at a vacuum of 635 mmHg for ~20 min before conducting the 

experiments. The reference cell was filled with deionised water, the sample cell was loaded 

with respective protein and the syringe was filled with 250 µL of 1 mM BSP. The machine 

was set to equilibrate and automatically titrated 5 µL of the ligand into 1.5 mL of protein in 
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the sample cell except for the initial 2 µL to initiate the reaction. This occurred at 25°C 

(298.15 K) and a 310-rpm stirring rate with 300s between 30 incremental injections. The data 

were analysed with the NanoAnalyze TM software (TA® Instruments, New Castle, DE, USA). 

Whereby the integrated heats per injection were corrected for heats of dilution and the inde-

pendent binding model was fitted to the data. In addition, due to several binding sites in 

GSTs, multiple binding sites were used for comparison. 

5.4. Results 

ITC was used to study the thermodynamics of the interaction between BSP and pro-

teins, Sbh26GST and Sh28GST, respectively in the presence and absence of GSH under con-

trolled conditions. The obtained binding thermograms and fitted isotherms, as depicted in 

Figure 5.2, show curves that are not the popular, clear sigmoidal shape. The reaction of BSP 

into Sbh26GT is exothermic (ΔH<0), spontaneous (ΔG<0), entropically favoured (ΔS>0) 

with a stoichiometry (n) of one and dissociation of 35 nM for moderately tight binding as 

shown in table 5.1 of thermodynamic parameters. On the other, the reaction of BSP into 

Sh28GST is exothermic, spontaneous, and enthalpically favoured but entropically unfavoured 

with a Kd of 9.9 µM for tight binding and stoichiometry of one. The shape of the isotherm 

curve speaks more to the type of binding taking place, and the drivers are different in 

Sbh26GST and Sh28GST. Furthermore, the introduction of GSH in both systems resulted in 

a decreased Kd, thus higher affinity for BSP as also supported by plots in (Appendix, Figure 

S8. Conversely, the reaction drivers responded differently despite a slight variation of ΔG 

throughout different conditions. The entropy of Sbh26GST-BSP increased further in the fa-

vourable direction, whereas the entropy opposition of Sh28GST-BSP was decreased but still 

not favourable overall. Nonetheless, the heat released by the systems was decreased. The 

multiple binding site model showed one site is favoured over the other while maintaining the 

latter trends (Appendix, Table S4). 
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Figure 5.2. ITC titration of BSP into Sbh26GST and Sh28GST.A. Thermogram and isotherm respectively 

showing the interaction between 1 mM BSP and 50 µM Sbh26GST while B. shows the binding of 1 mM BSP to 

50 µM Sh28GST. The experiments were performed at 25 ̊ C (298.15 K) in 50 mM Tris-HCl, 2 mM EDTA and 1 

mM TCEP at pH 7.2 at a 310 rpm stirring rate with 300s in-between 30 injections. The baselines were corrected 

for heats of dilutions. The integration points were fitted with the independent model on the Nano Analyzer soft-

ware. 
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Table 5. 1 Thermodynamic parameters of the interaction between BSP and protein, Sbh26GST and 

Sh28GST in the presence and absence of GSH (co-substrate), respectively. 

 

5.5. Discussion 

BSP interact differently between Sbh26GST and Sh28GST which speaks to the dif-

ferent roles they play in schistosomes, hence the need for both. Binding specificity is driven 

by hydrogen bond donors and acceptors, electrostatic interactions as well as dipole contacts. 

All towards favourable interaction of BSP with head groups available for binding in studied 

enzymes, then the individual entities interacting with the solvent or set orientations within an 

entity (e.g., forces between atoms within the protein chain). One molecule of BSP binding to 

the proteins correlates to the one available site at the dimer interface, which is open and sol-

vent-exposed (Reinemer et al., 1991; Dirr et al., 1994). Moreover, BSP binds Sbh26GST 

with a higher affinity than Sh28GST in the absence of GSH. But, when GSH was introduced 

to the system, Sh28GST slightly binds BSP more tightly than Sbh26GST, whereby the 10th 

unit differences seen in IC50 values are also reflected in Kd values, which are all in the mi-

cromolar range. The multiple-site model also showed that one site is preferred over the other, 

while the hydrophobic binding site in each monomer is not preferred. This observation is 

supported by other studies that showed non-substates such as PZQ binds at the dimer inter-

face of Sj26GST (McTigue et al., 1995), a conjugate of GSH in a class Sigma GST (Ji et al., 

1996) and EA in Sj26GST (Akumadu et al., 2020) as observed in their crystal structures. 

Enthalpic contributions are dominated by an entity's hydrophilicity through optimal 

hydrogen bonds donors-acceptor geometry, and distance which favours Van der Waals inter-

actions bond formation or breaking. In contrast, entropic contributions have to do with the 

number of states or accessible conformational changes of the protein and the ligand as they 

interact, all towards stable low energies (Connelly et al., 1994). The solvent-bound water is 

released into the bulk solvent which destroys the ordered water molecules (solvation shell) 

around each entity, thus exposing hydrophobic groups of Sbh26GST and Sh28GST to form 
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non-covalent interactions with the hydrophobic BSP that has bulky aromatic benzene and 

furanone ring. However, the binding decreases the conformation and rotational freedom of 

the highly dynamic protein when the hydrogen bonding network of the carbonyl backbone is 

rearranged due to the presence of BSP which also comes with steric hindrances caused by the 

bulky rings. The difference in energy between the two determines the feasibility of the reac-

tion. In Sh28GST-BSP, the binding of BSP results in an organised system (decrease in mi-

crostates) because of bond formation thus an enthalpic driver is observed and that makes the 

reaction exergonic be it in the presence or absence of GSH. On the other hand, Sbh26GST-

BSP has a chaotic and disorderly state that is less exothermic in the presence of GSH. Critical 

contacts that could contribute to hydrogen bonding in the active sites include Asp and Glu in 

the L-site and Tyr, Ser and Arg in the H-site as seen by inhibiting moles such as EA in 

Sj26GST (Akumadu et al., 2020), but it all comes to the structure, size and nature of the lig-

and at hand (Yassin et al., 2004). The entropy opposition in Sh28GST could be accounted for 

by hydrophobic interactions of Trp and Phe residues in the active site that are not large 

enough to be favoured as they are at work stabilising BSP binding. On the other hand, in 

Sbh26GST the entropy is favoured since some of the water molecules are not fully liberated 

from BSP 

Lastly, the free energies of the interaction of BSP with Sbh26GST and Sh28GST have 

respectively shown not to require an input of energy for the reactions to proceed, the products 

are favoured at equilibrium. In all cases, the enthalpy and entropy compensations maintain 

the free energy, and it is comparable to other studies of Sj26GST (Yassin et al., 2004; 

Akumadu et al., 2020; Pooe et al., 2021). In addition, the structural variations are also high-

lighted by energy differences in response to the ligands. Sh28GST has a better therapeutic 

response than SBh26GST. Likewise, it has been shown that the obtained kJ/mol has a limited 

antioxidant capacity compared to its counterpart in the human host (Huang et al., 2012). 

 Above all, the studied energies only generalised the type of interactions taking place 

between BSP and Sbh26GST/Sh28GST under set conditions. Further analysis into enthalpic 

and entropic contributions can accurately be determined upon known positions of various res-

idues and water molecules via crystal or molecular modelling. The knowledge would aid in 

designing a drug with increased affinity to the binding sites due to water molecule adapta-

tions (Ladbury, 1996). 

It is also essential to consider the c-value which gives insights into the reliability of 

binding isotherms obtained from ITC data, thus ensuring thermodynamic parameters 

(Wiseman et al., 1989). 
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𝑐 = 𝑛 × 𝐾𝑎 × [𝑀] 

(5.2) 

Where n is the stoichiometry, Ka is the binding affinity association constant (M-1), and [M] is 

the total concentration of the molecules in the sample cell e.g., protein (M). Thermodynamic 

parameters had a c-value of 3.22 and 5.61 for Sbh26GST and Sh28GST respectively, but in 

the presence of GSH, it was 2.70 and 8.78. Therefore, the readings are dependable as they fall 

within the recommended range of 1-1000. 
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Chapter 6 
Stability of GSTs from S. haematobium/bovis 

6.1. Introduction 

The study was based on pseudo-Sbh26GST, which was crucial to observe its confor-

mational stability based on its construction. Protein stability describes the balance of forces as 

the protein spontaneously folds in a cooperative manner. It requires enough intermolecular 

interactions (hydrogen bonding, Van der Waals interactions, hydrophobic packing, and disul-

fide bonds) to overcome the single activation free energy barrier between the native folded 

state and inactive unfolded state that is dominated by entropic interactions (Vajda et al., 

1994; Breiten et al., 2013). It is also important to note the interactions of the solvent with the 

protein as it creates a solvation shell that affects the interaction forces at play. The technique 

used to probe protein stability was fluorescence-based thermal shift assay (TSA), an all-

purpose method for identifying inhibitors from compound libraries due to its advantageous 

character of measuring a small number of multiple proteins simultaneously. TSA measures 

thermal denaturation, hence determining the melting temperature (Tm), the temperature at 

which 50% of the protein has denatured. It is at the inflexion point of the unfolding curve. 

The Tm is directly proportional to the thermal stability of proteins. Over time, the increase in 

temperature results in the unfolding of the protein, thus exposing hydrophobic regions that 

become accessible to the environment-sensitive, bulky SYPRO® Orange fluorescent dye that 

yields a higher quantum when bound. Moreover, as the protein loses its structure and then 

precipitates and aggregates due to an intolerable high temperature, the dye dissociates. This 

results in decreased fluorescence of the dye which can also be accounted for by the natural 

decrease in quantum yield due to high temperature. 

6.2. Materials 

The equipment used for TSA was purchased as a kit from Bio-Rad, which included 

the SYPRO® Orange dye, Microseal 'B' PCR plate Sealing Film, 96-well plates, and mixing 

trays. Buffer components (PBS: NaCl. KCl, Na2HPO4 and KH2PO4), GSH, EDTA, and DTT 

were bought from Sigma-Aldrich as well as ligands used, PZQ and BSP. The supplier of the 

10 kDa molecular weight cut-off dialysis tubing was Thermo Scientific (South Africa). 

6.3. Methods 

Stability studies of Sbh26GST by TSA were performed in the presence and absence 

of natural co-substrate, GSH and ligands PZQ and BSP, respectively using the CFX96 
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Touch-Real-Time PCR detection system. Stock 50 µM of Sbh26GST was dialysed overnight 

at 4 °C against PBS buffer, pH 7.2 supplemented with 1.0 mM DTT and 1.0 mM EDTA. The 

various buffers used in the study for respective conditions included PBS, pH 7.2 with and 

without 0.5 mM GSH and IC50 value of PZQ or BSP (25 µM) for Sbh26GST as outlined in 

the visual representation of the 96-well plate (Figure 6.1). All the wells were filled with a fi-

nal reaction volume of 25 µL, which contained 10 µL of buffer, 10 µL of protein (20 µM) 

and 5 µL of 10X SYPRO® Orange dye (3X). The plate was then covered with Microseal 'B' 

PCR Plate Sealing Film to minimise evaporation. The reaction components were mixed thor-

oughly through a brief (30 sec) centrifugation before running in a Real-Time PCR Detection 

System. The effects of potential inhibitors on the stability of the proteins were further studied 

by varying the concentration of PZQ and BSP in the presence and absence of 0.5 mM GSH in 

PBS, pH 7.2. 

 

Figure 6.1 Visual representation of thermal shift assay layout in the 96-well PCR microplate on the effect of 

PZQ and BSP on the stability of the pseudo-Sbh26GST. 

The PCR machine was set up to heat the samples at increments of 0.5 °C for 10 sec 

starting at 10 °C to 95 °C upon excitation at 470 nm and emission at 570 nm. The melting 

curves of the relative fluorescence unit (RFU) and its derivative concerning temperature (°C), 

-d(RFU)/dT were viewed on the CFX Maestro software. Sample replicates were averaged 

and corrected with buffer blanks. Thereafter, Tm was obtained from the lowest point of the 

derivative plot. Furthermore, the final plots were represented as a fraction of unfolded protein 

accessible to the dye over folded protein against temperature.  
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6.4. Results 

The binding of SYPRO® Orange to proteins is such that as the temperature increases, 

the protein unfolds, thereby allowing the dye to access more hydrophobic pockets, conse-

quently increasing its fluorescence. Specifics as captured in the sigmoidal curve; Figure 6.2 

exhibited that Apo Sbh26GST follows cooperative unfolding as shown by the asymmetric 

single transition point with a Tm of 56.5 ± 0.35 °C. This was comparable with other GSTs of 

similar structure such as the highly reproducible Tm of Sj26GST at 53.0 ± 0.02 °C (Lo et al., 

2004; Quesada-Soriano et al., 2006). In addition, the presence of GSH increased the stability 

of Apo Sbh26GST to Tm 57.5 ±0.46 °C correlating with a similar study that showed a 4 °C 

thermal shift of Sj26GST in the presence of 2 mM GSH (Lo et al., 2004). The introduction of 

BSP slightly increased the Tm in the presence and absence of GSH whereas PZQ had no sig-

nificant effect as depicted in Figure 6.2. Furthermore, when BSP concentration was varied, it 

resulted in a higher initial unfolding transition at high concentrations with parallel inflexion 

points (Appendix, Figure S9). 

6.5. Discussion 

           All equilibrium unfolding experiments were performed with 50 µM Sbh26GST at var-

ying temperatures in PBS buffer, pH 7.2 supplemented with 1.0 mM EDTA and DTT using 

SYPRO Orange dye as a probe for hydrophobicity. The studied conditions were in the pres-

ence and absence of ligands; co-substrate GSH, BSP and PZQ. The denaturation in TSA is 

not reversible and thus cannot be defined as thermodynamic properties. Nonetheless, Tm was 

measured and all the transition curves for Sbh26GST had a characteristic single sigmoidal 

transition supporting the absence of thermodynamically stable intermediates. Therefore, the 

plots illustrated a two-state model of significant concentration of folded and unfolded con-

formation states of proteins at equilibrium. The findings showed that Sbh26GST had the 

greatest stability in the presence of GSH and BSP, whereby GSH enhance BSP effects of in-

creased enzyme stability. On the other hand, PZQ has a negligible effect. Thermal shift assay 

results of Sh28GST were not persuaded further as they did not show a clear melt transition 

(data not shown). 
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Figure 6.2. Thermographs of Sbh26GST. The stability of Apo Sbh26GST in the presence (bold orange solid 

lines) and absence (faded orange solid lines) of co-substrate, 0.5 mM GSH and 25 mM of non-substrate BSP 

(dashed lines) and PZQ (dotted lines) were monitored with SYPRO Orange dye in PBS buffer, pH 7.2 supple-

mented with 1 mM DTT and 1 mM EDTA. The thermal unfolding plots show that as the temperature increases, 

the protein transition from folded to unfolded as shown by the sigmoidal curve thus enabling the dye to bind 

hydrophobic pockets and increase the quantum yield of the dye at emission maxima of 570 nm. The rightward 

shift of unfolding transition and melting peaks when ligands bind indicate increased stability. 
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Figure 6.3. Melting temperatures for Sbh26GST in varying ligands. The melting temperature of Apo-

Sbh26GST (faded orange) slightly increased in the presence of GSH (bold orange). The introduction of ligands 

such as PZQ has an insignificant effect on the melting temperature in the absence (faded red) and presence (bold 

red) of GSH whereas BSP (faded purple) increases it in the presence of GSH (bold purple). 
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Stability thermal shift is affected by several factors which include the concentration of the 

ligands, binding affinity, enthalpy, and heat capacity (Matulis et al., 2005; Vedadi et al., 

2006). Observations in this study support ligand binding being the driver as it disrupts the 

interactions of amino acids (bonds, orientation, and exposure to solvent) (Pantoliano et al., 

2001). The binding of most inhibitors to enzymes tends to stabilise the protein as it forms 

high-affinity bonds with internal residues rather than weak external interactions with the sol-

vent, which was also seen in our case of the Sbh26GST-BSP interaction. Furthermore, these 

results are supported by postulations from its strong interaction with pseudo-Sbh26GST from 

enzyme inhibition studies, thermodynamic parameters, and fluorescence studies. The cou-

pling of protein unfolding to ligand binding is usually associated with increased Gibbs free 

energy that results in the observed increased Tm.  

The interaction of Sbh26GST-BSP was further enhanced in the presence of GSH 

where slightly increased stabilisation was observed, accompanied by a slight rightward shift 

in the unfolding curve. No published data were available to compare our results, but the de-

termined Tm was within ranges of homologous organisms, SjGST and the overall 60 °C for 

most. Moreover, the Tm derived from TSA is comparable with other techniques, Sj26GST 

was determined to have Tm of 51 °C with residual enzyme activity after heating (Kaplan et 

al., 1997) and 55.15 - 58.96 °C at pH 7.5 with differential scanning calorimetry (Quesada-

Soriano et al., 2006). 

The BSP concentration-dependent study of Sbh26GST-BSP stability in the absence 

and presence of GSH proved to have a directly proportion and inversely proportion relation-

ship, respectively. An inference made is that BSP could potentially be supported to be modi-

fied as a drug candidate as it disturbs conformational dynamics that affect enzyme functional-

ity which was shown by rigidifying stable interactions made with available binding sites in 

Sbh26GST. The knowledge can also be used to help with refinements of increasing the like-

lihood of protein crystallisation which has been reported to be crucial insights for specific 

ligand binding affinity or stoichiometry (Matulis et al., 2005). 
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Chapter 7  
Summary, conclusion, and possible future direc-

tions 
 

Schistosomiasis is a parasitic NTD caused by blood flukes, affecting over 230 million 

people worldwide (prevalent in sub-Saharan Africa), with chronic morbidities that negatively 

impact the socio-economic states of affected regions. Moreover, available treatment for schis-

tosomiasis (PZQ) is under pressure due to the mass administration of the drug for over 10 

decades, thus calling for new therapeutic approaches. 

 In schistosomes, GSTs are critical for their survival as they are mainly responsible 

for detoxification processes, without the support of alternative phase I enzymes such as cyto-

chrome P-450. Therefore, GSTs tend to be overexpressed during drug treatment to combat 

metabolic interference and account for the observed drug resistance. Hence, Schistosoma 

GSTs are labelled as good targets for a new generation of anthelmintics plus they have con-

siderable structural variation compared to human GSTs which lays a developmental back-

bone for the study. However, out of the three species that mainly infect humans, 26 kDa iso-

form and not 28 kDa of S. haematobium GST is the only one with an incomplete ORF which 

previously hindered research and underappreciated the impact of urogenital schistosomiasis. 

Furthermore, its ability to form heterosis hybrids with animal schistosomes (S. bovis), added 

to the burdening threat of drug resistance and formed the basis of this study. The study aimed 

to characterize the structural and functional relations of Sbh26GST and Sh28GST in response 

to potential inhibitors, namely PZQ, ART and BSP. All in light of insights into a possible 

drug therapy for the alleviation of schistosomiasis burden. 

The first breakthrough was completing the sequence of Sh26GST through homolo-

gous species using several sequence analyses tools. A consensus sequence of the initial 

twelve amino acids was added to the native sequence of Sh26GST which has 100% similarity 

to Sb26GST, hence the name Sbh26GST. The successful overexpression of Sbh26GST and 

Sh28GST using E. coli machinery under optimized conditions in the soluble fraction was eas-

ily purified with affinity chromatography to homogeneity and laid the foundation for down-

stream applications. Structural characterisations have shown that both proteins are predomi-

nantly α-helical with stability Tm of 56.5 °C for Sbh26GST. Trp residues in the active sites of 

both proteins are not readily exposed to the solvent in accordance with reported literature. 

Moreover, PZQ binding has insignificant disturbance to the Trp environment, whereas ART 
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and BSP disrupt it, irrespective of the presence or absence of natural co-substrate GSH and its 

analogue GTX. Functional characterisation using GSH-CDNB conjugation, ANS binding, 

and ITC have shown BSP tightly binds Sbh26GST and Sbh26GST, resulting in inhibition of 

the enzymes’ activity whereas PZQ has negligible impact and ART slight increases it. The 

mode of action is non-competitive at the dimer interface with more detrimental effects on 

Sh28GST, especially in the presence of GSH where the has a higher affinity for BSP and in-

creased stability that negatively affect protein functionality due to decreased dynamics. In 

addition, BSP is a stronger binder of Sbh26GST and Sh28GST than ANS, thus out-

competing it. Energies around the interaction of BSP with Sbh26GST and Sh28GST are both 

spontaneous and enthalpically favoured. On the contrary, the interaction is entropically fa-

voured in Sbh26GST but not in Sh28GST. The one molecule binding Sh28GST becomes 

constrained due to more contacts than in Sbh26GST being made and overall unfavored com-

pactness of the protein, but the energy released drives the interaction. 

The observed variation in the two enzymes from the explored techniques that give in-

sights about a specific activity, ligand interactions, structural conformations, and stability 

elaborated that one enzyme isoform is better at catalyzing some reactions than the other. 

Hence, the need for both isoforms in schistosomes. Overall, this study introduces BSP as a 

newly rationalized inhibitor with therapeutic potential or guide for the treatment of schisto-

somiasis thus lessening the time and money that would be required in search of a new cure 

(drug repurposing).  Alternatively, the knowledge about the enzymes could be used for novel 

applications or molecular basis for further evaluation.  

The limitation of the study includes, (I) inferences made were based on a pseudo 

model and not 100% true reflection of the native enzyme. (Board et al.) The activity of the 

enzyme was measured based on GSH-CDNB conjugation, but CDNB is not a natural sub-

strate of the enzyme thus no saturation. Therefore, the kinetics were not explored for the H-

site. The compensation was ANS binding but it is not exclusive to the H-site (III) Some lig-

ands were difficult to solubilize at high concentrations hence resorting to an organic solvent, 

DMSO at a non-detrimental concentration to protein but that came with a cost of CD studies 

of ligands effects on secondary structure elements. (IV) Buffer differences were due to differ-

ent purification procedures. Despite all of that, the study still supports that BSP binds and in-

hibits Schistosoma GSTs at the dimer interface. Future studies would be understanding what 

makes the dimer interface unique from the common three-dimensional fold of GSTs. Does it 

have to do with the respective residues type, position and orientation or evolution towards 

stabilizing this region? This could be unpacked through structural studies with molecular 
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modelling and X-ray crystallography to know critical contacts and see how the enzymes 

would respond to the ligands if they were manipulated. 
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Appendix 

Supplementary material 

 

Figure S1. Thrombin cleavage trials. 12% SDS-PAGE showing MBP-His-Sbh26GST construct being cleaved 

into MBP and His-Sbh26GST by thrombin at variable times. It takes as little as 5 min for the cleavage to occur. 

However, the optimal condition that yielded the most protein was ~ after 2 h. 

 

Figure S2. Absorbance spectrum of ligands used in the study (PZQ, ART and BSP). The ligands of interest 

insignificantly absorbed light at a wavelength that was used to measure the activity of the enzyme or structural 

changes at the tertiary structure level (295 nm, 340 nm, and 395 nm). 
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Figure S3. Progress curves of GSH-CDNB conjugation by Sbh26GST (A) and Sh28GST (B). The activities 

of the enzymes were measured by monitoring the product formation of 1-(S-glutathionyl)-2,4 dinitrobenzene for 

the 60s upon initiating the reaction by adding 1 mM CDNB to the GSH buffer of the proteins. It showed an in-

creasing A340 reading over time. Thereafter, the slope of linear regression was used to calculate initial velocities 

(Vo). The data fit of the linear regression lines in all cases was about R2= 0.98. 
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Figure S4. Linear-plots of Michaelis-Menten kinetics for Sbh26GST and Sh28GST. A Reference point of 

the hyperbolic curve of Sbh26GST in orange and Sh28GST in blue. B Lineweaver-Burke plot. C. Hanes-Woolf 

plot and, D. Eddie-Hofstee. All the plots show that the binding of BSP decreases the enzyme activity of 

Sbh26GST and Sh28GST by decreasing both the Vmax and KM whereas ART enhances the activity of the en-

zymes. 
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Table S1. The variation of Michaelis-Menten Kinetic parameters of Sbh26GST and Sh28GST based on 

different arrangements of the linear plots for error analysis. 

 

 

Figure S5. kcat determination of Sbh26GST and Sh28GST. GSH-CDNB conjugation was performed with 

varying concentrations of GSH far below the KM values of Sbh26GST (orange) and Sh28GST (blue) in the ab-

sence and presence of BSP at IC50 value and 10x less than the value. The introduction of BSP disrupts catalytic 

efficiency as it decreases the affinity of GSH required for GSH-CDNB conjugation. 
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Figure S6. Trp fluorescence emission spectra of Sbh26GST in the presence of GSH (A) and GTX (B) as 

well as Sh28GST in the presence of GSH (C) and GTX (D). Trp residues of 10 µM of Sbh26GST in 50 mM 

Tris-HCl and Sh28GST in PBS buffer, all with 1 mM DTT, 1 mM EDTA and 0.02% (w/v) NaN3 at pH 7.2 were 

excited at 295 nm and emissions were analysed between 300 and 500 nm. Thereafter 1 mM of co-substrates and 

100 µM of ligands were added for comparison to the native proteins. Overall, PZQ had an insignificant impact 

whereas BSP and ART resulted in decreased intensities which correspond to exposed Trp residues. 
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Table S2. Impact of ligand binding on Trp fluorescence emission of Sbh26GST and Sh28GST with re-

spect to PZQ, ART and BSP in the presence and absence of GSH and GTX. 
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Figure S7. ANS fluorescence emission spectra of Sbh26GST in the presence of GSH (A) and GTX (B) as 

well as Sh28GST in the presence of GSH (C) and GTX (D). An anionic dye, ANS was used as a probe for 

proteins’ hydrophobicity and ligand binding insights of PZQ, ART and BSP. 10 µM Sbh26GST in 50 mM Tris-

HCl and Sh28GST in PBS buffer, all with 1 mM DTT, 1 mM EDTA and 0.02% (w/v) NaN3 at pH 7.2 were ex-

cited at 395 nm and emissions were analysed between 400 and 600 nm. Thereafter, 1 mM of co-substrates (GSH 

and GTX) and 100 µM of ligands were added for comparison to the native structures. Overall, PZQ had an in-

significant impact whereas BSP and ART resulted in decreased intensities accompanied by a slight blueshift in 

wavelength with respect to free ANS. 
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Table S3. Impact of ligand binding on ANS fluorescence emission of Sbh26GST and Sh28GST with re-

spect to PZQ, ART and BSP in the presence and absence of GSH and GTX. 
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Figure S8. Thermogram and isotherm of Sbh26GST and Sh28GST interacting with BSP. Thermodynamic 

parameters of BSP-Sbh26GST (A) and BSP-Sh28GST (B) were determined in the presence of 50 µM protein, 1 

mM BSP and 1 mM GSH under the following conditions: 50 mM Tris-HCl, 2 mM EDTA and 1 mM TCEP at 

pH 7.2, 25 °C and 310 rpm stirring every 300s until 30 injections. 

 

Table S4. Thermodynamic parameters of BSP interaction with Sbh26GST and Sh28GST in the presence 

and absence of GSH based on multiple sites model fitting (H-site vs L-site). 
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Figure S9. Thermogram of Sbh26GST. A thermal shift assay was performed using SYPRO Orange dye as a 

probe for hydrophobicity. The protein was in PBS buffer, pH 7.2 supplemented with 1 mM DTT and EDTA, 

where it was unfolded with increasing temperature at varying concentrations of BSP. These make room for the 

bulky dye to bind and increase its fluorescence. Thereafter, when the protein loses its structure at high tempera-

ture (denature), the dye unbinds thus a decrease in quantum yield. The plot shows a higher initial unfolding tran-

sition with high concentrations of BSP, despite increased stability. 




