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Abstract 

The liver fluke Fasciola hepatica along with its relative Fasciola gigantica are neglected 

parasites of increasing importance. These parasites cause over $3 billion of losses to the 

agricultural industry, along with around 180 million humans predicted to be at risk of infection 

globally. Due to lack of adequate protection observed in the current development of vaccines 

for Fasciola and the increasing evidence of resistance to the mainstay anthelmintic 

Triclabendazole (TCBZ), it is important to develop new anthelmintic compounds effective 

against these parasites. Previously, anthelmintic compound development for F. hepatica has 

largely been based on randomised compound screening. However, the current work has 

taken an alternative approach, investigating compounds targeted on a known key protein 

target group, the Sigma class GSTs. Sigma GSTs in trematodes have previously demonstrated 

involvement in both detoxification and interaction with the host immune environment. 

Therefore, inhibition of Sigma GSTs would likely be detrimental to the parasite. Increased 

genomic and transcriptomic data has allowed confirmation and elucidation of a new Sigma 

GST present in both F. hepatica and F. gigantica. Furthermore, phylogenetic analysis has 

uncovered a potential pattern of interest involving the Sigma GSTs within extracellular 

vesicles (EVs) with a parasite or immune evasion selectivity role. The successful expression of 

multiple Fasciola Sigma class GSTs, along with the chemical synthesis of glutathione-

conjugate inhibitor compounds, has allowed for the determination of a lead compound, 

designated as Ha14, within this study. Ha14 demonstrated inhibitory effectivity on both Sigma 

and Mu class GSTs of F. hepatica as well as rFgGST-S1 from F. gigantica at ≤ 5 µM levels and, 

despite lacking selectivity compared to a human orthologue, was observed to be tolerated at 

higher concentrations following toxicity analysis. Consequently, Ha14 was trialled in vitro for 

anthelmintic effects on adults and potential fecundity effects and demonstrated equivalent 

or improved activities in comparison to TCBZ and its active sulphoxide metabolite. Results 

suggest that inhibition of Sigma and Mu class GSTs within F. hepatica offers alternative 

compound targeting routes to TCBZ. In addition, the detoxification roles of GSTs suggest a 

high potential for synergistic application of glutathione-conjugates in combination with TCBZ, 

facilitating a dual role anthelmintic compound with increased efficacy.   
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1.0 General Introduction 

1.1 Parasitism 

Parasitic organisms can be broadly termed as symbionts, which benefit from the host but 

contribute no benefit in return. Thus, compared to mutualism and commensalism, symbiotic 

relationships can be far more complex to define (Cheney and Côté, 2005). There are many 

ways to divide parasites into groupings. For example, parasites fall into one of two major 

groups if either facultative, where the parasite may not entirely rely on the host (or perhaps 

not an individual host) for completion of its lifecycle, or obligate parasites, where the parasite 

is fully dependent on a given host for completion of its lifecycle (Kang and Fewell, 2015). It is 

difficult to ascertain, with any certainty, the abundance of parasitic organisms other than to 

say that evidence suggests a huge proportion of the global biodiversity are likely to be 

parasites (Poulin and Randhawa, 2013). This assumption is, in part, based on statistics,  such 

as that there are approximately 50% more helminth parasite species found than their 

vertebrate hosts, but it is problematic to confirm due to the lack of study of specific 

geographical regions such as the tropics and higher latitude areas (Poulin, 2014). The 

mechanisms associated with the term parasitism are hugely diverse ranging from direct 

sequestration of nutrients from the host organism (for example blood-feeding) to less 

obviously parasitic interactions such as social parasitism, a well-studied example being 

Phengaris butterfly species using mimicry on Myrmica ant colonies to gain a food source 

(Barbero et al., 2012).  

Climate change is currently under scrutiny as a driver of the negative economic and health 

impacts of parasitic diseases. Climate modelling indicates the spread of parasitic diseases and 

change in endemic parasitic disease patterns. Disease pattern effects are associated with 

geographical changes in weather patterns altering the environment of both the parasite and 

its hosts (Brooks and Hoberg, 2007; Fox et al., 2011). Parasites can have huge economic and 

welfare burdens on many agriculturally important animal species.  However, until recently in 

developed countries, this has been of very little concern to intensive agriculture due to the 

success of cheap routine applications of anti-parasitic chemicals (Coles, 2001). In comparison, 

in developing countries where producers may not have the financial ability to purchase 

equivalent pharmaceuticals,  the economic impact falls directly on the producers in terms of 

lower production output of milk, meat, hides, skins and wools and higher levels of mortality 
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(Mungube et al., 2006). Currently, although there is economic/geographic polarisation with 

respect to the impact of parasites developing evidence of resistance to anti-parasitic drugs, 

especially in helminth species over the last decade (Coles et al., 2006; Geurden et al., 2015), 

evidence suggests that both the developed and less-developed world will have similar 

parasite problems concerning food security shortly. In addition, human infection by parasites 

is also an important consideration in terms of health and treatment costs accrued due to both 

clinical and also sub-clinical diseases (Perry and Randolph, 1999). A wide range of human 

parasitic diseases pose major risks as well, as high-cost factors ranging from Malaria (Sachs 

and Malaney, 2002; Cable et al., 2016) to less evidently impacting, yet still high population 

risk factor disease such as Fascioliasis (Piedrafita et al., 2010).  

Thus, many scientific disciplines study parasitism.  For example, with biodiversity and threat 

of parasitic organisms spreading globally, biochemists are becoming increasingly engaged 

with the neglected challenges of parasite drug and vaccine development.  
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1.2 Parasitic helminths 

Parasites can be grouped as unicellular (parasitic protozoa) or metazoan (parasitic 

helminths). The term helminth is a somewhat artificial classification to describe both a free-

living and parasitic group of metazoan worms which is further currently subdivided into 

three phyla, these are the nematodes (roundworm), the Acanthocephalans (spiny-headed 

worms) and the focus of this thesis the Platyhelminthes (Flatworms)(Matthews, 1998). The 

Platyhelminthes were described early on as bilaterally symmetrical, flattened dorso-

ventrally triploblastic metazoan acoelomates, they are free-living and largely parasitic with a 

general hermaphroditic reproductive strategy (Borradaile et al., 1961).  

Platyhelminthes were originally considered to be made up of four groups based on a free-

living lifestyle associated with the Turbellaria and the other three groups being almost 

exclusively parasitic, these are the Cestodes (tapeworms), Monogeneans and the Trematodes 

(containing the digenean subclass)  which are the potentially largest single parasitic group of 

metazoan endoparasites (Kearn, 1998; Olson et al., 2003). However, it became apparent that 

this method of grouping the Platyhelminthes was somewhat artificial due to the polyphyletic 

nature of the Turbellaria class whilst the remaining three classes are monophyletic and can 

be combined to form a larger descriptive grouping the Neodermata (Ehlers, 1985). However, 

for ease and to prevent an entire re-classification of all data the original grouping system is 

continued to be applied in the research literature used.   

1.3 Fasciola hepatica and Fasciola gigantica  

1.3.1 Background of fluke parasites  

Trematodes are often referred to as flukes and are a polyphyletic and digenetic group of 

eukaryotic organisms of the phylum Platyhelminthes (Littlewood and Bray, 2001). Flukes can 

be superficially divided into respective host environment of the adult stage, such as liver, 

blood, intestinal and lung.  For example, liver fluke is classified into 3 main families 

Opisthorchiidae, Dicrocoeliidae and Fasciolidae. Overall, trematodes are responsible for a 

high number of food-borne infections on a global scale as well as being termed neglected 

tropical diseases. Thus, as such, they have been of high interest in terms of the 

implementation of structured control and prevention measures by bodies such as the World 

Health Organisation (WHO). The associated risks have been sufficient to include fascioliasis 
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(the disease symptoms associated with infection via Fasciola species) in the important human 

parasitic diseases list (World Health Organization, 1995a, 1995b, 2009).  

F. hepatica and F. gigantica parasitise many different vertebrate groups but the main 

definitive hosts are in mammals, including humans and agricultural livestock (Hurtrez-boussès 

et al., 2001). The human health risks of fascioliasis, which has been estimated to be a risk to 

over 180 million individuals (World Health Organization, 1995b; Dalton, 1999). There is also 

growing evidence of increases in fascioliasis in European livestock and high prevalence in the 

UK and Ireland with up to 76% of dairy herds alone infected in, including the geographical 

spread of infections outside of normal regions, much of which has been suggested to link to 

climate change as previously mentioned (de Waal et al., 2007; Kenyon et al., 2009; McCann 

et al., 2010).  

Economic losses in agriculture are also a key driver for research into fascioliasis, where the 

animal condition affects meat and milk production and other aspects of agricultural animal 

rearing such as fertility, and has been thought to have costs in the region of $3 billion each 

year globally (Spithill and Dalton, 1998; Ejeh et al., 2015). F. hepatica specifically is considered 

to originate from Europe with evidence having been found linking human infections during 

the Stone Age to the instigation of animal domestication and agricultural practices (Dittmar 

and Teegen, 2003). Agricultural practices, such as widespread exportation outside of 

European countries, along with the spread of its primary intermediate snail species and a 

propensity to adapt to varying intermediate hosts, has allowed F. hepatica (not as evident in 

F. gigantica) to become prevalent in other continents (Mas-Coma, 2005). 

1.3.2 Morphology and life cycle of Fasciola species  

F. hepatica and F. gigantica like all other digeneans have a complicated life cycle whereby the 

parasite moves between intermediate and definitive host during different stages of maturity 

(Keiser and Utzinger, 2009). The main snail intermediate host involved in the UK has shown 

to be Galba truncatula though this is not conserved for F. hepatica species across Europe 

where species belonging to genus Succinidea can also act as hosts (Jones et al., 2015). Though 

snail hosts may vary, particularly when considering tropical F. gigantica, the key life cycle 

events are preserved and follow the same general pattern (Figure 1). Importantly, when 

studying the morphology and life cycles of liver fluke it is important to note that F. hepatica 

and F. gigantica are considered to share most of their major physical structures, making them 
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difficult to identify in regions where they geographically overlap (Dar et al., 2003). 

Interestingly, although well-documented differences in body length and width during life 

cycle stages, the geographical overlap of F. hepatica and F. gigantica coupled with structural 

similarity indicates potential hybridisation may have taken place (Ichikawa-seki et al., 2017; 

Saijuntha et al., 2018). Whilst hybridisation is currently not considered a major issue the role 

of climate change could potentially affect the ability for host snails of F. gigantica in future to 

have the opportunity to thrive in UK climates (Caminade et al., 2015)    

F. hepatica undergoes several morphological changes throughout its life cycle in order to be 

specifically adapted to the changing environments. The F. hepatica cycles were postulated as 

early as 1890 by Shaper with previous references involving the description of “liver rot” being 

a symptom of the degradation of vegetation and release of gases in 1837, now known to be 

a symptom of parasitic burden (Pantelouris and Kerkut, 1965). Due to the focus of this study 

life cycle stages of interest including, eggs, newly excysted juveniles (NEJs) and adult fluke will 

be discussed further below.  
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Figure 1 Fasciola hepatica life cycle stages relating to both human and animal infections from the CDC 
(CDC.gov, 2016) 

 



7 
 

1.3.2.1 The eggs of F. hepatica  

The eggs of F. hepatica are released from the definitive vertebrate host (Figure 1 [1 and 2] 

and Figure 2). The size of eggs produced by adult F. hepatica is somewhat influenced by the 

size of the host due to confines of growth in smaller host species (Poulin, 1997) and this was 

confirmed in comparative sizes between murine and bovine host experiments (Valero et al., 

2002). One study found the length of F. hepatica eggs between various animal species and 

humans to vary in range from 74 µm to 205 µm and the width from 58 µm to 124 µm, 

suggesting a conserved elongated spherical shape (Valero et al., 2009). The eggs are initially 

clear in colour and in the bile develop a yellow/brown colour. The original and currently 

common method for detecting liver fluke infection involves the observation that eggs 

sediment to the bottom of a suspension of faecal matter (Gregoire et al., 1956). Eggs are 

viable in the external environment for up to several months with unpublished evidence of 

viability in severe winters, which would clearly be a key evolutionary adaptation for survival 

(Williams et al., 2014). 
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Figure 2 Fasciola hepatica egg stages demonstrating the internal cellular changes through to successful 
development.  A. Undeveloped eggs. B. Morula embryonic growth stage. C. Developed egg prior to hatching. 
(Dalton, 1999). 
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1.3.2.2 Newly excysted juveniles (NEJs) 

Newly excysted juveniles (Figure 1. [7], Figure 3) excyst from the ingested metacercariae in 

the intestinal tract of definitive host organisms (Andrews, 1999). NEJs penetrate through the 

intestinal wall and burrow into the abdominal cavity where they roam the serosa of the 

intestines taking up nutrients through their pharynx (Dawes, 1963). Juvenile flukes reach the 

liver where they penetrate the liver capsule and pass through the parenchyma consuming 

cells and growing as they do, it takes 5-6 weeks for juvenile fluke to grow and pass through 

to the gall bladder and become sexually mature adult fluke (Gunn and Pitt, 2012). 

Experimental evidence suggested that chemotaxis of substances diffusing from the liver are 

unlikely to direct the migration of NEJs to the liver, however, there is evidence that 

localisation toward the host liver may be affected by the response to various currently 

unknown stimuli via orthokinetic orientation (Sukhdeo and Mettrick, 1986).  
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Figure 3 Scanning electron microscopy image of Fasciola hepatica newly excysted juvenile. CR, contact 
receptors, EP. excretory pore, A. posterior limit of rings of spines (Bennett, 1975) 
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1.3.2.3 Adult F. hepatica 

Adult live fluke (Figure 1. [8], Figure 4) share the same general morphology as the juvenile 

except for a larger proportion of the adult fluke body is dedicated to the reproductive organs 

for the production of eggs and spermatozoa. This morphology suggests the main function and 

highest energy output of adult fluke is in reproduction (Hanna et al., 2006). As the juvenile 

fluke burrows through the liver and grows, it is evident that the main morphological changes 

occurring are related to the development of the reproductive organs. The rudiment testis 

develop from two irregular shaped balls into two massively branches testis which take up the 

majority of the posterior region, whilst the ovary and uterus develop and are located in the 

anterior region (Pantelouris and Kerkut, 1965). Adult flukes localise initially in the small bile 

ducts following growth but can migrate between the small and large ducts as well as the gall 

bladder (Mitchell, 2002). Evidence suggests nutrients are gained by feeding on the heavily 

thickened epithelium due to hyperplasia (due to host immune regulated inflammatory 

responses) (Dawes, 1963). Egg production occurs in the bile ducts a further 2-3 weeks after 

burrowing through the liver. The eggs pass eventually through the duodenum before being 

excreted in faeces and the life cycle repeating once again (Andrews, 1999). 

Combining the above timings which, are influenced by various conditions and the definitive 

host organism, the average period for completion of the liver fluke F. hepatica life cycle is 17 

to 19 weeks from egg to egg in livestock (Mitchell, 2002). 
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Figure 4 Adult stage of Fasciola hepatica reproductive structures on the left and digestive tract structures on 
the right (Dalton, 1999) 
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1.4 Fascioliasis  

1.4.1 Key features of Fascioliasis 

Fascioliasis is a disease caused by the two species of liver fluke F. hepatica and F. gigantica of 

interest to this thesis. The disease is linked with a range of clinical and subclinical 

presentations such as weight loss and hepatic haemorrhaging (‘Acute fasciolosis causes losses 

across England and Wales’, 2009). Fascioliasis has been shown particularly to be a re-

emerging human foodborne disease of new priority to the WHO as well as initiatives such as 

‘One Health’ which promotes collaboration between scientific-health and environmental 

based scientists to develop broad scope responses to global issues (Odongo et al., 2011). The 

activity of liver fluke following ingestion and intestinal wall penetration is the cause of the 

disease referred to as fascioliasis. Fascioliasis is widespread (Figure 5) having various snail 

intermediary hosts and a wide variety of flexibility in terminal host species able to infect 

mammalian species fairly opportunistically including deer, boar, bison, cattle, sheep and 

humans. It is important to note that heavy parasite burdens (variable between host species) 

are usually required to cause the level of damage required to observe strong clinical evidence 

of infection. It is noted that sheep are the most common definitive host mammals, therefore, 

much information concerning the pathology and pathophysiology of the disease relates 

specifically to occurrences in sheep (Behm and Sangster, 1999).  

Clinical features associated with Fascioliasis in livestock include general intestinal issues 

caused by initial migration and cathepsin protease linked damage such as dyspepsia and 

ascites. Alongside migration damage, immune response and inflammation linked features 

such as fever, hepatomegaly, splenomegaly and anaemia are present during the acute stage 

of the disease where effects are largely orientated around the liver (Keiser and Utzinger, 

2009). During the chronic stages where mature fluke have migrated to the bile ducts and 

obstruction occurs major symptoms include eosinophilia, anaemia, biliary colic, jaundice, 

pancreatitis, cholangitis and specifically in sheep at late-stage presentation involves ventral 

oedema which is described as bottle jaw and often used as a late diagnostic tool (Valero et 

al., 2008). Another consideration of chronic phase is the potential for increased bacterial 

infection levels due to impaired immune response so co-contaminations have been known to 

occur along with bacterobilia risk and tuberculosis (Valero et al., 2006; Munyeme et al., 2012). 
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Figure 5 Global distribution of fasciolosis in relation to parasite species and snail host. Light grey represents 
areas where radix are the main snail host, Dark grey indicates areas of overlap of snail species and Fasciola 
species whilst indicates areas where Fasciola hepatica and Galba snails are dominant (Odongo et al., 2011) 
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1.4.2 Animal/Livestock infection  

F. hepatica, in particular, has extreme flexibility in hosts as previously remarked but in terms 

of animals of interest, it is important to consider sheep, goat, buffalo and cattle for the high 

agricultural significance. Rats and mice offer application as laboratory host species (Chung et 

al., 2012).  

Fascioliasis of cattle can cause huge economic losses on a global scale when it is observed the 

losses from individual studies have shown between $2000-6000 losses per farm herd simply 

due to condemnation of liver regardless of other factors (Radfar et al., 2015). Huge economic 

impacts on dairy cattle farmers have also been measured globally with reductions in milk yield 

ranging from 3.8% up to 30% across several studies and estimated losses of $20,700 (per 

average herd of 300). Moreover, there are also huge burdens on the fertility of animals 

leading to increased costs occurred due to the need for artificial insemination (Elliott et al., 

2015). 

1.4.3 Human infection  

Whilst the animal and veterinary disease side of Fascioliasis is commonly discussed and 

understood to have huge impacts, the human side has been recognised to be an increasing 

issue and of global public importance with cases of the human disease reported across all 

continents (Chen and Mott, 1990). Analysing the global effects of fascioliasis in humans is 

difficult as research is generally on an infection individual case or in some instances family 

groups (shared food leading to family infection) whilst transmission analysis of infected 

populations has been limited. Evidence collated to date from these few studies indicate 

regions in South America including the northern Altiplano, Bolivia and Peru show some of the 

highest endemic levels (Mas-Coma et al., 1999). Analyses of individual case reports often 

highlight a high prevalence in children, especially in less developed countries. However, there 

is some evidence of increases across Europe in general infection levels, linked to ingesting raw 

and unwashed herbage or vegetables or directly from consuming water from streams(World 

Health Organization, 2009). Clinical testing in Europe may include analysis via CT scanning of 

the abdominal region showing evidence of thick-walled and loculated lesions within the liver 

as well as classic stool analysis (Madhumitha et al., 2015).  
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Research has also shown that consumption of non-screened raw infected liver dishes may 

also be contributing at a low level to human infection intensities via the oral transfer of NEJs 

(Cho et al., 1999).   

As well as these established clinical methods of detection it is also becoming more common 

in humans to use coproantigen-detection techniques particularly the commercially available 

MM3 capture ELISA (where animal optimisation and application has already been common) 

(Martínez-Sernández et al., 2016). This technique has been subject to further optimisation on 

human samples to provide a method of analysis of fascioliasis at early and low levels. This 

allows more effective treatment and control, though there are initial issues with its use in 

remote regions due to potential temperature effects during sample transport (Valero et al., 

2012).    

Another potential effect of human fascioliasis is both the misdiagnosis of biliary obstructions 

and hepatic diseases caused by fluke damage to hepatic and intestinal tissues and how this 

damage may also be linked to cholangiocarcinomas (CCA). Hepatic damage may be long term 

particularly biliary tract effects where adult fluke are retained due to life span of fluke in 

humans being found to range between 9 and 13.5 years if untreated (Dan et al., 1981; Kang 

et al., 2014). It has been noted in related liver fluke infections Opisthorchis viverrini, O. 

felineus and Clonorchis sinensis that through various mechanisms liver fluke have a significant 

impact on the levels of CCA (Figure 6). This is thought to occur due to tissue damage causing 

inflammatory responses to fluke and eggs leading to oxygen radicals and DNA damage along 

with potential toxic excretory products from the fluke, cellular proliferation-inducing 

compounds are also suspected to be released by fluke perhaps to increase the abundance of 

tissue for consumption (Sripa et al., 2007). Due to high similarities between the liver fluke 

species in terms of evolution and adaptation to their environment, it is likely all Fasciola 

species may have a similar negative effect on human health. More recent experimentation 

has failed to find a correlation between repeated infection with O. viverrini and CCA however 

this was in one host species test (Syrian golden hamster) only so may require further 

experimentation to be definitive (Hanpanich et al., 2016).    
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Figure 6 Proposed pathways linking parasite infection to Cholangiocarcinomas via various routes essentially 
linked to DNA damage. Pla-ra is a preserved fermented mud-fish paste which is uncooked (Sripa et al., 2007) 
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1.4.4 Chemotherapeutic treatment of Fascioliasis  

There are no vaccines for F. hepatica or F. gigantica and treatment is via anthelmintics (World 

Health Organization, 2009). Whilst Triclabendazole (TCBZ) will be mainly discussed due to its 

key role in the treatment of fluke. Other compounds with mixed efficiencies have also been 

tested for efficiency and are explored (Table 1), of note, only diamphenethide and OZ78 other 

than TCBZ are effective on juvenile and adult stages. 

TCBZ, the major current compound for treating fascioliasis, is a benzimidazole derivative. 

Benzimidazoles have interesting optimisable drug effects based on the structure of the 

compound (Velik et al., 2004). TCBZ has specific effects on Fasciola spp. and Paragonimus spp. 

with a lack of effect on nematodes. TCBZ itself is essentially a pro-drug that requires activation 

via metabolism to the active sulphoxide form (TCBZ.SO). The mechanism of action for TCBZ  

is suggested to involve binding to, and interruption of, β-tubulin (McConville et al., 2006) 

therefore, affecting all microtubule-associated processes including mitosis and internal 

transport. This targeting of β-tubulin affects cellular repair and growth processes evident 

through the damage to the tegumental surface of fluke dosed with the drug, with tegumental 

effects having been observed in both mature and immature fluke stages (Brennan et al., 

2007). Interestingly, TCBZ.SO has also been confirmed to bind directly to and inhibit the 

protein target of interest in this thesis glutathione transferases (GSTs). This finding indicates 

a key role for these proteins in fluke control (Chemale et al., 2010; LaCourse et al., 2012).  

Resistance to TCBZ is quite clearly of paramount concern due to TCBZ having multi-stage 

efficacy on both juvenile and adult life cycle stage (Elliott et al., 2015). Resistance to TCBZ 

have been more and more commonly identified in recent years (Ortiz et al., 2013; Brockwell 

et al., 2014; McMahon et al., 2016) with some suggestion that a key factor relating to this is, 

as previously discussed, climate change. Also, a lack of standardisation of determining 

flukicide efficiency or accurate treatment of sheep and cattle relating to diagnosis rather than 

mass treatment may lead to farmers overusing of TCBZ (Novobilský et al., 2016). The first 

documented evidence of TCBZ resistance occurred in Australia and since then many studies 

have looked to assess the scale of resistance, leading to worrying evidence of spread and rapid 

generation of resistances occurring (Elliott et al., 2015).  

TCBZ resistance mechanisms are thought to occur via one of two main methods, the first 

involving nematodes formation of a variant isoform of β-tubulin with a change in amino acid 
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sequence preventing binding and targeting of TCBZ, essentially reducing the angle of the 

binding site (Wolstenholme et al., 2004). The other method suggests TCBZ uptake regulation 

may be affected via efflux pumps as resistant fluke species showed reduced uptake of both 

TCBZ and the active TCBZ.SO when compared to susceptible strains (Alvarez et al., 2005). It 

may be important to note when considering the development of resistance to anthelminthic 

drugs in F. hepatica that wild type strains may be functionally different to laboratory 

maintained strains (Hanna et al., 2008) which develop the ability to undergo parthenogenesis 

providing rapid targeted evolution to develop resistance to drugs. Issues with TCBZ resistance 

may well be exacerbated by the multiple strategies of gene flow available to F. hepatica, adult 

fluke can undergo cross or self-fertilisation (though recent studies suggest self-fertilisation is 

rare in the field) this means high gene flow through cross-fertilisation allows for increased 

mutation rates and potential for resistance traits to be shared or developed rapidly, whilst 

self-fertilisation ensures populations which survive TCBZ treatment due to resistances can 

continue to prosper (Beesley et al., 2017). 

It has been noted that one issue of consideration during drug treatment in cattle is where 

dairy cattle are concerned there are issues with drug residue time in milk (Imperiale et al., 

2011) TCBZ being a primary concern as the mainstay drug, for this and of course long term 

reduction of treatment costs to farmers and to negate issues with resistance it would be 

highly desirable to develop a more permanent vaccine control (Kelley et al., 2016). 
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Table 1. Representative chemotherapeutic compound trial results targeting Fasciola hepatica – SC = subcutaneous WBR = Worm burden reduction    

Compound Route of 
application  

Host  Adult fluke 
effects 

Juvenilles 
fluke effects 

Other effects Reference 

Bithionol  Oral  Sheep + cattle  Y N ≥90% efficiency older than 12 week fluke (Fairweather and Boray, 1999) 

Hexachlorophene Oral  Sheep + cattle  Y N ≥90% efficiency 12 week or older fluke (Fairweather and Boray, 1999) 

Niclofolan Oral + SC Sheep + cattle  Y N ≥90% efficiency older than 12 week fluke cattle 12 
week or older Sheep  

(Fairweather and Boray, 1999) 

Nitroxynil SC Sheep + cattle  Y N ≥90% efficiency 8 week or older fluke sheep and 12 
weeks or older cattle 

(Fairweather and Boray, 1999) 

Biotianide Oral Sheep Y N ≥90% efficiency 12 week or older fluke (Fairweather and Boray, 1999) 

Closantel Oral Sheep Y N ≥90% efficiency 6-8 week or older fluke (Fairweather and Boray, 1999) 

Oxyclozanide Oral Sheep + cattle  Y N ≥90% efficiency 12 week or older fluke in sheep 
and greater than 14 weeks cattle 

(Fairweather and Boray, 1999) 

Rafoxanide Oral Sheep + cattle  Y N ≥90% efficiency 6 week or older fluke in sheep and 
12 weeks or older in cattle 

(Fairweather and Boray, 1999) 

Albendazole Oral Sheep + cattle  Y N ≥90% efficiency older than 12 week fluke (Fairweather and Boray, 1999) 

Triclabendazole Oral Sheep + cattle  Y Y ≥90% efficiency 1 week or older fluke (Fairweather and Boray, 1999) 

Clorsulon Oral Cattle Y N ≥90% efficiency 1 week or older fluke (Fairweather and Boray, 1999) 

Diamphenethide Oral Sheep + cattle  Y Y ≥90% efficiency 1 day to 6 or 7 week old fluke (Fairweather and Boray, 1999) 

Nitazoxanide Oral  Human N/A N/A 40 -100 % cure rate  (Panic et al., 2014) 

Metronidazole Oral  Human N/A N/A 81% cure rate  (Panic et al., 2014) 

OZ78 
 

Rat Y Y 100% WBR  (Keiser et al., 2006) 
  

Sheep Y N 50 -100% WBR (Keiser et al., 2010)  

MT04 
 

Sheep Y N 92% WBR  (Meister et al., 2013) 

Tribendimidine Rat N N No WBR (Keiser et al., 2007) 

Ginger extract Solution  Direct eggs N/A N/A Up 100% reduction of developing eggs (Moazeni and Khademolhoseini, 
2016) 

Peganum harmala 
seed extract 

Solution  Direct eggs N/A N/A Reduction in miracidial formation from 60% in 
control to 5% in treatment 

(Moazeni et al., 2017) 
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1.4.5 Vaccine Research  

Vaccination has many advantages over chemotherapy. There have been several attempts in 

academic and industrial laboratories to develop liver fluke vaccines (Toet, et al., 2014). 

However, commonly in studies to date variances of effect are significant along with low levels 

of efficacy. Whilst some antigens relate to important targets in liver fluke control, often the 

antigen-strategy involves recombinant isoforms, and perhaps these lack essential post-

translational modifications for recognition. Narrow spectrum specificity can also be an issue 

in commercial vaccine development. If we could design an ideal vaccine target, we would 

want this to induce an immune response to multiple similar species. For example, a desirable 

liver fluke vaccine would potentially induce an immune response to multiple other trematode 

species (Spithill, et al., 1997). Another major issue that has been determined is the suggested 

biochemical differences between the two major liver fluke species F. hepatica and F. 

gigantica, where studies consistently show increased evidence of host immune response 

resistance to F. gigantica and very little comparable evidence to F. hepatica, though there is 

still evidence enough to suggest feasibility for further vaccine development (Piedrafita et al., 

2004, 2007). This is an issue as a vaccine that was effective against both fasiolodae species 

would be of huge commercial interest and may also be necessary for regions where 

occurrence overlaps as previously debated. 

Research suggests that naturally developed immunity occurs via antibody-dependent cell 

cytotoxicity (ADCC) induced by free radicals released by the host immune cells such as 

macrophages and eosinophils, suggesting antibodies are likely raised in response to surface 

and or excretory/secretory (ES) antigens of the parasitising fluke species and has been 

observed for both F. gigantica and F. hepatica (Piedrafita et al., 2001, 2004). For these 

reasons, there has been an increased focus on identifying surface and ES antigens from fluke 

for analysis as potential vaccine candidates. More recently however natural resistance has 

been demonstrated in the intermediate snail host Pseudosuccinea columella to F. hepatica 

and in Italian thin tail sheep to F. gigantica where increased expression of immune defence 

and stress response genes appear to allow for resistance (Pleasance et al., 2011; Alba et al., 

2019)   

Several important vaccine targets have already been identified and trialled including fatty acid 

binding proteins (FABPs), cathepsin L proteases, leucyl aminopeptidases (LAPs) and GSTs. 
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Except for LAPs, which have been localised via histochemical analysis to the alimentary tract 

of adult fluke (suggesting a role in late phase host protein breakdown) all other potential 

targets have been confirmed to be present in the ES of F. hepatica suggesting roles in 

interactions directly with host cells (Morphew et al., 2007; Acosta et al., 2008). FABPs function 

to transport fatty acids, often from extra to intracellular membranes (López-Abán et al., 

2008). It is thought FABPs may function due to the high levels of fatty acids present in bile 

allowing direct uptake to avoid self-synthesis, though evidence of this is unclear and has been 

shown to have roles in binding and transporting anthelmintic drugs (Timanova-Atanasova et 

al., 2004).  

Cathepsin and cathepsin like proteases have been known to have key roles in protein 

degradation throughout the developmental stages of fluke and also key roles in the invasion 

of both intermediate and final hosts. Cathepsins are amongst the major secreted compounds 

with high energy placed into production and release possibly due to suggested roles in 

survival via immunoglobulin cleavage and in feeding in the formation of blood clots (Dowd et 

al., 1995; Berasain et al., 2000). Finally, GSTs, the primary targets of interest to this project, 

are discussed in more depth in section 1.6. These targets have been trialled to different levels 

in terms of the scale of animals vaccinated and over different isoforms of the enzymes tested 

(Table 2). Observations suggest that certain enzymes are much more viable vaccine 

candidates than others. For example, in general, other than two small scale studies, FABPs 

give generally very low vaccine protection whereas LAPs show a trend of higher protection 

(Piacenza et al., 1999; Maggioli et al., 2011). It is also clear from these early trials that 

generally bivalent and multivalent vaccines appear to be somewhat ineffective with only 

minor increases in protection, compared to the single enzyme equivalents (Table 2.) The case 

of the multivalent CatL1 + CatL2 + LAP, protection was slightly reduced compared to LAP alone 

suggesting possible antigenic competition (Toet et al., 2014). 

Though ES antigens are likely to interact with hosts in immune development, tegumental 

expressed proteins are always guaranteed to interact. For this reason, vaccine development 

based on tegumental components could have huge efficacy. F. hepatica specific tegument 

antigens have been attempted to be resolved via methods such as detergent extraction but 

evidence suggests ES proteins are concurrently released making it difficult to define tegument 

specific proteins (Morphew et al., 2013). Despite these issues, work on other trematode 
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species such as S. mansoni and O. viverrini, along with advances in computational analysis and 

prediction have yielded several tegument protein groups of interest, including the CD59-like 

proteins, annexins and tetraspanins (Pinheiro et al., 2011).  

Finally, there has been growing interest in studying extracellular vesicles (EVs) with respect 

to parasitism. This is driven by the finding that EVs both contain packaged antigens of interest 

but also seem to express particular antigens on their surface for this reason they have been 

suggested as a new vaccination target due to their suggested roles in antigen presentation. 

Interestingly whole EVs showed high levels of protection in certain early trials in Plasmodium 

yoeli  (Martin-Jaular et al., 2011). 
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Table 2. Vaccine trial results for specific antigen target vaccines in Fasciola hepatica and Fasciola gigantica adding on from (Toet et al., 2014) - ns, not significant; FEC, 

faecal egg count; FIA, Freund’s incomplete adjuvant.  

 

Antigen Form Host Fasciola species Vaccine protection (%) Reference 

Single vaccines 
     

FABP Native Cattle F. hepatica 55% (Hillyer et al., 1987) 
 

Native Cattle 
 

31% (Estuningsih et al., 1997) 
 

Native Fh12 Sheep F. hepatica ns (Ramajo et al., 2001) 
 

Native Sheep F. hepatica 24% (Martínez-Fernández et al., 2004) 
 

Native Fh12 Sheep F. hepatica 42% (López-Abán et al., 2008) 
 

rFh15 Sheep F. hepatica 43% (López-Abán et al., 2007) 
 

rFh15 Sheep F. hepatica ns (Ramajo et  al.,  2001) 
 

rFh15 Buffalo F. gigantica 35% (Nambi et al., 2005) 
 

rFABP Buffalo F. gigantica ns (Kumar et al., 2012) 
 

rSm14 Sheep F. hepatica 98.5% (n = 4) (Almeida et al., 2003) 
 

rSm14 Goat F. hepatica ns (Mendes et al., 2010; Buffoni et al., 2012) 
 

Sm14 peptide Goat F. hepatica ns (Zafra et al., 2008) 

rFhGST-S1 Recombinant Goats F. hepatica ns (Lacourse et al., 2012)  

rFhGST-S1 Recombinant Goats F. hepatica ns (Zafra et al., 2013) 

GSTs  Native Sheep F. hepatica 57% (Sexton et al., 1990) 
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Antigen Form Host Fasciola species Vaccine protection (%) Reference 

GSTs (cont) Native Sheep F. hepatica mean 29%: range 0 - 65% Data from eight trials cited in Spithill et  al., (1999b) 
 

Native  Cattle F. hepatica 0 - 69% (Morrison et al., 1996) 
 

Native  Cattle F. hepatica Mean 43%: range 0 - 69% Data from four trials cited in Spithill et  al., (1999b) 
 

Native Goat F. hepatica ns (Buffoni et al., 2010) 
 

Native Cattle F. gigantica ns (Estuningsih et  al.,  1997) 
 

Native Sheep F. gigantica ns (Paykari et al., 2002) 
 

rGST S. bovis Cattle F. gigantica ns (De Bont et al., 2003) 
 

rGST Buffalo F. gigantica ns (Kumar et al., 2012) 

Total cathepsin L Native Sheep F. hepatica 69% (FEC only) (Wijffels et al., 1994) 
 

Native Cattle F. gigantica ns (Estuningsih et  al.,  1997) 
 

Native Sheep F. gigantica 56% (EL-Ahwany et al., 2012) 

Cathepsin L (CatL) Native CatL1 Cattle F. hepatica 42 - 69% (Dalton et al., 1996) 
 

Native CatL1 Sheep F. hepatica 34% (Piacenza et al., 1999) 
 

Native CatL2 Sheep F. hepatica ns (Piacenza et al., 1999) 
 

rCatL1 Cattle F. hepatica 48% (Golden et al., 2010) 
 

rCatL1 Goat F. hepatica ns (Zafra et  al.,  2013) 
 

rCatL1 Goat F. hepatica ns (Buffoni et al., 2012) 
 

rCatL1 Goat F. hepatica ns (Pérez-Écija et al., 2010) 
 

CatL1/L2  Sheep F. hepatica 47% (Villa-Mancera et al., 2008) 
 

CatL1 Mimotopes Sheep F. hepatica 51% (Villa-Mancera and Méndez-Mendoza, 2012) 
 

CatL1 Mimotopes Goat F. hepatica 46 - 79% (Villa-Mancera et al., 2014) 
 

FasAc14p  Sheep F. gigantica 23% (Jezek et al., 2008) 
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Antigen Form Host Fasciola species Vaccine protection (%) Reference 

Cathepsin CPFhW Recombinant  Cattle F. hepatica 54% ( n = 3) (Wedrychowicz et al., 2007) 
 

Recombinant  Sheep F. hepatica ns (Wedrychowicz et al., 2007) 

Thioredoxin glutathione reductase 

(rFhTGR) 

Recombinant Cattle F. hepatica ns (Maggioli et al., 2016) 

Leucine aminopeptidase (LAP) Native Sheep F. hepatica 89% (Piacenza et al., 1999) 
 

rLAP Sheep F. hepatica 49 - 86% (Maggioli et al., 2011) 
 

rLAP Buffalo F. gigantica ns (Raina et al., 2011) 

Cysteine proteinase (CPFhW) Recombinant / 

Transgenic oral 

Cattle + Sheep F. hepatica 56.2% Cattle - 35.5% Sheep  (Wesołowska et al., 2018) 

Cysteine proteinase (CPFhW) Recombinant / 

transgenic plants 

Rats F. hepatica  65.40% (Kesik-brodacka et al., 2017) 

heme-binding protein sMF6p + Quil A recombinant Sheep F. hepatica N/A (Orbegozo-Medina et al., 2018) 

heme-binding protein nMF6p + Quil A native Sheep F. hepatica N/A (Orbegozo-Medina et al., 2018) 

Hemoglobin (Hb) Native Cattle F. hepatica 43% (Dalton et al., 1996) 
 

rHbF2 Cattle F. hepatica ns (Dewilde et al., 2008) 

Peroxiredoxin (Prx) rPrx Goat F. hepatica ns (Mendes et al., 2010) 
 

rPrx Buffalo F. gigantica ns (Raina et al., 2011) 
 

rPrx Goat F. hepatica ns (Buffoni et al., 2012) 

Myosin regulatory light chain (MRLC) Recombinant Rats F. hepatica  51.00% (Henker et al., 2017) 

66 mer mucin-like peptide (Fhmuc) Recombinant  mice F. hepatica  N/A (Noya et al., 2017) 

Paramyosin Native Sheep F. hepatica ns (Spithill et  al.,  1999b) 
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Antigen Form Host Fasciola species Vaccine protection (%) Reference 
 

Native Cattle F. hepatica 47% (Spithill et  al.,  1999b) 
 

Native Cattle F. gigantica ns (Estuningsih et  al.,  1997) 

Kunitz type molecule Native  Sheep + Cattle F. hepatica ns (Spithill et  al., 1999b) 

cDNA encoding phosphoglycerate 

kinase  (cDNA-FhPGK/pCMV) 

N/A Rats F. hepatica  48% females 0% males (Wesołowska et al., 2018) 

Combination vaccines 
     

CatL's FhCL3-1,  FhCL3-2, FhCB3  Recombinant Rats (Female) F. hepatica  ns (Wesołowska et al., 2018) 

Cat L5+ B2 Recombinant Sheep F. hepatica  ns - egg viability reduced (Norbury et al., 2018) 

CatL1 + Hb Native Cattle F. hepatica 51% FCA/FIA (Dalton et al., 1996) 

CatL2 + Hb Native Cattle F. hepatica 72% FCA/FIA (Dalton et al., 1996; Mulcahy et al., 1998) 

CatL2 + Hb Native Cattle F. hepatica 11% FIA only (Mulcahy et al., 1998) 

CatL2 + Hb Native Cattle F. hepatica 29% FCA/FIA (Mulcahy et al., 1999) 

CatL1 + CatL2 Native Cattle F. hepatica 55% (Mulcahy et al., 1999) 

CatL1 + CatL2 Native Sheep F. hepatica ns (Piacenza et al., 1999) 

CatL1 + CatL2 + LAP Native Sheep F. hepatica 79% (Piacenza et al., 1999) 

FABP + GST rFABP, rGST Buffalo F. gigantica 35% (Kumar et al., 2012) 
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1.5 Extracellular vesicles of F. hepatica  

Extracellular vesicles (EVs) are a type of membrane-bound vesicle produced by cells to 

interact in the extracellular environment for a variety of suggested reasons though often as a 

form of intercellular communication and interaction (Raposo and Stoorvogel, 2013). One 

mechanism which EVs seem to facilitate interaction with the extracellular environment or 

other cells is through the transport of cargo molecules including proteins. One such group of 

proteins that have been suggested to be present in EV contents are the GSTs. Specifically, in 

liver fluke, GTSs are proposed to be present during the immature fluke migration stage from 

the intestines to the liver where the fluke are in repeated contact with various host tissues 

and undoubtedly under assault by host immune cells with direct evidence of Sigma class GST 

being present via mass spec analysis of isolated EVs (Robinson et al., 2009). As well as this 

potentially anecdotal evidence more recent direct analysis of EV content in F. hepatica has 

confirmed the presence of both Sigma and Mu class GSTs as well as potentially omega class 

with a second experiment confirming the presence of Sigma class GSTs (Marcilla et al., 2012; 

Cwiklinski et al., 2015). Within the last 20 years, there have been huge increases in interest in 

terms of analysis of EV contents (through isolation and purification) and potential importance 

of EVs in a variety of roles leading to the creation of the Journal of Extracellular Vesicles in 

2012 (Raposo and Stoorvogel, 2013). In brief, there are essentially three main subpopulations 

consisting of apoptotic bodies, cellular microparticles (microvesicles/ectosomes) and finally 

exosomes  (Figure 7). Apoptotic bodies are a by-product of blebbing during apoptosis often 

harmful or toxic compounds are held within vesicles to prevent damage spreading to 

neighbouring cells or to act as signals to allow response to cell death (Canbay et al., 2003; 

Zernecke et al., 2009). Microparticles/microvesicles/ectosomes consist of various size vesicles 

which pinch directly from the plasma membrane. Finally, exosomes are a type of intraluminal 

vesicle (ILV) around 30-100 nm in size found within multi-vesicular bodies (MVBs). Rather than 

direct pinching exosomes are released following the fusion of MVBs with the plasma 

membrane (Colombo et al., 2014)(Figure 7). EVs essentially allow the protection and transfer 

of various biomolecule signal cocktails including proteins, lipids, sugars and RNA’s between a 

parent cell and recipient cell. This can occur between cells of the same organism or interaction 

between single-celled organisms such as with bacteria and other prokaryotes or, interestingly 

for this project, between a parasitic organism and its host’s cells (Yáñez-Mó et al., 2015). 
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Figure 7 The process of Biogenesis and release of extracellular vesicles showing the three main sub-
populations EE = early endosome; MVB = multi-vesicular body; ILV = intraluminal vesicles; NN = nucleus; OM 
= outer membrane; Pp = periplasm; IM = inner membrane; n = nucleoid; F = flagella.(Yáñez-Mó et al., 2015) 

 

 



30 
 

There has been growing evidence for key roles of EVs in the host-parasite interaction, ranging 

from immune modulation to pathogenicity mechanisms. Thus, EVs appear to have been a 

missing link host-parasite research (Marcilla et al., 2014). EV roles have now been realised in 

several host-parasite interactions, with direct evidence of EV uptake by host tissues, 

particularly for RNA and miRNA. Protecting RNA and miRNA from host RNAse seems to allows 

regulation of host gene expression (Marcilla et al., 2012; Bernal et al., 2014). Furthermore, 

evidence has confirmed that EVs have an immune-modulating role as host-specific immune 

response antigens such as CD19 are found in F. hepatica EVs. Evidence of both host and 

parasite proteins present in EVs, as in malaria infection via Plasmodium yoelii, are considered 

to affect immune suppression and modulation, specifically of human monocyte response in 

Leishmania spp. via increasing IL-10 (Silverman et al., 2010; MartinJaular et al., 2011; Marcilla 

et al., 2012). Evidence for pathogenesis effects with EVs comes from various malaria studies 

showing a link between circulating EV levels and physical symptom manifestation such as 

fevers (Nantakomol et al., 2011; El-Assaad et al., 2014) In T. cruzi parasite vesicles have been 

shown to induce heart pathologies demonstrating pathogenesis (Trocoli Torrecilhas et al., 

2009). Two key ways EVs could be used to assist in reducing parasite effects in relation to 

trematodes and F. hepatica specifically are either via targeting pathways and proteins 

involved in the biogenesis of EVs themselves which has been shown to have some effect 

already in non-parasite studies (Andaloussi et al., 2013) or in targeting the uptake 

mechanisms for EVs by host tissues which are thought to be mediated by receptor responses 

to protein fragments on EV membrane surfaces and antibodies (Mulcahy et al., 2014; 

Chaiyadet et al., 2015). 

Specifically, in trematodes, there have been several proteomic analyses of the protein 

content of EVs demonstrating the presence of many proteins originally assigned to the 

secretome (Nowacki and Hoffmann, 2015; Davis et al., 2019a; de la Torre-Escudero et al., 

2019). It has also previously been noted that on analysis of many proteins from trematode ES 

that there is a lack of secretion signal regions suggesting EVs may function as the main 

mechanism of protein export in trematode species (Robinson et al., 2009; Marcilla et al., 

2014). One such group of protein that is present in EV contents are the GSTs, these are 

proposed to be present at around 4% of the total cytosolic protein levels (LaCourse et al., 

2012). Evidence suggests that GSTs are important during migration from the intestines to the 
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liver, where the fluke are in repeated contact with various host tissues and undoubtedly 

under assault by host immune cells with direct evidence of Sigma class GST being present 

(Figure 8) (Robinson et al., 2009). More recent direct analysis of EV content in F. hepatica has 

confirmed the presence of both Sigma and Mu class GSTs as well as potentially omega class 

with a second experiment confirming the presence of Sigma class GSTs (Marcilla et al., 2012; 

Cwiklinski et al., 2015). 
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Figure 8 Expression of F. hepatica antioxidants across all mammalian life cycle stages using MASCOT to 
approximate percentages of expression (Robinson et al., 2009) 
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1.6 Glutathione-S-Transferases (GSTs) 

1.6.1 Background  

Organisms are constantly exposed to a variety of toxic chemicals, even more so in the modern 

age with the increase of pesticides and industrial chemical pollution. Despite this toxic 

increase, natural toxic chemicals are also an issue, such as naturally produced pesticide 

components of plants (eg. phenols and flavonoids) and internally produced reactive oxygen 

species (ROS). Due to both external (from the environment) and internal (from cellular 

processes), toxicity evolutionary mechanisms of defence are commonplace. There are several 

mechanisms of defence including general ‘drug’ efflux pumps, mechanisms of drug 

sequestration and broad mechanisms for drug metabolism which are split generally into 

phase I and phase II (Figure 9). The first phase of metabolism involves, but is not limited to, 

cytochrome P450 (CYP) monooxygenases which have the essential function of causing initial 

oxidation of xenobiotics at the aliphatic position of organic substrates. Following this, the 

secondary phase of metabolism involves further conjugation, sulfation, acetylation and 

glucuronidation of the polar, but still active xenobiotics by a variety of enzymes to produce 

generally highly polar inactive compounds for renal excretion. A key group of enzymes with a 

role in phase II metabolism are GSTs. GSTs are a superfamily of proteins and have a multitude 

of functions but share a key role in both exogenous and endogenous compound 

detoxification. Though named transferases, many GSTs have functionality as peroxidases, 

isomerases and thiol transferases but the key functionality are maintained as phase II 

metabolic detoxification in both plants and animals (Meijerman et al., 2008). GSTs are 

involved in many important biological processes other than phase II metabolism, those of 

interest will be discussed below. The essential chemistry associated with GSTs involves the 

catalysis of the conjugation of the thiol group of glutathione (γ-glutamyl-cysteinyl-glycine or 

GSH) to electrophilic substrates forming less or non-toxic peptide conjugates which are more 

readily removed from the cell by associated transporters (eg. ABC transporters) for excretion 

or further detoxified by phase II enzymes (Frova, 2006). GSTs are reliant on the supply of GSH 

in the cells which is provided via γ-glutamylcysteine synthase (γ-GCS) and GSH synthase 

(GSHS), and the presence or absence of these enzymes within cells can act as the rate-limiting 

factor in GSH biosynthesis (Meijerman et al., 2008).
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Figure 9 Phase I and II detoxification of xenobiotic product simplistic diagram (Markov et al., 2014). CYP = Cytochrome P450, UGT = UDP-glucuronosyltransferases, ABC = 

ATP-binding cassette, SDR = Short-chain dehydrogenases reductases  
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 GSTs have been most commonly studied in mice, rats and humans since the 1970s where 

interest has often stemmed from observations of fluctuation in circulating and/or localised 

levels of GSTs in disease samples when compared to control samples, suggesting key roles for 

GSTs as biomarkers for disease as well as diagnostic tools for the pathology of various 

associated diseases (Tew et al., 2011). It is important to note that GSTs can also bind to non-

substrate ligands; these ligands include steroids, xenobiotics and bilirubin and for this role, 

they were originally identified as ligandins and are still on occasion referred to in this fashion 

(Prade et al., 1997). Upon such ligand binding which is non-substrate specific enzyme activity 

is generally inhibited due to the ligand-binding site often being adjacent to and overlapping 

the H site (the active site region involved in hydrophobic binding) preventing catalytic 

interactions. Such binding could potentially have roles in inhibitor design and synthesis (Habig 

et al., 1974; Sayed, Wallace and Dirr, 2000).  

1.6.2 3D Structure and categorising of GSTs/nomenclature  

The human GSTs are divided into three superfamilies, these are mitochondrial GSTs, 

membrane-associated proteins in eicosanoid and glutathione metabolism (MAPEG family) 

and most commonly researched cytosolic GSTs (Hayes et al., 2004). Cytosolic GSTs in humans 

are subdivided into 7 classes which are distinguished from one another based on the level of 

conservation of amino acid sequence, substrate activity profiles and immune recognition. For 

a GST to be designated in the same class as other GST proteins it must share >40% of its amino 

acids; note that between classes there is generally less than 25% amino acid sequence 

conserved. The 7 human classes are alpha/A/α (five known members, two pseudogenes), 

Mu/M/μ (five members with specific localities), pi/P/π (one member), theta/T/θ (three 

members), zeta/Z/ζ (one member), omega/O/ω (two known member, one pseudogene) and 

Sigma/S/σ (one member) (Mannervik et al., 2005).  

Structurally cytosolic GSTs are dimeric formed from two monomers which are linked/interact 

via ball-and-socket interactions between domain I of one subunit and domain II of the partner 

subunit via hydrophobic pocket formation in the α4 and α5 (Figure 10) helices though this is 

not the case for theta and omega GSTs (Sinning et al., 1993). The secondary and tertiary 

structures are generally conserved with each monomer containing active sites with two 

discernible sub-sites. These subsites consist of a less globally conserved site (due to the high 

variability of substrate specificity) involved in hydrophobic substrate-binding referred to as 
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the H site, along with a much more highly conserved site (due to its specificity) involved in the 

binding of GSH molecules for active transferase activity known as the G site (Ketterer, 2001a). 

The G site across all classes has a highly conserved thioredoxin-like fold involving both helices 

and β-sheets in the pattern βαβαββα. The substrate-binding or H site, on the other hand, 

comprises of three regions the C-terminal tail the α4 helix and the loop between the primary 

β-strand and the α1 helix (Ketterer, 2001b). However, these can be highly variable between 

classes leading to variance in selectivity due to changes in size, hydrophobicity and shape of 

the active region; for example, the alpha class have smaller H sites than the Mu-class (Wu and 

Dong, 2012). Evidence of the variability of the H site can be seen when comparing the 

structure of this region between classes and even within classes of GSTs as GST A2-2 has a 

pocket shaped hydrophobic H site. GST A3-3 within the same class has a tunnel-like 

hydrophobic H site, Mu class GSTs also have hydrophobic cavities whereas Pi class GSTs are 

partly hydrophobic partly hydrophilic (Reinemer et al., 1992; Rossjohn et al., 1998). Studies 

of human GST A1-1 suggests the α9 helix appears to act as a mobile gate blocking or allowing 

substrates access to interact with the active site similarly in GST O2-2 large scale flexibility 

dependent conformation changes are observed effecting H site following initial binding of 

GSH (Le Trong et al., 2002; Zhou et al., 2012).  The SNAIL/TRAIL amino acid consensus 

sequence is found in the N-terminal domain of cytosolic GSTs in mammals; there is an 

equivalent region in parasite GSTs the differences in these regional residues is used as a tool 

for distinguishing between mammalian and parasite GSTs and is of interest for the specificity 

of drug targetting (Figure 11) (Torres-Rivera and Landa, 2008).  

Mitochondrial GSTs, like cytosolic, share similarities in their three-dimensional fold but share 

no structural resemblance to MAPEG GSTs like cytosolic GSTs. The mitochondrial GSTs are 

soluble dimers which lack the conserved SNAIL/TRAIL motif found in all other cytosolic GST 

classes though they still have GSH transferase activity and thiorredoxin specific domains for 

electrophilic compound interaction and conjugation (Sheehan et al., 2001; Ladner et al., 

2004).MAPEG GSTs have a major role in the production of PGE2 from PGH2 and are involved 

in the synthesis of leukotrienes a group of eicosanoids formed from arachidonic acid. MAPEG 

GSTs differ structurally from cytosolic GSTs having N-terminal regions which span membranes 

suggests a lack of structurally separate G and H site (Hayes and Pulford, 1995).  
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Figure 10 Tertiary structure of GST A1-1 showing 3D structure of multiple domains of each monomer of the 
dimeric whole including ball-and-socket interactions of domain I of one monomer with domain two of the 
partner monomer showing in red and blue surfaces involve α4 and α5 helices. Regions highlighted with a black 
square indicate the G site whilst those highlighted with a black circle indicate the H-site  (Wu and Dong, 2012) 
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Figure 11 Comparison of SNAIL/TRAIL and synonymous N-terminal region from mammalian and parasite 
cytosolic GSTs Fasciola hepatica (Fh1GST; P56598), Clonorchis sinesis (CsGST; AAB46369), Schistosoma 
mansoni (Sm26GST; P15964), Taenia solium Fasciola hepatica (Fh1GST; P56598), Clonorchis sinesis (CsGST; 
AAB46369), Schistosoma mansoni (Sm26GST; P15964), Taenia solium (Ts26GST; AAX19694 and Ts25GST; 
AAM64054), Echinococcus granulosus (EgGST; AAB66318), Onchocerca volvulus (OvGST; P46427); Wucheria 
bancrofti (WbGST; AAO45827), Ascaris suum (AsGST; P46436), Ancylostoma caninum (AcGST; AAT37718), 
Schistomosa japonicum (Sj28GST; P26624), Plasmodium falciparum (PfGST; AAL25087), Plasmodium yoelli 
(PyGST; XP725489), Rattus norvergicus (RnoGSTM1; P04905), Mus musculus (MmuGSTA4; P24472), Sus scrofa 
(SscGSTP1; P80031) and Homo sapiens (HsaGSTM3; P21266, HsaGSTP; P09211 and HsaGSTA3; Q16772) 
(Torres-Rivera and Landa, 2008) 
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1.6.3 Catalytic mechanisms of detoxification  

A key role in the mechanisms of detoxification at a structural binding level involves the correct 

binding and orientation (based on molecule size, GST class, and isoform variant active site 

changes) of both the GSH molecules within the G site and critically the binding of the H site 

substrates. It is noted, upon correct binding and formation of hydrogen bonds to particular 

protein residues within the active site, the electrophilicity of the substrate is increased, 

increasing the ease with which GSH can nucleophilically attack to produce a GS conjugate 

molecule to reduce or remove toxic activity (Oakley et al., 1997). When the tripeptide GSH 

binds to the G site it is bound in an extended conformation with the γ-glutamyl moiety facing 

the protein core. This involves hydrogen bonding with the β3β4α3, though there is some 

difference between GST families, with the tripeptide always lying antiparallel to the loop prior 

to strand β3 causing the cysteine from the GSH to form a pair of hydrogen bonds to the main 

chain of the GST. Secondly, a glutamine or glutamate and a serine or threonine from the β4 

α3 turn of the GST is always hydrogen-bonded to the γ-glutamyl residue of the GSH and finally, 

the sulphur atom of GSH is always located at the N-terminal end of the α1 helix and hydrogen-

bonded to a GST protein residue (varies between class) playing a crucial role in stabilising the 

active GSH (GS-) (Wu & Dong 2012).  

The electrostatic interactions between the GSH and the G site protein residues vary between 

classes. For example, in Mu class (rats) there are van der Waals interactions between Leu12 

and the sulphur of GSH whilst Tyr7 hydrogen bonds with the cysteinyl carbonyl oxygen. In Pi 

class, there are interactions between Arg13 and the γ-glutamyl region of GSH compared to A 

class where Arg14 interacts with the sulfur group (Armstrong, 1997). As well as the 

interactions varying between classes, the amino acid involved in activation at the G site varies 

across classes; for Mu, Pi, Alpha and Sigma classes the amino acid is tyrosine, in Theta and 

Zeta it is serine and for Omega the residue is cysteine. It is often noted that GSTs appear to 

be able to lower the pKa of GSH from 9.0 to around 6.5 this is achieved by the tyrosine and 

serine amino acids of the G sites above, stabilising the thiolate ion preparing GSH for 

conjugation. This activity has been confirmed via site-directed mutagenesis of ser-9 and tyr-

113 demonstrating an increase of pKa only when ser-9 hydroxyl groups are removed (Caccuri 

et al., 1997). The catalytic mechanisms of mammalian cytosolic GSTs are considered to be 

bimolecular random sequential steady-state due to a lack of linear fit when data is plotted on 
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a double-reciprocal plot (suggested to be due to cooperative process). It is suggested that 

binding of GSH and a second substrate is random but the probability of GSH binding first is 

high due to high affinity (low KM values) for GSH and saturation of GSH in cells of  1 – 10 mM 

suggesting a double-displacement mechanism (Ricci et al., 2004; Liebau et al., 2005; Torres-

Rivera and Landa, 2008)  

1.6.4 Non-detoxification related mechanisms  

Along with the major functional role of GSTs in detoxification reactions GSTs also play many 

other enzymatic roles. These are often class or subclass specific where the variation in the 

conservation of structure comes into play. Some of the functional roles of most relevance to 

the study will be discussed below. Most pertain to human or murine GST functionality due to 

the high level of research in these species but, where information is known, parasite or 

specific helminth / Fasciola equivalents will be discussed. Roles not discussed below include 

steroid synthesis, sulfatase activity, dehydroascorbate reductase activity, maleylacetoacetate 

isomerase activity (Rossjohn et al., 1998; Berg et al., 2002; Tars et al., 2010; Zhou et al., 2012). 

1.6.4.1 Modulation of signalling pathways  

GST P1-1 is of key interest due to its overexpression in many cancer cell lines and suggested 

to have a role in facilitating resistance to the multitude of chemotherapeutic drugs via the key 

detoxification role (Peklak-Scott et al., 2008). However, there is a secondary role for this GST 

in cancer development as it is suggested to regulate the c-Jun NH2-terminal kinase (JNK) which 

is involved in signalling and apoptosis control in response to stress stimuli (Tew et al., 2011). 

It has been shown that the monomeric and not the dimeric form of GST P1-1 via the both its 

C-terminal and active centre region acts to inhibit JNK and therefore affects cell survival by 

suppressing downstream apoptosis pathways a key mutational advantage in tumour cell lines 

overexpressing GST P1-1 (Adler et al., 1999; Asakura et al., 2007).  

1.6.4.2 Oxidative stress defence and Peroxidase activity 

GSTs along with other enzymes such as superoxide dismutase, glutathione peroxidases and 

non-enzymatic effects of ascorbic acid (which as shown previously is further influenced by 

GSTs) all have roles in scavenging free radical species ultimately in a protective defensive 

mechanistic fashion. Such free radical reactive oxygen species (ROS) inflict damage on 

membrane lipids causing downstream cytotoxic products or having a direct effect on DNA, 

carbohydrates and proteins. Certain GST isozymes exhibit glutathione peroxidase activity 



 

41 
 

towards lipid hydroperoxides (1-palmitoyl-2-L-3-phosphatidylcholine) and fatty acid 

hydroperoxides produced in the membrane suggesting an oxidative defence role (Sandeep 

Prabhu et al., 2004). Furthermore, GSTs have been shown to catalyse the conjugation of other 

downstream epoxides and reactive carbonyls arising from membrane damage, propenals 

produced from the oxidation of nucleotides and redox cycling caused by quinone containing 

compounds being oxidised, thus providing the cell with protection from a range of 

electrophiles (Hayes and McLellan, 1999).  

1.6.4.3 Leukotriene synthesis and modification  

Leukotrienes are involved in inflammatory responses via autocrine and paracrine signalling 

with key roles in asthma (Berger, 1999). Leukotrienes are synthesised from arachidonic acid 

via MAPEG FLAP (5-lipoxygenase activating protein) which provides substrate 5-lipoxygenase 

to function. As well as this key function other MAPEGs LTC4 and potential microsomal GST 2 

and 3 (MGST2 and MGST3) are involved in subsequent modification of leukotriene A4 to 

leukotriene C4 and amino acid removals to form leukotriene D4 and E4 (Jakobsson et al., 1999).   

1.6.4.4 Prostaglandin D synthase activity  

The Sigma class GSTs have been shown to have a unique enzymatic role in humans. When 

taken into account the role of Sigma GST being released to interact with human cells by 

parasites may suggest high importance of these GSTs for treatment and further parasite 

control. Investigations show that GST S1-1 in humans (a.k.a hematopoietic prostaglandin D 

synthase) can facilitate the isomerisation of prostaglandin H2 (PGH2) to prostaglandin D2 

(PGD2) which is functionally a mediator for the inflammation and allergy response (Matsuoka 

et al., 2000). Whilst this mechanism is essentially unique to GST S1-1 there are also other 

PGH2 interacting GSTs involved in isomerisation to PGE2 and PGF2α as shown via isolation of 

active GSTs from rats (Ujihara et al., 1988). The mechanisms of isomerisation involve three 

subpockets of the enzyme, pocket 1 (protein core) is used for binding the cyclopentane head 

of PGH2, pocket 2 (protein core) is involved in the interaction with the α chain of PGH2 and 

finally, pocket 3 (protein surface) linked to the ω chain of PGH2. The reaction involves, as is 

generally the case for GST enzymes, the nucleophilic attack of activated GSH thiol on O11 

endoperoxide group of PGH2, along with hydrogen bonds between glycine of GSH and O9 of 

PGH2 leading to adduct formation between PGH2 and GSH and ultimately cleavage of O-S bond 

at the Carbon 11 region of PGH2 forming a Carbon 11 carbonyl. The final step involves 
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hydrogen transfer to the carbon 9 hydroxyl anion of PGH2 from GSH causing the formation of 

PGD2 (Kanaoka et al., 1997). OvGST1 the secreted Sigma GST class found in Onchocerca 

volvulus has been demonstrated to act as a prostaglandin D2 synthase enzyme directly at the 

host-parasite interface suggesting there are definite roles for Sigma GSTs in interception and 

modulation of the immune response to parasites (Sommer et al., 2003). It has been 

demonstrated that specific PGD2 derived by parasites, through the activity of Sigma class 

GSTs, have direct inhibitory effects on key immune defence responses of the host for example 

in Langerhans cells of mice in the mouse S. mansoni interaction system (Angeli et al., 2001). 

Along with further examples of eicosanoids being linked to establishing host infections in 

parasite species, there is also direct evidence of the role of rFhGST-S1 a recombinant 

expressed form of GST-S1 from F. hepatica stimulating the production of eicosanoids mainly 

PGD2 and reduced production of PGE2 from dendritic cells of mice (LaCourse et al., 2012).  

1.6.5 GST gene regulation  

It has been noted that GSTs along with γ-GCS and GSHS, whilst essential for detoxification 

activities, also require the coordinated action of efflux transporters (Bachhawat et al., 2013). 

This is particularly relevant to the multidrug resistance-associated protein (MRP) family 

including MRP1 and 2 which are the only two known of the nine MRPs capable of transporting 

GS and GSH conjugates (Keppler et al., 1997). Many hydrophilic GSX conjugates are either 

themselves cytotoxic or their reactions are reversible therefore with no efflux route can be 

regenerated into cytotoxic drugs (Morrow et al., 1998; Morrow et al., 2000; Riddick et al., 

2005). Along with this, activity-based knowledge has been confirmed by studies showing 

synergy between these elements increasing total multidrug resistance and also 

experimentation involving γ-GCS inhibitor buthionine sulfoximine (effectively preventing GST 

activity by removing GSH production) which has shown reduced multidrug resistance (Akan 

et al., 2005) There has also been evidence of genetic co-regulation of expression of these 

components along with UDP-glucuronosyltransferases (UGT) (another key protein in phase II 

detoxification) in animal models via the antioxidant response elements (ARE) (Rushmore et 

al., 1990; Rushmore et al., 1991). This process essentially involves kelch-like ECH-associated 

protein 1 (Keap1)  which normally sequesters nuclear factor-erythroid 2 p45-related factor 2 

(Nrf2) and targets it for ubiquitination and degradation being disrupted upon cell exposure to 

inducers including electrophiles and oxidants allowing Nrf2 to translocate to the nucleus and, 
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via heterodimer formation with Maf proteins, interact with and induces the ARE region 

leading to expression of enzymes stated above. This association has been demonstrated in 

mice models where Nrf2 knockouts decreased α, µ and π GSTs, γ-GCS and MRP1 in mouse 

embryos (Hayes and McMahon, 2001; McMahon et al., 2001; Chanas et al., 2002; Hayashi et 

al., 2003). 

Evidence from previous studies and confirmed in O. volvulus show that it is more common 

than assumed for splice variants to occur in GST genes during regulation. It is noted that the 

N-terminal region associated with GSH binding is highly conserved but splicing occurs 

frequently in the C-terminal domain increasing the variation and splice forms present to allow 

an increased range of substrate specificity (Wongsantichon and Ketterman, 2005; Liebau et 

al., 2008).  

1.6.6 GSTs – Human – Personalised medicine 

It has been demonstrated in a select group of key human health-related GST variant 

polymorphisms, that there is a link between predisposition to disease and associated illness 

(Ginsberg et al., 2009). Polymorphisms may subsequently affect individuals’ reaction to toxic 

compounds and drug compounds based on their ethnicity due to variation in polymorphism 

profiles. Ultimately, this may assist in the development of personalised medicine plans where 

drug metabolism and drug effectiveness is tailored to ethnic polymorphism profiles (Polimanti 

et al., 2013). 

There is a key role for GSTs in cancer research and tumour make up which again could be used 

for personalised profiling and treatment where cancers often overexpress specific GST classes 

and polymorphisms such as the presence of GST-T-1 null population having a higher risk of 

developing breast cancers (Di Pietro et al., 2010; Hashemi et al., 2012).  

GSTs also have key roles in ROS protection of interest to the understanding of asthma, where 

polymorphism profiles of GSTs differ in those with the disease (Piacentini et al., 2010). GSTs 

have been suggested to provide a source of resistance for the insect vector Anopheles 

gambiae which is involved in the spread of malaria, further demonstrating key functionality 

of these enzymes and potential as drug targets (Ranson et al., 2001).  Finally, polymorphisms 

in human GST O1 and GST O2 genes have shown to modify the age of onset of Alzheimer’s 

and Parkinson diseases possibly via changes in protection against oxidative stress via 



 

44 
 

ascorbate recycling between polymorphisms (Schmuck et al., 2005). Human interest suggests, 

therefore, that any data produced by this thesis whilst initially using analysis of potential 

inhibitors to the parasitic enzyme isoform may also lead to the discovery of novel inhibitors 

for future human treatments.    

1.6.7 GSTs – Parasite  

GSTs are of increasing interest within parasitology and parasitic infections due to GSTs 

multifunctional roles in drug metabolism, sequestration, ROS protection and immune 

regulation. It is thought that these enzymes, along with potentially other phase I and II 

enzymes, are employed by the parasite to increase pathogenicity and withstand anti-parasitic 

drug treatments. More recently a key finding indicates that GSTs may serve as a reliable 

biomarker for parasitic infections, for example, malaria (Chikezie, 2015). Furthermore, GSTs 

make interesting targets due to the evidence that, generally, helminths have low levels of 

phase I detoxification enzymes, such as CYPs, suggesting GSTs are the main detoxification 

systems within these species. However, more recently it has been observed in the organism 

of interest F. hepatica that two CYP 450 genes are present (Brophy and Barrett, 1990; Stuart, 

2012; Dalton, et al., 2015). 

Amongst helminths, the greatest quantity of GST activities has been identified in gut dwelling 

parasites, such as tapeworms, as opposed to both blood and tissue dwelling parasites 

(Barrett, 1997). Elevated GST activity would be assumed to be related to the likelihood of 

contact with xenobiotics, yet localisation of GSTs in tissue regions does not accurately 

correlate suggesting other factors (Cvilink et al. 2009). Parasites tend to have elevated GST 

activities in tissues exposed to the host environment such as the tegument, hypodermis and 

parenchyma suggesting key roles in response to host immune system attack and host/drug 

treatment xenobiotic metabolism (Brophy et al., 1990) 

It has been demonstrated across several helminth species that there is an abundance of GST 

forms present with both detoxification related enzymatic activities and non-detoxification 

related activities. These GSTs have certain structural similarities and functional similarities 

when compared via amino acid sequence to mammalian homologues and are therefore 

classed accordingly, although there is potential evidence of a certain unique class of GSTs a 

specific nematode class (Cvilink et al., 2009). Some of the nematode specific GSTs are 

functionally similar to a class found in E.coli designated putatively the nu-class GSTs as both 



 

45 
 

have been shown to have high-affinity binding with heme (Rossum et al., 2004). There is 

another nematode specific class of GST (also referred to as the nu-class) that would be of key 

interest in the development of specific targeted treatments due to high differences in 

host/parasite GST structures and biochemical activity; their closest known GST class identity 

is Sigma class GST with 30-40% sequence similarity to mammalian Sigma GSTs (Schuller et al., 

2005). Heme binding GSTs would provide a unique role in helminths due to their inability to 

self-synthesise heme and evidence that there is a lack of genes coding for other heme 

processing enzymes (such as heme oxygenase); heme is an essential cofactor for several 

biological processes, therefore, represents an ‘Achilles heel’ and appealing target system. 

Within the GST classes, the Sigma class of GSTs have an interesting functionality due to the 

role in prostaglandin synthesis which is demonstrated to have a role in host immune 

interactions (Sommer et al., 2003; Kubata et al., 2007; LaCourse et al., 2012) and for this 

reason, Sigma GSTs have been analysed for their therapeutic vaccine-related roles with 

promising results in schistosomiasis (in phase II clinical trial stage (Stephenson et al., 2014)) 

and some signs of a reduction in gross hepatic lesions suggesting early immune response 

induction in F. hepatica trials (LaCourse et al., 2012; Morphew et al., 2012). The localisation 

of Sigma GSTs in F. hepatica has revealed expression in eggs and vitelline cells of adult fluke 

with suggested roles of prostaglandin synthase activity in egg development. Along with their 

presence in NEJs and adult fluke in host environment associated regions such as tegument 

and parenchyma, these patterns of expression further demonstrate this GST group is of 

interest for potential therapeutically arresting development of the life cycle and in 

modulating host immune interactions (LaCourse et al., 2012).  

1.7 GST inhibition and Inhibitor design 

1.7.1 Plant natural product inhibitors  

The bioactivity of naturally derived compounds is of interest in novel drug design and 

therefore plant compound extracts are of interest. This interest is due to the ease of initial 

extraction, isolation and screening prior to more in-depth compound identification and also 

the high level of chemical diversity involved (Sasidharan et al., 2011). Several studies have 

been performed specifically on inhibitory effects of various plant extracts on both mammalian 

and insect GSTs (Wang et al., 2014) due to the interest in developments of resistance to 

pesticides (many of which are based on natural plant compound based pesticides). Of the 
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plant compounds Investigated, those found to be of interest in GST inhibition include 

polyphenolic compounds within which tannoid compounds are also of interest (Hayeshi et al., 

2007). Tannoid compounds are of interest due to suggested presence of polyhydroxylations 

being important in interaction with GSTs along with direct roles in the binding of proteins 

through hydrogen bonds, often leading to steric hindrance and irreversible inhibition. This 

interaction is thought to be key in the GST-P-JNK protein complex (Gyamfi et al., 2004; 

Hayeshi et al., 2007). Preliminary work in nematodes has suggested that there are likely to be 

potential plant compounds with high inhibition effects on GSTs as plant species Piliostigma 

thonningii, Ocimum gratissimum and Nauclea latifolia extracts all demonstrated high IC50 

values to various nematodes. Most interestingly selective activity towards parasite rather 

than human/mammalian GSTs was observed as is essential for effective drug design (Fakae et 

al., 2000).  

1.7.2 Ligandin inhibitors 

It has previously been discussed that GSTs possess the ability to bind to large ligands with no 

catalytic functional activity but potentially having roles in the transport or sequestering of 

these molecules. However, this binding generally also leads to non-competitive inhibition 

which, if exploited, could be of extreme interest in terms of novel inhibitor design. Previous 

studies, based on binding kinetics, have confirmed that the ligandin binding or L-site of the 

enzyme appears to be distinct from the G and H sites and has been supported by evidence of 

ligand binding within the dimer cleft of GSTs from S. japonica and squid GSTs the G and H sites 

not being found in this region (McTigue et al., 1995; Ji et al., 1996). It was also initially 

suggested that the L-site is located in the buffer binding domain. This was ruled out using site-

directed mutagenesis and it is now thought to be either part of the H-site or part of a large 

hydrophobic region adjacent to or overlapping regions of the H-site potentially involving the 

intersubunit cleft  (Oakley et al., 1999; Le Trong et al., 2002). It has also been noted, that like 

the H-site, the L-site shows a high level of degeneracy in that there may be multiple residues 

involved which can bind the same ligand and different binding may affect the inhibition 

profile. When Cys-112 of GSTA1-1 is modified it did not affect binding within the inter-subunit 

region as expected but did change the inhibition to competitive suggesting it shifted binding 

to fully occupy the H-site (Lyon and Atkins, 2002).  In parasites, such ligandin inhibitors include 

porphyrins, sulphated organic dyes and importantly bile acids. It is thought that the role of 
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such ligandin bindings may be to modulate enzyme activity in vivo or may allow GSTs to 

directly act as intracellular bile acid receptors to initialise particular responses to host 

localisation (Ahmad and Srivastava, 2008). 

1.7.3 Pro-drugs and GSTs  

When considering inhibitor-based drugs targeting GSTs it is key to think of the broader 

metabolism and enzyme activity in the cell as a whole. For example, the role of γ-glutamyl-

transpeptidase and GSTs themselves (at low levels) in breaking down GSH-conjugates and in 

the GSH cycle maintenance, in particular, the role of interacting with and degrading GSH-

conjugates can be exploited in multiple ways to design useful drugs some of which have 

direct inhibition effects (Zhang et al., 1995). The main way this functionality has been 

investigated is through the synthesis of pro-drugs activated by the above enzymes with 

cytotoxic moieties following conjugate degradation, therefore, targeting cells 

overexpressing GSTs to undergo increased toxin release. This targeting of cell 

overexpressing GSTs leads to cell damage and destruction, this of particular use in cancer 

cells which overexpress pi-class GSTs (Findlay et al., 2004). Some such designed pro-drugs 

show effect by releasing DNA Alkylating compounds and nitrogen mustard-based agents 

involved in cross-linking DNA. Key drugs designed for such function include TER 286 which is 

thought to function via this method and interestingly by the parent compound interacting 

with DNA dependent kinases directly and is currently in stage 2 clinical trials (Lyttle et al., 

1994; Townsend et al., 2002). Interestingly, it is noted that the products produced by such 

prodrug catalysis may have the direct ability to bind and inhibit GSTs whether that be the 

isozyme which initially produced them or another isozyme based on the product specificity; 

this could be exploited for targeted design to use a particular isozyme group to inhibit 

another (Ibarra et al., 2003). Though much of the experimentation on this particular drug 

mechanism has been linked to the degradation of cancer cells over-expressing  GSTs there is 

the potential to modify such a pro-drug vehicle to have an active form which is selective for 

parasite biology over the host. For example, having products released that were ROS would 

have a greater specific effect on parasites than hosts due to parasites main detoxification 

method being GSTs this would potentially lead to a GST upregulation which would lead to 

increased pro-drug activation increased ROS release and increase cell damage in parasites 

(Chiumiento and Bruschi, 2009). 
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1.7.4 Specificity and inhibitor design  

As well as inhibitors of GSTs being designed for specific therapeutic, medical and veterinary 

needs there has been a great deal of initial work in specific class-based GST inhibitors in 

terms of being an early method of both assigning a class to speculative GSTs and for 

studying and understanding the properties of various GST classes; these inhibitors include 

cibracron blue showing high specificity for M class, triphenyltin chloride specific to M class 

GSTs and bromosulphthalein for targeting A class GSTs (Torres-Rivera and Landa, 2008). 

It is noted above that there are conserved structural elements between mammalian and 

parasitic GSTs. However, there are sufficient differences observed in the currently classified 

GSTs along with the more unique (often referred to as nu-class species) to provide specific 

targeting of the parasite without affecting mammalian host GSTs. Much of this information 

on the specificity of inhibitor binding and the differences between species GSTs is obtained 

through x-ray crystallography of the enzyme bound to inhibitors as it allows determination of 

the residues involved in binding of particular subsets of inhibitors (McTigue et al., 1995; 

Aritake et al., 2006; Line et al., 2019). This has been confirmed in multiple inhibition studies 

involving parasite-specific GSTs where it is commonplace to compare inhibition levels to 

mammalian GSTs or mammalian recombinants to determine specificity (Brophy et al., 2000; 

Fakae et al., 2000). Early parasite-specific GST experiments on O. volvulus and A. suum 

suggested that the addition of second double bonds into reactive carbonyl compounds 

increases inhibition, the compounds showing consistently highest IC50 were Haematin, 

Triphenyltin chloride, bromosulphophthalein, cibacron blue and ellagic acid, quercetin and 

hexachlorophen (Liebau et al., 1996). Analysis of malarial parasite P. falciparum GST showed 

significant differences in inhibition level were observed to a specifically designed 

undecapeptide which leads to increased IC50 levels (300 µM) against the parasite GST 

compared to the human GST used (1 mM) (Deponte and Becker, 2005). Similarly, the filarial 

parasite Wuchereria bancrofti has been studied via 3D modelling and this method has shown 

structural similarities to GSTs from O. volvulus  and B. malayi which in previous studies have 

shown that a succinate conjugate (compound 8) showed IC50 values of 19.1 µM for parasite 

and >250 µM for human πGST a greater than 10-fold selectivity being achieved (Brophy et al., 

2000; Nathan et al., 2005).  
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The potential Sigma functional GST from H. polygyrus, whilst sharing 33% sequence identity 

with mammalian hematopoietic prostaglandin synthase, has a much more variable C-terminal 

region; there is variability in region 103 -120, where helix α5 and α6 are connected by a loop 

structure and the H-site is extremely long and deep which is unique to this parasite GST and 

could contribute to roles in the specific substrate activities  (Schuller et al., 2005) Sigma and 

Sigma functional (prostaglandin synthase active) GSTs are of high potential interest due to 

their host immune interaction roles. The demonstration of potential vaccine efficacy and the 

formerly mentioned structural information describing key differences between mammalian 

and parasitic Sigma GSTs should allow for selective targeting inhibitor designs.  
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1.8 Project Aims and Objective 

Work in this thesis will determine if a chemotherapeutic approach for controlling liver fluke 

F. hepatica infection is feasible via pursuing the protein target Sigma-class GST, an established 

immune-modulator present in all life cycle stages including EVs. This overall goal will be 

achieved by the following specific objectives: 

• Bioinformatically probing the GST superfamily complement (GSTome), in order to 

delineate the relative importance and conservation of the Sigma GST family too 

especially trematode parasites   

• Isolate, clone, express and purify both recombinant and native Sigma GSTs from F. 

hepatica in order to discover and synthesise selective inhibitors  

• Test the efficacy of project discovered inhibitors of Sigma GST directly via in vitro 

screening assays on two different life cycle stages of F. hepatica (egg and adult) with 

the desired aim to kill the parasite or halt its life cycle. 
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2.0 Materials and Methods  

2.1 General  

Where solutes were made using water then distilled purified and treated water was obtained 

using an Elga Purelab or Purelab Ultra system at either 15.0 Ω (dh2O) or 18.2 Ω (ddH2O). If 

applicable a solution was also autoclaved or filtered using Acrodisc® low protein binding 

syringe filter at 0.22 µm or via Steritop vacuum filters at 0.22 µm. For all nucleotide-based 

work including PCR amplification and primer dilution DEPC treated Nuclease free water (NFW) 

was utilised which was RNA and DNA free (Invitrogen). All media solutions were autoclaved 

except for SOC medium (Sigma-Aldrich) which was supplied sterile. Autoclaving was 

consistently carried out at 121°C and 20 p.s.i for 20 minutes. All chemicals used throughout 

the project were of analytical grade or higher and purchased from a variety of sources 

including Sigma-aldrich, Thermofisher Scientific, Bio-rad, GE Healthcare, Bioline, Melford 

Scientific and Cambridge Biosciences aside from inhibitor chemicals which were synthesised 

by Cardiff University Chemistry Department (purity confirmed externally via either HPLC or 

MSMS and NMR analysis see appendix 1). In instances where chemical kits were utilised, the 

supplier and protocol adaptations are stated and, if no adaptations stated, manufacturer’s 

protocols were followed.   

2.1.1 Extraction of RNA and cDNA synthesis     

Total RNA was extracted from egg or adult F. hepatica using a Direct-zol RNA mini prep plus 

kit (Zymo Research) using 20 mg of adult material anterior of the ventral sucker which had 

been bead beaten or approximately 2,000 eggs (day 0 un-embryonated) homogenised in 

liquid nitrogen (Moxon et al., 2010) prior to processing through standard protocols. Following 

isolation, concentration and purity were determined using a Nanodrop 1000 (Thermofisher 

Scientific) and 260/280 nm and 260/230 nm ratios tested prior to running on 1% w/v agarose 

gels. The high capacity RNA-to-cDNA kit (Thermofisher Scientific) was used to produce cDNA 

using supplied protocols following which the cDNA produced was again analysed via 

Nanodrop and 260/280 nm and 260/230 nm ratios assessed.  

2.1.2 PCR procedures  

PCR amplifications were carried out in a TC-4000 (Techne) or a C1000TM Thermalcycler (Bio-

Rad) when a temperature gradient was required. Molecular cloning enzymes Mytaq Red 
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(Bioline UK) and Myfi mixes (Bioline) were used consisting of high stability Taq DNA 

polymerase and additional proofreading enzyme (Myfi only), dNTPs, MgCl2, product specific 

buffers and DNA loading dye (Mytaq red only). When Myfi mix was used for high fidelity 

applications 5x DNA loading buffer blue (Bioline) was added to allow visualisation of products. 

Primers were purchased from Eurofins or Sigma as lyophilised powder and made into initial 

100 pmol/µl stocks these were then diluted to 10 pmol/µl working stocks for all further 

reactions using Ambion DEPC-treated water (Thermofisher scientific).  

2.1.3 DNA gel electrophoresis  

PCR products, restriction digests, whole DNA extractions and plasmid DNA were analysed via 

DNA gel electrophoresis. This involved the preparation of agarose gels at the desired 

percentage; most commonly 1% w/v agarose gels were used. The process involved dissolving 

the desired weight of electrophoresis grade agarose (Melford) in 1 X Tris-acetate 

ethylenediaminetetraacetic acid (TAE) buffer diluted from 10 X electrophoresis grade TAE 

stock solution (Fisher). Agarose TAE solution was melted by microwaving the solution until 

agarose fully dissolved (1 min 30 to 2 min 30, depending on the total volume and % of gel). 

For visualisation of DNA GelRed (Biotium) or SYBR safe (Invitrogen) was added following the 

cooling of agarose at 1:10,000 DNA gel stain to agarose/TAE mix. Gels were cast in desired 

size casting block with combs for wells and electrophoresis performed as described 

(Sambrook et al., 1989). Visualisation of gels was performed under UV conditions using 

U:Genius gel imager (Syngene) or a Typhoon FLA 9500 (GE Healthcare). DNA markers for 

analysis of products on the gel were performed using a 1Kb Hyperladder (Bioline) in a free 

lane.  

2.1.4 Protein Determination  

Protein concentration was determined using the Bradford method (Bradford, 1976) using 

Bradford reagent (Sigma). Bovine serum albumin BSA was used as a standard for calibration 

of individual batches of Bradford reagent. Following calibration, samples were added to 

Bradford reagent and the absorbance at 595 nm was read for comparison to the standard 

curve following a 5 min incubation at room temp. Absorbance readings were performed using 

Cary 50 Bio UV−vis spectrophotometer at 25°C. For low levels of protein, the Qubit 
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fluorometric Quantitation was performed using the protein quantification assay kit (Fisher) 

and standard manufacturer’s protocols.  

2.2 GST Biochemical analysis   

2.2.1 GST functional assays 

GSTs initially were characterised via a spectrophotometric assay involving the conjugation of 

GSH to CDNB which can be observed in an absorbance change at 340 nm in a Cary 50 Bio 

UV−vis spectrophotometer at 25°C (Habig et al., 1974). The procedure was performed in 100 

mM potassium phosphate buffer at pH 6.5 containing 1 mM GSH and 1 mM CDNB + GST 

enzyme (varying concentration of sample) and the reaction rate  observed for 3 minutes 

Assays were  repeated at least in triplicate and  GST specific activity was then expressed in 

nmol min-1 mg-1 protein and determined via: 

 
∆𝑂𝐷

𝜀 ×𝑡
× 𝑉 × 𝐿

1

𝑝𝑟
×

1

𝑠
× 10𝑛  

∆OD= absorbance change, ε = extinction coefficient, t = time, V = total volume assay mixture, 

L = Path length of measurement, pr = protein concentration, s = volume of enzyme extract 

added and n is dependent on the value of extinction coefficient used - cm2 M-1 then n = 9; if 

M-1 cm-1 n = 6; if mM-1 cm-1 then n=3 (Barrett, 1997a). 

Various additional substrates were also tested due to the range of predicted functional 

enzymatic roles of Sigma class GSTs and conditions for each are summarised within the 

relevant chapter.  In the current study, multiple kinetic assays were required to be 

performed and an optimised lowest concentration of pure enzymes was determined to be 

750 ng total per reaction. Whilst 750 ng of the enzyme is a low quantity of protein, 

throughout this study reactions would be required to be performed in triplicate with 

multiple different substrates at varying concentrations and with various inhibitory 

compounds, again in triplicate, therefore, this maximised reaction which could be 

performed.  

2.2.2 Enzyme kinetics 

The apparent Km and apparent Vmax determinations for each substrate of each GST assays 

were performed in at least triplicate at 25°C using varying concentrations (0.001 mM – 10 
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mM) with a constant concentration of GSH (1 mM). The apparent Km and apparent Vmax 

determinations with GSH as a substrate for GST assays were performed in at least triplicate 

at 25°C using varying concentrations of GSH (0.001 mM – 3 mM) with a constant 

concentration of CDNB (1 mM) for FhGST-S1 enzymes and trans-2-nonenal for rFhGST-S2 

enzyme. Kinetics were determined via non-linear regression analysis of experimental data 

using GraphPad Prism software where triplicates values were utilised. 

2.3 Protein separation by polyacrylamide gel electrophoresis  

Proteins through all stages of the project (cytosolic, recombinant etc.) were resolved for 

visualisation via sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

adapted from initial methodologies (Laemmli, 1970). Two-dimensional gel electrophoresis 

was performed based on altered principals from O'Farrell et al. (1977). For adaptations see 

below. 

2.3.1 One-Dimensional protein gels  

One-dimensional protein gels were used for the analysis of proteins based on molecular 

weight only. Glass plates were assembled according to manufacturer instructions and 

BioRad’s 1-D systems were used for preparing and running the gels. Unless stated otherwise 

all gels were made with 12.5% acrylamide. First, a resolving layer of gels was added to the 

glass plate/ gel cassettes as shown in Table 3. The stacking gel was prepared as Table 4 and 

poured on top of the resolving gel following setting and a comb placed in to create wells.  
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Table 3. Preparation of resolving gel for 2 x 12.5% polyacrylamide 7 cm gels    

Reagent 

Volume 

(µl) 

Acrylamide (30%) (BIORAD) 4210 

Resolving gel buffer (1.5 M 

Tris, 0.4% SDS, pH 8.8  2500 

DDH2O 3340 

Ammonium persulphate 37.5 

TEMED 10 

 

Table 4. Preparation of stacking gel solution for 2 x 7cm gels    

Reagent Volume (µl) 

Acrylamide (30%) (BIORAD) 375 

  

Resolving gel buffer (1.5 M 

Tris, 0.4% SDS, pH 8.8  625 

DDH2O 1500 

Ammonium persulphate 12.5 

TEMED 3.75 
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2.3.1.1 Sample preparation  

Protein samples needed to be prepared precisely to be compatible with BioRads 1-D systems. 

This involved removal or dilution of materials in certain salts and buffers (according to 

manufacturer protocols). An initial protein concentration was determined as described in 

Sections 2.2.4, if within the correct concentration range of detection (see manufacturer 

protocols, also dependent on visualisation method used) protein samples were then added 

to 4 x sample loading buffer (8 % w/v SDS, 0.2% w/v bromophenol blue, 50 mM DTT, and 20% 

glycerol in 0.5 M Tris-HCl, pH 6.8) at a 3:1 ratio. The solution was then denatured at 95°C for 

5-10 min. The denatured samples were stored on ice and centrifuged at 10 000 x g for 30 

seconds to pellet any insoluble material. This sample buffer mixture could then be wet loaded 

via pipetting into gels previously made (Section 2.3.1). 

2.3.1.2 SDS-PAGE  

As stated in the previous sections separation by 1-D was performed on 7 cm gels and Biorad’s 

1-D gel system. The tank system used for running gels was the Mini-PROTEAN® Tetra Vertical 

Electrophoresis Cell (BioRad). Once the stacking gel was set the comb was removed from the 

gel carefully to create wells the gel plates where then removed from the cassette system and 

placed into the running system. 10 X Tris-glycine-SDS (TGS) buffer (BioRad) was diluted to 1 X 

using ddH2O and added to the inner and outer tank of the system. Samples could then be wet 

loaded. Low molecular weight markers (Amersham) were always included to accurately 

determine the molecular weight of proteins tested in comparison and 2-3 µl added. 

Electrophoresis was carried out at 70 V for 30 min followed by 150 V until completion. 

Proteins could then be stained or immunologically probed further (Sections 2.3.3 and 2.4)    

2.3.2 Two-dimensional protein gels 

Two-dimensional protein gels were used to further separate proteins via an initial separation 

based on protein pI followed by a secondary separation based on molecular weight.  

2.3.2.1 Sample preparation  

Protein concentration was determined (Section 2.2.4) and an appropriate concentration for 

the downstream application was added to 1.2 x Z-buffer (9.6 M Urea, 2.4 % 3-[(3-

Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 39.6 mM DTT, 0.6% 
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ampholytes pH 3-10 (Amersham) and 0.01% bromophenol blue) 25 µl of sample at the desired 

concentration being added to 100 µl of Z-buffer. 

2.3.2.2 SDS-PAGE  

Protein samples were then applied to a lane of a rehydration tray. A ReadyStrip™ (BioRad) 

immobilised pH gradient strip (IPG) (7 cm, non-linear pI 3-10) was applied to the same lane of 

the tray, gel side facing down, and left to rehydrate passively at room temperature for 16 

hours covered with paraffin oil.  

Following overnight rehydration, paper wicks were placed onto the wires of an IPG focusing 

tray and hydrated with 5 µl of ddH2O. The rehydrated strip was then cleaned of excess oil and 

placed gel side down (positive to positive) in the focusing tray. The IPG strip was again covered 

with paraffin oil. The rehydrated IPG strip underwent isoelectric focusing (according to 

manufacturer instructions) until 10,000-volt hours was reached and proteins were focused 

using a BIO-RAD protean IEF cell focuser. 

Before running in the second dimension focused IPG strips were equilibrated with 

equilibration buffer (50 mM Tris, pH 8.8 containing 6 M urea, 30% v/v glycerol, 2% w/v SDS 

and bromophenol blue) initial equilibration occurred with the addition of 25 mg/ml DTT for 

15 min to reduce protein, placed on a rocker at room temp. This was removed and followed 

by equilibration buffer + 20 mg/ml iodoacetamide to alkylate for 15 mins. 

For the second dimension of two-dimensional gels, the gels were prepared as in Section 2.3.1 

however, when the stacking gel was applied, a gap was left at the top of the glass plate which 

was topped with water-saturated Isobutanol. The final equilibration volume was removed 

from the IPG strip. The isobutanol was removed from the preprepared gel and washed with 

ddH2O and dried with filter paper and IPG strips were placed into contact with the stacking 

gel. A small volume of 0.5 % w/v agarose in 12.5 mM Tris pH 8.8 was used to embed the IPG 

strip. Low molecular weight marker, as used in one-dimensional gels, was added to paper 

wicks (2 µl) and also embedded in the agarose at either end of the strip. Gels were then run 

as in Section 2.3.1.2. 
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2.3.3 Visualisation of protein of polyacrylamide gels via Coomassie staining of gels  

Following SDS-PAGE gels were placed into fixative (40% v/v ethanol 10% v/v acetic acid) for 1 

hour. The gels were then washed in ddH2O for 3 x 10 min with the wash solution discarded 

after each wash. Following washing, gels were stained overnight in a working solution of 

colloidal Coomassie blue stain (0.25 % w/v Coomassie blue R-250 (Bio-Rad), 50% v/v 

methanol, 10% acetic acid). Resolved proteins were detected following de-staining repeatedly 

with 1% v/v acetic acid and scanned using Bio-Rad GS-800 calibrated densitometer (BioRad) 

and saved in Tiff format for analysis. 

2.4 Western Blot analysis  

2.4.1 GST western blot  

Following SDS-PAGE either one- or two-dimension gels were then probed immunologically via 

Western blotting. Western blotting in all instances was carried out with anti-Sigma class GST 

antibodies raised to recombinant protein FhGST-S1 in rabbits (LaCourse et al., 2012)  (Lampire 

Biological Laboratories) and commercial anti-Mu class GST antibodies for Schistosoma 

japonicum GST26 (Pharmacia-Biotech) to ensure the purity of native protein samples. 

Western blotting involved the transfer of proteins from the gel to an AmershamTm
 ProtranTm

 

Premium 0.45 µm nitrocellulose blotting (NC) membrane (GE healthcare life science). The NC 

membrane was initially soaked for 1 min in ddH2O following which it was immediately placed 

into 1 X Western blot transfer buffer (25 mM Tris pH 8.3 containing 0.19 M glycine and 20% 

v/v methanol) along with filter paper, porous pads and the gel membrane to equilibrate for 

20 mins. These components were then sandwiched in clamps specific to the Western blot kit 

(BioRad) porous pad, filter paper, gel, NC membrane, filter paper and porous pad.  

Proteins were transferred across at either 40 V for 2 hours or 20 V overnight in 1 x Western 

blot transfer buffer following which the correct transfer of proteins was verified via 

visualisation using amido black staining (0.1% w/v Amido black, 10 % v/v acetic acid and 25% 

v/v isopropanol). 0.1% w/v amido black was added over the top of the membrane on the side 

which was in contact to the gel, this was left to incubate for 1 min and then washed off once 

with ddH2O. The proteins were then scanned using the GS-800 densitometer (Biorad). The 

membrane was then destained (10% v/v acetic acid and 25% v/v isopropanol) for 2-3 mins 

followed by another wash with ddH2O and washing with TTBS (0.1 M Tris, 9% w/v NaCl and 
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0.1% v/v Tween 20) 3 x 10 min. The NC membrane was then blocked in TTBS containing 5% 

w/v milk powder (Morrisons) overnight or for 4 hours at 4°C on a rocker. The NC membrane 

was then washed in TTBS blocking buffer (containing 1% w/v milk powder and primary 

antibody for anti-Sigma class GST antibody dilution of 1: 30,000 for anti-Mu class GST antibody 

dilution of 1:1000) and incubated at 1-2 hours. After primary incubation the NC Membrane 

was then washed of non-specific binding for 3 x 5 min washes in TBS (0.1 M Tris, 9% w/v NaCl). 

The NC membrane was then placed into TTBS blocking buffer containing a secondary antibody 

which for anti-Sigma class GST antibody was anti-rabbit IgG raised in goat conjugated to 

alkaline phosphatase (Sigma) used at 1:30,000 or for anti-Mu class GST antibody was anti-

goat IgG raised in rabbit conjugated to alkaline phosphatase used at 1:30,000 and all 

incubated for 1 hour. The NC membrane was again washed 3 x 10 min in TBS. The protein 

bands recognised by the antibody were visualised using a 1:1 solution of 5-bromo-4-chloro-

3-indolyl phosphate (BCIP) and nitroblue tetrazolium (NBT) in Western blot substrate buffer 

(0.1 M Tris, 100 mM NaCl, 5 mM MgCl2, pH 9.5). NC membranes in NBT/BCIP were placed on 

rocker until proteins were visible then washed 3 x 5 min in ddH2O. NC membranes following 

development were then imaged both wet and dry using Bio-Rad GS-800 calibrated 

densitometer (BioRad) and saved in Tiff format for analysis. 

2.4.2 Western blots with experimental F. hepatica infection sera  

Infection sera Western blots were performed essentially as Section 2.4.1. However, initial 

optimisations were performed on sera dilutions to ensure visible reaction. Protein transfer to 

membranes was performed as standard following overnight blocking sera samples of interest 

were incubated in the same manner as primary antibodies in 1% w/v milk in TTBS. Following 

initial protein transfer, organism-specific secondary IgG/AP conjugates were incubated, either 

anti-sheep IgG or anti-goat IgG due to experimental animal infection sera origins. All other 

steps were performed as in Section 2.4. 

2.5 Mass Spectrometry  

2.5.1 Trypsin digestion of protein spots/bands of interest  

Following Coomassie blue staining of protein gels, spots or bands of interest were manually 

excised from the gel and placed into individual Eppendorf tubes for processing via digestion 

with trypsin as previously described (Morphew et al., 2011).  
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For 1-D gels which underwent silver staining gels undergo the following initial wash steps. The 

gels were washed twice with ddH2O for 15 mins and the bands/spots of interest excised. 

Samples were then dried in a speed vac for about 45 min and a 1:1 solution 30 mM potassium 

ferricyanide and 100 mM sodium thiosulfate added and incubate at room temp for 15 mins. 

The supernatant was then discarded and 100 mM ammonium bicarbonate (Ambic) added and 

incubated at room temp for a further 15 mins, this process was repeated 2 more times. The 

final wash supernatant was then removed, and the sample dried in a speed vac as before.  

For 1-D gels which underwent Coomassie blue staining gels underwent the following initial 

wash steps. Excised gel bands/spots, gel pieces were destained in 50 mM (Ambic) pH 8 and 

50% v/v acetonitrile (ACN) for 15 mins at 37°C. This initial wash was repeated until gel pieces 

were clear of the stain up to a maximum of 3 repeats. The washes in-between each step were 

discarded. The gel pieces were then dehydrated with 100% acetonitrile for 15 mins at 37°C, 

prior to being dried with Eppendorf lid open at 50°C. 

Following initial staining, wash step procedures for all 1-D gel bands/spots involved the 

addition on 10 mM DTT in 50 mM ambic, incubated for 30 min at 80°C or 55°C for an hour. 

The supernatant was then removed and 55 mM IAA in 50 mM Ambic added and incubated 

for 20 min at room temp or in the dark for 45 mins. The supernatant was again removed and 

gel pieces washed twice with 50% v/v 50 mM Ambic 50% v/v ACN and incubated for 15 min 

at room temp. 100% ACN was added to each gel piece to dehydrate and incubate for 15 mins 

room temp then remove excess before drying gel pieces at 50°C with the lids open. Following 

drying, the gel pieces were rehydrated in 50 mM Ambic containing 10 ng/µl trypsin Promega 

grade modified trypsin (Porcine) with gel pieces were just covered and left to digest at 37°C 

overnight. Samples were then centrifuged to bottom of the tubes and 20 – 50 µl of ddH2O 

added to gel pieces, prior to shaking for 10 mins at room temperature. The supernatant from 

this step is taken and stored. 50% v/v ACN, 5% v/v formic acid 45% milli Q water was then 

added to the gel pieces and shaken for 60 mins at room temperature. Samples underwent 

centrifugation at 3,000 rpm to remove any remaining particulates and supernatant was 

collected and added to the previously stored sample. The combined supernatant was dried 

fully in a speed vac. The resulting pellet was stored until analysis via mass spectrometry for 

which it was resuspended in 20 µl 0.1% v/v formic acid.  
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For 2-D gel bands/spots, the same initial washing steps were performed as for 1-D bands 

depending on the staining method performed. Due to the protein’s prior equilibration in DTT 

and IAA (Section 2.3.2.2) these incubation steps were not required for 2-D gel samples. All 

steps following DTT/IAA steps are duplicated for 2-D gel samples. 

2.5.2 Electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-QUAD-TOF) 

Protein excised samples were analysed using liquid chromatography tandem mass 

spectrometry (Agilent 6550 iFunnel Q-TOF) coupled to a HPLC-Chip (1200 series, Agilent 

Technologies, Cheshire, UK). The HPLC-Chip/Q-TOF system was equipped with a capillary 

loading pump (1200 series, Agilent Technologies) and a nano pump (1200 series, Agilent 

Technologies). Sample injection was conducted with a micro autosampler (1100 series, 

Agilent Technologies), where 1 - 3 μl of the sample in 0.1% v/v formic acid was loaded on to 

the enrichment column at a flow of 2.5 μl/min followed by separation at a flow of 300 nl/min. 

A Polaris Chip was used (G4240-62030, Agilent Technologies), comprising a C18 

enrichment/trap column (360 nl) and a C18 separation column (150 mm × 75 Âμm), where 

ions were generated at a capillary voltage of 1950 V. The solvent system was: solvent A (ultra-

pure water with 0.1% v/v formic acid), and solvent B (90% v/v acetonitrile with 0.1% v/v 

formic acid). The liquid chromatography was performed with a piece-linear gradient using 3–

8% of solvent B over 0.1 min, 8–35% solvent B over 14.9 min, 35–90% solvent B over 5 min 

and hold at 90% solvent B for 2 min. Tandem mass spectrometry was performed in AutoMS2 

mode in the 300–1700 Da range, at a rate of 5 spectra per second, performing MS2 on the 5 

most intense ions in the precursor scan. Masses were excluded for 0.1 min after MS/MS was 

performed. Reference mass locking was used for internal calibration using the mass of 

391.2843 Da. 

2.5.3 Tandem mass spectrometry MSMS ion searches  

Following trypsin digest (Sections 2.5.1) and ESI-QUAD-TOF analysis monoisotopic peptide 

masses were taken for calibrated spectra from each of the samples, tandem mass 

spectrometry MSMS ion searches were performed using MASCOT (Matrix Science) whilst 

allowing for carbamidomethylation of cysteines as fixed modification and oxidation of 

methionine as variable modifications. A maximum of one missed cleavage was allowed with 

a peptide tolerance of 1.2 Da. Searches were conducted using MACOT searching the 
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submitted F. hepatica genome PRJEB6687 initially followed by updated genomes PRJEB25283 

and PRJEB25283. Accession numbers produced were taken from Wormbase Parasite. Other 

MSMS searches were performed against a combined free-living helminth selection consisting 

of PRJNA371498 and PRJNA284736 from Macrostomum lignano, PRJNA12585 Schmidtea 

mediterranea and model nematode Caenorhabditis. elegans PRJNA13758. Peptide fragments 

were also subjected to BLASTP against all Trematode genomes in National Center for 

Biotechnology Information non-redundant protein sequence (NCBInr). Therefore, providing 

GenBankTM (www.ncbi.nlm.nih.gov/) accession numbers where applicable. 

http://www.ncbi.nlm.nih.gov/


 

63 
 

3.0 Bioinformatics, Phylogenetics and Mutation analysis of target 

protein family sigma GST in F. hepatica 

Abstract 

Whilst a significant amount is known with regards to the GST component of F. hepatica the 

ever-increasing information present in bioinformatic databases allows increasingly 

informative analysis to be performed. Being able to fully understand the protein target of 

interest, including the stability of its specific GSH binding target site,  is vital when designing 

inhibitors targeting this region. Currently, there is a lack of understanding of the genetic 

stability of this protein in F. hepatica equally it has been several years since any research has 

analysed the GSTome of multiple parasitic platyhelminth species at once. To improve 

understanding of the sigma GSTs from F. hepatica phylogenetic analysis of GSTs and analysis 

of the plasticity of the GST key regions must be assessed. Phylogenetics was performed 

utilising select mammalian and model organisms’ GST protein sequences as well as various 

parasitic worm species’ sequences. Furthermore, SNP frequency determinations were 

performed on the Sigma GST regions of interest to assess the genetic stability of the target 

across multiple F. hepatica strains. Phylogenetic analysis and alignment of 196 predicted 

protein sequences yielded a previously unknown sigma GST sequence for both F. hepatica 

as well as its close relative F. gigantica and assisted in putatively assigning GST classes to 

several previously under-annotated parasitic and free-living platyhelminth predicted GST 

sequences. It was also determined that the GSH binding region of both the original 

annotated sigma GST and the newly discovered GST lack selective evolutionary mutational 

targeting and are stable for further chemotherapeutic targeting. 

3.1 Introduction  

Over recent years there has been a dramatic increase in the availability of full genome data 

for parasitic trematode species through publicly available databases including Genbank 

(http://www.ncbi.nlm.nih.gov/genbank/) and WormBase ParaSite (Howe et al., 2017). These 

databases provide an increasingly accurate level of annotation (whether these are individually 

recorded, experimentally confirmed annotations or computationally modelled based on 

homology). These data expansions have enhanced the ability to interrogate helminth 

http://www.ncbi/
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genomes and collate specific sequences of interest in regard to devising future control 

options. To date, there are 173 genomes associated with parasitic helminth species present 

on Wormbase Parasite with 134 from nematodes and 39 from Platyhelminthes (17 Cestodes, 

2 Monogenea, 4 Rhabditophora, and 16 Trematode). This represents more than a 40% 

increase in genomes within just the last 3 years, clearly demonstrating the rapid growth in 

this area.  

Previously,  global screening of the F. hepatica and F. gigantica genomes and transcriptomes 

have been performed to study protein superfamilies including GSTs, FABPs and Cathepsin L 

proteases (Cat Ls) (Robinson et al., 2008; Morphew et al., 2011, 2012, 2016). In many 

instances, this approach has been performed due to interest in a specific protein or the 

protein super family’s role in parasite establishment anthelmintic response or as therapy 

candidates. For example, fluke FABPs and GST superfamilies are associated with 

detoxification due to their ability to bind or sequester hydrophobic ligands (Esteves and 

Ehrlich, 2006).  In contrast, the Cat Ls appear to have pivotal roles in parasite migration within 

the host and immune suppression via targeted cleavage of host antibodies (Smith et al., 

1993). Frequently upon such in silico genomic screening, previously undiscovered members 

of these protein superfamilies have added to the pool of biomarker and therapy candidates 

for liver fluke  (Bae et al., 2016). 

Anthelmintic interaction/resistance is one key driver in the analysis of protein families in 

parasitic helminths. The benzimidazole TCBZ is the mainstay treatment for F. hepatica in the 

absence of vaccines as the only compound targeting both juvenile and adult liver fluke. 

Unfortunately, the sustainability of TCBZ is threatened due to increasing evidence of 

resistance. Thus, new or re-purposed compounds must be designed to combat this situation 

(Sanabria et al., 2013; Brockwell et al., 2014). One route in contemplating the design of new 

and effective compounds for controlling liver fluke is to utilise the new genomic databases to 

increase understanding of key establishment proteins and protein superfamilies. To this end, 

the GST superfamily of proteins as a target for such developments has potential given, 1) the 

wealth of knowledge already available 2) their abundance being 4% of the total soluble 

protein within F. hepatica, and 3) that they have a vital function (Brophy et al., 1990; Chemale 

et al., 2006). GSTs are essential compounds in phase II detoxification of xenobiotics, 

particularly in F. hepatica, where UDP-glucuronosyltransferases (UGTs) have failed to be 
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identified (Stuart, 2012 PhD). Therefore, targeting the GST superfamily would potentially 

allow for synergistic treatment, when used in combination with TCBZ, which is likely to 

alleviate the pressing development of resistance. In addition, there is also some evidence 

which links GST activity and functionality directly to TCBZ resistance due to increased 

enzymatic activity based on minor mutational changes (Fernández et al., 2015).  

Of interest within the GST superfamily classes are the sigma class GSTs due to their known 

roles in the interaction with the host immune system. OvGST1, the secreted sigma class GST 

found in Onchocerca volvulus, has been demonstrated to act as a prostaglandin D2 (PGD2) 

synthase enzyme directly at the host-parasite interface modulating the immune response to 

the parasite (Sommer et al., 2003). It has been demonstrated that specific host PGD2 derived 

through interaction between invading parasites sigma class GSTs activity have direct 

inhibitory effects on key immune defence responses of the host, for example in Langerhans 

cells of mice in the mouse S. mansoni interaction system (Angeli et al., 2001). Along with 

further examples of eicosanoids being linked to establishing host infections in parasite 

species, there is also direct evidence of the role of rFhGST-S1, a recombinant expressed form 

of GST-S1 from F. hepatica, stimulating the production of eicosanoids, principally PGD2 and 

reduced production of PGE2, from dendritic cells of mice (LaCourse et al., 2012).  This host 

immune interaction would add an extra dimension to any anthelmintic target as it could 

potentially play a role in reducing the success of parasite evasion of the host immune system 

by combining Immuno inhibition and chemotherapy  

Whilst immune interaction may occur due to the presence of sigma class GSTs in excreted 

/secreted components of the parasitic helminth proteome, an alternative route through 

which sigma class GSTs may be interacting with host cells is via the exosomal pathway. It is 

well established that EVs act as messenger organelles with both proteins available on the 

surface for interaction and response as well as proteins packaged internally (Cwiklinski et al., 

2015; Torre-escudero and Robinson, 2017; Davis et al., 2019b).  

Sigma class GSTs have previously been proposed to be key proteins in targeting for vaccines 

(Boulanger et al., 1994; Xu et al., 1995; Capron et al., 2001; Rathaur et al., 2008) albeit with 

limited success in F. hepatica par reduction of pathology associated with liver fluke infection 

(LaCourse et al., 2012; Zafra et al., 2013). GSTs are also present in high concentration in 

vitelline cells through to incorporation into ova, as such it has been suggested to play some 
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role in ova production and/or development (Moxon et al., 2010; LaCourse et al., 2012). Also, 

in further support for GSTs, a useful requirement to target a specific protein for drug inhibition 

is the presence of an established, and if possible, simple assay in order to reliably screen 

inhibitors. As such, GSTs have well defined, simplistic high through-put spectrophotometric 

assay directly suitable for screening processes (Habig et al., 1974).  

Objectives 

This chapter aims to increase the understanding of the GST superfamily in F. hepatica via 

homology and phylogenetic comparisons with a focus on assessing Sigma class GSTs. Using a 

combination of established bioinformatics tools and the wealth of data via online repositories 

and in-house tools a comprehensive understanding of GSTs will be constructed and classified. 

Furthermore, the core region aimed to be targeted with chemotherapeutics will be assessed 

for its genetic stability to ensure long term viability as a target. 

3.2 Materials and Methods  

For general RNA extraction, cDNA synthesis, PCR procedures and DNA gel electrophoresis 

procedures used in this chapter see sections 2.1.1, 2.1.2 and 2.1.3. 

3.2.1 Genome- and transcriptome-wide survey of GST genes 

Sequences for GSTs from 14 trematodes available and two free-living Platyhelminthes 

Schmidtea mediterranea and Macrostomum lignano along with other selected parasite 

organisms (based on e-value cut-offs of e-15)  of interest were obtained following searches in 

both Wormbase parasite (Parasite.wormbase.org, 2017) release WS258 and the non-

redundant GenBank database (Ncbi.nlm.nih.gov, 2017) using either variations on gene names 

for those already annotated (GST, glutathione transferase, glutathione-s-transferase 

prostaglandin D synthase and PGDS) or tBLASTn searches using a selection of 6 mammalian 

GST representatives across GST families (Alpha, Kappa, Pi, Sigma, Mu, Omega, Theta, Zeta and 

Microsomal) obtained from Uniprot database (Uniprot.org, 2017). Proteins were required to 

contain glutathione transferase N-terminal and/or C-terminal Pfam domain regions within the 

gene. If 40% sequence similarity was found between a gene and a known classified GST gene, 

these were considered to belong to the same GST family. In instances where a sequence was 

>40% identity to multiple families, literature confirming identification or phylogenetic tree 
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clustering (Section 3.3.2) was used to classify where applicable. Transcripts were also 

surveyed using identified GST sequences against either in house transcripts (via BioEdit local 

BLAST features (Hall, 1999)) or external published assembled transcripts using an E-value cut 

off of e-15  (Bioinfosecond.vet.unimelb.edu.au, 2017). Protein pairs identified using these 

search criteria exhibiting similarity values of greater than 95% were considered to be 

paralogous and “duplicates” removed from further analysis. Mammalian GST family 

representatives are referred by their Uniprot accession, representatives of trematode species 

and free-living Platyhelminthes were referred by their GenBank accession or Swissprot/ 

trEMBL protein accession unless BLAST hits appeared only in WormBase Parasite in which 

case WormBase identifiers were used. Protein amino acids, Mr and pI were predicted using 

ExPASy SIB Swiss Institute of Bioinformatics tools (Artimo et al., 2012) and subcellular 

localisation predicted using WoLFPSORT (Horton et al., 2007) 

All protein sequences obtained were cross-referenced using ExoCarta (Keerthikumar et al., 

2016), Vesiclepedia (Kalra et al., 2012), internal proteomic datasets [not published] and 

published sources in order to identify which GST genes had been previously identified in 

micro-particles or exosomes. These same processes were used to catalogue putative GSTs 

from Schmidtea mediterranea and Macrostomum lignano, two free-living Platyhelminthes 

species for comparative purposes. 

3.2.2 Phylogenetic analysis of GST sequences   

The amino acid sequences for predicted GST proteins, including some partial sequences, 

identified across all species were aligned using MUSCLE algorithms on MEGA version 7 (Kumar 

et al., 2016). The alignment was then analysed using ProtTest 2.4 (Darwin.uvigo.es, 2017) this 

determines the best fit model of protein sequence evolution and noted a G+I model would 

provide the best fit. The evolutionary history was inferred by using the Maximum Likelihood 

method based on the JTT matrix-based model (Jones et al., 1992). The bootstrap consensus 

tree inferred from 1000 replicates was taken to represent the evolutionary history of the taxa 

analysed (Felsenstein, 1985). Branches corresponding to partitions reproduced in less than 

50% bootstrap replicates were collapsed. The percentage of replicate trees in which the 

associated taxa clustered together in the bootstrap test (1000 replicates) were shown next to 

the branches. A discrete Gamma distribution was used to model evolutionary rate differences 

among sites (5 categories (+G, parameter = 3.9589)). The rate variation model allowed for 
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some sites to be evolutionarily invariable ([+I], 0.00% sites). The analysis involved 196 

predicted protein sequences and evolutionary analyses were conducted in MEGA version 7. 

Trees were visualised and edited using TreeGraph version 2 (Stöver and Müller, 2010). 

Outputs were further annotated to group branches based on similarity to known GST 

sequences of specific families. The phylogenetic output was also annotated to include the 22 

sequences linked to exosomes (see 3.2.1) and to highlight species of interest and model 

species specifically. Following tree construction, further analysis was performed to observe 

GST specific expansion or loss of GST classes between specific groupings. This was performed 

by taking the total number of representatives of each class of GST for each grouping and 

dividing it by the number of species involved, giving a relative average.  

3.2.3 Computational structure analysis  

The previously identified FhGST-S1 sequence (LaCourse et al., 2012), along with the newly 

annotated FhGST-S2 and FgGST-S2 sequences were aligned with equivalent model species 

Sigma class GSTs to visually observe the level of conservation of these sequences as a whole 

along with their confirmed/putative catalytic associated amino acids. 

3D structural protein models for FhGST-S1 from F. hepatica (NCBI accession - ABI79450.1, 

Swiss-model template library ID (SMTL ID) 2WB9) (Line et al., 2019), 28 kDa GST from 

Schistosoma haematobium (NCBI accession - AAA29892.1, SMTL ID - 1oe7.1) and a 

Glutathione transferase from Necator americanus were used as a template for modelling the 

second Sigma class GSTs, FhGST-S2 and FgGST-S2, and this was performed using SWISS-

MODEL (Waterhouse et al., 2018). PDB model files generated for FhGST-S2 prediction to 

FhGST-S1 were visualised in Pymol and G and H site associated regions highlighted for 

structural comparison to the monomer of FhGST-S1 (Schrodinger, 2015). 

Exon intron structural analysis was performed using Artemis (16.0.0 Sanger welcome trust 

institute) using the PRJEB6687 genome and scaffold annotations from WS258 release on 

wormbase parasite. Following the determination of exon-intron structure the ExPASy 

Translate tool, compute pI/Mw tool, Predictprotein (Yachdav et al., 2014), InterPro (Finn et 

al., 2017) HMMTOP, and 3DLigandSite (Wass et al., 2010) were used to compile information 

including amino acid composition, pI, Mw, secondary structure composition, membrane-
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associated regions, solvent accessibility, Gene ontology terms, subcellular localization and 

residue annotation. 

3.2.4 Mutation analysis protein target validations  

DNA from adult F. hepatica samples taken from local abattoir collected fluke and multiple 

laboratory strains which were previously provided (Ridgeway) were isolated by performing a 

whole DNA extraction with the DNeasy® Blood & Tissue kit (Qiagen) using 20 mg of tissue 

taken anterior of the ventral sucker. Product protocols were followed and optional steps 

including homogenisation via bead beating and RNAse cocktail treatment were performed. 

Lysis time was optimised to 3 hours at 56°C. In the process of isolating DNA from adult flukes, 

≥ 3 individual flukes were processed for each strain. PCR amplifications for gene regions of 

interest FhGST-S1 (G + H sites) and FhGST-S2 (G site + N-terminal extension) were performed 

using the following primers (Table 5) using defined cycle conditions from with annealing 

temperature modified to 60°C (2.2.2); 
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Table 5. PCR primers for amplification from gDNA samples of liver fluke, F. hepatica. In this table, ‘e’ within 

the primer description refers to the exon whilst ‘F’ or ‘R’ refers to forward and reverse primers. 

Gene region of interest Sequence 5' to 3'  

FhGSTs1e2F     GTCGCACGACAAGTGTCGTAATTC 

FhGSTs1e2R  CAACCAGTAAGTCCACATAACCAC 

FhGSTs2e1F      GACGAGCAGCAAAGATTC 

FhGSTs2e1R  GGCAAATTCCTTCGAATTG 

FhGSTs2e2F      CCTAATTTCTACCGACCAC 

FhGSTs2e2R  CTCGTACCATCAGTAAACTCTAC 
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Following PCR amplification products were excised using PureLink™ Quick Gel Extraction and 

PCR purification Combo kit (Invitrogen) and directly sequenced via Sanger sequencing 

performed in Aberystwyth University Gogerddan facilities, using the above amplification 

primers. Sequences were analysed using FinchTV and combined forward and reverse 

sequence reads (where applicable) used to build a consensus which was used for sequence 

alignment via MUSCLE. Alignments for each region of interest (FhGST-S1 Exon 2 and FhGST-

S2 Exons 1 and 2) were then analysed for SNPs via a codon-based test of neutrality in Mega7.  

3.3 Results  

3.3.1 Genome and transcriptome-wide survey of GST encoding genes from available 

trematode and free-living Platyhelminthes genomes/transcriptomes 

In total, 60 representative GST sequences for six mammalian species (Human, Cow, Sheep, 

Pig, Mouse and Rat), along with model organism species where applicable, (if sequences for 

the specific GST class were known) were identified across 9 GST classes (Alpha, Kappa, Sigma, 

Mu, Pi, Omega, Theta, Zeta and Microsomal). Representative sequences along with initially 

recovered trematode sequences were used in database searching (3.2.4) leading to the 

identification of 113 trematode GST protein sequences being identified across eight different 

GST classes (Pi, Kappa, Sigma, Mu, Omega, Theta, Zeta and microsomal) of which 12 

sequences (Sigma, Mu, Omega and Zeta) including a novel sigma class GST [FhGST-S2] (an 

orthologue of which was also found in F. gigantica [isotig04409]) were retrieved from F. 

hepatica (Table 6). Along with the trematode sequences, 16 protein sequences were 

identified in the free-living platyhelminth species Schmidtea mediterranea and Macrostomum 

lignano across 7 different GST classes mirroring the trematode profile yet lacking evidence of 

Kappa class representatives. Planarian sequences were included for a comparative analysis 

between parasitic flatworms and free-living species in addition to providing an increased 

classification analysis via downstream phylogenetic analysis (see section 3.2.4). The resulting 

189 GST sequence pool identified was cross-referenced as described in methodology in order 

to confirm 22 sequences (6 H. sapiens, 3 R. norvegicus, 3 M. musculus, 1 B. Taurus, 4 F. 

hepatic, 1 S. Japonicum, 2 S. Mansoni and 1 C. daubneyi) which had been identified to be 

present in relation to microparticles/exosomes across 8 GST classes (Alpha, Kappa, Omega, 

Pi, Mu, Theta, Sigma and Mu) (Table 7). Of note Echinostoma caproni, F. gigantica and F. 
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hepatica all of which contain a life cycle stage existing in the host intestine appear to have 

expansion in their number of Mu class GSTs present. There appeared to be only a single sigma 

class GST in each species of parasite yet Clonorchis sinensis and Opisthorchis viverrini both 

demonstrate a huge expansion in this GST class having 6 representatives present in their 

genomes, whilst F. hepatica, F. gigantica and Calicophoron daubneyi all appear to have two 

sigma class GSTs.  
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Table 6. Number and class of GSTs identified within in silico analysis separated into model organisms, free-living Platyhelminthes and identified parasitic species GST 

identity was determined if there was over 40% identity to known confirmed GST class or due to functional domains and protein accession relates to Swissprot/ tremble 

ID’s. Grey highlighting indicates a lack of GST class identified. 

Species  Pi GSTs Alpha GSTs Kappa GSTs Sigma GSTs Mu GSTs Omega GSTs Theta GSTs Zeta GSTs Microsomal GSTs 

Homo sapiens  1 1 1 1 1 1 1 1 1 

Bos taurus 1 1 1 1 1 1 1 1 1 

Ovis aries  1 1 1 1 1 1 1 1 1 

Sus scrofa  1 1 1 1 1 1 1 1 1 

Mus musculus  1 1 1 1 1 1 1 1 1 

Escherichia coli (strain K12) 
 

1 
       

Rattus norvegicus  1 1 1 1 1 1 1 1 1 

Drosophila melanogaster  
   

1 
 

1 1 1 
 

Caenorhabditis elegans  1 
      

1 
 

Macrostomum lignano 1 
    

3 1 1 2 

Schmidtea mediterranea 
   

1 2 2 1 2 
 

Calicophoron daubneyi 
   

2 1 
    

Clonorchis sinensis 
  

1 6 3 2 
 

1 1 

Echinostoma caproni 
   

1 5 
  

1 
 

Fasciola gigantica 
   

2 7 3 
 

1 1 

Fasciola hepatica 
   

2 5 3 
 

1 1 

Onchocerca ochengi 1 
        

Onchocerca volvulus 1 
        

Opisthorchis viverrini 
  

1 6 3 2 
 

2 1 
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Species  Pi GSTs Alpha GSTs Kappa GSTs Sigma GSTs Mu GSTs Omega GSTs Theta GSTs Zeta GSTs Microsomal GSTs 

Paragonimus westermani 
   

1 1 
    

Schistocephalus solidus 
    

1 
   

2 

Schistosoma curassoni 
   

1 2 
   

1 

Schistosoma haematobium 
   

1 1 2 
  

1 

Schistosoma japonicum 
    

3 2 
  

1 

Schistosoma mansoni 
    

4 2 
  

1 

Schistosoma Margrebowiei    1 2 2    

Schistosoma mattheei 
   

1 2 
    

Schistosoma mekongi       
 

1 
    

Schistosoma rodhaini       1 2 1   2 

Trichobilharzia regenti       1 1 1 
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Table 7. Glutathione transferase sequences identified as present in EVs using ExoCarta, Vesiclepedia and published research (Cwiklinski et al., 2015; Nowacki and 

Hoffmann, 2015; Sotillo et al., 2016; Marcilla et al., 2017; Torre-escudero and Robinson, 2017 Keerthikumar et al., 2016, Kalra et al., 2012)  

Species  Gen bank 

Identifier  

Wormbase or 

transcript Identifier  

Swissprot/ 

trEMBL  

Localisation of Ev origin Predicted 

GST class  

Publications 

H. sapiens NP_665683.1 
 

P08263 Blood + Urine Alpha 1 (Al Kaabi et al. 2012) 

H. sapiens NP_004823.1 
 

P78417 Ascites, Bcells, Blood, brain-breast-colon-colorectal-

kidney-lung- luekemia-glioblastoma-melonoma-

ovarian-prostate cancer cells, urine, breast milk, 

dendritic cells  

Omega 1 (Choi et al. 2011; Hurwitz et al. 2016) 

H. sapiens NP_000843.1 
 

P09211 Ascites, Bcells, Blood, brain-breast-colon-colorectal-

kidney-lung- luekemia-glioblastoma-melonoma-

ovarian-prostate cancer cells, urine, breast milk, 

dendritic cells , Carotid atherosclerotic plaques 

pi 1  (Choi et al. 2011; Hurwitz et al. 2016; 

Harshman et al. 2013) 

H. sapiens NP_000552.2 
 

P09488  Bcells, Blood, brain-breast-colon--kidney-lung- 

melonoma-ovarian-prostate cancer cells, urine,  

Neutrophils, keratinocytes, mesenchymal stem cells  
 

mu 1  (Meckes et al. 2013; Hurwitz et al. 2016; 

Chen et al. 2012) 

H. sapiens NP_057001.1  Q9Y2Q3 Blood, brain-breast-colon-colorectal-kidney-lung- 

luekemia-glioblastoma-melonoma-ovarian-prostate 

cancer cells, urine, breast milk, dendritic cells , Carotid 

atherosclerotic plaques 

Kappa 1 (Al Kaabi et al. 2012; Hurwitz et al. 2016; 

Prunotto et al. 2013) 

H. sapiens NP_000945.3 
 

P41222 Brain cancer cells, Colorectal cancer cells, Glioblastoma 

cells, Kidney cancer cells, Seminal fluid, Urine 

Sigma  (Hurwitz et al. 2016; Skog et al. 2008; 

Poliakov et al. 2009; Smalley et al. 2008) 
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Species  Gen bank 

Identifier  

Wormbase or 

transcript 

Identifier  

Swissprot/ 

trEMBL  

Localisation of Ev origin Predicted 

GST class  

Publications 

R. norvegicus  NP_036709.1  P04906 Reticulocytes + urine Pi 1  (Conde-Vancells et al. 2010; Carayon et al. 

2011) 

R. norvegicus  NP_058710.1 
 

P04905 Hepatocytes  mu 1  (Conde-Vancells et al. 2008) 

R. norvegicus  NP_445745.1 
 

Q01579 Pancreatic adenocarcinoma cells Theta 1  (Nazarenko et al. 2010) 

M. musculus  NP_038569.1 
 

P19157 Adipocytes, Brain tumor, Oligodendrocytes, Pancreatic 

cells, Thymus 

Pi 1  (Graner et al. 2009; Kramer-Albers et al. 

2007; Lee et al. 2009) 

M. musculus  NP_032989.2 
 

O09114 Melanoma cells  Sigma  (Steenbeek et al. 2018) 

M. musculus  NP_034488.1  P10649 Pancreatic cell Evs  Mu 1   (Lee et al. 2009) 

B. taurus  NP_803482.1 
 

P28801 Milk + serum Evs  Pi 1  (Reinhardt et al. 2013; Ochieng et al. 2009) 

F. hepatica  2WRT 
 

P30112 Parasite Whole Evs Mu 51 (Marcilla et al. 2012)  

F. hepatica  ? ? ? Parasite Whole Evs Omega (Marcilla et al. 2012) 

F. hepatica ABI79450.1  Q06A71 Parasite Whole Evs Sigma 1 (Marcilla et al. 2012) 

F. hepatica ABI79450.1  Q06A71 Parasite Whole Evs Sigma 1 (Marcilla et al. 2012) 

S. japonicum AAB03573.1  Q26513 Parasite Whole Evs Sigma (Zhu et al. 2016) 

S. mansoni  CCD60449.1  P09792 Parasite Whole Evs Mu (Nowacki and Hoffmann 2015) 

S. mansoni  XP_018652834.1  P35661 Parasite Whole Evs Mu (Sotillo et al. 2016; Nowacki and Hoffmann 

2015) 

C. daubneyi  TR17112  Parasite Whole Evs Mu Unpublished 

C. daubneyi  TR21279  Parasite Whole Evs Sigma / Mu Unpublished 

C. daubneyi 
 

TR16211 
 

Parasite Whole Evs Sigma / Mu  Unpublished 
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3.3.2 Phylogenetic analysis of GST sequences from available parasitic helminth species of 

interest and free-living Platyhelminthes genomes/transcriptomes 

A phylogenetic analysis (Figure 12) was performed using the 189 GST protein sequences in 

order to validate the classification of the newly discovered sigma class GST from F. hepatica, 

with increasing evidence of EVs being involved in shuttling GSTs in several species, and 

evaluate the functional difference between parasitic and free-living Platyhelminthes. This 

phylogenetic analysis demonstrated that there were 49 Mu class 2 Pi class, 27 Sigma class, 

zero Theta class, 6 Zeta class, 21 omega class, 2 Kappa class and 12 Microsomal GST 

Trematode sequences within the current data set. Also, the phylogenetics revealed 2 Mu 

class, 1 Sigma class, 2 Theta class (of which the M. ligano genome likely harboured multiple 

copies), 3 Zeta class, 5 Omega class and 2 Microsomal GSTs within the free-living 

Platyhelminth genomes incorporated into the current analysis. The phylogenetics was further 

analysed to observe specific expansion or loss of GST classes between specific groupings (see 

Table 8 and 9). It can be observed that there may be an expansion regarding microsomal GSTs 

and perhaps a very minor expansion of omega class GSTs within the free-living species of 

helminth in comparison to all other sub-groups. However, within the free-living species there 

appeared to be a reduction of kappa class GSTs compared to all other groups except for the 

blood dwelling parasites. Liver transitioning parasites demonstrated an expansion in the Mu 

class GSTs compared to all groups with only the hermaphroditic group coming anywhere 

close. Matching this trend sigma class GSTs also appeared to be expanded in both liver-

transitioning and hermaphroditic groups above all others with again liver transitioning 

demonstrating the highest values. There appeared to be a lack of evidence of any Zeta class 

GSTs in both blood-based groups and dioecious groups although these groups largely overlap. 

Finally, the only evidence of Theta class GSTs throughout all groups were in relation to free-

living species. Within the phylogenetic analysis, there is a clear pattern where free-living 

species M. lignano and S. mediterranea GSTs of each class tend to cluster closer to 

mammalian/model organism equivalents over the trematode GSTs of the same class 

throughout except for Pi and Zeta.  
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Table 8. Parasitic helminth species groupings based on parasite life cycle and predilection site within the target 

host.  

Liver transitioning  Blood  Hermaphrodite Dioecious 

Clonorchis sinensis Schistosoma rodhaini Schistocephalus solidus Schistosoma mekongi 

Fasciola gigantica Schistosoma curassoni Paragonimus westermani Schistosoma mansoni 

Fasciola hepatica Schistosoma mattheei Clonorchis sinensis Schistosoma japonicum 

Opisthorchis viverrini Schistosoma mekongi Echinostoma caproni Schistosoma margrebowiei  

 
Schistosoma mansoni Fasciola gigantica Onchocerca ochengi 

  Schistosoma japonicum Fasciola hepatica Onchocerca volvulus 

  Schistosoma margrebowiei  Opisthorchis viverrini Schistosoma haematobium 

  Schistosoma haematobium Calicophoron daubneyi Trichobilharzia regenti 

    
 

Schistosoma mattheei 

   
Schistosoma rodhaini 

      Schistosoma curassoni 

 

Table 9. The comparative average number of GSTs within various sub-classification groups within the helminth 

species studied. Allowing identification of potential niche-specific evolutionary patterns. Averages were 

calculated by taking the total number of each class for each identified group and dividing by the number of 

species within that group. Averages rounded to the nearest 1 d.p  

 
Relative 

average No. 

GSTs 

Trematodes 

Relative 

average No. 

GSTs Free 

living 

species 

Relative average 

No. GSTs liver 

transitioning 

Helminths 

Relative 

average No. 

GSTs Blood 

based 

Helminths 

Relative average 

No. GSTs 

Hermaphroditic 

Helminths 

Relative 

average No 

GSTs 

Dioecious 

Helminths 

Kappa 1.0 0.0 1.0 0.0 1.0 0.0 

Microsomal 1.1 2.0 1.0 1.2 1.2 1.2 

Mu 2.8 2.0 5.8 2.0 3.9 1.9 

Omega 1.9 2.5 2.5 1.7 2.5 1.4 

Pi 0.0 1? 0.0 0.0 0.0 1.0 

Sigma 2.2 1/2? 4.3 1.0 3.0 1.0 

Zeta 1.3 1.5 1.3 0.0 1.2 0.0 

Theta 0.0 1.0 0.0 0.0 0.0 0.0 
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Mu 
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Theta 
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Figure 12 Phylogenetic analysis of GSTs in trematode parasites. The analysis was conducted with the 

maximum likelihood algorithm of MEGA7 based on the amino acid sequences of alpha-, sigma-, pi-, mu, 

kappa, zeta omega and theta-class GSTs using Jones-Taylor-Thornton (1992) model (+G+I). Numerals at each 

branching node indicate their percentages of appearance in 1000 bootstrap replicates with branches 

corresponding to partitions reproduced in less than 50% bootstrap replicates being collapsed. All genes 

shaded grey indicates free-living helminth species any marked with an ● indicate protein products of the 

gene being found related to EVs using ExoCarta, Vesiclepedia internal proteomic datasets and the following 

sources (Cwiklinski et al., 2015; Nowacki and Hoffmann, 2015; Sotillo et al., 2016; Marcilla et al., 2017; 

Torre-escudero and Robinson, 2017) Protein targets of interest FhGST-S1 and FhGST-S2 along with their 

gigantica orthologues are boxed. 

Alpha 

Omega 

Microsomal

mal  

Kappa  
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3.3.3 Computational structure analysis of sigma GSTs from F. hepatica  

Following the initial identification of sigma class GST (FhGST-S2) and confirmation of its class 

based on phylogenetic analysis further structural and inferred functional information was 

determined via interrogation of the CDS sequence of interest. Isolated data on FhGST-S2 was 

also compared to previous data on the closest matching proteins FhGST-S1 and FgGST-S1 

based on phylogenetic tree localisation and sequence identity. ExPaSy translation of the 

BN1106_s1104B000225 / scaffold10x_284_pilon coding DNA FhGST-S2 sequence led to the 

confirmation of a predicted 231 aa protein demonstrating an N-terminal extension in 

comparison to the known sigma class GSTs in both Fasciola species, including the previously 

studied sigma class GST in FhGST-S1, except for the D. melanogaster model used during the 

initial analysis (Figure 13). Using modelling software (Section 3.2.6) it was also observed that 

putative G-site regions are likely located within this extension. Alignments were performed 

for the two sigma class GSTs from F. hepatica in comparison model organism Sigma class GSTs 

(Figure 13). These alignments again determined an almost unique N terminal extension, 

though D. melanogaster’s model demonstrated a similarly even further extended N-terminal 

region. FhGST-S2 also demonstrated evidence of some divergence as increased residues are 

predicted to be involved in the G-site binding when compared to other sigma class GSTs whilst 

the H site residue pattern was largely conserved. 
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Figure 13 MUSCLE sequence alignment for F. hepatica sigma class GSTs in comparison to model species 

representatives. Black shade = conserved sequence, Grey shade = semi-conserved, Red boxes = G site 

associated residues, Blue boxes = H site associated residues. Residues determined via Interpro (Finn et al., 

2017) or for FhGST-S2 3DLigandSite (Wass et al., 2010) 
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3D modelling prediction results from SWISS-Model determined that the highest matching 

known model for FhGST-S2 was FhGST-S1 monomer based on GMQE scoring (Figure 14), 

followed by a 28 kDa Glutathione transferase (PDB 1oe7.1) from Schistosoma haematobium 

(Figure 15) and finally a Glutathione transferase (PDB 4ofm.1) from Necator americanus. 

Models were built to each of these. Following model construction, however, it became 

apparent that despite a suitable GMQE score the N. americanus model had a QMEAN score 

lower than -4.0 suggesting a poor-quality match thus it was dropped from further analysis. 

Sequence alignments, percentage identity and coverage are displayed in combination with 

specific modelling results for each model sequence used (see Figure 16 and 17). As can be 

seen when modelling FhGST-S2 to FhGST-S1 the first 25 amino acids of the N-terminal 

extension could not be matched and therefore were not given scores throughout. However, 

the majority of the residues matched well to the same helix, strand and loop structures of 

FhGST-S1 as observed by the large proportion of blue colouration of both the 3D model and 

modelling scores (Figure 16 A and C) although some higher mismatch (lower-scoring on 

alignment predictions) was observed in some of the loop connection regions. Generally, the 

same trend was observed when matching to S. haematobium GST though a match to N-

terminus was marginally improved (Figure 17 A). Both models achieved matching coverage 

of over 85% with a sequence identity of 34% for FhGST-S1 and 32% match for S. haematobium 

GST. In the comparison performed by SWISS-model for the protein in comparison to a non-

redundant set of PDB structures, both models were slightly outlying from the majority of the 

group (Figure 16 and 17 E). The PDB file created by SWISS-Model of FhGST-S2 modelled to 

FhGST-S1 was used in a direct globular structure comparison to the FhGST-S1 model PDB file 

using Pymol (Schrodinger  LLC, 2015) (Figure 18 and 19). Model residues were visualised as 

spheres to assess the 3D structure of aspects of interest namely the active site regions and, 

in the case of FhGST-S2, the N-terminal extension (suggested modelling due to low match on 

this region as stated). Residues predicted to be involved in the G-site, H-site and the initial 

residues of the N-terminal extension were highlighted with pink spots whilst a white circle 

was drawn over to indicate which region was which. Two angles of analysis were taken in both 

models one side on to the active site (A) and one taken looking directly down on the active 

site (B). It can be observed (Figure 18 A + B) That there is a cleft containing the H and G site 

residues in the FhGST-S2 model and the start of the N-terminal extension has been modelled 

to be very close to this region, specifically in the downwards angle of (B) the H site residues 
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can be observed to form a tunnel structure within the cleft itself. When looking at the FhGST-

S1 model (Figure 19 A + B) the cleft appears to be less pronounced and potentially less 

occluded by overhang than in the FhGST-S2 model with the residues appearing to be slightly 

more buried in the structure which may play roles in differential activity profiles. FhGST-S2 

models fairly consistently with other Sigma GST sequences and demonstrates predicted G and 

H site binding regions, however, 3D modelling suggests some structural differences in active 

site regions which could have effects on binding activities.  
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Figure 14  SWISS-MODEL secondary structure ribbon prediction of FhGST-S2 protein sequence modelled to FhGST-S1 GST 

monomer. The model is colour coded for a score of fit with dark blue indicating high match and red indicating a low match. 

N-terminal extension region boxed   

 

Figure 15. SWISS-MODEL secondary structure ribbon prediction of FhGST-S2 protein sequence modelled to S. heamatobium 

GST homo-dimer the model is colour coded for a score of fit with dark blue indicating a high match and red indicating a 

low match 
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Figure 16 Modelling scores and analysis for FhGST-S2 modelled to FhGST-S1 PDB structure using SWISS model (A) Direct alignment of sequences modelled where including secondary structure 

indication and colour coded for the degree of match (blue strong – red weak) (B) Z-score analysis parameters used to assess scoring of multiple model aspect again with same colour code 

(C) individual residue similarity score between model and target (D) Model sequence coverage and calculate sequence identity along with GMQE score (combined total scoring based on all 

other aspects used as the main indicator of a match) (E) Normalised QMean score via matching of the model to non-redundant set of PDB structures  
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Figure 17 Modelling scores and analysis for FhGST-S2 modelled to S. haematobium GST PDB structure using SWISS model (A) Direct alignment of sequences modelled where FhGST-S2 = 

model_01: A+B and S. haematobium GST = 1oe7.1.A including secondary structure indication and colour coded for the degree of match (blue strong – red weak) (B) Z-score analysis 

parameters used to assess scoring of multiple model aspect again with same colour code (C) individual residue similarity score between model and target (D) Model sequence coverage and 

calculate sequence identity along with GMQE score (combined total scoring based on all other aspects used as the main indicator of a match) (E) Normalised QMean score via matching of 

model to non-redundant set of PDB structures  
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Figure 18 3D model of FhGST-S2 monomer using FhGST-S1 monomer as a template visualised as spheres to observed globular protein structure across two viewpoints, 

across the active site region (A) looking down on the active site region (B). Areas highlighted with pink dots indicate residues predicted to be involved in the G-Site, H-

site or those of the known N-terminal extension and are noted as such with white rings. 1= G-Site residues 2 = H-Site residues and 3 = N-terminal extension. Images 

produced in Pymol (Schrodinger  LLC, 2015)  
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Figure 19 3D model of FhGST-S1 monomer based on X-ray crystallography data visualised as spheres to observed globular protein structure across two viewpoints, 

across the active site region (A) looking down on the active site region (B). Areas highlighted with pink dots indicate residues predicted to be involved in the G-Site, H-

site or those of the known N-terminal extension and are noted as such with white rings. 1= G-Site residues 2 = H-Site residues and 3 = N-terminal extension. Images 

produced in Pymol (Schrodinger  LLC, 2015)  
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The newly identified sigma class GST protein FhGST-S2 was determined to have a gene 

structure consisting of 4 exons comparable to that of FhGST-S1 with similar bp sizes, namely 

exon 2 and 4 showed the same bp size whilst exon 3 was 12 bp larger in FhGST-S2. Regarding 

key residue distribution, both FhGST-S1 and FhGST-S2 demonstrated exon 2 to contain G-site 

residues and exons 3 and 4 to contain H-site residues. However, there was evidence of G-site 

residues being present in exon 1 and 3 of FhGST-S2. Finally, a large intron difference was 

observed between exons 1 and 2 and exons 2 and 3 in FhGST-S2 in comparison to FhGST-S1 

(Figure 20). Further comparative analyses were performed on this protein to the highest 

matching proteins FhGST-S1 and FgGST-S1 and predicted FgGST-S2 as a comparison (Table 

10). Comparative analysis of these four Fasciola sigma class GSTs demonstrated the largest 

protein to be FhGST-S2 whilst FgGST-S2 was almost identical but lacking a few amino acid 

residues at the start of the N-terminal extension. Sigma class GSTs Fh/Fg GST-S1 both 

demonstrated 34% identity to their equivalent second Sigma class GSTs Fh/FgGST-S2 in each 

case. Both Fh and Fg GST-S1 demonstrated a protein residue dominance of Leucine, Glutamic 

acid and Tyrosine whilst this shifted in their comparison to Fh and Fg GST-S2 which showed 

Leucine, Aspartic acid and Isoleucine to dominate. Interestingly, all enzymes shared the 

Glutathione transferase activity GO molecular function ontology prediction but FhGST-S1 was 

the only protein to demonstrate predictions for direct glutathione binding in its top £ 

predictions. Comparative analysis between the Fasciola GSTs suggests increased confidence 

that these are all of the same family and share common features. 
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Figure 20 Exon intron structure of FhGST-S1 and FhGST-S2 including bp length of each region. Where exons have red colouring, this indicates the presence of confirmed or 

predicted G-site residues within the exon and blue colouration represents H-site residues. 

Table 10. Comparative nucleotide and protein features for Sigma class GST proteins of interest (FhGST-S1, FgGST-S1, FhGST-S2 and FgGST-S2/ Isotig isotig04409) 

 FhGST-S1 FgGST-S1 FhGST-S2 FgGST-S2 

Size bp 636 636 696 681 

Size Aa 211 211 231 226 

Protein ident to FhGST-S1 211 (100%) 
207 (98.1%) 0 gaps (4 changes = 

Conservative proteins) 
68 (34%) 2 gaps (134 changes) 68 (34%) 2 gaps (134 changes) 

Protein ident to FgGST-S1 
207 (98.1%) 0 gaps (4 changes = 

Conservative proteins) 
211 (100%) 69 (34%) 2 gaps (133 changes) 69 (34%) 2 gaps (133 changes) 

Protein ident to FhGST-S2 68 (34%) 2 gaps (134 changes) 69 (34%) 2 gaps (133 changes) 231 (100%) 
224 (99%) 0 gaps (1  

change = non-conserved) 

Protein ident to FgSGT-S2 68 (34%) 2 gaps ( 134 changes) 69 (34%) 2 gaps (133 changes) 
224 (99%) 0 gaps (1  

change = non-conserved) 
226 (100%) 
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 FhGST-S1 FgGST-S1 FhGST-S2 FgGST-S2 

Transmembrane helices 

0 predicted based on HMMTOP 

software and predictprotein.org 

TMSEG 

0 predicted based on HMMTOP software 

and predictprotein.org TMSEG 

0 predicted based on HMMTOP software 

and predictprotein.org TMSEG 

0 predicted based on HMMTOP 

software and predictprotein.org 

TMSEG 

Dominant AA composition 

(top 3) 

Leucine (11.85%) Glutamic acid 

(9.48%) Tyrosine (8.53%) 

Leucine (11.85%) Glutamic acid (9%) 

Tyrosine (8.53%) 

Leucine (12.99%) Aspartic acid (7.36%) 

Isoleucine (6.93%) 

Leucine (13.72%) Aspartic acid (7.08%) 

Isoleucine (6.64%) 

Predicted % Helix 42.65 50.24 42.86 47.35 

Predicted % strand 6.64 6.16 8.23 3.98 

Predicted % loop 50.71 43.6 48.92 48.67 

Predicted pI/ Mw 8.86 / 24534.41 8.85 / 24595.47 5.59 / 26364.67 5.80 / 25834.07 

Signal peptide prediction No – SignalIP 4.1 No – SignalIP 4.1 No – SignalIP 4.1 No – SignalIP 4.1 

G Site GSH binding amino 

acids 
10Y, 16R, 52R, 53V, 54P, 70E, 71S 10Y, 16R, 52R, 53V, 54P, 70E, 71S 

31 Y, 33 I, 36 Q, 61 W, 65 H, 71 E, 72 R, 73 

M, 74 P, 90 E, 91 R, 130 R 

31 Y, 33 I, 36 Q, 61 W, 65 H, 71 E, 72 R, 

73 M, 74 P, 90 E, 91 R, 130 R 

H Site amino acids 
103E, 106Y, 107R, 110Y, 

111T, 166T, 169H 

103E, 106Y, 107R, 110Y, 111T, 166T, 

169H 
123L, 126E, 127G, 130R, 186T, 189Q 118L, 121E, 122G, 125R, 181T, 184Q 

InterPro Domains 
GST N-terminal [4-86] GST C-terminal 

[104-206] Thioredoxin-like [5-82] 

GST N-terminal [4-86] GST C-terminal 

[104-206] Thioredoxin-like [5-82] 

GST N-terminal [24-106] GST C-terminal 

[142-226] Thioredoxin-like [25-103] 

GST N-terminal [19-101] GST C-

terminal [137-221] Thioredoxin-like 

[20-98] 

Top 3 GO Molecular 

function Ontology  

(GO ID – Go Term, 

Reliability (%) 

GO:0004364 - glutathione 

transferase activity (65 %) 

GO:0005515 - protein binding (17 %) 

GO:0043295 - glutathione binding 

(13 %) 

GO:0004364 - glutathione transferase 

activity (39 %) 

GO:0016765 - transferase activity, 

transferring alkyl or aryl (other than 

methyl) groups (39 %) 

GO:0016740 - transferase activity (27 %) 

GO:0004364 - glutathione transferase 

activity (41%) 

GO:0016765 - transferase activity, 

transferring alkyl or aryl (other than 

methyl) groups (41 %) 

GO:0016740 - transferase activity (28 %) 

GO:0004364 -glutathione transferase 

activity (39%) 

GO:0016765 - transferase activity, 

transferring alkyl or aryl (other than 

methyl) groups (39%) 

GO:0016740 -transferase activity (27%) 
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3.3.4 DN/DS analysis of protein target validations 

In order to assess the value of the suggested drug target regions in sigma class GST targets 

from F. hepatica FhGST-S1 and FhGST-S2, DNA extractions and targeted direct sequencing 

(see section 3.2.7) of exon regions of interest (Figure 21) were performed. Results of targeted 

sequencing across the Sigma class GSTs from several strains of F. hepatica (Table 11) were 

then utilised in order to examine the DN/DS (Synonymous/non-synonymous SNP) ratios for 

these genes. This analysis was specifically focused on the key target groups recognised for 

importance in GST functioning, namely the amino acids involved in GSH binding. Exon 1 from 

FhGST-S2 across 14 separate individuals and 5 strains demonstrated a total of 2 synonymous 

SNPs and a lack of, or very low level, of either targeted deleterious or protective mutation 

effects based on the codon-based test of neutrality results. FhGST-S2 demonstrated a 

complete lack of SNPs in regard to exon 2 across 12 separate individuals and 5 strains 

suggesting a complete lack of deleterious or protective mutational effects. Finally, in 

comparison exon 2 from FhGST-S1 demonstrated 1 synonymous SNP and 3 non-synonymous 

SNPs (whereby these caused amino acid residue changes) across 19 separate individuals and 

4 strains. The number of synonymous and non-synonymous SNPs in FhGST-S1, however, were 

still indicative of a lack of either deleterious or protective mutational effects. The lack of any 

suggested negative or positive drivers for mutation within the G-site regions of these proteins 

makes them a desirable drug design target. 
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Figure 21 Primer localisation representation for FhGST-S1 exon 2 and FhGST-S2 exon 1 and 2 with G-site 

regions highlighted red. Primers binding sites and orientation are indicated with grey arrows/tabs. All values 

of exon and intron size are indicated in bp. 

 

Table 11. Analysis of SNPs following direct sequencing of 5 different F. hepatica strains ( 1 resistant lab strain, 

3 susceptible lab strains and abattoir wild type strain) to assess the stability of these genes/exons of interest 

for chemotherapeutic targeting. The variance of the difference was computed using the bootstrap method 

(1000 replicates). Analyses were conducted using the Nei-Gojobori method. The analysis for FhGST-S1 exon2, 

FhGST-S2 exon1 and FhGST-S2 exon 2 involved 19, 14 and 12 nucleotide sequences respectively. All ambiguous 

positions were removed for each sequence pair. There was a total of 93, 27 and 94 positions in the final 

datasets respectively.  Evolutionary analyses were conducted in MEGA7.  

 
FhGSTs1 exon 2  FhGSTs2 exon 1  FhGSTs2 exon 2  

SNPs within Residues of interest 0 0 0 

Number of Synonymous SNPs 1 2 0 

Number of Non-synonumous SNPS 3 0 0 

Codon-based test of Neutrality results p= 0.734 p= 0.294 p= 1.00 
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3.4 Discussion  

Before performing any work directly on a specific target group of proteins within an organism, 

it is important to look in silico (providing data is available), at the current understanding of 

this protein group within both the organism of interest to the study and other closely related 

species. GSTs are a vital group of proteins in detoxification and therefore play a key role in 

response to xenobiotics (Meijerman et al., 2008). There appear to be specific expansions in 

helminth GSTs in the genomes of parasitic helminths, in comparison to free-living 

platyhelminths that may well play essential roles in allowing parasitic success.  

3.4.1 Elucidation of trematode and planarian GSTs  

In silico investigations of the F. hepatica annotated genomes PRJEB25283 and PRJNA179522,  

supplemented with transcriptome data (Young et al., 2010) and internal data (Morphew and 

Stuart, Unpublished), were utilised for initial investigations into the GST superfamily profile. 

Also before newly annotated F. hepatica genome release, the previous genome versions were 

used as such that where new annotations are lacking old gene identifiers are used 

(particularly BN1106_s1104B000225 / scaffold10x_284_pilon – FhGST-S2) where annotation 

prediction was lost in the update. Given the well-defined separation of trematode GSTs from 

their mammalian counterparts (LaCourse et al., 2012) search specificity for Fasciola GSTs was 

increased through the addition of related trematode GSTs in the BLAST analysis. From BLAST 

analysis examinations a total of 12 GSTs of varying classes were identified in F. hepatica. In 

total, 5 of these GSTs were placed within the Mu class, 2 into Sigma, 3 into Omega, 1 into Zeta 

and 1 Microsomal GST across both genomes. This largely maps with previous work in F. 

hepatica (Chemale et al., 2006), however, there was an extra Omega class GST identified and 

evidence of a Zeta class GST which was previously not noted. A Zeta GST was however noted 

in work on the very similar F. gigantica trematode in 2012, but again there was only a single 

Omega class GST identified as opposed to three (Morphew et al., 2012). Despite this the 

second and third Omega class GSTs identified based on PFam functional domain analysis, they 

do appear to cluster away from the originally documented Omega (AFX98104) (Figure 12) on 

the boundary of the microsomal GST class. Of note 3 Omega class GSTs were also found in 

relation to F. gigantica in this study and all but one clustering far closer to AFX98104 and 

other confirmed parasite Omega class GSTs.  
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Phylogenetic analysis of all helminth, mammalian and model GST sequences used across this 

in silico investigation allowed for positive grouping of GSTs into class clades. Of note are the 

free-living Platyhelminthes GSTs which, in most applicable cases, clustered closer to the 

mammalian or model organism equivalents, far closer than to the majority of the trematode 

species (Figure 12). This free-living GSTs clustering may suggest structural and possibly 

functional conservation in relation to a non-parasitic lifestyle. 

With GSTs being involved in metabolising xenobiotics those found in parasitic species would 

likely play very different roles due to the host’s biotic interactions causing constant 

interaction with foreign compounds. Phylogenetic analysis also allowed initial suggestion of 

class identity for those sequences which could not be determined based on PFam regions or 

amino acid conservation. Such classification was used specifically for marker-scaffold 10x_938 

from F. hepatica which based on clustering should be classified as an Omega class 

representative. An additional example of this includes several of the free-living GSTs which 

initially demonstrated no PFam domains other than the GST C and or N terminal general 

markers IPR004045 and IPR004046 and based on clustering have been assigned suggested 

GST classes (Table 6).   

Another interesting finding through this analysis was the inclusion of Theta class GSTs found 

only in free-living species and model organisms (Figure 12 + Table 6). This finding would again 

suggest the role of conserved functionality between free-living Platyhelminthes and free-

living model organisms. Theta GSTs previously have been suggested to play roles in very 

narrow targeted detoxification of specific substrate targets rather than broad targeting due 

to easily accessibly H-site regions as is found in most other GSTs  (Toung and Tu, 1992; 

McCarthy et al., 1996; Rossjohn et al., 1998).  

With regards to relative abundances of GST classes across trematode and free-living 

platyhelminth species, several patterns emerged through the in silico analysis. E. caproni, F. 

gigantica and F. hepatica all showed expansion within the Mu class GSTs. The expansion of 

the Mu class GSTs within the three species mentioned may be indicative of their shared 

environment during juvenile excystment in which all species are found within the intestinal 

lumen. The expansion of Mu class GSTs in these trematode species may be linked to the 

presence of the parasite within areas of the host where they are constantly in contact with 

host inflammatory response agents, including eosinophils, a key component in combating 
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parasitic infection; despite generally making up 1-3% of white blood cells (Uhm et al., 2012). 

Eosinophils produce toxic xenobiotics to the parasite, in particular, ROS which Mu class GSTs 

are known to play a role in protecting from (Vibanco-Perez et al., 2002). However, O. viverrini, 

another fluke which excysts in the intestinal system, does not demonstrate increased Mu class 

GST expansion possibly due to the different path of infection bypassing the liver.  

Sigma class GSTs, of prime interest as discussed multiple times in this study, generally only 

appeared as a single isoform in each species of parasite. However, C. sinensis and O. viverrini 

both demonstrate expansions in this GST class having 6 isoforms present within their 

genomes, whilst F. hepatica, F.gigantica and C. daubneyi are limited to 2 isoforms. The reason 

for this expansion over and above other ’liver fluke’ species is unclear. However, these two 

bile duct dwelling species differ from F. hepatica and F. gigantica given their more direct 

migration route taken to the bile duct bypassing the liver. As Sigma class GSTs have been 

noted to play a role in modulation of the host's inflammatory response via PGDS activity this 

may suggest an increased need for both C. sinensis and O. viverrini to do this on their path 

through the Ampulla of Vater into the biliary tree (Sithithaworn and Haswell-Elkins, 2003; 

Hong and Fang, 2012).    

3.4.2 EVs and GSTs 

Given the breadth of GSTs displayed during this analysis and their potential roles coupled with 

the relatively recent discovery of EVs within helminths, identifying those GSTs which had 

demonstrated a presence within or on the surface of EVs was of interest. Following EV 

identification analysis, 22 of the 189 GSTs identified via in silico profiling were in some way 

linked to released EVs across mammals and helminths (see table 7). Whilst non-mammalian 

model organisms are included in the analysis where GST isoforms were confirmed, of the 

three species utilised in this study D. melanogaster demonstrated only the presence of a Delta 

class GST and an Omega class GST-O3. However, GST-O2 was utilised in the phylogenetic 

analysis. The model organism E. coli lacked any evidence of GST presence within OMVs and 

C. elegans lacked database entry on either of the vesicle specific databases utilised. Other 

parasitic species which have had their EVs analysed include E. caproni, Heligmosomoides 

polygyrus and Dicrocoelium dendriticum. However, these species lacked any evidence of GSTs 

within the contents of their EVs (Marcilla et al., 2012; Bernal et al., 2014; Buck et al., 2014). 

Most interestingly it was demonstrated that, except for one human study using control 
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healthy urine EVs, Sigma class GSTs appeared exclusively present in EVs produced by cells or 

organisms that are likely to interact /modulate or avoid a host’s immune response. This 

expression of Sigma class GSTs in EVs was found in parasitic trematodes, cancer cells and 

prostasomes produced by the prostate into the seminal fluid (Skog et al., 2008; Poliakov et 

al., 2009; Hurwitz et al., 2016; Steenbeek et al., 2018). Thus, such evidence may suggest 

another role for Sigma class GSTs in host interaction and a role in such cells or organisms’ 

success, therefore increasing the interest of targeting this protein. This suggestive role of 

Sigma class GST presence in EVs being linked to host interaction and possible evasion links to 

previous evidence where Sigma class GSTs from parasites have demonstrated direct effects 

on host immune cells (Sommer et al., 2003; Kubata et al., 2007; Dowling et al., 2010). What 

is interesting to note concerning Sigma class GSTs in EVs is the presence of this soluble 

cytosolic protein being present on the surface of EVs in some way bound to the membrane 

despite a lack of predicted transmembrane domains. Previous studies have found Sigma GSTs 

in the membrane associated fraction of EVs and gold labelling of EV surface proteins has been 

performed using GST antibodies (Stuart, 2012; Allen, Unpublished; Davis, Unpublished; 

Cwiklinski et al., 2015)   

3.4.3 FhGST-S2 and FgGST-S2 N-terminal extending Sigma class GSTs in comparison to 

trematode GSTs 

For the Sigma class GSTs present in F. hepatica, the comparative analysis identified key 

domains related to GST active N- and C-terminal regions to be present in both F. hepatica 

Sigma class protein representatives. Of further note was the identification of unintegrated 

signatures (as defined by InterPro) for both FhGST-S1 and S2 suggesting specific Sigma like 

signatures furthering the designation of the putatively assigned FhGST-S2 as a member of this 

class (Appendix 1 Table 1). Phylogenetic analysis of all 189 GST proteins also revealed that 

FhGST-S2 has a direct ortholog in F. gigantica thus mirroring the Sigma class repertoire in F. 

hepatica. 3D modelling of the novel FhGST-S2 sequence identified the closest templates for 

direct modelling to be FhGST-S1 and a 28 kDa Glutathione transferase from Schistosoma 

haematobium both of which are known Sigma class GSTs (Figures 14 and 15). Furthermore, 

through the use of 3DLigandSite (Phyre2) databases the predicted key G-site residues 

involved in glutathione specific binding in FhGST-S2 were determined (Figure 20 + Table 10) 

which could previously not be elucidate using Interpro. Of interest, previously identified 
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Sigma class GSTs (AAG44696 and AAG44695) in O. volvulus and a newly identified 

homologous Sigma in O. ochengi (nOo.2.0.1.t09064) have also been demonstrated to have an 

N-terminal extension (Rose et al., 2019). Despite the O. volvulus Sigma class GSTs 

demonstrating a 24.76% ident and an E-value of 2e-16  (AAG44696) and a 26.09% ident and an 

E-value 2e-16 (AAG44695) these proteins were not pulled out during initial databases searches 

and as such was not included in the phylogenetic tree (O. ochengi Sigma class GST 

demonstrated a 25.24% ident and E-value 6e-17). However, these Onchocerca GSTs differed in 

that a signal peptide region was identified preceding the N-terminal extension. FgGST-S2 

differs from FhGST-S2 in the first 5 aas at the N-terminus, however evidence of the 4 amino 

acids following the starting methionine in FhGST-S2 are observed before the methionine in 

FgGST-S2. Evidence of the same aa sequence prior to starting methionine may suggest the 

same structure being conserved however transcript construction may have affected correct 

translation. Within the amino acid comparison between FhGST-S2 and FgGST-S2 a single non-

conserved amino acid shift from G to R is observed upon alignment, whether this single 

change has any bearing on the protein structure or function is unknown due to a lack of study 

in this project. However, in future, this protein could be expressed using the same systems as 

FhGST-S2 in chapter 5 and analysed equivalently.  

With this wealth of in silico information on FhGST-S2 and potentially FgGST-S2 it is reasonable 

to say these can be classified as Sigma class GSTs. However, further efforts to confirm class 

identity would be to utilise antibodies specific to a protein family and visualise using Western 

blot analysis as performed by Chemale et al. (2006) during the initial expansion of known 

Fasciola GST classes. Specifically, with GSTs there is also some suggestion of specific 

compound activity profiles across various classes (Cvilink et al., 2009) and finally evidence for 

specific binding with certain classes particularly Sigma and Mu class GSTs which are the only 

GSTs in parasites known to bind GSH-affinity columns (Liebau et al., 1997; Chemale et al., 

2006; LaCourse et al., 2012; Stuart, 2012)).   

When visualising the 3D structure of the FhGST-S1 monomer in comparison to the monomer 

model of FhGST-S2, using FhGST-S1 as a template, there is some structural difference that 

becomes immediately apparent on the visualisation of the globular structure of the enzymes 

(Figures 18 and 19). Immediately the indentation/cleft of FhGST-S2 appears to be deeper and 

more occluded, which could possibly affect compound docking to active site regions. There 
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also appears to be the presence of a tunnel-like formation in the H-site region which again 

may affect substrate access, particularly to larger compounds due to steric interferences. 

Finally, despite a lack of modelling accuracy on the region of the N-terminal extension the 

model’s inclusion of this, based on factors including bond energies and torsion angles, places 

the first residues of this structure close to the H-site and the active site cleft in general. 

Therefore, the N-terminal extension may also likely have either a positive or negative 

interaction effect on any potential substrate binding. Another interesting finding when 

analysing the structural properties of FhGST-S2 in comparison to FhGST-S1 was the level of 

solvent accessibility, determined via predictprotein.org, which essentially relates to the 

surface area of amino acid residues to the external environment facilitating functional 

interactions. In FhGST-S1 47.39% of the molecule was determined to be exposed with 9.48% 

intermediate and 43.13% buried. However, in FhGST-S2 49.56% of amino acid residues were 

found to be buried, with 9.73% intermediate and 40.71% exposed. The structural difference 

in relation to buried and exposed amino acids may affect FhGST-S2 in its ability to actively 

bind to GSH which is a water-soluble polar molecule and affect its substrate interactions and 

enzymatic ability.   

3.4.4 Compound target validation FhGST-S1 and FhGST-S2  

Prior to the continuation of chemical compound design for both FhGST-S1, and the newly 

identified FhGST-S2, it was essential to confirm the relative mutational stability of these 

genes. If specific amino acids are observed to change frequently demonstrating high levels of 

plasticity due to non-synonymous single nucleotide polymorphisms (SNPs) within the G-site 

then targeting this region with a glutathione analogue based compound would be unrealistic 

as a long-term treatment option. Mutation analysis was therefore focused on G-site residues 

across various strains of F. hepatica including a single lab resistant strain (Ridgeway scientific), 

several susceptible lab strains (Ridgeway scientific) and wild type abattoir strains all of which 

demonstrated high levels of stability (Table 11). Resistant strains were of particular interest 

for analysis due to suggestions of a Mu GST gene mutation being involved in a determined 

resistant profile (Fernandez et al., 2015). The results of the codon-based test of neutrality for 

exons 1 and 2 in FhGST-S2 and exon 2 in FhGST-S1, the G-site containing regions, all 

demonstrated p-values >0.05. Such values suggest that these gene regions are under no 

selective evolutionary pressure either protective or deleterious. Through the direct 
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comparative analysis of the SNPs observed within exon 2 from FhGST-S1, of a possible 282 

nucleotides, only 3 non-synonymous SNPs were noted in a single biological replicate from a 

single strain of F. hepatica. Analysis of the SNPs identified in exon 1 from FhGST-S2, of a 

possible 91 nucleotides, only 2 SNPs were observed both of which were synonymous thus 

having no overall effect on the protein produced. Exon 2 from FhGST-S2 lacked SNPs entirely. 

All the nucleotide structure analysis of FhGST-S1 and FhGST-S2 exons combined demonstrates 

that these proteins and specifically their G-sites offer a good target for compound targeting. 

This process of evaluating nucleotide effects on protein structure and function could further 

be validated in future via the production of recombinant proteins containing mutations of key 

residues and visualising changes of binding affinity as this tactic has been efficient in proteins 

previously (Howes et al., 1997; Ferguson, 2012). 

3.5 Summary  

Through the use of in silico techniques, this chapter has confirmed the identity of a Sigma 

class GST within F. hepatica, designated FhGST-S2, which could play an important functional 

role in phase II detoxification. A potential pattern regarding Sigma class GST presences in EVs 

in helminths and potentially other species or specific cell types has been noted. This 

determination of the presence of Sigma class GSTs within EVs only when those EVs are directly 

involved in organisms/cells which have a function in migration/evasion within a ’foreign’ host 

environment could suggest a role in migration/evasion. However, it is important to note that 

whilst this is an interesting theory to study, the conclusion may be biased due to a lack of 

datasets for other helminth species EV contents. 

Both, FhGST-S2 along with the already annotated Sigma class GST, FhGST-S1, were evaluated 

for their genetic stability as well as their predicted structural and physiological properties. 

This has assisted to validate these enzymes for potential anthelmintic targeting, particularly 

in relation to host enzymes. 
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4.0 Comparing native GST protein profiles of Fasciola hepatica and 

free-living Polycelis nigra 

Abstract  

F. hepatica GSTs are of interest for their key roles in detoxification as well as specific roles in 

immune interaction between parasite and host, which has led to some interest in vaccine 

targeting in this and other parasitic species. GSTs role in host interaction may also be 

facilitated by their presence in EVs. In F. hepatica native proteins are difficult to isolate as 

single isoforms as the main methodology for isolation, using affinity chromatography, 

isolates both Sigma and Mu GST isoforms. Furthermore, where EVs are concerned the 

presence of Sigma and Mu isoforms has been confirmed for F. hepatica and several other 

parasitic species but little research has been performed on non-parasitic species due to a 

current lack of interest. In order to isolate native Sigma GSTs from F. hepatica specifically, 

due to this being the protein target of interest for further inhibitory work, the aim was to 

utilise ion-exchange chromatography following affinity chromatography. To elucidate more 

information on non-parasitic EV GST contents Polycelis nigra worms were cultivated and 

media processed for EV collection. Following on from previous work on the GSTome of F. 

hepatica a clear pI gap was observed between Mu and Sigma isoform proteins which could 

be utilised to selectively purify the native sigma of interest. Utilising GSH affinity 

chromatography followed by a cation exchange column and a buffer pH of 6.9, the Sigma 

GST molecules were given a net positive charge and thus specifically bound to the column 

successfully. This is the first time native Sigma GST from F. hepatica has been isolated and 

it’s native kinetics and post-translational modification profiles appeared significantly 

different compared to published recombinant data. Whilst P. nigra demonstrated the 

presence of both Sigma and GST proteins via western blotting in its cytosolic protein 

(previously no known data on this specie’ GST contents) EV isolation was unsuccessful. 

4.1 Introduction 

GSTs have been a focus of many studies in parasitic helminths, particularly concerning 

vaccination strategies (Preyavichyapugdee et al., 2008; Zafra et al., 2013; Stephenson et al., 

2014; Duncan et al., 2018) it is interesting to note that GSTs used in vaccine trials have mostly 
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been recombinant forms for reasons of ease of generating sufficient quantities of pure 

protein. Significantly, when exploiting recombinant systems, some functional/epitope 

aspects may be removed by the protein production of the carrier organism. For example, in 

the natural parasite's host, following translation, there may be specific proteolytic processing 

(such as with pro-enzymes before full activity), co-factors, interacting enzymes such as those 

assisting in the correct folding conformation along with the addition of phosphate or glycan 

groups as post-translational modifications (Mann and Jensen, 2003). Thus, all of these noted 

variations likely affect both how the protein may naturally function i.e. differing in a variety 

of properties (solubility, pI, MW) and also how it can interact with additional proteins and 

how it is ‘seen’ by an immune system. Therefore, when considering immune responses there 

may be recognition to native proteins which is not replicated in recombinant forms.  For 

example, differential reactions have been confirmed by studies which have demonstrated 

specific elements, such as glycans, can account for the entirety of an immune response in 

helminths independent of the protein itself (Prasanphanich et al., 2014; Garcia-campos et al., 

2016). Thus, when developing new anthelmintics it is important to consider how well a 

recombinant form mimics the natural form of the protein. 

 

To ensure anthelmintic compounds have a maximal impact on the organism targeted, a target 

protein that is expressed in all life cycle stages is considered as a prerequisite in drug 

discovery. Specifically, in  F. hepatica, the organism of focus in this thesis,  Sigma GST has been 

found in all life cycle stages, with particularly high levels of GSTs in the vitelline cells (involved 

in the production of eggs) and in adults (LaCourse et al., 2012). Therefore, it was important 

to purify native GSTs from these two life cycle stages to analyse kinetics and any variability in 

kinetic responses to xenobiotics. Interestingly, no previous attempt(s)  appear to have been 

made to purify the native form of Sigma GST nFhGST-S1 from F. hepatica, with all previous 

analyses and subsequent functional predictions having been based on a recombinant isolate 

expressed in E. coli  (LaCourse et al., 2012; Morphew et al., 2012).  

Initial proteomic discovery evidence in chapter 3 suggests EVs from parasitic and free-living 

flatworms have a different GST complement, and this might be a marker for parasitism (Table 

7 chapter 3). Thus, it was of interest to isolate native GST from free-living platyhelminths and 

compare to parasitic platyhelminths in order to confirm if a GST profile can be linked to 

parasitism. To this end, Polycelis nigra, a free-living platyhelminth of the Planariidae family, 
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was chosen as the free-living platyhelminth representative. This species was previously 

utilised for global proteomic screening to compare with adult bile dwelling species F. 

hepatica, but GST enzymes were not specifically investigated. (Morphew et al., 2006). 

Surprisingly, there are no genome data available for P. nigra,  and only 15 defined protein and 

16 nucleotide sequences available on Genbank despite this species having been extensively 

promoted as a biomarker of toxicity and pollution within lake environments since the 1940s 

(Erichsen Jones, 1940, 1941).  

Objectives 

This chapter aims to first isolate and purify native GSTs from F. hepatica adult, egg and EV 

samples, using affinity chromatography and ion-exchange chromatography, to determine 

their relative abundance and kinetic profile and therefore potentially roles within each life 

cycle stage. In addition, this chapter aimed to specifically isolate the native Sigma GST to begin 

to elucidate the differences between this native form and the recombinant form used in 

previous studies.  

Secondly, this chapter aims to delineate via a sub-proteomic approach the native soluble GST 

relationship between a free-living and parasitic platyhelminths in adult cytosol and EVs.   

4.2 Materials and Methods  

Specific material and methods related to this chapter are discussed below for general protein 

concentration determination, SDS gel procedures and GST enzyme kinetic evaluations see 

Chapter 2  

4.2.1 Isolation from F. hepatica adults  

F. hepatica whole worm material was taken from both defined isolates from experimental 

infections (supplied by Ridgeway Research Ltd) and natural infections from local abattoirs. On 

return to Aberystwyth University, adult worms were cultured for 5 hours in Fasciola saline 

(Dulbecco’s modified Eagle’s medium (DMEM) (w/o NaHPO3 and PO4) plus 2.2 mM Ca 

(C2H3O2), 2.7 mM MgSO4, 61.1 mM glucose, 1 μM serotonin, 5 μg/mL gentamycin, 15 mM N-

2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), pH7.4) (Davis et al., 2019a) 

which was then removed and batches of 5-10 worms snap-frozen in liquid nitrogen. For 

compound dose-effect analysis worms were cultured before snap freezing.  
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All frozen worm samples were thawed on ice and homogenised in 20 mM potassium 

phosphate buffer pH 7.4 containing 50 mM NaCl, 1% v/v Triton-X and cOmplete Mini EDTA-

free protease inhibitor (Roche) using glass-glass homogenizers on ice. Following complete 

homogenisation samples were placed into centrifuge tube insert in a Sorvall mX120 Micro-

UltraCentrifugre (Thermo Scientific) and centrifuged at 100,000 x g for 45 mins at 4°C causing 

the cell debris to pellet at the bottom and lipids to separate on the top, the middle layer 

contains proteins and was carefully removed via pipetting. Whole protein extracts were 

stored short term at 4°C or long term at -20°C. 

4.2.2Isolation from F. hepatica eggs  

F. hepatica eggs were obtained following five-hour culture of abattoir adult fluke, (Section 

4.2.1) in Fasciola saline which was collected and passed through three different metal meshes 

(Endecotts, UK) with pore sizes of 300, 180 and 63 µm respectively. F. hepatica eggs were 

retained on the 63 µm mesh which was then washed off using ddH2O and allowed to settle. 

Once settled the supernatant was collected and replaced with fresh ddH2O and repeated until 

the supernatant was visibly clear in order to wash any contaminants. Clean egg isolates were 

then stored at 4°C in the dark to prevent embryonation. Egg counts were performed via vortex 

of the solution containing eggs, following which aliquots taken and serial diluted. 50 µl 

dilutions were viewed under a dissection microscope to determine the best dilution for egg 

counting. Eggs per ml value back-calculated in triplicate.   

Egg isolates were processed for protein extraction via initial centrifugation at 2,000 x g at 4°C 

to pellet eggs and the supernatant removed. Eggs were then homogenised using mortar and 

pestle cooled with liquid nitrogen until fine powder formed. The egg sample was resolubilised 

in homogenisation buffer of 20 mM potassium phosphate pH 7.4 containing, 0.2% v/v Triton-

X 100 and cOmplete Mini EDTA-free protease inhibitor (Roche) based on previous work 

(Moxon et al., 2010). Remaining intact eggs and debris were then separated via centrifugation 

at 16,000 x g for 1 min at 4°C and supernatant stored. The pellet was then re-processed as 

previously via homogenisation and the same procedure repeated and supernatant pooled 

with previous collections. Supernatant samples were then placed into centrifuge tube insert 

in the Sorvall mX120 Micro-UltraCentrifugre (Thermo Scientific) and centrifuged at 100,000 x 

g for 30 mins at 4°C causing any remaining cell debris to pellet. The supernatant was removed 

and stored as whole protein extract short term at 4°C or long term at -20°C. 



 

107 
 

4.2.3 Extracellular vesicle (EV) isolation from adult F. hepatica 

Following 5-hour culture in supplemented DMEM (Section 4.2.1) excretory-secretory (ES) 

supernatant was removed and stored at -80°C. This ES content contained EVs and was 

processed as required using an adapted method based on (Théry et al., 2006; Livshits et al., 

2015; Davis et al., 2019a). Modifications included optimisation based on theoretically plotting 

centrifugal forces effect on particle size, as such the 10,000 x g final cell debris removal spin 

is reduced in time to a 20-minute spin and all 100,000 x g spins for exosome pelleting are 

reduced to 20-minute spins with 3 in total before resuspension of EVs in 1 X PBS. EV LYSIS? 

4.2.4 Cytosolic fraction and EVs from adult free-living flatworm Polycelis nigra  

P. nigra free-living flatworms were collected locally from a lake in the vicinity of Bwlch Nant 

yr Arian (Ponterwyd, SY23 3AD, UK). Rocks were overturned around the perimeter of the lake 

and worms brushed off from rocks using a small paintbrush. Following collection, P. nigra 

were cultured in ddH2O after multiple washes to remove and potential contamination and 

maintained at 10°C for 24 hour periods. Following 24 hour periods, the incubation solution 

was collected and processed as described in Section 4.2.3 to isolate P. nigra EVs. Following 

multiple incubations, P. nigra were snap-frozen in liquid nitrogen before processing as in 

Section 4.2.1 to isolate cytosolic protein contents for further analysis. 

4.2.5 Purification of glutathione transferase (GST) enzymes  

GSTs were purified from both expression host cell lysate, in recombinant form, and whole 

liver fluke tissues, native form, using the process of glutathione affinity chromatography as 

previously described (Chemale et al., 2006; LaCourse et al., 2012). Throughout the process of 

GST purification, all reagents and samples were kept on ice or the procedure was performed 

at 4°C in a cold room. Glutathione-agarose (Sigma) was rehydrated to the desired volume 

following the manufacturer protocols in ddH2O, typically 1 - 2 ml bed volumes were used. The 

GSH-agarose gel was appropriately washed to remove storage lactose then packed into 

columns. The GSH-agarose gel was then equilibrated with 20 x bed volumes of equilibration 

buffer (10 mM phosphate buffer, pH 7.4, 150 mM NaCl, cOmplete Mini EDTA-free protease 

inhibitor). Recombinant or native samples were applied to the column and, depending on 

sample size, pass through using pump flow or gravity flow.  The flow-through was collected 

and re-applied to column up to a total of 6 times to ensure maximal GST recovery. The flow-

through, all non-binding proteins and excess GST, was retained to assess purification 
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efficiency. The column was washed with 20 x bed volumes of equilibration buffer to remove 

non-specific bound proteins and the protein profile from this process routinely analysed. GST 

protein was then eluted from the column using 1-5 ml of elution buffer (7.5 mM reduced 

glutathione in 50 mM Tris-HCl, pH 9.5). Depending on the initial sample, generally, the GST 

elutant would be concentrated using Amicon centrifugal filter device with a 10 kDa molecular 

weight cut-off (Millipore) with a buffer exchange step, to ddH2O, to remove contaminant GSH 

and salts to allow accurate quantification and testing for activity towards CDNB (see section 

2.2).  

4.2.6 Ion exchange purification  

It was noted following 2DE work previously performed that the contents of GSH purified F. 

hepatica cytosolic protein (Sigma and Mu GSTs) had clear differences in pI, an attribute 

which could be exploited in purification processes. Ion exchange column chromatography 

(IEC) allows the isolation of protein populations with distinctly different pI’s (usually pI 

difference of greater than one is required for successful isolation). Ion exchange purification 

was performed using the AKTA prime (GE Healthcare) system at 4°C and using HiTrap™ CM 

Sepharose Fast Flow, carboxy-methyl (CM) IEX Columns (GE Healthcare life sciences) based 

on procedures published (Duncan et al., 2018) with further optimisation i.e. the 

equilibration buffer pH was increased to pH 6.9 and a 5 ml sample loop was utilised. 

Furthermore, the column flow rate was decreased to 0.5 ml/min to increase GSH- GST 

binding. PrimeView version 1.0 software (GE Healthcare) monitored the protein flow 

through, at 220 nm. Protein peaks in the UV chromatograph were collected in 1 ml fractions 

and protein-containing fractions pooled and concentrated using Amicon centrifugal filter 

device with a 10 kDa molecular weight cut-off with a buffer exchange step (to ddH2O) to 

remove contaminant salts.    

4.2.7 Post-translational modification gel staining  

Post-translational modification staining was performed on standard 12.5% SDS gels using for 

Pro-Q Emerald 488 glycoprotein analysis and Pro-Q Diamond (Invitrogen) for phosphoprotein 

analysis. Each followed standard manufacturer’s protocols and essentially involved a fixation, 

wash, stain, destain and further wash step before visualisation using the typhoon FLA 9500 

imager. Markers used for glycoprotein analysis were CandyCane (Invitrogen) and 

PeppermintStick (Invitrogen). 
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4.3 Results  

4.3.1 Purification and immunological analyses of soluble GSTs from F. hepatica 

The purification of native GSTs from adults, eggs and EVs from F. hepatica was accomplished 

via glutathione agarose chromatography (which selectively isolates Sigma and Mu GSTs), and 

individual GSTs visualised by either analytical one dimensional or two-dimensional gel 

electrophoresis. Adult liver fluke GSTs were visualised on 1D gels (Figure 22, Coomassie) as a 

band at the predicted region 26/28 kDa and a lower mass at approximately 20 kDa. Proteins 

were transferred on to nitrocellulose membranes and probed with anti-Sigma class and anti-

Mu class GST antibodies (Figure 22, Anti Sigma and Anti Mu) and this demonstrated that the 

26/28 kDa band only cross-reacted with F. hepatica Sigma antibodies. The profile of purified 

egg GSTs also demonstrated multiple protein banding on the 1D analysis (Figure 23, 

Coomassie) and Western blotting suggesting that these were only Sigma GSTs, with limited 

recognition of anti-Mu class antibodies (Figure 25, Anti Sigma and Anti Mu).  
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Figure 22  GSH-affinity-purified adult cytosolic F. hepatica samples. Nitrocellulose membrane probed with 

anti-Sigma class GST antibody at 1:30,000 concentration and anti-Mu class GST antibody at 1:5000 

concentration. Visualisation performed with alkaline phosphatase conjugated secondary antibodies using 

BCIP and NBT substrates. RI 
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Figure 23  F. hepatica 0-day unembryonated eggs GSH-affinity-purified nitrocellulose membrane probed with 

anti-Sigma GST antibody at 1:30,000 concentration and anti Mu GST antibody 1:5000. Visualisation performed 

with alkaline phosphatase conjugated secondary antibodies using BCIP and NBT substrates. 
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Following the purification of native mixed Mu and Sigma GSTs from adult liver flukes, a 

bespoke purification for Sigma GST(s) was devised using an ion-exchange column (IEC) 

strategy on an AKTA system (Figure 24). The AKTA system comprises essentially of a variable 

rate pump which feeds solutions through a UV detection chamber and is linked to a 

fractionator. Proteins due to amino acids containing aromatic rings absorb UV light and 

therefore, the presence of protein can be detected. A previous proteomic study had indicated 

Sigma GST from adult F. hepatica had a significantly different pI from Mu class GSTs (Chemale 

et al., 2006). In silico pI analyses also suggested a difference in pI between Sigma and Mu class 

enzymes in F. hepatica. In brief, based on the principles of IEC purification, a column pH more 

than 1 pH unit lower than the pI point calculated for FhGST-S1 was utilised. Importantly, 

purification was achieved as this basic pI is higher than any acidic/near-neutral Mu class GSTs, 

thus, Mu class can be prevented from binding to the IEC allowing selective Sigma class 

recovery. Purified samples from IEC, following buffer exchange, were probed with anti-Sigma 

class and anti-Mu class GST antibodies (Figure 25, Anti Mu and Anti Sigma) demonstrating 

that there was a lack of Mu response but Sigma GST presence. Final confirmation of native 

Sigma GST purity was performed through running the protein on a 2D gel. Following 

coomassie staining, a single protein spot was observed (Figure 26) which was excised and 

processed for MS/MS analysis. Following MS/MS analysis the single spot post combined GSH 

AP and IEC demonstrated a single protein match (Table 14 and Figure 27) confirming purity.   
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Figure 24 IEC elution profile using AKTA prime. Flow rate 1ml/min A = Application of GST samples in Equilibration buffer B= 10 Column volume washes with equilibration 

buffer C = Application of elution (1 M NaCl) buffer removing bound protein. 
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Figure 25 Native Sigma AP IEC purification nitrocellulose membrane probed with anti-Sigma GST antibody at 

1:30,000 concentration and anti Mu GST antibody 1:5000. Visualisation performed with alkaline phosphatase-

conjugated secondary antibodies using BCIP and NBT substrates. RI
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Figure 26 Confirmation of nFhGST-S1 from adult fluke purity with 2DE. 1 μg of GSH-affinity and CM-Sepharose purified sample was separated by 12.5% polyacrylamide/pI 

3–10 using a linear strip and visualised using colloidal Coomassie stain. Low molecular weight markers are present the circle indicates the spot region excised labelled 

spot 1 for downstream MSMS analysis  

Table 12. Tandem mass spectrometry (MSMS) results for spot 1, demonstrating a single protein hit which found to be above the significance mascot threshold score of 38  

Spot No Mascot score Accession number Identification Species Sequence coverage (%) 

1 669 BN1106_s1081B000242.mRNA-1 / 2WB9_A Sigma class GST accession no. 2WB9_A F. hepatica 33 

 

MDKQHFKLWYFQFRGRAEPIR|LLLTCAGVK|FEDYQFTMDQWPTIKPTLPGGR|VPLLDVTGPDGK|LRR|YQESMAIAR|LLARQFK|MMGETDEEYYLIER|IIGECEDLYR|EV

YTIFRTPQGEKEAKIK|EFKENNGPTLLK|LVSESLESSGGK|HVAGNRITLGDLFLFTTLTHVMETVPGFLEQKFPKLHEFHKSLPTSCSRLSEYLKKRAKTPF 

Figure 27 Protein sequences accession no. 2WB9_A with regions highlighted in bold linked to the seven identified peptides during MSMS analysis   
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EVs from adult F. hepatica were isolated and western blotting confirmed (Figure 28, 

Coomassie and Western blot) evidence of both Sigma and Mu GST classes within whole 

lysed EV samples and indicated higher levels of Sigma class. Previous EV studies on F. 

hepatica have used only MS_MS to confirm the presence of Sigma and Mu GST peptides in 

EVs (Cwiklinski, de la Torre-Escudero, et al., 2015; Nowacki and Hoffmann, 2015; Davis et al., 

2019a; de la Torre-Escudero et al., 2019). 

Lysed EV samples from adult F. hepatica were processed through analytical GSH-affinity 

columns in an attempt to purify out Sigma and Mu GSTs.  Western blot analysis of 

purification detected Mu and Sigma GSTs from this lysed content. A purification series is 

presented in figure 29. 1DE analysis suggested under the isolation conditions used there is a 

lack of evidence of GST presence in the eluted fraction. There is however evidence of fairly 

strong intensity at 20 – 30 kDa region in the pre-GSH-purified sample. This may suggest 

some interference in affinity column binding of GSTs from EV samples possibly linked to 

their differences in being some way membrane-bound, or that despite concentrating and 

pooling EV isolate samples this provided inefficient GST proteins based on the composition 

of EVs which are GSTs. In conclusion, it is confirmed that F. hepatica EVs contain both Sigma 

and Mu GSTs as previously noted, however, purification utilising common methodologies of 

GSH affinity may not be suitable for further isolating these proteins from EVs. 
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Figure 28 F. hepatica isolated EVs lysed consisting of the membrane and content nitrocellulose membrane 

probed with anti-Sigma GST antibody at 1:30,000 concentration and anti Mu GST antibody 1:5000. 

Visualisation performed with alkaline phosphatase conjugated secondary antibodies using BCIP and NBT 

substrates. 
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Figure 29 GSH-affinity purified F. hepatica lysed EV samples purification process demonstrates a lack of 

purification. Lanes loaded with maximum volume (25 µl ) due to low concentrations available  
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4.3.2 Purification and Immunoblotting of GSH-affinity purified native GSTs from P. nigra  

As a first step to characterise the GST complement in adult P. nigra cytosolic proteins were 

isolated by 1D gel separation and the predicted GST subunit region (20-30kDa) was gel sliced 

selected for MSMS analysis (Figure 30 and Table 13). To this end, a typical double GST banding 

was observed with the 20-30 kDa region of 1D gels. MS MS confirmed the GST protein 

presence in P. nigra. 

In addition, immunoblotting analysis was performed on P. nigra cytosol using parasitic 

flatworm specific anti-Sigma and anti-Mu antibodies as probes to indicate GST relationship 

with parasitic flatworms (Figure 31, Western blot). A stronger probe signal was shown for 

Sigma GST class than the Mu class. Furthermore, cytosolic proteins from P. nigra were subject 

to GSH-affinity purification to isolate functional GSTs. Following GSH purification anti-Sigma 

and anti-Mu class GST antibodies were used once again to assess the purification process 

within the affinity-purified proteome (Figure 32). EVs were collected over three days of P. 

nigra culturing and were pooled to perform proteomic analysis of the EV protein content 

(Figure 33). The 1DE gel demonstrated weak bands on staining with Coomassie with bands 

visible only in the ~ 90 – 60 kDa region. Despite this lack of obvious banding, the entirety of 

the lane was excised in sections to perform trypsin digest and analysis of peptides via mascot. 

On analysis against other free-living helminth species, the results demonstrated a lack of any 

peptide matches (other “contaminants”) above significance in any bands.  
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Figure 30 P. nigra cytosolic protein profile 1DE gel visualised using coomassie stain. The region highlighted red 

was cut as three separate lane reps for MS/MS analysis of GST region  
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Table 13. Top MSMS peptide matches based on mascot score for 20-30 kDa region of cytosolic protein bands fron P. nigra where significance score was 67 and NCBI 

database was searched  -GST hit highlighted 

Score Accession No Identification  Species Coverage  

89 gi|72078956 PREDICTED: ras-related protein Rab-2A isoform X1  Aricia agestis 13.3 

83 gi|46909445 triosephosphate isomerase, partial  Leptochiton asellus 17.7 

67 gi|831229103 PREDICTED: triosephosphate isomerase  Otolemur garnettii 6.2 

76 gi|158524676 triosephosphate isomerase partial Ephydatia fluviatilis 50.9 

68 gi|126340070 PREDICTED: triosephosphate isomerase  Monodelphis domestica 11.3 

66 gi|1064969 Chain A, S96p Change Is A Second-Site Suppressor For H95n Sluggish Mutant Triosephosphate Isomerase   8.2 

64 gi|117935064 triosephosphate isomerase  Rattus norvegicus 2 

61 gi|115434516 Os01g0147900  Oryza sativa Japonica Group 1.4 

37 gi|146332845 triosephosphate isomerase-like protein  Callithrix jacchus 9.8 

77 gi|478251398 hypothetical protein YQE_11479, partial  Dendroctonus ponderosae 17.8 

68 gi|517818345 integrase  Azoarcus toluclasticus 3.8 

67 gi|499010959 PREDICTED: malate dehydrogenase, mitochondrial  Ceratitis capitata 2.6 

67 gi|922362646 Myb/SANT-like DNA-binding domain protein  Medicago truncatula 0.9 

66 gi|478859730 glutathione S-transferases  Macrobrachium nipponense 3.2 

64 gi|110748949 PREDICTED: fructose-bisphosphate aldolase-like isoform X2  Apis mellifera 16.1 

64 gi|145343997 predicted protein  Ostreococcus lucimarinus  1.9 

62 gi|503432471 carbohydrate-binding protein SusD  Sphingobacterium sp. 21 5.5 

58 gi|943601283 hypothetical protein  Symbiothrix dinenymphae 2.9 

54 gi|167525373 hypothetical protein  Monosiga brevicollis MX1 4.3 

56 gi|166406858 ADP/ATP carrier protein  Haliotis diversicolor 13.8 
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Score Accession No Identification  Species Coverage  

35 gi|109133356 PREDICTED: ADP/ATP translocase 3  Macaca mulatta 8 

56 gi|374534599 mitochondrial ATP synthase beta subunit, partial  Gemma sp. JV-2012 11.2 

55 gi|927179382 PREDICTED: LOW QUALITY PROTEIN: polyserase-2-like  Thamnophis sirtalis 8.3 

55 gi|349917947 glyceraldehyde 3-phosphate dehydrogenase  Clonorchis sinensis 9.6 

Score Accession No Identification  Species Coverage  

53 gi|565299255 Ferritin heavy chain A, partial  Ophiophagus hannah 4.8 

53 gi|296815926 phosphoglycerate kinase  Arthroderma otae CBS 

113480 

3.3 

53 gi|313217665 unnamed protein product  Oikopleura dioica 2.1 

52 gi|495791791 glyceraldehyde-3-phosphate dehydrogenase  Dethiobacter alkaliphilus 6.3 

46 gi|353232990 putative atp synthase alpha subunit mitochondrial  Schistosoma mansoni 6.4 

50 gi|130076702 ATPase alpha subunit  Penthorum sedoides 1.6 

50 gi|60594751 phosphoglycerate mutase  Clonorchis sinensis 13.7 

50 gi|955326848 PREDICTED: uncharacterized protein LOC106799053  Glycine max 3.9 

49 gi|358253990 fructose-bisphosphate aldolase class I, partial  Clonorchis sinensis 9.4 

48 gi|1389622 elongation factor-1alpha  Dugesia japonica 0.7 

48 gi|1613773 Rab1  Plasmodium falciparum 2.2 

46 gi|524785324 isoleucine--tRNA ligase  Clostridium sp. CAG:273 3.4 

45 gi|471228636 hypothetical protein IMG5_103490, partial  Ichthyophthirius multifiliis 7 
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Figure 31 P. nigra cytosolic protein GST antibody cross-reactivity analysis Nitrocellulose membrane probed 

with anti-Sigma antibody 1:30000 and anti Mu antibody 1:5000. Visualisation performed with alkaline 

phosphatase conjugated secondary antibodies using BCIP and NBT substrates. RI 
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Figure 32 P. nigra cytosolic GSH affinity-purified GSTs, nitrocellulose membrane probed with anti-Sigma class 

GST antibody 1:30,000 and anti-Mu class GST antibody at 1:5000. Visualisation performed with alkaline 

phosphatase conjugated secondary antibodies using BCIP and NBT substrates. RI 
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Figure 33 P. nigra EV 1DE profile 1DE gel lane 1= Low molecular weight marker 2 = P. nigra lysed EV content. 

Protein gel visualised using coomassie stain.  The region highlighted red and numbered was processed for 

mass spec analysis. RI 
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4.3.3 Antigenicity and F. hepatica Infection sera native FhGST-S1 analysis  

Previous research within IBERS (unpublished), as repeated in this study (chapter 5) has 

established a lack of immune recognition by rFhGST-S1 as probed with F. hepatica 

experimental infection sera from goats and sheep hosts. Within this project, the newly 

isolated native Sigma GST (nFhGST-S1) was tested for infection sera recognition response 

(Figure 34). The protein was not recognised by pre-infection challenge sera (0-week sera) but 

was recognised, albeit weakly, by week 4 post-infection sera and more intensely in week 12 

post-infection sera. A positive reaction control was included demonstrating that the BCIP/NBT 

visualisation was operating correctly with anti-Sigma polyclonal antibodies and finally the 

secondary antibody only anti-goat in response showed no non-specific reaction acting as a 

negative control. This suggests that an element present in the native form of this protein is 

being recognised by the antigens of infected goats which isn’t present in the recombinant and 

could include post-translational modifications. 
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Figure 34 Goat Infection sera WB for native nFhGST-S1, each has 1 µg of nFhGST-S1 and are probed with sera 

at 1:1000 or anti Sigma or secondary only antibodies at 1:30,000. Visualisation performed with alkaline 

phosphatase conjugated secondary antibodies using BCIP and NBT substrates. RI 
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4.3.4 CDNB conjugating analysis of native GSTs from various F. hepatica life cycle 

stages/locations in comparison to P. nigra  

GST substrate activity analysis was performed to assess GST recovery between various stages 

of processing and to compare levels of GST during life cycle stages and between F. hepatica 

and P. nigra (Table 14). Thus, by assessing total protein in the cytosol and GST recovery rates 

on purification it is possible to estimate the % GST composition of the cytosol. Recovery rates 

determined 1-2 % total cytosolic protein as GSH affinity binding GSTs of which approximately 

17.5% of this was FhGST-S1, suggesting FhGST-S1 makes up a total of 0.35% of the cytosolic 

content. Slightly higher recovery rates of 2-3 % GSH affinity binding GSTs were observed in 

eggs however due to far lower (>10 fold less) total protein concentrations achieved it was un-

feasible in the course of this study with materials available to attempt an equivalent 

purification of specifically the native Sigma GST.  

Interestingly in comparison to parasitic species, the free-living P. nigra demonstrated a lower 

recovery rate of GSH affinity-purified GSTs. Approximately ~0.05% GSTs were purified, and 

this equates to between 2 to 4-fold less cytosolic GSH-affinity binding GST content than the 

parasitic helminths. P. nigra pre-purification GST activity assays utilising CDNB substrates 

demonstrated a higher response (~ 3-fold higher) than the pre-purification sample from both 

adult and egg pre-purification protein samples from F. hepatica (p<0.001). The GSH affinity-

purified fractions from P. nigra also demonstrated a statistically higher activity in comparison 

to F. hepatica egg and adult (p<0.001). These differences were analysed via ANOVA (R Studio) 

and found to be significantly different through the purification process (Figure 35 – See 

caption).   
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Table 14. Evaluation of total and specific GST activity to standard substrate CDNB for native isolated samples 

of F. hepatica adult and egg along with P.nigra cytosolic proteins. Total quantities of protein were determined 

using the Bradford quantification method to assess approximate protein purification recovery rates, where 

applicable. Specific activity was calculated across at least 3 replicates. 

Samples Total Activity 

(nmol/min)  

Total protein 

(mg)  

Specific activity (mean 

± S.D.) (nmol/min/mg  

Notes  

Pre-purification (Adult)  

F. hepatica 

173138.89 381.5 478.86 ± 103.55 
 

Sigma/ Mu (Adult)  

F. hepatica 

19481.6169 4.4726 4456.02 ± 142.69 1-2 % of total mg protein 

purifies as GSTs 

Sigma (Adult) F. hepatica 6772.216968 0.7752 7319.44 ± 216.17 ~17.5% of GSTs purify as 

Sigma  

Pre- purification (egg)   

F. hepatica 

3702.70146 9.154 464.46 ± 231.79 
 

Sigma / Mu (Egg)  

F. hepatica 

1421.979127 0.2465 5768.68 ± 410.37 2-3 % total protein mg 

purifies as GSTs 

Pre- purification (Whole 

EV's) F. hepatica 

16.36256 0.474 34.52016 ± 

27.166 

Low level activity (assay 

performed over >3 min)   

Sigma/ Mu purified (Ev's)  

F. hepatica 

ND ND ND Fully processed 1mg + of 

lysed isolated EV’s none 

recovered  

Pre-purification P. Nigra 20249.71788 11.0285 1857.80 ± 95.20 
 

Sigma/Mu P. Nigra 28.25520963 0.003875 7291.66 ± 714.92 ~ 0.05% of total protein 

purified as GSTs  
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Figure 35 Pre and post purification specific activity results for native samples using CDNB as a model substrate. +/- SD. ANOVA analysis performed across each equivalent 

set group of GSTs (columns which are the same colour are analysed together). Post hoc Tukey HSD test performed on each group and significant difference labelled above 

where * =<0.05 and ** = <0.01 and  *** = <0.0001
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4.3.5 GST substrate specificity and kinetics of newly isolated nFhGT-S1 

As this was the first known isolation of native FhGST-S1 it was opportunistic to compare 

substrate profiles with recombinant FhGST-S1 from previous studies (LaCourse et al., 2012) 

(Figure 36). Thus, multiple different classes of GST substrates including model substrates, 

reactive aldehydes and lipid peroxides were used to test the role of nFhGST-S1 (Table 15). 

The highest activities were observed with the model substrate CDNB followed by ethacrynic 

acid whilst no activity was measurable with DCNB. When analysing the reactive aldehyde 

reactions an almost 2-fold increase was observed in response to trans-2-nonenal over trans, 

trans-2, 4-decadienal.  
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Table 15. Enzymatic activity of native purified FhGSTs1 using various GST substrates for each substrate the class of reaction is defined along with the concentrations of 

GSH and specific substrate used in the assay, the assay reaction pH, absorption spectra measure (I Max) and the extinction coefficient determined for each substrate are 

based on Habig et al., (1976). ND = non-detectable.  

Substrate 

Class Substrate 

[Substrate] 

(mM) 

[GSH] 

(mM) 100 mM KHPO4 (pH) I Max (nM) e (mM-1cm-1 nFhGSTs1 

    
  

  
Specific Activity (nmol min-1 mg-1) 

Model 

Substrate 

1-Chloro-2,4-

dinitorbenzene 

(CDNB) 1 1 6.5 340 9.6 7357.63 ± 216.17 

 

1,2-Dichloro-4-

nitorbenzene 

(DCNB) 1 5 7.5 345 9.6 ND 

  Ethacrynic Acid 0.08 1 6.5 270 5  1730 ± 212.838 

Reactive 

Aldehyde Trans-2-nonenal  0.023 1 6.5 225 -19.2 719.57 ± 24.63 

  

Trans, trans-2,4-

decadienal 0.023 1 6.5 280 -29.7 422.77 ±9.47 
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Figure 36 Comparison of specific activity values in triplicates for recombinant and native purified forms of FhGST-S1 in relation to various substrate. Two sample t-test 

performed in each case and results as follows; CDNB (t=12.49, df 6 and p0.000375) Ethacrynic acid (t=4.85, df 6, p0.00842) Trans-2-nonenal (t=13.51, df 6, p0.00064) Trans, 

trans-2-4-decadienal (t=67.96, df 6, p0.00021). Recombinant FhGST-S1 values were taken from (Lacourse et al., 2012) 
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4.3.6 Post-translational modifications of IEC purified FhGST-S1 from F. hepatica  

Given the noted difference in natural caprine infection sera recognition observed for nFhGST-

S1 compared to rFhGST-S1, post-translational staining was performed to assess glycosylation 

and phosphorylation modifications as a potential cause of increased antigenicity. Purified 

nFhGST-S1 was assessed in comparison to cytosolic whole protein profiles of F. hepatica for 

the presence of phosphorylations and glycosylations within the protein using specific 

fluorescent dyes. Glycosylation bands were observed in both the purified nFhGST-s1 and 

across multiple proteins isolated from cytosolic F. hepatica whereas the rFhGST-S1 lacked any 

bands at all (Figure 37, Glycosylation). The same profile was observed with phosphorylation 

both indicating a lack of any post-translational modification in the recombinant form (Figure 

37, Phosphorylation). 
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Figure 37 Glycosylation and phosphorylation stained SDS protein gels using ProQemerald488 and ProQ 

Diamond stains respectively. 1= low molecular weight marker for glycosylation was PeppermintStick marker 

and for phosphorylation was Candycane marker 2 = F. hepatica Native Sigma GST, 3 = F. hepatica Cytosolic 

protein, 4= rFhGSTs1 

Glycosylation  

Phosphorylation 
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4.4 Discussion  

This chapter aimed to isolate native GSTs both GSH-affinity purified (Sigma and Mu’s) and 

specifically FhGST-S1, in order, primarily, to obtain stocks for downstream inhibition 

compound trials. Whilst this was performed it was concurrently of interest to determine 

uninhibited activity and elucidate any differences of interest between nFhGST-S1 and rFhGST-

S1 due to this being the first time nFhGST-S1 was successfully purified to allow this. 

4.4.1 Native F. hepatica GSTs 

GSH affinity purification has previously been demonstrated to only isolate Sigma and Mu 

classes of GST from native Fasciola samples (Chemale et al., 2006). In addition, previous 

research has revealed both the Sigma and Mu classes to be expressed in the egg stage of this 

organism (Moxon et al., 2010).  However, this current research has taken this further and 

purified the native GSTs from in vitro cultured eggs.  Following WB analysis there appears to 

be increased abundance of Sigma class GSTs in comparison to Mu. However, contradicting 

previous work, FhGST-S1 was also identified in day-0 unembryonated eggs which supports 

the inclusion in eggs through the process of development from vitelline cells (LaCourse et al., 

2012).  This is all further suggestive of the implication of FhGST-S1 in the development process 

of eggs through to miracidia as suggested (Moxon et al., 2010; LaCourse et al., 2012). It would 

have been interesting based on the WB analysis of egg affinity-purified GSTs from F. hepatica, 

to have attempted nFhGST-S1 purification on this life cycle stage due to the indication that it 

may well be Sigma GST rich (stronger bands Figure 23, Anti Sigma) as well as noted to be a 

main constituent of eggs in the studies already mentioned above studies. However, due to 

sample limitations, this was unable to be performed. 

During the analysis of P. nigra GSTs it was interesting to note the fairly significant difference 

in pre-purification GST CDNB assay activity compared to both non-EV sample stages from F. 

hepatica (Table 14) this may be indicative of a higher proportion of non-GSH binding GSTs 

being present in the P. nigra proteome. However, no direct evidence was obtained of this 

based on MSMS analysis of the GST region of the cytosolic P. nigra protein gel (Table 13) 
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4.4.2 Native S1  

For the first time, direct isolation of the native FhGST-S1 from the GSH affinity-purified 

fraction followed by IEC was achieved. The concentration of nFhGST-S1, following dual 

purification, was approximately 0.2% that of total cytosolic protein. This information would 

be vital in potential vaccine trials or for further analysis of nFhGST-S1 as it will assist in 

determining how much starting material is required before performing any purification. 

Statistically significant differences were observed in kinetic analysis between recombinant 

and native Sigma GST enzymes using the CDNB assay suggesting structural/functional 

differences between these protein forms. The importance of these kinetic differences could 

play a role when considering inhibition compound design and functionality and further 

substrate comparison will be performed for native vs recombinant in the following chapter. 

Kinetic profiles of nFhGST-S1 in relation to various GST substrate groups (Table 15 and Figure 

36) are of interest. CDNB model substrate activity of ~7000 nmol min-1mg-1- was found which 

is almost 2 fold higher than those found for the recombinant form previously (P<0.001). 

Reaction to DCNB, on the other hand, was equivalent showing no measurable response, the 

general trend for reactive aldehydes was also equivalent despite a generally higher activity 

being seen for both trans-2-nonenal (P<0.001) and trans, trans-2,4-decadienal (P<0.001). 

Ethacrynic acid reaction was also found to be slightly higher in the native form (P<0.01) of the 

enzyme though not to the extent of CDNB. These differences highlight an issue when working 

with recombinant proteins as a model as true functionality may not be equivalent and as such 

drug and vaccine development associated with recombinants may have reduced effects in 

vivo. 

Native FhGST-S1 isolation processes could have important potential roles in the development 

of future vaccines, as native proteins would be expected to have higher antigenicity host 

responses. This has begun to be validated by this study where it was demonstrated from one 

batch of native FhGST-S1 purification showed a mild response to 4-week post-infection sera 

and a stronger reaction to 12-week post-infection sera from goats (Figure 34). It is likely that 

the main structural/biological differences affecting differences in kinetic activity and natural 

infection sera responses would involve organism-specific post-translation modification such 

as glycosylation, methylation and phosphorylation. Previous work in mammals has suggested 

that GSTs can act as a substrate for protein kinase C as well as being able to be modified by 
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methyltransferases (Yeh et al., 1995). In both these instances, the addition of post-

translational moieties shows effects in vitro on normal enzyme functionality suggestive of 

roles of enzyme regulation (Taniguchi and Pyerin, 1989; Johnson et al., 1992). Whilst reaction 

was observed with the initial batches of purified nFhGST-S1 and goat sera subsequent batches 

of purification did not demonstrate this response. One possible reason for this difference may 

be due to marginal changes in purifications using the AKTA system. Initially, this was 

performed entirely in a 4°C cold room whilst subsequent purifications took place at room 

temperature with all buffers and solutions being maintained at 4°C. Some minor fluctuations 

in temperature may have occurred due to this change in the process causing post-

translational modification profiles to be altered. Post-translational modification analysis of 

FhGST-S1 focused on phosphorylation due to suggested function related changes to proteins 

and glycosylation due to roles in effecting antigenicity (Lisowska, 2002). Post translation 

staining demonstrated that both functional moieties were present on nFhGST-S1 in 

comparison to the recombinant form. It has been previously suggested that F. hepatica 

FhGST-S1 undergoes O-linked rather than N-linked glycosylation which may or may not have 

direct effects on its antigenicity immunoregulatory and detoxification roles (Garcia-campos 

et al., 2016). Future work would seek to repeat these assesments with newly obtained sheep 

and goat infection sera and analyse the results. 

4.4.3 EVs and GSTs 

EVs produced by F. hepatica have been found to contain GST proteins in the form of both 

Sigma and Mu class GSTs (Marcilla et al., 2012; Cwiklinski et al., 2015; Nowacki and Hoffmann, 

2015). With Sigma GST being further confirmed to be present and suggested to be presented 

on the surface (Davis et al., 2019a; de la Torre-Escudero et al., 2019) of EVs it was of interest 

in this study to analyse the functionality of GSTs on the surface as well as internally. Upon 

evaluation of the enzymatic activity of whole EVs against CDNB GST substrate assay, a low 

level of activity was observed (Table 14). This activity was based on triplicate repeats of 

activity per minute across multiple time points 3, 10, 25 and 30 minutes to allow increased 

assay reaction time due to extremely low concentrations involved. Whilst “GST” activity was 

found in whole EVs it is impossible to say that is this solely due to Sigma class GST moieties 

due to a lack of purification. To further elucidate the role of GSTs in EVs, assays were 

performed on the GSH purified lysed contents (Table 14) however following the purification 
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process there was no detectable activity observed for GSH affinity-purified contents. Whether 

GST contents of EVs are inactive or whether the purification process is ineffective when 

working with lysed EV content is difficult to say, however, the purification series gel (Figure 

29) suggests either a lack of purification or a very low concentration of elutant being a major 

factor.  Based on results from chapter 3 where Sigma GSTs in EVs appear to be linked to 

host/foreign organism interactions we now see the potential for functional enzymatic effects 

at the whole EV level based on these results with a lack of specific determination of roles for 

any internal GST cargo.  

In order to test the parasitism/invasion EV theorem proposed, analysis of free-living flatworm 

species was of interest. Previously there has been a lack of research into GSTs within free-

living flatworm species. The only evidence found presently discussed the role of GST-pi class 

transcript regulation in response to oxidative stresses in marine flatworm M. lignano (Rivera-

Ingraham et al., 2016). Whilst this confirmed the presence of GSTs at transcript level no 

evidence of protein purification in free-living flatworms could be found. The presence of a 

GST within the free-living P. nigra was confirmed via mass spec analysis (Table 13) and 

subsequent purification using GSH affinity-purification techniques. Despite low levels of 

material isolated and phylogenetic inferences (Chapter 3) of free-living GSTs sequence 

similarity being closer to human/model equivalents than parasitic trematodes, cross-

reactivity was shown to anti Sigma and anti Mu antibodies (these were isolated in response 

to parasitic species) (Figure 31, Western blot and Figure 32, Anti Sigma and Anti Mu). This 

could suggest if true that the western blot responses may have both been to the same GST 

enzyme. This could suggest that the free-living P. nigra possess a GST with epitopes for both 

Mu and Sigma like features, the GST to which peptide sequences hit via MSMS mascot search 

from Macrobrachium nipponense demonstrated a 30.26% ident to FhGST-S1 (to which the 

anti-Sigma antibody was raised) as opposed to a 44.24% ident to SJ26 (the Mu class GST from 

S. japonicum to which the Mu antibody in this study was raised) thus suggesting the GST hit 

was Mu like in nature. GSH-affinity purified P. nigra GST/s demonstrated kinetic activities 

comparable to that of the parasitic F. hepatica / gigantica Sigma GSTs for model substrate 

CDNB (Figure 35 and Table 14). As far as can be determined this is the first direct functional 

analysis of GSTs from a free-living helminth species other than model organism C. elegans 

(Leiers et al., 2003; Greetham et al., 2004). Further analysis was attempted to ascertain the 
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content of P. nigra EVs in particular, as referenced in relation to GSTs, despite culturing 50+ 

worms for several days at a time and the evidence of small pellets during processing for EVs 

sufficient material was unable to be obtained to provide content results following MSMS 

analysis with only values above significance threshold consisting of mammalian keratin 

(contamination) and trypsin (autolysis during processing). This is strange as a protein gel was 

able to be produced for P. nigra EVs which did appear to demonstrate the presence of protein 

bands (Figure 33). 

4.4.4 FhGST-S2 

Whilst these experiments have further validated and built on previous work on the GSTs 

present in F. hepatica as well as an increased understanding of the native FhGST-S1 

specifically, there was a distinct lack of any evidence of the second Sigma GST isoform, FhGST-

S2, discovered using bioinformatics techniques in Chapter 3. Evidence of the presence of the 

FhGST-S2 isoform at transcriptional levels can be found in both the in house transcriptome 

and the gasser transcriptome (Fh_Contig675, E-value 0.0)(Young et al., 2010). However, 

throughout all analysis of the GST region (20-30 kDa) via MSMS FhGST-S2 was never hit. This 

may be due to the protein failing to undergo active translation or due to protein levels being 

too low in standard conditions that the depth of coverage via MSMS techniques used was 

insufficient to pick out FhGST-S2 peptides is unclear. Another implication of the lack of 

nFhGST-S2 could be a stage-specific expression profile, however, the internal transcriptome 

which demonstrated the presence of FhGST-S2 sequences was derived from adults and adults 

were tested in this process.  

4.5 Summary  

GSTs were isolated from F. hepatica and P. nigra using affinity column techniques. It was 

demonstrated for the first time that FhGSTs1 could be directly isolated from within a mix of 

GST forms from F. hepatica utilising its differing pI and IEC techniques. It was also 

demonstrated in comparison to previous studies that the presence of Sigma GST isoforms did 

occur in day-0 unembryonated eggs (LaCourse et al., 2012). In comparison to the recombinant 

form of FhGSTs1 the native form showed an immune response to experimental infection sera 

likely due to parasite post-translational modification of this protein. This is of particular 

interest as it may assist in the successful design of vaccines in the future, helping to explain 
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previous problems with vaccines reliant on recombinant proteins. Native FhGSTs1 was shown 

to have statistically higher specific activity values in comparison to recombinant. 

P. nigra GSTs were isolated for the first time and probed demonstrating the cross-reactivity 

to both Sigma and Mu antibodies, however, based on mass spec results only a single match 

to GST using the NCBI database was found at the cytosolic level. EV analysis of P. nigra was 

attempted however was unsuccessful suggesting future work on EVs in free-living organisms 

would require much larger sample sizes.  



 

142 
 

5.0 Production, Purification / Isolation and Kinetic analyses of 

Recombinant Sigma class GSTs from Fasciola hepatica 

Abstract 

Recombinantly expressed proteins provide a useful tool for producing high quantities of 

protein for downstream analysis. Previously, a single Sigma GST isoform had been 

successfully recombinantly produced from F. hepatica and demonstrated to be actively 

functional. Bioinformatic analyses determined a second Sigma GST predicted sequence in 

the F. hepatica genome and transcriptome which had previously not been observed, 

therefore, understanding more about this protein was of interest. The second Sigma could 

play a role in host immune interaction or detoxification, therefore, a further understanding 

was vital before chemotherapeutically targeting the first isoform. To understand more 

about this predicted Sigma GST in comparison to the previously elucidated isoform the new 

Sigma was cloned and expressed using an E. coli recombinant system. The new Sigma 

isoform was mostly expressed as an insoluble product, however, a sufficient quantity was 

able to be purified from the soluble fraction on pooling multiple expression fractions and 

utilising his-tagged column purification. It was found on comparing the new Sigma GST to 

the previously expressed Sigma GST that there was a complete lack of enzymatic activity 

towards any common GST substrates other than reactive aldehydes suggesting a 

significantly different role for this isoform. Concurrently, analysis of infection sera response 

to this new protein demonstrated no recognition whilst recognition was observed compared 

to antibodies raised specifically for the previous recombinant isoform further suggesting its 

classification as a confirmed, rather than predicted, Sigma GST.   

5.1 Introduction  

Within the GST classes, the Sigma class have been noted to possess an interesting 

functionality due to their role in prostaglandin synthesis, a role which has been demonstrated 

to have key functions in host immune interactions (Sommer et al., 2003; Kubata et al., 2007).  

To this end, Sigma class GSTs have been investigated as therapeutic vaccines for parasitic 

flatworms. Examples include Sh28-GST for S. haematobium also known as Bilhvax and Sj28 

from S. japonicum both Sigma class GSTs. Bilhvax and Sj28 have reached Phase III and II clinical 

trials for the control of human schistosomiasis whilst Sm28 from S. mansoni another Sigma 
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GST is considered to have strong potential (Capron et al., 2001; McWilliam et al., 2012; 

Stephenson et al., 2014; Sacks, Peters and Bethony, 2016). In livestock, FhGST-S1 has been 

assessed for the control of Fascioliasis in ruminants (LaCourse et al., 2012; Zafra et al., 2013). 

Importantly, for the proposal of using Sigma class GST as an immunoprophylactic, the early 

vaccine trials with FhGST-S1 (LaCourse et al., 2012; Zafra et al., 2013) demonstrated evidence 

of a reduction in the pathology within-host liver tissues. The reduction of liver lesions post-

vaccination thus supports the hypothesis of using immune-modulator protein in future 

vaccine formulations.  Moreover, previous genomic and transcriptomic analyses of F. hepatica 

have tentatively identified an additional second Sigma class GST gene; FhGST-S2 (Chapter 3 & 

Stuart, 2016).  Given the functionality of FhGST-S1 there is the potential that FhGST-S2 may 

also possess immunotherapeutic potential. 

It is noted in related parasitic flatworms, such as C. sinensis and O. viverrini, there is an 

expansion of the Sigma class GST family (Chapter 3). Furthermore, this phenomenon of 

expanded Sigma class GSTs are replicated in the rumen fluke Calicohoron daubneyi (Huson et 

al., 2018).  Thus, a proposed hypothesis is that both Fasciola Sigma class GSTs likely have key 

and focused roles in establishment and survival of F. hepatica within the host, highlighting an 

opportunity, as in schistosomes, for effective therapeutic targeting of Sigma function in F. 

hepatica without the threat of functional redundancies from due to multiple Sigma isoforms. 

In comparison, host/mammalian Sigma class GSTs have fewer isoforms. Humans demonstrate 

two closely related enzymes NP_055300.1 and X1 isoform XP_005262989.1 which shares 

83.92 % identity but is based on predictions only (experimentally this has not been 

confirmed). Sheep have been suggested to have a single enzyme XP_004009749.1 (based on 

predictions only, experimentally this has not been confirmed) and cattle are suggested to one 

isoform XP_010804301.1 (based on predictions only experimentally this has not been 

confirmed). This relative reduction of Sigma GST isoforms may prove effective in facilitating 

specific targeting of parasite GST isoforms whilst alleviating the chance for non-specific 

effects on the host. 

To assess the therapeutic potential of Sigma GSTs in F. hepatica as targets, recombinant forms 

of these enzymes are deemed as an essential tool in the drug discovery pipeline. Such 

recombinant enzymes are used to elucidate more about the protein of interests’ structure 

and functionality, including but not limited to hydrophobicity, stability, Immunoreactivity/ 

https://www.ncbi.nlm.nih.gov/protein/XP_004009749.1?report=genbank&log$=prottop&blast_rank=1&RID=RTPGTF11014
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cross-reactivity and enzyme kinetics with and without inhibitors of interest. If a recombinant 

enzyme demonstrates inhibitory effects, then there is a high likelihood the compound will 

disrupt the native protein in-vivo provided the compound can be internalised successfully. 

Other clear benefits to producing recombinant proteins include higher yields, the 

heterologous nature of proteins and an easier purification system incorporating specific tag-

based systems, such as His tags (Rosano and Ceccarelli, 2014). A successful recombinant 

pipeline will deliver sufficient purified protein undertake not only biochemical functional 

assays but immunohistochemistry and structural analyses. 

To this end, enzymatically active recombinant forms of soluble GST proteins are usually 

relatively easily produced in E. coli based cell expression systems without the problematic 

technicalities of isolating native GST enzymes from natural parasitic helminth tissues. 

Objectives 

This chapter aims to confirm the presence of a second Sigma class GST gene, FhGST-S2, via 

the amplification of this sequence from F. hepatica cDNA. FhGST-S2 will attempt to be 

expressed as an active recombinant form from F. hepatica, to increase understand its 

functionality. The chapter will also update the cloning and purification strategies of the 

current recombinant forms for Sigma class GST proteins from F. hepatica (rFhGST-S1) and F. 

gigantica (rFgGST-S1) to obtain protein samples more suitable for drug discovery 

programmes. 

5.2 Materials and Methods  

5.2.1 Organisms and Plasmids 

Escherichia coli strains used throughout the cloning and sub-cloning of both FhGST-S1 and 

FhGST-S2 were α-select (Bioline) for initial cloning and BL21(DE3)[pLysS] (Promega).  Fasciola  

hepatica samples were obtained from a local abattoir and directly taken from ovine livers 

post-slaughter in mid wales (UK) (Davis et al., 2019a). Plasmids used were PGEM®-T-Easy 

(Promega), Expression pET23a+ (Novagen) and pJC53.2 (supplied by Dr Kathy Geyer and Prof. 

Karl Hoffman).  
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5.2.2 Primer design  

Primers were designed for specific sequences of interest using standard primer design 

considerations (Newton and Graham, 1997) such as primer length, GC content, GC clamps 

and analysed for self-annealing and hairpin structure formation and correct amplification 

using software primer3 under default parameters (Untergasser et al., 2012) and confirmed 

using NCBI primer-BLAST. All primers were also used to BLAST against both NCBI database 

using BLASTn and Wormbase Parasite (Howe et al., 2017) to confirm the specificity of primers 

and eliminate any non-specific amplification (see table 16).  

Table 16. PCR primers for cloning of F. hepatica Sigma class GSTs where F and R relate to forward and reverse 

strain amplification and restriction sites NdeI and NotI are highlighted in bold and underlined 

Gene primers Sequence 5' to 3'  

FhGSTS1 F GGAATTCATGGACAAACAGCATTTCAAGT 

FhGSTS1 R ATCTAGAATGGAGTTTTTGCACGTTTTTT 

FhGSTS1 F Nde1 CATATGGACAAACAGCATTTCAAGTT 

FhGSTS1 R Not1 GCGGCCGCCTAGAATGGAGTTTTTGCACGTTTTTT 

UTR FHGSTS2 F CGGAATTCTCATTATTTCATGCATG 

UTR FHGSTS2 R GTCGTATTCACATAATCAAATAACG 

FhGSTS2 F ATGCATGATGTGATCATGATACG 

FhGSTS2 R TCAAATAACGATCAGCGGTC 

FhGSTS2 R NotIhis GCGGCCGCAATAACGATCA 

FhGSTS2 F NdeI CATATGCATGATGTGATCATGATACG 

 

5.2.3 Clone culturing  

Initial cloning of GST genes ABI79450 (FhGST-S1) and BN1106_s1104B000225 (FhGST-S2) was 

performed using pGEM®-T-Easy (Promega) vector and α-select bronze efficiency chemically 

competent cells (Bioline). To clone these genes primers were designed based on the forwards 

and reverse sequence of the genes (two sets inclusive and exclusive of UTR regions) using 5’ 

and 3’ primers for amplification. Initial PCR product insertion into pGEM®-T-Easy was 

performed via T-overhangs present following T4 DNA ligase treatment. PCR clean-up 

procedures were used to obtain a pure product for cloning and in all instances, PureLink quick 
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gel purification and PCR purification combo kits (Invitrogen) were used. For further cloning 

work, primers were designed as previously whilst also incorporating a NdeI restriction site 

into the forward primer as Nde-1 contains an ATG codon which forms the start codon for 

translation of the protein product. A Not-1 restriction site was added to reverse primer either 

inclusive of the stop codon or exclusive to actively control whether an incorporated 6 His-tag 

region of Pet23a+ vectors were expressed. Primer sequences used are given in Table 16.  

5.2.4 PCR Amplification 

PCR amplification of both GST genes from F. hepatica was performed using DNA polymerase 

enzyme (section 2.1.2) in total reaction volumes of 25 µl (12.5 µl of DNA polymerase enzyme 

+ Buffer, Mg2+ and dNTPs to ensure 2 x dilution for correct functionality as stated by product 

manual). Primers were added from 10 pmol/µl working stock at 0.5 µl per primer or 5 pmol 

(forward and reverse for each reaction) lower than stated in product manual (20 pmol each 

primer per 50 µl reaction ie. 10 pmol for 25 µl reaction) and cDNA template (not quantified) 

1 µl for FhGST-S1 cloning (following optimisation) and 6 µl for initial cloning of FhGST-S2 

(following optimisation). For each primer set an initial PCR gradient was performed and 

gradients from 55°C to 65°C tested. For all primers, high levels of amplification were seen at 

both 58°C and 60°C consistently. PCR was carried out for 35 cycles with an initial denaturing 

step at 95°C for 1 min, 35 cycles of denaturation, annealing and extension at 95°C for 30 secs, 

58°C for 30 secs and 72°C for 1 min. A final extension step was included at 72°C for 5 minutes 

for a complete extension to be ensured.  

5.2.5 Gel extraction of PCR products for Plasmid ligation 

Following PCR reactions, products were run on agarose gels (standard 1% w/v gels) for initial 

ligation into PGEM®-T-Easy cloning vectors. Products were then purified (Section 5.2.3) for 

isolation of restriction enzyme inclusive gene fragments. Gel excision was performed of 

desired bands following visualisation on UV gel dock following product manual specification 

(Invitrogen) apart from elution which was performed with 30 µl NFW. Following elution, 3 µl 

(not quantified due to large range of insert: vector ratios being tolerable) of PCR product (with 

excess primers/primer dimers removed) was added to 5 µl of 2 x rapid ligation buffer, T4 DNA 

ligase 1 µl (50 ng) and 1 µl of PGEM®-T-Easy vector. This ligation reaction was left to occur 
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overnight at 4°C to maximise the number of transformants. A total of 5 µl of the ligation 

reaction were used to transform α select cells (Section 5.2.6).                              

5.2.6 Transformation of Chemically competent E. coli cells   

For E. coli transformation an aliquot of 50 µl of cells was thawed on ice and placed into a pre-

cooled 1.5 ml Eppendorf. In total, 5 µl of the ligation reaction mixture was added to the cells 

and gently mixed and incubated on ice for 30 mins. The cells were then heat shocked at 42°C 

for 30 seconds before placing back on ice for 2 mins and adding 750 µl of sterile SOC media 

(Fisher). Cells were then incubated at 37°C 200 RPM for 1 hour 30 mins and plated onto LB 

(Luria-Bertani) plates containing 100 µg/ml ampicillin, 100 mM IPTG and 3% w/v X-gal (in 

DMSO). LB agar plates and broth were prepared based on product description, for LB agar 37 

g of LB agarose (Melford) was added per 1 L of ddH2O and autoclaved.  Following cooling 

below 55°C 100 mg/ml stocks of ampicillin were added to give a final concentration of 100 

µg/ml. 25 ml of the warm LB agar was then added per petri-dish and allowed to cool before 

sealing and covering from light. For LB broth 25 g of LB powder was added per 1 L of ddH2O 

and autoclaved.       

5.2.7 Plasmid extract and digestion   

After plating and overnight growth colonies were selected using blue/white screening and the 

inserts verified. Each colony was added to 50 µl of ddH2O, 10 µl of this mixture was then boiled 

at 95°C for 5 mins to lyse cells and denature DNA., The lysed mixture was then used as a 

template for confirmation of inserts via colony PCR screening using standard PCR procedures 

(section 2.1.2). Following confirmation of correct inserts via colony PCR individual colonies 

were grown in 7 ml of LB broth containing 100 µg/ml ampicillin at 37°C and 200 RPM. Plasmid 

DNA was then extracted from these cultures following an initial pelleting of 3-6 ml of the 

media and supernatant being removed to retain cell pellets only. An ISOLATE II Plasmid Mini 

Kit (Bioline) was used to lyse cells remove contaminating RNA and extracting and purifying 

plasmid DNA. Manufacturer procedures were followed apart from when eluting plasmid DNA 

from columns, where NFW was added at 30 µl and incubated for 1 min at room temperature 

before a final spin and collection for quantification via Nano-drop. For digestion of plasmid 

DNA, 1 µg of extracted plasmid DNA was incubated with 5 U each of Not-I and Nde-I 

(ThermoFisher) in either 2 µl Buffer D (supplemented with BSA) or Buffer O and NFW up to 
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20 µl total reaction at 37°C for 2-3 hours. Following digest, the products were run on a 1% 

w/v agarose gel and the (size of the fragment in bp for FhGST-S1 and FhGST-S2) band of 

interest was cut and processed as in Section 5.2.5. The digested product was then ligated into 

pET23a+ (Novagen) following digestion of the plasmid with the same restriction enzymes. T4 

DNA ligase was used to ligate restriction digested products and plasmids overnight at 4°C. A 

total of 5 µl of the overnight reaction was then used to transform either α-select cells (Bioline) 

for use in sequence confirmation before re-extraction of plasmid and transformation into 

BL21 (DE3)[pLysS] (Promega) or directly transformed into BL21(DE3)[pLysS] cells and colonies 

were grown as described in Section 5.2.6.  

5.2.8 Protein Expression  

Colonies of recombinant GST/Pet23a+ plasmid constructs in BL21 cells were inoculated into 

10 ml LB broth containing 100 µg/ml ampicillin and grown overnight at 37°C 200 RPM. These 

10 ml cultures were then used to inoculate 500 ml or 1 L of LB broth containing 100 µg/ml of 

ampicillin in 1 L and 2 L flasks respectively. The flasks were then placed in a shaking incubator 

at 37°C 200 RPM until the OD600 reached 0.5-0.8 before inducing expression with 0.1 – 1 mM 

(final concentration) IPTG (Melford). At time point 0 a sample was always taken to analyse 

proteins present before IPTG induction. Once IPTG was added, for FhGST-S1, the temperature 

was maintained at 37°C and 200 RPM for 5 hours. For FhGST-S2 the temperature was reduced 

to 30°C and the same procedures followed. 

After 5 hours of expression, cells were collected by centrifugation at 10,000 x g for 15 mins 

4°C. The supernatant was then removed, and the cell pellet resuspended in 10 ml (500 ml 

starting volume) or 20 ml (1 L starting volume) of lysis buffer containing sodium phosphate 

buffer pH 7.4, 5 mM MgCl, 400 mM NaCl and cOmplete Mini EDTA-free protease inhibitor 

(Roche). The cell suspension was then freeze-thawed using liquid nitrogen and heat at 42°C 

for a total of four freeze-thaw cycles. Following this 3 x 30 second sonications on ice using a 

GSE probe-based sonicator at amplitude 7 was performed. Cell debris and inclusion bodies 

were removed by centrifugation at 4,000 x g for 45 mins at 4°C and the supernatant stored at 

-20°C as the soluble/cytosolic fraction and the pellet stored as the insoluble fraction at -20°C. 

Prior to storage, the soluble/cytosolic fraction was tested for GST activity (section 2.2.1) using 

CDNB conjugation for rFhGST-S1 expression or trans-2-nonenal for rFhGST-S2 before 

continuation of purification procedures. SDS-PAGE (section 2.3) was also performed on all 
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expression samples to check for GST expression along with specific Western Blot (section 2.4) 

probing. 

5.2.9 His tagged purification  

His-tag purification (Hochuli et al., 987) was required for recombinant GSTs which did not 

successfully purify by glutathione-agarose (see section 4.2.5). As with GST purification, all His-

tag procedures took place on ice or at 4°C in a cold room. A batch purification method was 

used and 500 µl of packed Nickel Affinity beads (Amintra Ni-NTA resin Expedeon) were used 

per 500 ml of expression cell culture. 1 ml of Nickel affinity beads slurry, suspended in ethanol, 

was washed in equilibration buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8) 

centrifuged at 5,000 x g for 5 mins and the supernatant removed. The cell extract was then 

added to the gel/beads and gently mixed end over end overnight at 4°C to ensure maximal 

binding. The mixture was centrifuged at 1000 x g for 5 mins and the supernatant retained 

(unbound fraction) for purification analysis. The beads were then re-suspended in 30 x bead 

volumes of wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8) and mixed 

at 4°C for 30 mins. The beads were then packed onto a disposable column and supernatant 

allowed to flow through and was collected for purification efficiency analysis (wash 1). A 

further 20 x bead volumes of wash buffer was then flown through and collected (wash 2). 

Following removal of any non-specific bound proteins via wash steps the remaining protein 

was eluted using 30 x bead volumes of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 150 

mM imidazole, pH 8), elutant was collected in 1 ml fractions and quantified (see section 2.5).  

Fractions containing protein were pooled and concentrated using Amicon centrifugal filter 

device with a 10 kDa molecular weight cut-off with a buffer exchange step (to ddH2O) to 

remove contaminant salts. Some samples were also purified using the AKTA prime system 

and Histrap FF 1 ml columns (GE Healthcare) using manufacturers protocols including buffer 

recommendations.  Following purification, elutants underwent the same concentration using 

Amicon filters (as in section 4.2.5). 

5.3 Results  

5.3.1 Cloning and Sub-cloning of Sigma class GST genes from Fasciola species utilising E. coli  

To express FhGST-S1 for downstream kinetic analysis as well as confirm the suggested 

presence of FhGST-S2 and elucidate this protein further it was essential to performing cloning 
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utilising F. hepatica cDNA. Initial amplification was performed using separate sets of primers 

designed specifically for FhGST-S1 or FhGST-S2 using adult and egg F. hepatica cDNA (Figure 

38). Active rFhGST-S1 had previously been successfully produced in E. coli expression systems 

via His-tag and these cell expression lines were gifted to this project (via Dr Russ Morphew).  

However, it was found that the His-tag was unnecessary and FhGST-S1 was re-cloned and 

isolated by a GSH column purification strategy. The effects of removing the His-tag inclusion 

in rFhGST-S1 expression lead to increasing the success of soluble protein expression (with 

regards to protein yield per litre expression cell stocks) allowing purification of much higher 

quantities of the enzyme to great effect. Due to a lack of material from which to synthesise 

cDNA from F. gigantica, clones were not produced for the confirmation and expression of 

FgGST-S2 however previously designed expression vectors inclusive of the FgGST-S1 construct 

were gifted (Dr Russ Morphew) and utilised for expression and comparative analysis. 

As can be seen upon amplification in the agarose gel analysis, FhGST-S2 which was a 

marginally larger gene of 696 bp gave clear amplification bands in all three replicates (utilising 

three separate cDNA extraction from separate fluke). There is also a clear amplification of 

FhGST-S1 from the same cDNA samples as used for FhGST-S2 (Figure 38). Following 

amplification from adult cDNA, biological replicates amplification was performed using egg 

isolated cDNA which demonstrated successful amplification of both FhGST-S1 and FhGST-S2 

at the correct sizes however the nucleic acid intensity of bands from FhGST-S2 amplification 

was Much lower than FhGST-S2 (Figure 39) also as extra bands above the bands of interest 

were also observed when amplified in this instance. Following the successful amplification at 

636 bp of FhGST-S1 and S2, both sequences were incorporated into PGEM®-T-Easy vectors 

and insertion and sequence stability confirmed (Figures 40 and 41). Colony PCRs (Figures 40, 

A and 41, A) demonstrated successful ligation of protein constructs into PGEM®-T-Easy vector 

and transformation into a-select cells (Bioloine) as following cell selection and template 

specific amplification bands were observed at the correct base-pair length as the constructs. 

In order however to confirm the construct ligation was successful, restriction endonuclease 

digestions were performed (Figures 40, B and 41, B) which both demonstrated restriction 

products of the desired size. Where restriction endonuclease activity was concerned for 

FhGST-S1 the sequence was predicted to have a single EcoRI cut site at 376 leading to a 376 

bp fragment a 260 bp fragment and an uncut 636 fragment as was observed. In comparison, 
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in the subcloning of FhGST-S2 cutting with NdeI and NotI would lead to the production of a 

696 bp product along with the 3Kb vector linearised product as is observed. Finally, before 

moving forwards to the transformation of expression cells the PGEM®-T-Easy vector was 

isolated and sent for Sanger sequencing for FhGST-S1 whilst subcloning following initial 

cloning sequencing is represented for FhGST-S2 as the successful incorporation of restriction 

sites as sequence alignment of positive colonies demonstrated 100% match to FhGST-S2 

mRNA/ CDS region predicted, the same was observed for FhGST-S1 colonies. After the correct 

insertion of FhGST-S1 and S2 inserts and sequence confirmation, sub-cloning was performed 

using specifically designed primers to both FhGST-S1 and FhGST-S2 sequences with the 

addition of specific restriction endonuclease sites to allow for directional cloning into the 

expression vector Pet23a. Only sub-cloning of FhGST-S2 is demonstrated below due to 

previous confirmation of FhGST-S1 cloning and expression (LaCourse et al., 2012; Morphew 

et al., 2012).  
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Figure 38 PCR amplification of FhGST-S1 and S2.  PCR was performed using primers specific for FhGST-S1 and 

FhGST-S2 amplified from F. hepatica adult cDNA. 1= 1 Kb hyperladder (Bioline) 2,3 and 4 = Replicates of 

FhGST-S2, 5,6 and 7 = Replicates of FhGST-S1. 1% agarose gel was utilised with 1:10,000 SYBRSAFE nucleic 

acid stain in 1 x TAE, negatives not shown.  

 

Figure 39 PCR amplification of FhGST-S1 and S2.  PCR was performed using primers specific for FhGST-S1 or 

FhGST-S2 amplified from F. hepatica egg isolated cDNA. 1= 1 Kb hyperladder (Bioline) 2= FhGST-S1 blank 3 = 

FhGST-S2 blank, 4,6,8 and 10 = FhGST-S1 amplification and 5,9 and 11 = FhGST-S2 amplification. 1% agarose 

gel was utilised with 1:10,000 SYBRSAFE nucleic acid stain in 1 x TAE. 
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Figure 40 Confirmation of correct ligation for FhGST-S1 sequence into PGEMTeasy vector (A) Colony PCR for 

IAX plated alpha select cells containing plasmid vector where 2 = negative control lacking template and 10 = 

positive control (B) ECoR1 digestion of plasmid extraction of positive colony PCR strains 4, 6 and 8 from 

colony PCR. 1% agarose gel was utilised with 1:10,000 SYBRSAFE nucleic acid stain in 1 x TAE  

 

Figure 41 Confirmation of correct ligation for FhGST-S2 sequence into Pet23a vector (A) Colony PCR for IAX 

plated alpha select cells containing plasmid vector where 2 = negative control and positive control is not 

shown (B) Not1 Nde1 digestion of plasmid extraction of positive colony PCR strains 3, 5, 6 and 7. 1% agarose 

gel was utilised with 1:10,000 SYBRSAFE nucleic acid stain in 1 x TAE 
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5.3.2 E. coli based expression and affinity purification of Sigma class GSTs from Fasciola 

species  

BL21 E. coli cells were utilised as expression hosts for the sequences confirmed into Pet23a-

Fasciola GST expression vectors.  Expression procedures varied between Sigma class GSTs in 

order to optimise yield. BL21 cells expressing the GST vectors were collected before and after 

IPTG induction and protein extracts screened on 1D-SDS PAGE followed by Western blotting 

to visualise recombinant GST production. 

Expression of rFhGST-S1 and rFgGST-S1 in E. coli after 5 h was confirmed using 1D-SDS PAGE 

and Western blotting (Figure 42, A). As can be observed prior to IPTG addition (T0) there was 

some evidence of protein leakage at the correct kDa size for both FhGST-S1 and FgGST-S1 

whilst following 5 hours of IPTG induced expression (T5) there is a far more pronounced 

protein band in the same region for both FhGST-S1 and FgGST-S1 suggesting a large increase 

in protein. With regards to the western blot analysis of FhGST-S1 and FgGST-S1 (Figure 42, B) 

using the anti-Sigma antibody, it is clear that these protein bands of the correct size are also 

Sigma or Sigma like in nature due to the positive reaction. 

Equally expression of rFhGST-S2 from E. coli after 5 h was confirmed using 1D-SDS PAGE and 

Western blotting (Figures 43). As can be observed following 5 hours of IPTG expression (T5) 

there is a pronounced protein band in the correct kDa region for FhGST-S2 in the soluble 

fraction however there is a far larger band in this region in the insoluble protein fraction 

suggesting a larger concentration of protein.  
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Figure 42 E. coli expression profile of rFhGST-S1 and rFgGST-S1 across 5 h in vitro culture (A) Colloidal 

coomassie stained SDS gel 1 = LMW, 2= T0 FhGST-S1, 3 = T5 FhGST-S1, 4= T0 FgGST-S1, 5 = T5 FgGST-S1 (B) 

WB equivalent of A probed with 1:30,000 Anti Sigma GST antibody as the primary antibody, anti-rabbit IgG 

at 1:30,000 for the secondary antibody and developed with BCIP/NBT. Loading normalised with 20 ul of 

lysed cell content from each time point processed. RI 

 

 

Figure 43 Expression profile for FhGST-S2 coomassie stained SDS gel 1= Low molecular weight marker, 2,3 

and 4 = Soluble rFhGST-S2 expression 5 hours post IPTG induction, 5,6 and 7 = Insoluble expression 5 hours 

post IPTG induction  
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After confirming the expression of the Fasciola GSTs these then underwent purification via 

affinity chromatography. Both rFhGST-S1 and rFgGST-S1  have previously been purified using 

glutathione-affinity matrices (LaCourse et al., 2012; Morphew et al., 2012) and were 

selectively eluted from other E.coli proteins with competing free reduced glutathione (Figure 

44). It was observed that through purification processing of both FhGST-S1 and FgGST-S1 that 

protein bands in the region between 20-30 kDa were present throughout, however bands 

outside of this region decrease through the GSH-affinity purification process leading to a 

single band being isolated in the following final elution of the column for FgGST-S1 whilst a 

few smaller bands are observed bellows this region in FhGST-S1  (Figure 44, A and C). The 

western blot nitrocellulose equivalent purification profile of FhGST-S1 and FgGST-S1 probed 

with anti-Sigma GST antibody (Figure 44, B and D) demonstrated the same pattern where the 

bands smaller than 20 – 30 kDa region in FhGST-S1 also demonstrated a reaction. Following 

confirmation of Sigma reactivity, these protein bands were excysed as noted and underwent 

trypsin digestion before MSMS peptide analysis which found both bands contained pure 

Sigma GST protein (Table 17). The final Sigma class GST, rFhGST-S2 did not bind to the 

glutathione—affinity matrix upon evaluation of the 1D SDS page gel for the purification series 

of the soluble expression cell product no evidence of strong bands in the 20-30 kDa region 

can be determined at all whilst the majority of the protein appears to pass straight through 

into the flow-through with a minor amount present in the wash and no evidence of anything 

in the elutant lane (Figure 45).  
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Figure 44 GST Purification series utilising GSH-affinity chromatography columns for (A + B) rFhGST-S1 (C + D) 

rFgGST-S1. 1 = Low molecular weight marker, 2 = Cytosolic E. coli expression fraction, 3 = Flow-through, 4 = 

Wash, 5= Elute. A and C images are 12.5% Coomassie-stained 1D-SDS PAGE images with B and D being WB 

anti-Sigma antibody (1:30,000) probed nitrocellulose membranes. Boxes labelled 1 and 2 related to excised 

gel regions for MSMS analysis see table 18. RI 

 Table 17. Tandem mass spectrometry results analysed using MASCOT services based on the digestion of 

protein spots (Figure 45) and the F. hepatica genome database utilising genomes PRJEB25283 and 

PRJNA179522 significance values of >41 determined and any hits below this excluded  

Band Mascot 

score 

Accession number  Identification  Species Protein sequence 

coverage (%) 

1 1401 maker-scaffold10x_1043_pilon-

snap-gene-0.18 

Glutathione transferase 

Sigma class 

Fasciola hepatica  81.1 

2 1434 maker-scaffold10x_1043_pilon-

snap-gene-0.18 

Glutathione transferase 

Sigma class 

Fasciola hepatica  84 
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Figure 45 GST Purification series utilising GSH-affinity chromatography columns for FhGST-S2. 1 = Low 

molecular weight marker, 2 = Cytosolic E. coli expression soluble fraction, 3 = Flow-through, 4 = Wash, 5= 

Elute. Images is of a 12.5% Coomassie stained 1D-SDS PAGE gel. RI 
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Given rFhGST-S2 failed to purify through GSH affinity chromatography, purification utilising 

the histidine tag expressed as part of the pET-23a vectors was performed using nickel affinity 

chromatography (Figure 46, A). The soluble expression fraction from BL21 cells applied to the 

column demonstrated fairly uniform band patterns throughout, however, following initial 

application and wash bands within the 20 – 30 kDa region become more prominent with an 

increase in the intensity of one of these bands again following elution from the column (Figure 

46, B). Once purification using nickel affinity chromatography was performed, rFhGST-S2 

cross-reactivity can be observed through WB analysis however only when the antibody is 

present at higher than 1:4000 parts dilution in comparison to FhGST-S1 which reacts at 1: 

30,000 almost 10-fold less antibody required (Figure 47). FhGST-S2 was then visualised via 2D 

SDS PAGE (Figure 48). In the 2D SDS PAGE analysis of FhGST-S2, three bands can be seen with 

evidence of marginally different pI spots within each band; one of these is seen in the 20 – 30 

kDa region one just below the 66 kDa region and a much lower level reaction between the 66 

and 97 regions.     
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Figure 46 (A) Nickel Purification series for rFhGST-S2 visualised on 12.5% 1D-SDS PAGE Coomassie stained.  1 

= Low molecular weight marker, 2 = Flow-through (5 ug), 3 = Wash (5 ug), 4 = Elute (1 ug) RI (B) rFhGST-S2 

elutant following buffer purification and buffer exchange 1= LMW 2, 3, 4 = rFhGST-S2 elute (2.5 µg)   

 

Figure 47WB nitrocellulose membrane 1 = low molecular weight marker 2 – 7 = FhGST-S2 (2.5 µg) and 8 = 
FhGST-S1 (2.5 µg) positive control probed with anti-Sigma GST antibody at various concentrations and anti-
rabbit IgG at 1:30,000 for the secondary antibody visualisation performed with alkaline phosphatase 
conjugated secondary antibodies using BCIP and NBT substrates. RI 

  



 

161 
 

 

Figure 48. 2D non-linear 12.5% SDS PAGE for nickel purified rFhGST-S2 probed using anti-rFhGST-S1 antibody 

at 1:1000. Visualisation performed with alkaline phosphatase conjugated secondary antibodies using BCIP 

and NBT substrates.RI 
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5.3.3 Validation of protein expression using tandem mass spectrometry and sera analysis of 

recombinantly expressed Sigma class GSTs from Fasciola species  

Mass spectrometry analysis was utilised to confirm the sequence identity and purity of all 

recombinant proteins under study however due to previous confirmation of FhGST-S1 and 

FgGST-S1. For FhGST-S2 two single bands covering the Multiple evident spots were cut on in 

the 20 – 30 kDa region and one just below the 66 kDa region and analysed together (Figure 

49 and Table 18). As observed the only hits above the significance threshold value of 67 and 

the only hits returned at all for each band cut were the proteins of interest. Spot 1 came back 

with the highest mascot score of 345 for BN1106_s1104B000225 the gene fragment ID from 

the previous annotation of the F. hepatica genome which relates to FhGST-S2. This same 

region came back in response to analysis of spot 2 despite a slightly lower mascot score of 

118 this was still above significance. In the 2D SDS PAGE analysis of FhGST-S2 following 

transfer to nitrocellulose membrane and probing with anti-Sigma GST antibody again, three 

bands can be seen to react with evidence of marginally different pI spots within each band 

one of these is seen in the 20 – 30 kDa region one just below the 66 kDa region and a much 

lower level reaction between the 66 and 97 regions.     

Finally, the antigenicity of the recombinant forms of F. hepatica Sigma class GSTs, rFhGST-S1 

and S2, were profiled using an experimental goat F. hepatica infection sera series (Figure 50). 

This serum probing demonstrated a lack of reaction with pre-infection, 4 weeks post-infection 

and 12 weeks post-infection sera’s for all recombinant GSTs tested however positive control 

of cytosolic F. hepatica protein mixture did demonstrate a reaction as indicated with arrows 

particularly just above the 30 kDa region and between the 45 and 66 kDa region also for both 

4 and 12 weeks post-infection sera. 
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Figure 49 Nickel purified rFhGST-S2 sample separated by 2D SDS-PAGE non-linear gel and visualised using 
colloidal Coomassie stain. Tandem mass spectrometry identified the protein bands excised as above as 
BN1106_s1104B000225 (see Table 19). RI 

 

Table 18. Tandem mass spectrometry results analysed using MASCOT services based on the digestion of 

protein spots (Figure 50) and the F. hepatica genome database confirmed the identity of the purified protein 

to be BN1106_s1104B000225. Significance score was determined to be 67. 

Spot  Mascot score Accession number  Identification Species Protein coverage (%) 

1 345 BN1106_s1104B000225  FhGST-S2 F. hepatica 67.4 

2 118 BN1106_s1104B000225  FhGST-S2 F. hepatica 67.4 

3 104 BN1106_s1104B000225 FhGST-S2 F. hepatica 60.2 
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Figure 50. Infection sera series where lanes 2,5,8 have been probed with 0 h sera, lanes 3,6,9 have been 

probed with 4-week infection sera and lanes 4,7,10 have been probed with 12-week infection sera. 11 was 

probed with secondary only as a negative control. Visualisation performed with alkaline phosphatase 

conjugated secondary antibodies using BCIP and NBT substrates. 

  

Native 
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5.3.4 Kinetic analysis of recombinantly expressed Fasciola Sigma class GSTs 

Following the confirmation of expression, purification and identification of each Sigma class 

GST each recombinant protein was functionally profiled. Each recombinant enzyme was 

evaluated for its specific activity with model GST substrates and reactive aldehydes as 

potential natural substrates. The km and Vmax values were evaluated for each enzyme using 

CDNB for rFhGST-S1 and FgGST-S1 and trans, trans-2,4-decadienal for FhGST-S2 (due to a lack 

of discernible reaction with CDNB substrate) (Table 20  and Figure 51). This platform allowed 

an analysis of the average specific activity between the recombinant and native forms of 

FhGST-S1 to determine any variation which might impact on downstream comparative 

inhibition analysis (Table 19). Both rFhGST-S1 and rFgGST-S1 demonstrated the highest 

specific activity with the model substrate CDNB with the lowest activity seen in response to 

trans, trans-2,4-decadienal. Whilst rFhGST-S1 demonstrated a significant reaction with 

ethacrynic acid no activity could be observed when rFgGST-S1 was assessed. rFhGST-S2 

demonstrated activity only with reactive aldehydes of which the stronger reaction was 

observed with trans-2-nonenal. nFhGST-S1 demonstrated the same profile of activity as it’s 

recombinant form rFhGST-S1 in all but trans-2-nonenal where higher specific activities were 

observed. Finally, human haematopoietic prostaglandin D synthase (hhPGDS) was tested 

solely with model substrates due to a prioritisation of sample and demonstrated activity only 

with CDNB. Km values differed between enzymes with recombinant rFhGST-S1 demonstrating 

lower (improved) km values for both GSH and CDNB in comparison to its native form nFhGST-

S1 and rFhGST-S1 demonstrating the highest CDNB Km whilst hhPGDS demonstrated the 

highest GSH km value.  
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Table 19. GST assay analysis of recombinantly produced Sigma class GSTs from F. hepatica and F. gigantica. 

Inclusive of buffers utilised, specific activity was measured in nmol-1min-1mg-1 and displayed as the average ± 

SD based on a miniMum of 3 replicates  - results for hPGDS with * were reported previously (Jowsey et al., 

2001). ND = Non-detectable where triplicate values with SD did not surpass 5 nmol/min/mg and N/A non 

applicable as wasn’t tested. 

Substrate 
Class 
 

Substrate 

[Subs

trate] 

(mM) 

[GSH] 

(mM) 

100 mM 

KHPO4 

(pH) 

I Max 

(nM) 

e (mM-

1cm-1 

rFhGSTs

1 

rFhGSTs

2 

rFgGSTs

1 

nFhGSTs

1 hhPGDS 

    
  

  

Specific 

Activity  

Specific 

Activity  

Specific 

Activity  

 Specific  

Activity 

Specific  

Activity 

Model 

Substrates 

1-Chloro-2,4-

dinitorbenzen

e (CDNB) 1 1 6.5 340 9.6 

2329.21 

± 47.88 ND 

2879.57 

± 61.50 

7357.63  

± 216.17 

8500 ± 20*/ 

3404.86 ± 

512.15 

 

1,2-Dichloro-

4-

nitrobenzene 

(DCNB) 1 5 7.5 345 9.6 ND ND ND ND ND 

  

Ethacrynic 

Acid 0.08 1 6.5 270 5 

713.79 ± 

152.38 ND  ND 

 1730 ± 

212.838  ND 

Reactive 

Aldehydes  

Trans-2-

nonenal  0.023 1 6.5 225 -19.2 

958.47 ± 

62.7  

110.84 ± 

37.59  

1182.29 

± 92.02 

719.57  

± 24.63 

 

  

Trans, trans-

2,4-decadienal 0.023 1 6.5 280 -29.7 

258.95 ± 

93.08 

515.74 

±197.79 

183.5 

±122.59 

422.77  

±9.47 

 

 

Table 20. km values (µM) determined for Sigma class GSTs from F. hepatica and F. gigantica and H. sapiens 

determined with CDNB for all enzymes other than rFhGST-S2 were the substrate was trans-2-nonenal. 

Results for hhPGDS were reported previously (Jowsey et al., 2001). 

  rFhGSTs1 rFgGSTs1 nFhGSTs1 hhPGDS 

Km (substrate) 0.8116 ± 0.116 mM 8.172 ± 3.992 mM 1.504 ± 0.1514 mM  3.2 mM 

Km (GSH) 0.0914 ± 0.009 mM 0.124 ± 0.015 mM 0.112 ± 0.0196 mM 8.0 mM 
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Figure 51 Substrate VS velocity analysis utilising GSH or CDNB at Multiple concentrations (mM) where GSH 
concentrations are altered CDNB conc is fixed at 1 mM and where CDNB concentration are altered. GSH 
concentration was fixed at 1 mM (A + B) rFhGST-S1, (C+D) rFgGST-S1, (E+F) nFhGST-S1. Analysis performed 
using graphpad prism  
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5.4 Discussion  

The goal of this chapter was to isolate enzymatically active recombinant forms of the Sigma 

GST proteins of interest from Fasciola species to determine baseline kinetic profiles and 

evaluate immunogenic profiles before downstream analysis using inhibitor compounds. 

5.4.1 Validation of F. hepatica Sigma GSTs through amplification, cloning and expression 

In-depth bioinformatic genomic analysis in chapter 3 identified two Sigma class GST genes 

which were also determined to be actively transcribed through their presence in in-house and 

external transcript data. Equally, in terms of active transcription, both adult and egg cDNA 

(Figures 38 and 39) demonstrated amplification of FhGST-S1 and FhGST-S2, however, egg 

isolated cDNA showed decreased amplification of FhGST-S2 in comparison to FhGST-S1 

suggesting an increased abundance of this isoform within the egg. The newly identified 

FhGST-S2 demonstrated functional domains associated with its class (Chapter 3). However, 

there was a lack of direct evidence of translation of this Sigma class GST gene into a protein 

product in any proteomics mass spectrometry-based analysis performed to date on native F. 

hepatica.  Therefore, to understand more about the function of FhGST-S2 a recombinant 

protein strategy was undertaken. FhGST-S2 cloning, for all functional work in this project, 

revolved around the positive amplification achieved with adult cDNA, as amplification was 

lower and dual banded in egg cDNA. However, in future, it may be of interest to sequence egg 

cDNA FhGST-S2 and FhGST-S1 products to look for potential isoform changes as there was a 

demonstration of extra bands around the 2000 kb region for FhGST-S2 and the 800-1000 kb 

region for FhGST-S1 which appeared only in the egg cDNA amplifications. Whilst this could be 

specific egg isoforms it is noted that there may be potential issues specifically relating to the 

cDNA generation when utilising egg materials (as these required more intensive processing) 

Through cloning and subcloning process FhGST-S1 and FhGST-S2 both demonstrated positive 

colony PCR reactions (Figures 40 and 41, A). Of interest, however, on expressing FhGST-S1 

lacking the histidine tags as were present in the vector supplied (by Dr Russ Morphew) the 

level of soluble protein expression significantly increased compared to with histidine tag 

(LaCourse et al., 2012). This may be of interest for future work with this protein to achieve 

higher yields and lack any marginal functional effects of the histidine tag being present on the 

protein. Whilst this is presumed to be the main difference causing increased protein 
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expression there is a possibility that this was due to the age of the glycerol stock provided and 

the number of freeze-thaw cycles it had gone through before current work (Sample was 

accessed by multiple research projects internally). Ultimately this cannot be determined as 

relative yields were not documented from expression in the previous study using this 

construct (LaCourse et al., 2012).  

Sigma class GSTs from Fasciola have previously bound to the standard commercially available 

glutathione (GSH) –affinity matrix  (LaCourse et al., 2012; Morphew et al., 2012).  The failure 

of rFhGST-S2 to bind to an affinity matrix may relate to steric interference from the novel N-

terminal extension identified in this Sigma class GST. Previously, it has been demonstrated 

that only Sigma and Mu classes of GST are isolated using GSH columns from  F. hepatica 

cytosol which is known to also have omega, and zeta representation (Chemale et al., 2006). 

Recent evidence from another N-terminally extended parasite Sigma class GST from 

Onchocerca ochengi (nOo.2.0.1.t09064) demonstrated the ability to be purified using S-hexyl-

GSH (Rose et al., 2019), suggesting the N-terminal extension does not hinder binding to 

affinity matrices. Thus, it would be worth assessing S-hexyl-GSH matrices ability to bind 

rFhGST-S2.  

Thus, unfortunately, in this thesis the rFhGST-S2 was only purified via the His-tag introduced 

through the Pet23a vector. FhGST-S2 was expressed from BL21 cells, but not primarily as an 

over-expressed soluble enzyme as suggested by limited evidence of protein banding in the 

20-30 kDa region of soluble extract (Figure 43). Subsequently, Nickel affinity purification did 

confirm a prominent band in the expected GST region between 20-30 kDa, and bands at 66-

96 kDa and ≥96 kDa (Figure 46, B and Figure 48). This is suggestive of the majority of FhGST-

S2 being shuttled into the insoluble inclusion bodies.  However, for this thesis, sufficient 

quantities could be isolated from soluble fractions upon bulk expression. The presence of 

bands at 66 – 96 and ≥96 were confirmed via MSMS also as FhGST-S2 this was backed up by 

WB analysis of the same regions (Figure 49 and Table 18). The varying molecular weight 

protein spot region when visualising rFhGST-S2 may be an artefact of E. coli based protein 

expression, as evidence of similar higher molecular weight bands were seen in E. coli 

expressed FhGST-S1 and FgGST-S1 despite the reduction of disulphide bonds using DTT and 

heating. Whether such bands are truly representative of the proteins ability to form homo-

dimers/trimers/tetramers natively is unclear but there is evidence of Sigma GSTs forming 
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dimer structures (Line et al., 2019). There is previously no literature evidence of recombinant 

forms of cytosolic GST enzymes being predominately shunted into the insoluble pathway in 

E. coli. Whether this is common is unclear as it may simply have been omitted in other studies. 

GST moieties are regularly used as tag systems due to their lack of interference in expression 

and their high ability to be purified, therefore it is somewhat strange that solubility would be 

an issue (Harper and Speicher, 2008). Thus, the specific reason behind in this instance the 

FhGST-S2 protein being heavily expressed in the insoluble fraction is currently unclear, but it 

may be due to the N-terminal extension influencing solubility, a toxicity red flag within E. coli 

or due to an overabundance of the soluble protein being expressed (Lilie et al., 1998; 

Villaverde and Mar Carrió, 2003). Of note following nickel purification, and after performing 

buffer exchange to remove imidazole there was evidence of rFhGST-S2 precipitating out of 

solution, observed as amicon columns became progressively clogged and increased difficulty 

was found when attempting to spin through solute. Also, floating particles were observed in 

the final concentrated rFhGST-S2 samples. It is possible therefore that the reason for FhGST-

S2 being shuttled largely into the insoluble fraction during expression is due to a limited level 

of solubility. Whilst solubility issues are common when considering protein in and around 

their pI, FhGST-S2 was predicted to have a pI of 5.59 and the buffer exchange would have 

transitioned from pH of 7.4 to ~7.  

5.4.2 Immunogenic profiles of recombinant F. hepatica GSTs 

The rFhGST-S2 recombinant form expressed in this study was found to show some cross-

reactivity at long assay development times using relatively high concentrations of polyclonal 

antibodies produced to whole protein rFhGST-S1. This observed cross-reactivity was despite 

only a 34% primary sequence identity between the two GST proteins. Moreover, the cross-

reactivity of the rFhGST-S1 polyclonal antibody used has previously been demonstrated to be 

broad with unpublished work internally displaying a reaction to S. mansoni purified GST 

fractions the determined Sigma from which (CCD60449.1) it shares 45% identity. The anti-

Sigma antibody also demonstrated cross-reactivity to Anoplocephala perfoliata purified GSTs 

(unpublished) and P. nigra GSTs as demonstrated in chapter 4. P. nigra GSTs as stated upon 

MSMS analysis matched a GST from Macrobrachium nipponense which had 30.26 % similarity 

to FhGST-S1 again demonstrating a broad range of effect or perhaps the inclusion of a key 
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‘Sigma’ epitope across all helminth GSTs. Thus, a common functional significance based on 

the cross-reactivity between the two F. hepatica Sigma GSTs is not likely. 

 Interestingly, rFhGST-S1 and rFgGST-S1, rFhGST-S2 demonstrated a lack of reaction to sera 

from F. hepatica experimentally infected goats (Figure 50) at any of the time points post-

infection tested. This is in opposition to the data presented in Chapter 4 where native mixed 

GSTs and native purified Sigma GST-S1 (nFhGST-S1) both demonstrated a response. This may 

be further evidence for the role of the post-translational modifications, likely glycosyl groups, 

as immunogenic antigens during natural infections as seen with other proteins (Nyame et al., 

2004; Prasanphanich et al., 2014). This suggests a possible future role in exploring the use of 

native FhGST-S1 only use as a vaccine target which has yet to be performed. 

The lack of infection sera response is however somewhat expected. Previous data for the 

discovery of FhGST-S2 all refer to transcript level evidence, alongside this all MSMS analysis 

performed on native samples of F. hepatica both in this study and previously (Stuart, 2012) 

failed to identify peptides associated to this Sigma enzyme. Therefore, it is possible that the 

gene never under normal conditions actively undergoes translation to protein suggesting, the 

potential of a redundant gene which is actively suppressed, a response specific activation is 

required (redundancy role) or translation may occur only within life cycle stages which were 

not analysed in this study. Therefore, future study is required to explore other life cycle stages 

of F. hepatica to determine this, including NEJ and potentially snail larval stages. 

5.4.3 Kinetic evaluation of recombinant Fasciola GSTs in comparison to native (where 

applicable) and mammalian orthologues  

Following successful expression of FhGST-S2, via nickel affinity (Figure 46), it became clear 

that this enzyme was functional despite including the His-Tag at the C terminal. rFhGST-S2 

demonstrated activity in response to the reactive aldehydes trans-2-nonenal and trans, trans-

2,4-decadienal (Table 19). These reactions were demonstrated to have lower specific activity 

for trans-2-nonenal than rFhGST-S1 and rFgGST-S1 but higher specific activity than both S1 

Sigma class GSTs to Trans-2,4-decadienal. As far can be determined from literature and review 

searches this is the first case of a GST from a helminth parasite with no CDNB activity as 

omegas have previously demonstrated activity and zetas in mammalians demonstrate 

activity, however, this has not been confirmed in helminths to date yet (Singhal et al., 1991; 
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Liebau et al., 2008; Torres-Rivera and Landa, 2008). Whilst again it may be considered that 

the N-terminal extension may impact on the availability of the active site, O. ochengi and O. 

volvulus Sigma class GSTs both of which also demonstrate N-terminal extensions had 

suggested CDNB activity of approximately 50% of that measured for rFhGST-S1, extensions in 

this protein led to a total amino acid length of 226 aa following cleavage of a signal peptide 

in comparison to 231 in FhGST-S2 (Rose et al., 2019). rFhGST-S2 also demonstrated limited 

activity with the two remaining GST model substrates tested in this study (DCNB and 

Ethacrynic acid) leading to a total lack of reaction with all model substrates.  

Previously, recombinant Sigma expressed from F. gigantica only, was assessed for function 

based on the CDNB assay but relatively equivalent values of 3846.75 ± 167.52 nmol.min.mg 

were found (Morphew et al., 2012). rFgGST-S1 also demonstrated activity to both reactive 

aldehydes tested with a complimentary pattern to its orthologue as we would expect based 

on the high similarity in protein sequence between the two enzymes. Surprisingly, rFgGST-s1 

had limited activity with the model substrate ethacrynic acid, while rFhGST-S1 demonstrates 

a significant activity to this substrate both in this study and in previous studies (LaCourse et 

al., 2012). It is interesting to consider that a 98.1% similar protein structure consisting of only 

4 conservative aa changes could induce a sufficient shift in conformation as to prevent 

ethacrynic acid-binding or successfully being conjugated with GSH. It would, therefore, be of 

interest in future to perform x-ray crystallography studies of rFgGST-S1 (as have already been 

performed for rFhGST-S1) and also to purify native FgGST-S1 to confirm this difference in 

assay profile and asses the mechanisms involved.  

Human haematopoietic prostaglandin D synthase was also kinetically assessed as the host/ 

mammalian equivalent, given that the veterinary hosts of interest O. aries and B. taurus 

orthologous GSTs share 85.9 percentage identity with hhPGDS. Assays in this thesis confirmed 

the higher activity of hhPGDS with CDNB compared to rFhGST-S1 and rFgGST-S1, but a lower 

level than the native equivalent nFhGST-S1. However previous studies have demonstrated 2x  

CDNB conjugating activity for recombinant forms of hhPGDS The discrepancies could be due 

to different cloned construct creation, expression, purification and storage methods (Jowsey 

et al., 2001). Once it was confirmed hhPGDS activity/inhibition could be measured using CDNB 

it was no longer necessary to perform activity assessment with reactive aldehyde substrates, 
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as downstream from this we could now perform selective inhibitory assessment utilising the 

CDNB assay and we had a limited amount of hhPGDS material to use. 

In terms of functionality, going forward it would be beneficial to test the prostaglandin activity 

of FhGST-S2 via prostaglandin assay kits or in-house methodology as used previously 

(LacCourse et al., 2012). This activity has been demonstrated in rFhGST S1 (LaCourse et al., 

2012) as well as the O. ochengi and O. volvulus N-terminally extended Sigmas 

(nOo.2.0.1.t09064) (Sommer et al., 2003; Rose et al., 2019). It may also be of interest to clone 

and express this protein lacking an N-terminal extension to learn more about the potential 

roles of this region which cannot be modelled accurately using online modelling templates. 

However, if predictions (chapter 3) of a G site residue in the N-terminal region are correct this 

may have a detrimental effect on any enzyme activity within this protein.  

Following confirmation of expression and isolation of recombinant Fasciola Sigma GST 

isoforms and an understanding of the baseline kinetic profiles, these proteins can now be 

taken forward to trial for the potential to be inhibited utilising glutathione conjugate-based 

compounds.  

5.5 Summary  

Recombinant GSTs were cloned and expressed from F. hepatica cDNA along with previously 

constructed expression plasmids being utilised for F. gigantica. Expressed proteins were 

validated for their identity and purity successfully using specific antibodies and visible WB 

probing techniques, along with mass spectrometry analysis. For the first time, a second Sigma 

GST was expressed from F. hepatica demonstrating a protein sequence which matched 

predictions. This second Sigma was shown to have cross-reactivity with the antibody raised 

to the recombinant Sigma 1. All recombinant GSTs demonstrated reactivity to at least two or 

more GST specific assays with varying levels of specificity. Interestingly, however, the newly 

expressed FhGST-S2 failed to demonstrate reactivity to model substrate CDNB and could not 

be purified using standard GSH agarose techniques, however it showed conjugating activity 

with reactive aldehydes. 
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6.0 Inhibitor screening of native and recombinant Fasciola GSTs     

Abstract  

To successfully produce a chemotherapeutic inhibitory compound, it must first be tested 

directly on its intended target. When targeting GSTs and Sigma GSTS specifically a core 

target is the GSH binding “G site” region of the enzyme, as compounds which contain any 

GSH moiety are likely to have strong binding activity. Previously, GSH conjugates have 

demonstrated potential as inhibitory compounds to GSTs from other trematode parasites, 

with specific evidence of selectivity of certain structures to parasite GSTs over human 

orthologues. To date, however, no direct testing of inhibitors against Sigma GSTs in F. 

hepatica has been performed. To determine if similar inhibitory effects could be observed in 

F. hepatica, inhibitor screening with a suite of inhibitors, all containing GSH moieties, was 

performed on recombinants and native Sigma GSTs from the organism. Inhibitory IC50 

values were determined statistically across the suite of compounds by preforming standard 

GST assays in the presence of varying concentrations of inhibitors. The compound of highest 

activity (Ha14) was further trialled against; native mixed Sigma/Mu isoforms from F. 

hepatica (assessing if Sigma was targeted specifically), native mixed Sigma/Mu from 

Anoplocephala perfoliata (assessing the broader effects on other parasitic Platyhelminthes) 

and human haematopoietic prostaglandin-D-synthase (the human orthologue to assess 

specificity for parasites over mammalian GSTs). Sub 10 µM level inhibitory activity was 

observed for Ha14 across all GSTs tested other than mixed A. perfoliata, this demonstrated, 

at compound-target level, a lack of specificity towards the parasite over mammalian 

equivalents. These results confirm the ability for GSH conjugated compounds to successfully 

inhibit F. hepatica GSTs in vitro along with inferences that different compound structures 

can shift the specificity towards either the parasite or mammalian host GSTs.  

6.1 Introduction 

GSTs contain two active sites per monomer and generally function as dimeric proteins 

however there are monomeric (though these are often inactive intermediates) and even 

trimer (usually Microsomal) examples (Thompson et al., 2006; Fabrini et al., 2009). The active 

sites are the H-site (hydrophobic binding pocket) where substrates such as xenobiotics are 

docked; this region is highly variable across class isoforms and species. The second site is the 
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highly conserved glutathione (GSH) binding G-site and this is considered more important as a 

drug target targeting due to this high level of conservation. 

Developing GST inhibitors as anthelmintics has been undertaken for over 20 years in several 

parasite species including Schistosoma mansoni, Schistosoma japonicum, Onchocerca 

volvulus, Brugia malayi, Wuchereria bancrofti and Setaria cervi and has been demonstrated 

to be a druggable target (Nare et al., 1992; McTigue et al., 1995; Brophy et al., 2000; Ahmad 

and Srivastava, 2008; Saeed et al., 2018). Furthermore, concerning Fasciola  spp, the focus of 

this thesis, previous studies have indicated significant differences in GST inhibition profiles 

between hepatica GSTs and host GSTs (Brophy et al., 1990; Farahnak and Brophy, 2004)  with 

specific inhibitory activity on FhGST-S1 having demonstrated that fasciolicides TCBZ/TCBZ.SO 

along bind and inhibit the recombinant form of this enzyme (Brophy et al., 1990; LaCourse et 

al., 2012). 

Initially, experimentation into GST inhibitor design was largely based on chemical 

modification of known active substrates of the GSH conjugation reactions of GSTs via 

reversibility of the Michaelis-Menten scheme (Lyttle et al., 1994). In brief, modifying known 

substrate of GSH conjugation is tracked through structure activity relationships (SAR), 

whereby the results of initial chemical modifications to substrate compounds are screened to 

determine which structural changes produce increased or decreased enzyme activity. This 

SAR approach was demonstrated by Lyttle et al. (1994) based on a previous finding that 

aromatic alkylating agents tended to produce higher substrate specificity in GST-GSH 

reactions. Therefore, the modified substrates that were of interest to GST-GSH reactions likely 

contained differential benzyl moieties (Lyttle et al., 1994)  As indicated above, targeting 

inhibition towards the hydrophobic H-site of even identical class GSTs is challenging given the 

high levels of variability in GST H-site structure within classes. For example, previous 

computer modelling of human pi class GST P1-1 suggests that, even within individual ligand 

binding interactions, there may be multiple potential ligand orientations leading to binding 

within the GST H-site (Oakley et al., 1997). 

Thus, most inhibitors are designed to target the highly conserved functionality of the GSH 

binding regions, particularly between species-specific GSTs (Mahajan and Atkins, 2005; Wu 

and Batist, 2013). One proposed method of exploiting the G-site binding for inhibitor 

functionality is the design of specific GSH peptide analogues   often referred to as GSH-
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peptidomimetics (More and Vince, 2008). As a process, GSH-peptidomimetics design involves 

creating GS-R S-linked conjugates with varying R groups all based on the initial observations 

that GSTs are subject to product inhibition (Meyer, 1993; Burg et al., 2002). Thus, although 

peptidomimetics may deliver highly functional inhibitors in vitro there are potential issues 

surrounding in vivo activity.  In particular, in vivo, the peptide portion of the GSH-conjugates 

are readily degraded by peptidases and particularly γ-glutamyl-transpeptidase (Ohkama-

Ohtsu et al., 2007). Therefore, peptide digestion is a particular challenge, but studies have 

focused on overcoming this bottleneck via several methods. One method involves the 

esterification of the glutamate carboxylic acid and replacing glycine and cysteine residues 

with D-2-aminoadipic acid. Another method involves changing the protein backbone 

structure including the use of r-GSH, substituting the CONH group with SO2NH and the 

incorporation of urea linkages rather than peptide bonds or via the use of cyclic GSH which is 

less readily degraded (Mahajan and Atkins, 2005; Wu and Batist, 2013).  

A GSH conjugate strategy showing success as measured by in vivo trials is the TLK/TER series 

which, following SAR studies, led to the synthesis of SER/TLK199 (Ezatiostat), a diethyl ester 

form of previous compounds demonstrated to have potential in selectively inhibiting pi-class 

GSTs (Raza et al., 2009). These SER/TLK199 inhibitors are of interest in anticancer biology and 

have been bestowed orphan drug status for the treatment of myelodysplastic syndrome,  as 

well as being trialled for human health conditions including non-small-cell lung cancer (Raza 

et al., 2009; Risbud et al., 2018). Ultimately, there are pharmacological difficulties when 

considering GSH based inhibitors due to the highly hydrophobic nature hindering the ability 

to cross cellular membranes and the presence of multiple protein pumps which actively pump 

glutathione conjugates out of target cells (Lyon et al., 2003). In this current study, despite the 

downstream issues with GSH analogues In vivo, the initial priority focused towards first 

confirming a sufficient therapeutic level selective inhibitor effects on the target In vitro as a 

proof of concept.  

Objectives 

The objectives of this chapter are to test the inhibitory potential of a panel of glutathione 

conjugate compounds designed/supplied in collaboration with Cardiff University on 

recombinant forms of Sigma GSTs from F. hepatica and F. gigantica and also on native GSTs 
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isolated purified from F. hepatica. Finally, it is of interest to determine the specificity of these 

glutathione conjugate compounds for parasite over host for downstream applications.  

6.2 Materials and Methods  

6.2.1 Inhibition studies 

The interaction of both recombinant and native GST enzymes towards various standard 

inhibitors and synthesised inhibitors was studied through inhibiting concentration 50% (IC50) 

assays with CDNB or trans-2-nonenal and inhibition assumed to be reversible. Procedures 

followed those of Section 2.2.1 except the inhibitor compound being tested was added after 

the GST enzyme and incubated for 3 mins before substrate assay activation. Inhibitor 

compounds, except where stated, were dissolved in ethanol and the final concentration of 

solvent was kept below 5% v/v of final assay volume. As with GST assays, inhibitor assays were 

performed at a minimum in triplicate to determine IC50 values using non-linear regression on 

Graphpad prism. However, values for DJC10 and DJC11 with hhPGDS and A. perfoliata Mixed 

GSH purified GSTs were estimated based on a single replicate using linear regression analysis 

of log10 transformed enzyme activity in Excel.  

6.2.2 Drug Affinity Responsive Target Stability (DARTS) 

DARTS was performed to validate the binding of compound HA14 at 25, 50 and 100 µM 

concentrations to FhGSTs. Protocols were based largely on previous protocols (Pai et al., 

2015). Briefly, pronase (Sigma) was used as the protease of choice and buffers as described.  

Pronase concentrations of 1:50 or 1:100 were deemed to give suitable results. Specificity was 

determined by using Myoglobin (Sigma) as a control protein using the same procedures. 

Interaction following DARTS incubation was further validated in three ways, the first being 

Western blotting (Section 2.4). The second validation method involved equimolar incubation 

of GST proteins with HA14 compound before attempted GSH purification using previously 

described methods (Section 4.2.5). Finally, the methodology involved running 1DE SDS gels 

of the products of DARTS reactions alongside pronase only controls and no pronase controls. 

Whilst visually this gave positive results we also confirmed the accuracy of these results by 

performing statistical analysis of the intensity of the bands produced using ImageQuants 

Analysis toolbox (GE). 
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6.3 Results  

6.3.1 Chemical synthesis 

GSH moieties were conjugated to compounds under basic conditions in the presence of 

ethanol or directly conjugated to enones. However, for two of the initial substrates, 

designated DJC10 and DJC11, this enone reaction was not performed. The carbonyl 

compounds cyclohex-2-enone (DJC10) (Figure 54) and dimethyl maleate (DJC11) (Figure 55) 

underwent a 24-hour reflux reaction in basic conditions in the presence of GSH directly 

(Figures 52 and 53). To isolate compounds in a powdered form, and due to the hydrophilic 

nature of the peptide moiety, samples were lyophilised as the final purification processing 

step. Brief reaction conditions are provided in the figure legends. Following further testing of 

enone conjugation with GSH (performed by Dr Duncan Browne group Cardiff university) a 

single sufficiently purified GSH conjugates Ha14 was provided and (Figure 56), demonstrated 

improved inhibition effects over DJC10 and DJC11.  
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Figure 52 Aldehyde and ketone enone reaction followed by GST moiety addition. Aldehyde and ketone reacted at  0°C in 

a basic environment NaOH (10%) in the presence of acetone stirred for 2 h followed by the addition of glutathione stirred 

in the presence of methanol and a basic environment, 2 M NaOH for 24 h at room temperature to produce β-carbonyl 

substituted glutathione conjugate. GSH moiety addition represented by G in the compound structure diagram  

 

Figure 53 Reactions of cyclic carbonyl compounds for the addition of GSH moiety. Carbonyl compound was placed in the 
presence of conc. H2S04 and ROH and refluxed for 16 hours. Following reflux glutathione was added and stirred in the 
presence of methanol in a basic environment, 2 M NaOH for 24 h at room temperature produces a β-carbonyl substituted 
glutathione conjugate. GSH moiety addition represented by G in the compound structure diagram 

 

Figure 54 Skeletal structure of compound DJC10 - Chemical formula C16H24N3O7S  produced using ChemDraw purified to 

yellow/orange crystalline powder. GSH moiety is indicated via black box 
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Figure 55 Skeletal structure of compound DJC11 - Chemical formula C16H24N3O10S produced using ChemDraw purified to 

white crystalline powder. GSH moiety is indicated via black box  

 

 

Figure 56 Skeletal structure of compound Ha14 - Chemical formula C20H27N3O7S produced using ChemDraw produced 

with 75.5% yield and the melting point of 140°C purified to yellow crystalline powder. GSH moiety is indicated via black 

box 
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6.3.2 Inhibition studies of Fasciola GSTs  

Comparative inhibition studies were performed on recombinant forms of FhGST-S1 and 

FgGST-S1 using C9, C10 and C12 (Figures 58 and 59), which had previously been demonstrated 

to effectively inhibit prostaglandin synthase activity in hPGDS at nM levels (Trujillo et al., 

2012)(Figure 57, see caption). Compounds C9, C10 and C12 are non-GSH conjugated 

compounds from a previous study targeted at hhPGDS (Trujillo et al., 2012). These 

compounds were modelled for their potential ability to bind to FhGST-S1 before synthesis for 

testing in Cardiff University (all compounds were provided as pure by Prof. A. Brancale and Dr 

S. Ferla). C9, C10, C12 acted to further confirm the suggestion that parasite Sigma GSTs can 

be targeted with specificity over their host counterparts. 

The highest inhibition was observed with C12 followed by C9, with C10 being the least 

effective inhibiting compound with rFgGST-S1. The same sequence of inhibition outcome was 

observed with rFhGST-S1, however, a higher relative concentration of each compound was 

required to deliver the 50% inhibition as measured graphically.  
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Figure 57  Skeletal structure of compounds (A) C9 (B)  C10 and (C) C12 demonstrated to have inhibitory IC50’s 

for hPGDS of 2.34 nM, 274 nM and 662 nM respectively on an assay for prostaglandin synthesis activity  

(Trujillo et al., 2012). 

 

Figure 58 Mean specific activity (nmol/mg/ml) of rFgGSTs1 (mean ± S.D) towards GST substrate CDNB in the presence of 

various concentrations of inhibitor compounds C9, C10 and C12. The uninhibited enzyme was calculated across an 

average of 3 or more replicate samples lacking an inhibitor and the IC50 estimated to be, in this case, exactly half of this 

calculated activity. 
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Figure 59 Mean specific activity (nmol/mg/mg) of rFhGSTs1 (mean ± S.D) towards GST substrate CDNB in the presence of 

various concentrations of inhibitor compounds C9, C10 and C12. With uninhibited enzyme calculated across average of 3 

or more samples lacking inhibitor and IC50 estimated to in this case to be exactly half of this  
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Following a demonstration of the specific targeting of parasite enzymes compared to 

mammalian counterpart further GSH conjugates were synthesised. Specifically, two 

compounds designated DJC10 and DJC11 (see section 6.3.1) were analysed for their inhibitory 

effect on both rFhGST-S1 and rFgGST-S1 (Figure 60). DJC10 demonstrated lower IC50 

compared to DJC11 for both rFhGST-S1 and rFgGST-S1. DJC10 appeared to demonstrate 

equivalent inhibitor activity on both FhGST-S1 and FgGST-S1 whereas DJC11 appeared to 

require ~ 1.5 x higher concentrations to inhibit FgGST-S1 than it required for FhGST-S1. The 

initial graphical representations were supported by nonlinear regression analysis via 

Graphpad (Table 21).  The IC50 values for the initial range-finder screening of DJC10 and 

DJC11 were weak for rFhGSTs2 and, therefore, detailed comparative analysis of these two 

compounds was not performed. A GSH conjugate compound, C20H27N3O7S, subsequently 

referred to as Ha14 was also tested for inhibitory activity, to all GSTs purified or synthesised 

throughout this project (Figure 61 and 62, A and 63). Ha14 demonstrated sub 10 µM levels 

achieved 50% enzyme inhibition with rFhGST-S1 and nFhGST-S1 with higher compound 

concentrations required to achieve the same for rFgGST-S1 as confirmed via nonlinear 

regression analysis (Table 21) Overall, Ha14 demonstrated improved sub 5 µM IC50 levels for 

all enzyme tested making it a lead compound for performing further inhibition studies. To 

assess cross parasite efficacy Anoplocephala perfoliate GSH-affinity-purified GSTs were also 

tested with Ha14 demonstrating a reduced response (Figure 62, B and Table 21). Ha14 was 

finally tested against commercially available recombinant hhPGDS also demonstrating < 5 µM 

IC50 levels upon testing (Figure 64 and Table 21). 
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Figure 60 Mean specific activity (nmol/min/mg) of rFhGST-S1 and rFgGST-S1 (mean ± S.D) towards GST 

substrate CDNB in the presence of various concentrations of inhibitor compounds DJC10 and DJC11. With 

uninhibited enzyme calculated across an average of 3 or more samples lacking inhibitor and IC50 estimated 

to in this case to be exactly half of this 

 

Figure 61 Mean specific activity (nmol/min/mg) of rFhGST-S1, nFhGST-S1 and rFgGSTS1 (mean ± S.D) 

towards GST substrate CDNB in the presence of various concentrations of inhibitor compound Ha14. With 

uninhibited enzyme calculated across average of 3 or more samples lacking inhibitor and IC50 estimated to 

in this case to be exactly half of this  

 



 

186 
 

 

 

Figure 62 Mean specific activity (nmol/min/mg) of (A) F. hepatica GSH-affinity purified mixed GSTs and (B)  Anoplocephala perfoliata GSH-affinity-purified mixed GSTs 

(mean ± S.D) towards GST substrate CDNB in the presence of various concentrations of inhibitor compound Ha14. With uninhibited enzyme calculated across average of 

3 or more samples lacking inhibitor and IC50 estimated to in this case to be exactly half of this value. 
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Figure 63 Mean specific activity (nmol/min/mg) of rFhGST-S2 (mean ± S.D) towards GST substrate Trans, 

trans 2-4 deciedienal in the presence of various concentrations of inhibitor compound Ha14. With 

uninhibited enzyme calculated across average of 3 or more samples lacking inhibitor and IC50 estimated to 

in this case to be exactly half of this  

 

Figure 64 Mean specific activity (nmol/min/mg) of hhPGDS (mean ± S.D) towards GST substrate CDNB in the 

presence of various concentrations of inhibitor compound Ha14. With uninhibited enzyme calculated across 

average of 3 or more samples lacking inhibitor and IC50 estimated to in this case to be exactly half of this  
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Table 21. Inhibitory compound concentrations required to cause 50% enzyme inhibition (IC50) for various 

GST inhibitor compounds against recombinant enzyme rFhGST-S1, rFhGSTs2 and rFgGST-S1 as well as native 

FhGTS-S1 and native mixed GSTs isolated from F. hepatica via GSH-affinity chromatography and finally 

human hematopoietic prostaglandin D synthase. Dark grey fill indicates enzymes were compound IC50 

analysis was not performed. Where * symbol is present this represents linear regression analysis of a single 

replicate due to a lack of materials and ~ indicates an approximate value returned by graph pad prism for 

rFhGSTs2 due to only three Ha14 concentration being test compared to 5.   

Enzyme C9 IC50 (µM) C10 IC50 (µM)  DJC10 IC50 
(µM) 

DJC11 IC50 
(µM) 

Ha14 IC50 
(µM) 

GSH- affinity 
purified F. 
hepatica GSTs  

  *19.55 *40.25 0.02254 ± 
0.00248 

nFhGST-S1   *14.15 *98.66 2.656 ± 0.287 

rFhGST-S1 *508.14 *742.52 61.9 ± 3.942 128.6 ± 4.874 1.843 ± 0.342 

rFhGST-S2     ~0.5123 

rFgGST-S1 *457.22 *514.67 57.81 ± 5.244 131.14 ± 12.77 3.116 ± 0.338 

hhPGDS 2.463 ± 0.8528  8.855 ± 6.626 *41.84 *33.23  1.65 ± 0.482 
 

A. perfoliata 
Mixed GSH 
purified GSTs 

  *123.02 
 

*188.59 
 

*54.74  

 

  



 

189 
 

6.3.3 Drug Affinity Responsive Target Stability (DARTS) of lead compound Ha14 

With a lead compound (Ha14) identified for the project, further confirmation of compound-

GST specific interaction was performed using drug affinity responsive target stability (DARTS) 

(Pai, Lomenick, Hwang, Schiestl, McBride, et al., 2015). In brief, DARTS assays are based on 

the principle that if a test protein binds compounds in solution this can prevent proteases 

from accessing amino acids within the protein to break bonds between these, essentially 

acting as a protector. DARTS was performed using both native and recombinant forms of 

FhGST-S1 and F. hepatica GSH affinity-purified enzymes in comparison to a low binding non-

target protein in the form of myoglobin (Figures 65, 66 and 67). 1D gel analysis of the drugs 

ability to protect the protein demonstrated more intense bands with increasing concentration 

of Ha14 suggestive of decreased pronase-induced protein breakdown. However visually 

representations of protection appeared slightly more prominent with the recombinant GST 

form than the native. With regards to the off-target analysis myoglobin visually appeared 

unaffected by the concentration of Ha14 present. Whilst visual analysis was clear in the 

majority instances, software analysis was also performed to validate the protective effect of 

the inhibitor compound Ha14 statistically (Figure 68). It is demonstrated that there is a 

statistical difference between 0 µM of Ha14 and all other concentrations for both nFhGST-S1 

and rFhGST-S1. 100 µM in comparison to 50 µM Ha14 demonstrated statistically higher 

effects on protein protection to pronase degradation only with the recombinant form of 

FhGST-S1 however. Despite equivalent concentrations of both recombinant and native 

FhGST-S1 being applied to each lane of the 1D gel, rFhGST-S1, in general, demonstrated 

higher band intensities throughout. Native mixed Fasciola GST samples demonstrated the 

same trend of protection as native and recombinant FhGST-S1 however triplicates were not 

performed in this instance. Due to the unique nature of the compounds targeting the GSH 

binding site of Fasciola GSTs, as per the intended function, it was recognised that inhibitor 

binding could be further validated using GSH-affinity columns (Figure 69). The data 

demonstrate graphically a difference in the flow-through and the elutant protein 

concentrations following incubation with compound Ha14. Comparative t-tests were 

performed between flow through protein concentration and flow through pre-incubated for 

15 mins at room temperature with Ha14 and determined to be significantly different the same 

was also observed with the elutant incubated with Ha14 in comparison to lacking Ha14.   
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Figure 65 Ha14 incubation with proteins of interest at room temp for 15 mins before the addition of pronase 

at room temp for 20 minutes and digestion halted with concentrated protease inhibitor. Samples were then 

run on SDS page gel in order to determine protective effects of Ha14 1= Low molecular weight ladder, 2 = 

nFhGST-S1 undigested 3= rFhGST-S1 undigested 4,5,6,7 = nFhGST-S1 8,9,10,11 = rFhGST-S1 15 µg of protein 

was applied to each lane, box and arrow indicates region of focus for degradation / protection concentration 

of Ha14 indicated below each lane. RI  

 

Figure 66 Ha14 incubation with native F. hepatica GSH-affinity purified GSTs at room temp for 15 mins 
before the addition of pronase for 20 minutes and digestion halted with concentrated protease inhibitor. 
Samples were then run on SDS page gel to determine protective effects of Ha14 1= Low molecular weight 
ladder, 2, 3, 4, 5 = Fasciola GSH affinity-purified GSTs (25 µg per lane), box and arrow indicates the region of 
focus for degradation/protection with concentration of Ha14 indicated below each lane   
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Figure 67 Ha14 incubation with proteins of interest at room temp for 15 mins before the addition of pronase 

at room temp for 20 minutes and digestion halted with concentrated protease inhibitor. Samples were then 

run on SDS page gel to determine protective effects of Ha14. Lane 1= Low molecular weight ladder, Lanes 2, 

3, 4, 5 = Myoglobin (15 µg per lane) treated as indicated below each lane with increasing concentrations of 

Ha14 box and arrow indicates the region of focus for degradation/protection. RI  

 

Figure 68 band intensities following DARTS utilising compound Ha14 on native FhGST-S1, recombinant 
FhGST-S1 and Myoglobin. Average band intensity is based on volume divided by area analysed where 
volume is the uncalibrated quantity of material in the image feature excluding the background. ANOVA 
analysis performed for each protein separately and p-value displayed above. Within-group differences 
calculated using Tukeys HSD and indicated as * = p<0.001 and **= p<0.0001 when compared to each protein’ 
0 value. N=3 per enzyme per concentration.    
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Figure 69 Drug inhibition-affinity purification (DIAP) confirmation using equimolar treatment of rFhGST-S1 

with Ha14 and GSH-affinity column purifying in comparison to rFhGST-S1 lacking Ha14 incubation. Results 

for flow and flow Ha14 were analysed using t-test t = -46.231, df = 4 and elute and elute Ha14 t = 14.311, df 

= 4, p <0.001 N= 3. *** = p<0.001   
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6.4 Discussion  

Given the importance of parasite-specific GSTs to parasite establishment, GST targeted 

inhibition has potential as an anthelmintic strategy. In this thesis, a panel of GST inhibitors 

was synthesised and validated to determine their selectivity for in vitro enzyme assays and 

anti-parasite activity.  

6.4.1 Fasciola GST inhibition selectivity  

 Initial inhibitor trials using previously demonstrated potent inhibitors for hPGDS, compounds 

c9, c10, c12, demonstrated between 100 - 1000-fold decrease in potency when trialled on 

rFhGST-S1 and rFgGST-S1 (Figures 58, 59 and Table 21). This differential finding on IC50 

between rFhGST-S1 and rFgGST-S1 enzymes mathematically could not be confirmed via 

nonlinear regression analysis unfortunately due to a lack of replication due to low levels of 

the compound available in this initial screen. It is acknowledged this is not a direct comparison 

as the IC50s initially quoted relate specifically to prostaglandin synthase functionality rather 

than general model substrate CDNB conjugation both reactions are known to utilise the 

cofactor GSH for activity, in direct comparison to the L-PGDS isoform in humans (Trujillo et 

al., 2012). In the case of C9 and C10, sufficient inhibition replicates were able to be performed 

with hhPGDS to enable IC50 values to be obtained specifically with the CDNB conjugation 

assay (Table 21). CDNB assay IC50 values for C9 and C10 for hhPGDS were not nano-molar 

and the previous prostaglandin assays were up to 100-fold higher than those observed 

graphically in rFhGST-S1 and rFgGST-S1 (Figures 58 and 59). This initial investigation helped 

to build on previous work suggesting evidence for the ability to target parasite GSTs 

specifically in relation to host/human GSTs (Brophy et al., 2000; Line et al., 2019). Further 

compounds were developed based upon previous experimentation of parasite GSTs (Brophy 

et al., 2000). The initial compound synthesis was successful (with the assistance of Dr Joseph 

Howard and Dr Duncan Browne, Cardiff University) in producing β-carbonyl substituted 

glutathione conjugates DJC10 and DJC11.  

6.4.2 β-carbonyl substituted glutathione conjugate inhibition 

With the initial determination of selectivity suggesting that targeted inhibition was possible 

between human and parasite GSTs. Initial GSH analogue compounds DJC10 and DJC11 proved 

to have a slight increased inhibitory effect in comparison to compounds C9, C10 and C12 

(Table 21), however, they could be directly compared to the previous work performed on O. 
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volvulus in which they demonstrated IC50’s above 200 µM (Brophy et al., 2000). The synthesis 

of DJC10 and DJC11 also served to confirm the reaction conditions for a pipeline of production 

of GSH conjugates which could further be utilised via the Browne group in Cardiff University 

to supply further compounds for testing. In comparison to the previous determined IC50s in 

O. volvulus these compounds demonstrated marginally increased inhibitory effect with 

Fasciola GSTs. Whilst DJC10 and DCJ11 demonstrated slightly improved IC50’s in comparison 

to their effect on O. volvulus GST2 this is not, however, a direct comparison as the enzyme 

analysed was not a Sigma GST (Brophy et al., 2000). Upon testing IC50 selectivity response for 

DJC10 and DJC11 (Table 21) in comparison to hhPGDS, whilst only a single replicate could be 

performed due to limited material available, it was suggestive of an increased IC50 response 

to human orthologues over the parasite. This IC50 response to hhPGDS for DJC10 and DJC11 

also highlights differential inhibition effects between GST classes as in the previous study 

these showed a decreased IC50 response to human pi GST (Brophy et al., 2000). Further β-

carbonyl substituted glutathione conjugate compounds were synthesised by Cardiff, 

however, due to the low levels of inhibitory effect and/or purity confirmation issues, data for 

these were disregarded. The β-carbonyl substituted glutathione conjugate designated Ha14 

demonstrated, on initial analysis, significantly improved inhibitory effects when compared to 

DJC10 and DJC11 (Table 21). Due to the increased inhibition activity observed for Ha14, this 

compound was taken forward as a lead compound for further analysis. 

6.4.3 Lead compound Ha14 GST inhibition elucidation  

The Ha14 GST inhibitor compound was analysed more accurately with constricted 

concentration values around the initial predicted IC50 values which graphically appeared to 

be <10 µM level (Figure 61). Previous analysis of Fasciola inhibitors designated 33 µM as a 

standard dosage level when evaluating significant inhibitory compounds directly on 

metacercariae and adult fluke, with sub 10 µM inhibitors being the most promising for further 

analysis (Machicado et al., 2019). Whilst a 33 µM standard dose is based on whole organism 

interaction for the flukicide activity it offers a reasonable indication of IC50 values to consider 

effective downstream. For perspective, the active metabolite of TCBZ, (TCBZ.SO) has been 

determined previously to have IC50 levels around 50 µM with rFhGST-S1 where this 

compound is not the major target of the inhibition interaction (LaCourse et al., 2012). The 

data collected for all Fasciola GST enzymes apart from rFhGST-S2 (which was processed via 
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linear regression) were processed through nonlinear regression models to determine 

accurate IC50 values which revealed sub 5 µM level IC50’s for recombinant rFhGST-S1, 

nFhGST-S1 and rFgGST-S1 (Table 21). Interestingly, nanomolar levels of effectivity were 

observed in mixed native FhGSTs and rFHGST-S2 samples. This increased inhibition in relation 

to mixed native F. hepatica GSTs and marginal difference between rFhGST-S1 and nFhGST-S1 

suggests a potential role in differential functionality between the native and recombinant 

forms of these GSTs and also indicates that Ha14 is strongly targeting both nFhGST-S1 and the 

Mu class GSTs present in the cytosol. GSH-affinity purified native F. hepatica samples 

(consisting of Mu and Sigma class GSTs) demonstrated inhibition levels which were over 10-

fold increased compared to the next nearest enzyme which was rFhGST-S2 and ≥ 100 fold 

increase compared to the other recombinant and native Sigma GSTs tested. This 

demonstrates a lack of selectivity of Ha14 specifically for Sigma GST with evidence of 

inhibition also of Mu class GSTs. This high fold difference effect observed with GSH- affinity 

purified F. hepatica GSTs is somewhat unsurprising as IC50 analysis was performed using 

CDNB assays and Mu GSTs are known to have higher specific activities to CDNB than Sigma 

and as five Mu class forms are known to be present in F. hepatica these would contribute a 

much higher proportion of the CDNB specific activity response than Sigma GSTs (Kalita et al., 

2017). With regards to the IC50 level in rFhGST-S2 (utilising the trans-2-nonenal substrate) 

confirmation of inhibition was interesting to note due to previous evidence suggesting a lack 

of evident GSH binding and Ha14’s designed mechanism of interaction being its GSH moiety. 

Whether rFhGST-S2 is inhibited via another route or conditions provided in order to perform 

the trans-2-nonenal interaction assay had some effect on active site availability is unclear. 

Whilst a strong interaction between Ha14 and rFhGST-S2 was observed the true IC50 may be 

somewhat different as only a single rep could be performed in this study for initial analysis 

due to lack of materials available.  

Despite Ha14 being taken forwards for further study due to its improved inhibitory effect In-

vitro on parasite enzymes, it did however also show equivalent if not improved inhibitory 

effect on hhPGDS, demonstrating a lack of selectivity with this compound. Whilst a lack of 

selectivity may rule out this specific compound as a potential therapeutic it does give a good 

starting point for further SAR based compound synthesis and can still be used downstream 

In-vitro to asses GST inhibitors on the whole as effective compounds for treating Fascioliasis. 
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Finally, selectivity was observed to some degree between parasitic species, where F. hepatica 

demonstrated high inhibitory IC50 effects A. perfoliata, a cestode of horses,  demonstrated 

over a 1000 fold reduction in inhibitory effect when comparing GSH affinity-purified GSTs 

directly. Whilst the large fold difference in inhibition between F. hepatica and A. perfoliata 

could be due to compound specificity and enzyme structure difference between the species 

it may also be suggestive of a different balance of Sigma to Mu class GSTs within the cytosolic 

content of these two parasites. It has previously been noted that tapeworms demonstrated 

the highest GST activities across the helminth classes, therefore, these may have increased 

GST redundancy mechanism or require inhibitors with increased potency to demonstrate 

equivalent IC50 values (Cvilink et al., 2009). 

Once GST inhibitory potential was confirmed for Ha14 further investigation was performed 

to confirm inhibition was based on actual compound-protein interaction rather than a non-

specific binding. This was performed utilising DARTS (Lomenick et al., 2009) binding to various 

Fasciola GST enzymes and employing myoglobin as a control (Figures 65, 66 and 67). Based 

on literature analysis, this was the first targeted use of DARTS, with previous analysis being 

based on whole homogenate/cytosolic protein fractions (Lomenick et al., 2009; Pai et al., 

2015). Whilst the whole homogenate DARTS methodology is useful when a drug has 

functionality but its protein target/targets of interest are unknown, there are some levels of 

subjectivity involved in determining affected proteins based on 1DE gels (references with crap 

images). In this study, however, using a subset of purified proteins the DARTS protective effect 

could be visualised and further validated statistically (Figure 68). Ha14 demonstrated 

protective effects in the 20-30 kDa regions in the Fasciola GST samples analysed (GST region) 

whether these were recombinant or native and, potentially, regardless of the class being 

Sigma or Mu with increasing concentration of inhibitor increasing observed protection (Figure 

65 and 66). In the myoglobin gels, there is no evidence of any protective effect visually, bands 

seem to maintain intensity regardless of the concentration of Ha14 applied. Whilst visual 

analysis appeared to provide the evidence of targeted binding this was further confirmed via 

the analysis of band intensities across gel replicated to perform ANOVA analysis confirming 

the suggested increase in protection statistically for parasite GSTs. Myoglobin intensities 

demonstrated an ANOVA p-value > 0.5 and thus were not included due to lack of any 

significant change observed. Despite the previous note of a potential lack of GSH binding with 
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rFhGST-S2, DARTS was attempted with this protein and Ha14 demonstrating very minor 

indications of compound increased protection, however, this was difficult to observe 

following imaging.  

Whilst DARTS allowed targeted binding to FhGSTs to be confirmed it did not confirm that the 

binding pathway utilised the G-site as they were designed too. To assess G-site binding a 

method utilising a combination of inhibitor incubation and GSH-affinity columns was 

developed. GSH affinity columns have been well documented for GST purification from 

Fasciola (Chemale et al., 2006; Morphew et al., 2012; Duncan et al., 2018) and thus likely 

represent an opportunity to assess G-site binding. If the inhibitor Ha14 is binding to the G-site 

region the effect of this binding would prevent GST-inhibitor complexes from binding to static 

GSH moieties within GSH-affinity columns. Upon the initial analysis, results were confirmed 

with rFhGST-S1 which demonstrated, following equilibration of the protein with Ha14 and 

processing through a standard GSH-affinity column, that the majority of the protein remained 

unbound and was located in the flow-through.  This was in direct contrast to a non-treated 

equivalent. During drug inhibition-affinity purification (DIAP) there was some evidence of 

FhGSTs binding despite the inhibitor interaction. However, the small amount of FhGST-S1 

binding that was still observed may have been due to insufficient concentration of inhibitor 

despite equimolar levels or possibly a lack of reaction time taken to allow all FhGST-S1 

molecules to interact with Ha14 molecules. Despite residual binding, the overall trend 

observed through using DIAP interaction suggests that Ha14 is likely interacting with the G-

site region of FhGSTs.  

6.5 Summary  

Glutathione conjugate inhibitors can be relatively simply synthesised and are a promising 

route in the inhibition of GSTs as suggested previously (Brophy et al., 2000). There is 

increasing evidence of targeting specificity between human and liver fluke GST enzymes 

which is highly promising for potential therapeutic roles. Compound Ha14 was observed to 

be effective in vitro at <5 µM levels to potentially nanomolar levels making it of interest in the 

continuation of experimentation. Further analysis of Ha14 also assisted in confirming active 

targeting of this compound specifically to the Fasciola GST enzymes and specifically to 

targeting the G-site regions as per their design. 
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7.0 In vitro trials of lead F. hepatica GST inhibitor Ha14 

Abstract  

Trialling inhibitory compounds for in vivo anthelmintic activity on parasites is key in 

designating the target protein as suitable for parasite control. In F. hepatica GSTs are known 

to be important and Sigma GSTs, particularly, are inferenced to be involved in the vitelline 

cell/egg stage of the parasite, however, the true essential nature of this protein has not yet 

been confirmed. In previous studies Sigma GSTs transcription has been knocked down 

successfully in NEJs, however, a significant period was required before protein levels 

dropped, and a lack of detrimental effects on parasite survival was observed. Whilst this 

suggests Sigma GSTs are a poor target, it may indicate the lack of an essential role in the NEJ 

stage, or that insufficient expression knockdown was achieved. To assess the crucial nature 

of Sigma GSTs (and Mu GSTs as Ha14 demonstrated effect on both classes) it may be 

interesting to target other stages of the parasite lifecycle. GSH-conjugate Ha14 along with 

other known active anthelmintics were applied to adult F. hepatica at equivalent lethal and 

sub-lethal concentrations and motility effect observed. To asses, the reproductive effects 

and egg-development effects, the eggs produced by adult inhibitor incubated fluke were 

collected and assessed for percentage hatch, or the same concentrations of inhibitor was 

applied directly to abattoir collected eggs before assessing hatching. To evaluate the 

detrimental lack of specificity of Ha14 to parasite over mammalian GSTs a lethality screen 

was performed using a bovine cell line. Little evidence of direct adult stage effects of Ha14 

was observed, however, egg hatching effects were present (p<0.001) through both 

incubation methods. Lethality assays suggested mammalian cells are tolerant of Ha14 levels 

far in excess of those required to have parasite-level effects. This suggests that Ha14 or 

similar compounds could effectively target a key life cycle stage of F. hepatica towards 

acting as an effective control, at least in vitro. 

7.1 Introduction  

In vitro compound trials at whole parasite level are an integral part of testing for potential 

anthelmintics. As such trials are ex-host, exact biological interactions within host species 

cannot fully be determined, however, this in vitro phase of compound testing does allow for 

the determination of compound concentrations likely to deliver future anthelmintic activity. 
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Therefore, in vitro whole parasite screens, whilst relevant for initial compound screening and 

assessment, are also utilised in the analysis of compound resistance; for example using egg 

hatch assays and motility assays (Johansen, 1989). Currently, the majority of anthelmintic 

compound development is centred around random screening of natural bioactive product 

mixtures  (Peña-espinoza et al., 2018; Sambodo et al., 2018; Tavassoli, Jalilzadeh-amin and 

Fard, 2018). Such endeavours can uncover potential new therapies and, through successive 

fractionation of the initial extracts, can determine the compound(s) with anti-parasitic 

activity. However, the drawback of such non-targeted compounds is the difficulty in 

determining the anthelmintic action within the organism and subsequently a mechanism to 

track the resistance. Compounds rationally designed, based on a target of interest, are often 

more difficult to design, optimise and initially discover than a blanket screening of natural 

extracts but tend to yield the ‘best-in-class’  compounds (Swinney, 2013).  

Rational approaches to drug discoveries often involve determining an accurate crystalline 

structure of a protein of interest (Hai et al., 2014; Line et al., 2019) particularly in combination 

with already known inhibitors or substrate. The information gathered from such experiments 

can determine key residues and morphology of interest to model increasingly specific and 

effective inhibitors. 3D modelling utilises X-ray crystallography and can theoretically screen a 

huge array of known published structural inhibitor data against the protein of interest very 

quickly with modern computational power (Schmidt et al., 2014).    

As previously discussed, GSTs have for several years been promoted as therapeutic targets in 

a range of parasites. For example, targeted GST inhibition provided antischistosomal, 

antifilarial (Fakae et al., 2000) and antimalarial effects (Srinivasan and Mathew, 2009). 

Furthermore, recent computational interaction modelling in filarial nematodes identified a Pi 

class GST as the protein target of a randomly discovered natural anti-parasitic compound of 

a previous unknown mode of action (Saeed et al., 2018).  

When ranking the anthelmintic potential of a compound directly on an organism, in this 

instance adult worms, key checkpoints need to be achieved. In brief, the essential aim of an 

anthelmintic is to halt the progression of the lifecycle of the helminth regardless of where in 

the cycle this occurs, though earlier in the cycle prior to adult establishment is preferable. In 

addition, an anthelmintic should show activity across multiple life cycle stages of a parasitic 

worm(s) particularly the NEJ and adult due to their involvement in host pathology. A good 
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example of this in the case of Fasciola would be a comparison of TCBZ and closantel where 

TCBZ is effective at all ontogenic stages within the host whereas closantel only becomes 

effective when flukes are 4-weeks post-excystment (Fairweather and Boray, 1999). In such 

instance’s treatment with closantel can allow juveniles transitioning to the liver and through 

to the bile duct to survive through to reproduction, therefore, enabling life cycle transmission. 

Thus, due to the role of GST in both juvenile and adult worms in detoxification within the 

respective host environment, along with other suggested roles in egg 

production/development and immune-modulation, (Moxon et al., 2010; LaCourse et al., 

2012), it is likely targeting GST will have multi-ontogenic stage affects.  

A further factor directing the design of anthelmintics is the optimisation of cross-species / 

cross-phyla activity which is required to deliver broad-spectrum compounds that are more 

attractive for commercialisation (Eisenmann, 2005). In this project, it is hypothesised that 

targeting the active site of a detoxification protein responsible for potentially binding the 

same chemical moiety across all parasitic worm species may deliver broad-spectrum activity.    

Objectives 

This chapter aims to validate via in vitro whole parasite trials, the targeting of GST proteins in 

F. hepatica using a lead compound that demonstrated high inhibitory activity against isolated 

and recombinant enzymes from Fasciola. If a statistically relevant effect is observed in vitro 

for adult motility scoring, egg production numbers or egg hatch percentage, this would 

suggest a viable target protein and inhibitor strategy worthy of further development.   

7.2 Materials and Methods  

7.2.1 Adult F. hepatica Motility 

In vitro screening of Ha14 was performed on live F. hepatica samples. Initial fluke collection 

and cultures were performed as stated in Section 4.2.1. However, at the 3-hour time point 

(of a 5-hour initial culture) the first analysis of adult viability scores was performed (2-hours 

pre-drug treatment) using the scale from Table 22 Fluke were cultured in 50 ml falcons with 

3 fluke per 50 ml falcon and two 50 ml falcons per compound concentration treatment, such 

that a total of 6 individual flukes where tested for each compound at each concentration. 

Following the full 5-hour period, flukes were moved into fresh media containing compound 
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at the desired final concentration, pre-equilibrated to 37°C. Media throughout the process 

was retained to process eggs produced see Sections 7.2.2 and 7.2.3. Following 6-hours 

culture with compounds, flukes were transferred into fresh media again as previously 

described and conditions maintained. This process was repeated at 12-hours. At the 

termination of the culture experiment, all fluke media was removed and retained as 

previously and fluke were snap-frozen with liquid nitrogen before storage at -80°C. 
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Table 22. Motility scoring system utilised for compound effect on adult F. hepatica adapted from (Crusco et 

al., 2019) 

1.       Good movement 

(Curled, sticking on the wall, movement on Petri plate or conical flask) 

2.       Moderate movement 

(Less vigour but more than 10-second pulses of movement or peristaltic waves) 

3.       Resting 

(Less than 10-second pulses in the head and body) 

4.       Apathetic 

(Head and body with less than 2-second pulses of movement) 

5.       Faint movement of suckers 

(Movement of oral or ventral suckers only, whole body paralyzed) 

6.       Inert 

(No movement at all or dead) 
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7.2.2 Adult F. hepatica Egg production 

Egg production from F. hepatica was analysed with the lead compound to ascertain if any 

effects on reproduction and fecundity could be observed. As stated in Section 7.2.1 culture 

medium from adult fluke compound tests was collected at each stage of the experiment (pre-

drug exposure, 6-hours post-drug exposure and 12-hours post-drug exposure). Following 

collection, the medium was centrifuged at 2,000 x g 4°C for 2 minutes to collect eggs and 

remove the supernatant ES, containing EVs, which was stored separately and frozen at -80°C. 

Samples were vortexed and 3 x 25 µl samples removed for counting using a dissecting 

microscope. Values obtained were then back-calculated to determine eggs per ml and total 

eggs per treatment. Remaining eggs were diluted to an approximately equivalent initial 

number in 6 ml of ddH2O for all samples and utilised for egg viability work. 

7.2.3 F. hepatica Egg viability  

Egg viability was analysed for the compound treatments using multiple methods. Initial 

methods involved direct application of compounds to eggs collected following a standard 5-

hour culture of abattoir collected F. hepatica (Section 4.2.2). These eggs, following collection, 

were separated into groups of ≥ 100 eggs and in triplicate and cultured in ddH2O + compounds 

of interest (Ha14, TCBZ and TCBZ.SO) along with control triplicates (consisting of eggs + solute 

equivalent to compound application). Compounds were applied once, and the incubation 

solution was not changed throughout the entire 14-day process. The second method involved 

taking eggs from the adult in vitro compound test (Sections 7.2.1 and 7.2.2) and testing 

following production under compound conditions, without direct incubation in the 

compounds themselves. Non-direct testing involved collecting and counting total eggs from 

each triplicate of the adult drug fluke trial to determine correct % hatch rates. Following 

sieving and washing (see section 4.2.2) of the collected eggs, these were incubated in ddH2O 

for 14 days until inducing to hatch. For both methods the incubation hatch procedure 

followed was based on previously optimised protocols, though the incubation period was 

extended from 9 to 14 days following optimisation (Moxon et al., 2010). ≥ 100 eggs in total 

per compound treatment replicate were analysed using dissection microscope, scoring eggs 

on hatched or hatching vs not hatched (Figure 70) to calculate a % hatch rate for each 

treatment. To assess hatching care was taken in observing evidence of operculum (see figure 

70) to ensure correct identification compared to empty eggshells. 
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Figure 70 Light micrographs illustrating the different stages of F. hepatica egg development. (F) + (G) were 
considered hatched or hatching whilst all other stages were counted as not hatched (Fairweather et al., 2012). 

 



 

205 
 

7.2.4 MTT assay analysis  

To analyse the selectivity and cytotoxicity of the lead compound HA14 an MTT assay was 

performed using MBDK bovine kidney cell lines due to target treatment being aimed at cattle. 

The MTT assay was performed following previously described protocols (Crusco et al., 2018) 

except compound Ha14 was dissolved in ddH2O rather than DMSO. The negative control, 

therefore, contained ddH2O. The concentration range for compound Ha14 was as follows 200, 

150, 100, 50, 30, 25, 20, 10, 1, 0.5, 0.1 µM. Following 20 h incubation, 10 µl of MTT (Sigma) 

reagent was added to each well and incubated for a further 4 hours after which the 

compound/media mixture was removed and cells suspended in 100 µl of 1:1 DMSO: propan-

2-ol and incubated for a further 15 minutes. To ensure formazan had been produced each 

well was aspirated using a multi-well pipette before reading at 570 nm wavelength. Data 

obtained from 3 x biological replicates and 3 x technical replicates were then blank corrected 

and analysed using Graphpad Prism using non-linear regression and dose-response inhibition 

analysis to determine CC50 values (Cell Cytotoxicity). The CC50 values were then used along 

with calculated IC50 values from Section 6.2.1 to calculate the Selectivity Index (SI) of the 

compound for various enzymes using the following equation;  

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝑆𝐼) =  
𝐶𝐶50

𝐼𝐶50
 

7.3 Results  

7.3.1 Screening of adult F. hepatica with lead compound Ha14 in comparison to TCBZ and its 

active metabolite TCBZ.SO    

To assess the impact of inhibiting Sigma class GST in F. hepatica in-vitro trials were designed 

to compare the activity of the lead compound Ha14 (identified in chapter 6) on two life cycle 

stages of this parasite (adults and eggs). TCBZ and its functional metabolite, TCBZ sulphoxide 

(TCBZ.SO), were tested in parallel as positive controls at approximately equivalent, previously 

determined, sub-lethal and lethal concentrations (Morphew et al., 2014; Davis et al., 2019a). 

In testing the adult stage, worm motility scoring was performed at 6 and 12 hours post 

compound treatment (Figures  71) using an adapted procedure based on a previous method 

(Crusco et al., 2018). Kruskal-Wallis testing was used due to ordinal data (motility scores) and 

significant differences in 6-hour (p<0.001) and 12-hour (p<0.01) were found. Following 

Kruskal-Wallis confirmation of statistical differences across groups, Dunn post hoc analysis 
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was performed using Bonferroni adjustment to perform pairwise analysis where any p-value 

<0.05 is considered significantly different. In the 6-hour treatment analysis TCBZ at the lowest 

concentration of 15 µM along with TCBZ.SO at both 15 µM and 50 µM and Ha14 at 15 µM all 

demonstrated a lack of significant difference from the control treatment (p>0.05) which 

lacked any compound addition. However, within this 6-hour post treatment window Ha14 at 

50 µM (p 0.041) and 100 µM (p 0.015) demonstrated a significant difference to the control 

comparable to TCBZ at 50 µM (p 0.041) suggesting initially anthelmintic effects at these 

concentrations due to reduced motility scoring. Following 12-hour post treatment however 

compound efficacy changes significantly and compounds did not induce phenotypes that 

were statistical difference to control in all cases apart from TCBZ.SO at 50 µM (p 0.026) and 

Ha14 at 100 µM (p 0.026) both of which show a trend towards decreased motility at equal 

significance level to each other based on post hoc analysis. Along with direct adult motility 

testing, reproduction in these flukes was also assessed. This involved comparing the quantity 

of eggs produced post 6 and 12 hours of treatment (Figures 72). At 6-hours post adult 

treatment with compounds the effect on egg production was fairly unaffected. The only 

compound treatments which demonstrated statistically significant differences to the control 

were TCBZ at 50 µM (p 0.025) in which there was a noted increase in eggs produced and Ha14 

at 100 µM  in which there was a significant decrease in eggs produced. After 12-hours the 

patterns of differences in comparison to the control changed entirely. At this time point the 

only significant differences was a reduction in production associated with TCBZ.SO at 15 µM 

(p 0.017), however, Ha14 at 100 µM (p 0.053) was on the edge of significance. 
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Figure 71 Worm motility scoring of F. hepatica adults in the presence of treatment and control compounds following different incubation times in supplemented DMEM 

and compound at 37°C. Samples are labelled with an identifier followed by a concentration value (µM). T = Triclabendazole, T-ide = Triclabendazole sulphoxide  and HA = 

Compound Ha14. Error bars are representative of SEM and statistical difference levels were determined using Kruskal-Wallis H test following which Dunn post hoc 

comparison was performed using the Bonferroni method for 6 and 12 hours separately. Asterix’ identify significance where p< 0.05. compared to controls 
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 Figure 72  Quantity of eggs produced by F. hepatica adults in the presence of selective compounds following two incubation times in supplemented DMEM at 37°C. 

Samples are labelled with an identifier followed by a concentration value (µM). T = Triclabendazole, T-ide = Triclabendazole sulphoxide and HA = Compound Ha14. Error 

bars are representative of SEM and statistical difference levels were determined using one-way ANOVA followed by Tukey's HSD for 6 and 12 hours separately. Asterix’ 

identify significance where p< 0.05. compared to controls 
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7.3.2 F. hepatica egg development screening 

Assays were performed on the relative ability of selected compounds and known flukicides to 

inhibit F. hepatica egg development/hatching. These screens were performed in two ways. 

Firstly, eggs were harvested from the adult compound dosing experimental procedures at 6 

and 12-hour post-treatment points and were directly incubated without further compound 

exposure. Following 14 days, the percentage of total hatched eggs was compared to the 

positive anthelmintic controls and the non-treated controls (Figure 73). Following 6 hours of 

compound treatment, all fluke in the presence of compounds at all concentration tested 

whether TCBZ, TCBZ.SO or Ha14 demonstrated a statistically significant decrease (p<0.00001) 

in egg percentage hatching compared to control groups. After 12 hours incubation with 

compounds again all compound treatments at all levels demonstrated a decrease in egg 

percentage hatch compared to control (p< 0.01). However, in the 12-hour instance, Ha14 15 

µM demonstrated the least effect on reducing egg hatch rate (p< 0.001) whilst statistically all 

concentrations of TCBZ and TCBZ.SO were seen to be equivalent to Ha14 at 50 and 100 µM 

levels (p< 0.0001). 

The second test in assessing project compound activity on F. hepatica eggs involved treating 

day-0 unembryonated eggs with specific concentrations of compound over the total 

incubation period. Following 14 days of exposure, eggs were induced to hatch, and results 

compared between positive anthelmintic controls and non-treated controls (Figure 74).  In 

the direct application of the compound to eggs, all compounds at all concentrations aside 

from Ha14 at both 15 (p 0.41) and 50 µM (p 0.13) demonstrated a significant decrease in egg 

hatch rate following 14 days of compound incubation. Of the compounds which did 

demonstrate a significant decrease in hatch rate compared to the control, the two most 

significant were Ha14 100 µM (p <0.001) and TCBZ 50 µM (p< 0.0001).  
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Figure 73 Percentage of F. hepatica eggs hatched in the presence of several compounds following two incubation times of adults in supplemented DMEM and compound 

at 37°C. Samples are labelled with an identifier followed by a concentration value (µM). T = Triclabendazole, T-ide = Triclabendazole sulphoxide and HA = Compound Ha14. 

Error bars are representative of SEM and statistical difference levels were determined using one way ANOVA followed by Tukey's HSD for 6 and 12 hours. *** = p<0.00001, 

** = p< 0.0001 and * = p< 0.001 compared to ctrl 
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Figure 74 Percentage of F. hepatica eggs hatched following incubation of eggs in the presence of several 

compounds for 14 days incubation. Samples are labelled with an identifier followed by a concentration value 

(µM). T = Triclabendazole, T-ide = Triclabendazole sulphoxide and HA = Compound Ha14. Error bars are 

representative of SEM and statistical difference levels were determined using one way ANOVA followed by 

Tukey's HSD. *** = p<0.0001, ** = p< 0.001 and * = p< 0.01 compared to ctrl. 
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7.3.3 Lethality assays of glutathione conjugate Ha14 in bovine cells 

To determine the viability for the continuation of the development of compounds using Ha14 

as a basis, it was important to assess the toxicity of this compound to an equivalent host cell 

system. Thus, to determine host cell cytotoxicity to Ha14 MTT assays were performed utilising 

immortalised bovine kidney cell line MDBK (Madin and Darby, 1958). MTT Assays indirectly 

measure the percentage of cells killed, based on absorbance (produced by the reduction of 

3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide or MTT), in the presence of 

Ha14 at various concentrations corrected to non-treatment controls (Figure 75).  Therefore, 

decreasing absorbance relates to increased cell death. The CC50 (concentration of compound 

which causes 50% cell cytotoxicity) of Ha14 was determined experimentally to be >200 µM. 

This suggested that Ha14 would not detrimentally affect host target cells at concentrations 

below 200 µM.  
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Figure 75 Calculation of CC50 for compound Ha14 via MTT assay.  Dose vs. response for compound Ha14 at 
various concentrations was plotted in relation to bovine kidney cell viability. SEM was calculated across 
three replicates for all concentrations of compound and control with the R2 value (goodness of fit) being > 
0.95.  
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In combination with the previously determined inhibitory effects against individual enzymes 

of interest (see chapter 6), the selectivity index (SI) of Ha14 was determined for each enzyme 

utilising the CC50 value determined (Table 23). SI values are calculated by dividing the CC50 

value of a given compound towards the bovine cell line utilised by its IC50 for each enzyme 

of interest. SI values are therapeutic indexes which involve the measurement of the toxicity 

and therapeutic effective dosage concentrations (Levy, 1998). Commonly used compounds 

such as opioids have therapeutic indexes which range from 33,000:1 to 100:1 (Stanley, 2000) 

as such despite the somewhat indirect comparison the SI values for the majority of proteins 

in this study would be considered viable (particularly for GSH affinity-purified GSTs F. 

hepatica). Calculation demonstrated rFgGST-S1 / rFhGST-S2 with Ha14 the lowest SI values of 

the Fasciola enzymes whilst the highest SI value was observed with the GSH affinity-purified 

GSTs from F. hepatica. However, SI values above 50 were observed for all native and 

recombinant Fasciola GSTs tested. SI values for hhPGDS were observed to be the second-

highest SI values for all enzymes test, the only enzymes analysed with an SI below 50 were 

the mixed GSTs from the intestinal dwelling tapeworm Anoplocephala perfoliata.   
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Table 23. Approximate selectivity index (SI) of Ha14 was calculated using underestimation of CC50 value 

relative to bovine hepatic cell line MTT assays of 200 µM and mean IC50 values relative to Ha14 (Chapter 6) 

for each enzyme of interest in the project. 

Enzyme IC50 µM SI 

rFhGST-S1 1.843 108.51 

nFhGST-S1 2.656 75.30 

rFhGST-S2 0.5123 329.48 

GSH-affinity purified GSTs 

F. hepatica (Mu + Sigma)  

0.02254 8873.11 

rFgGST-S1 3.116 64.18 

hhPGDS 1.65 121.2 

GSH affinity-purified GSTs 

A. perfoliata (Mu + Sigma) 

54.74 3.65 
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7.4 Discussion 

Ha14, the most efficient inhibitor produced within this study, was taken forward for direct 

interaction studies with the organisms of interest in both the adult and egg stages of their 

life cycle to assess GST targeting as a future anthelmintic area for F. hepatica.   

7.4.1 Ha14 inhibitor compound dosage analysis in comparison to TCBZ and TCBZ.SO 

Before Ha14 testing the lead GSH analogue being taken forward to in vitro organism level 

inhibition trials, and subsequently demonstrating statistically significant effects at various 

levels across egg production, egg hatching and adult motility levels, it was important to range 

find initial dosing levels to test. Thus, concentration levels from previous anthelmintic studies 

of F. hepatica using TCBZ and TCBZ.SO were utilised (Morphew et al., 2014). Importantly, the 

highest concentration of Ha14 utilised in this study (100 µM) was below the equivalent 

’Lethal‘ levels of both TCBZ and TCBZ.SO  at 147.2 µM and 133.08 µM respectively (Morphew 

et al., 2014).   

MTT colourimetric assays (Figure 75) are also important for assessing test compound activity 

on the cellular metabolic activity of equivalent host cell lines. In these host cell line analyses 

Ha14 demonstrated relatively low activity, requiring concentrations of >200 µM to achieve 

the CC50. Despite a lack of sufficient data points higher than 200 µM, an inhibitor response 

variable slope analysis was performed on GraphPad which provided an approximate 

estimation of 461.3 µM for CC50. However, the GraphPad CC50 analysis only demonstrated 

an R2
 value of 0.39, thus, this was not included but gives an improved indication of low toxicity 

levels. This finding can be coupled to the IC50 values for compound Ha14 against several 

native and recombinant host and F.  hepatica GST enzymes showing high selectivity index 

scores as is desired for a functional chemotherapeutic compound along with the observed 

parasite activity at 100 µM. High dose tolerance is important in human treatment where the 

disease is generally associated with countries where clinical support is scarce, therefore 

chemotherapeutic doses are required to be fairly broad for a range of ages and related 

variables (Eisenmann, 2005). However, chemotherapeutic dose level can be of opposite 

concern in livestock treatment where high concentrations of a compound can be an issue for 

half-life in tissues for several factors, including meat and milk production, requiring a 

withdrawal period from dosing before harvesting products (Eisenmann, 2005). As stated in 



 

217 
 

chapter 6 however hhPGDS demonstrated a significantly low IC50 level approximately equal 

to that of rFhGST-S1 this, therefore, gave a high selectivity index in comparison to the MBDK 

cell line. Whilst this would appear to demonstrate a lack of parasite targeting specificity, as 

can be seen via the MTT assay itself, despite Ha14 inhibiting hhPGDS (which is 85.93% similar 

to the bovine equivalent GST), it lacked any significant detrimental effects on the MBDK cells. 

This suggests Mu and Sigma enzymes are far more integral in this trematode species likely be 

due to a wider variety of GST classes being present in mammalian host cells (Dourado and 

Ramos, 2008) acting on detoxification in a redundancy fashion for an inhibitor which so far 

has only been demonstrated to bind the Sigma isoform in mammals significantly. With this 

potential redundancy ability in mind, similar GSH analogue compounds to Ha14 may still be 

viable as a treatment option. However, future development would require increased 

inhibition screening directly of mammalian/host GSTs to determine direct inhibition effects 

for safety purposes.  

Interestingly, when considering rFhGST-S2 which previously demonstrated a lack of/low-level 

binding with GSH based on affinity column work and a lack of traditional assay activity, when 

reactive aldehydes were assayed utilising trans, trans-2,4-decadienal in combination with 

Ha14 this demonstrated a significant inhibitory effect (Table 23). rFhGST-S2 demonstrated 

the second-highest inhibitory response to Ha14 of all enzymes tested and, therefore, the 

second-highest selectivity index scoring with bovine cells. This high Ha14 activity with 

rFhGSTs2 is at odds with the designed functionality of binding to the G-site region due to GSH 

moiety of the compound. In future, it would, therefore, be interesting to perform X-ray 

crystallography of the rFhGST-S2 enzyme in complex with Ha14 to analyse how the compound 

is causing inhibition as has been proposed previously (Nienaber et al., 2000; Line et al., 2019). 

Therefore, X-ray crystallography could assist in answering how Ha14 binds to the H-site, do 

the structural components of Ha14, aside from the GSH moiety, cause conformational 

changes allowing G-site docking? 

7.4.2 Screening Ha14 against adult F. hepatica  

Ha14 in at least one concentration demonstrated a statistically significant effect on increasing 

worm motility scoring (Figure 71) which based on the scoring system used implies a reduced 

health phenotype. This was true across both time points of culturing tested within this study. 

This suggests targeting inhibition of GSTs (Mu and Sigma classes confirmed to be inhibited via 
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direct enzyme assays) to have an organism level effect. Thus, not only did Ha14 demonstrate 

significant differences to the controls at both 6 and 12 hours it also demonstrated equally 

significant levels in comparison to TCBZ and TCBZ.SO at the time points and concentrations. 

Thus, despite Ha14 being water-soluble it still managed to interact with the organism likely 

due to direct oral entry bypassing the tegument route (Toner et al., 2009). To determine if an 

oral entry was the direct route of the interaction of this compound or whether F. hepatica 

demonstrates selective transporter/receptor complexes for GSH, studies in future could be 

performed were a ligature is placed behind the oral sucker to occlude oral access of 

compounds (Meaney et al., 2005). Whilst oral entry is a viable strategy in-vitro, this, however, 

would need consideration in future applications of GSH conjugates in host treatment 

rationale. The solubility of a compound is beneficial from the standpoint of an oral dosage 

however other factors such as permeability, first-pass metabolism stability and susceptibility 

to efflux mechanisms then become an issue (Savjani et al., 2012).  

Aside from motility scoring changes, no noticeable morphology changes were observed by 

eye in response to Ha14 or TCBZ/TCBZ.SO. However, previous studies utilising analysis with 

SEM/TEM have demonstrated tegumental based morphology effects only following 24 hours 

of exposure to TCBZ or its active metabolites (Halferty et al., 2009; Toner et al., 2009). It would 

be of interest to perform incubations of increased duration with subsequent TEM and SEM 

analysis with Ha14 or other GSH analogues to assist in identifying downstream physiological 

factors  

This mainstay in vitro analysis methods for anthelmintics analysis for F. hepatica involving 

culturing of worms, in presence of compounds as well as performing visual assessments of 

motilities (viability scoring) (Keiser, 2009) have issues to consider. Person to person variability 

occurs with any microscope and visual morphology-based analysis, to combat this, systems 

are being developed to improve screening sensitivity for motility and morphology of 

helminths, in general, using machine learning and image recognition algorithms to allow high 

content screening (HCS) with systems already in place for schistosomula (Roboworm) 

(Paveley and Bickle, 2013). One way in which to improve upon the analysis of adult fluke 

responses to compounds in this project, and to assess compound development more 

effectively, would have been to implement such imaging processes.  A machine learning 

strategy, if optimised, should detect lower level compound activity and allow a higher 
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throughput of screening, which is ideal for any future SAR based approach for developing 

compounds. Currently, there is not a system for HCS analysis in adult fluke up and running 

though there is development ongoing in Aberystwyth University based on the Roboworm 

system for utilisation with F. hepatica NEJs which would allow screening on an important life 

cycle stage when completed (Crusco et al., 2019). 

7.4.3 Ha14 F. hepatica reproduction effect analysis  

In terms of F. hepatica egg production (Figure 72), Ha14 lacked any reduction effect following 

both 6 and 12 hours of incubation. However, at 6 hours this was interestingly one of only two 

compounds to have a statistically negative effect in relation to the control, with the other 

significant effect observed with 50 µM TCBZ which was suggested to increase rather than 

decrease egg production. This increase in egg production is interesting as previous in vivo 

studies have demonstrated a TCBZ effect on preventing correctly formed eggs following 

treatment, whilst they lacked information on direct numbers produced, this further suggests 

a role for TCBZ in reproductive viability in general (Toner et al., 2011). However, in the 

previous studies, longer compound incubation times were performed which likely explain the 

absence of this effect in current work along with the potential for the fluke to release more 

eggs simply due to their degradation. This, however, cannot be accurately determined as egg 

production was not analysed in detail. Nevertheless, the statistically positive effect on egg 

production observed with TCBZ was not maintained and at the 12-hour incubation point 

neither TCBZ concentration demonstrated any significant difference from control though the 

trend for 50 µM TCBZ as shifted towards reducing eggs produced. This shift in trend in 50 µM 

TCBZ over time may be suggestive of the time taken for the compound to have an active 

effect, previously reproductive changes have been observed following 24 hours of TCBZ 

interaction (Hanna et al., 2010). 

Another aspect of reproduction of interest was the ability for F. hepatica eggs to hatch 

following interaction with the Ha14 compound (Figures 73 and 74). Observations were 

performed on eggs produced during adult treatment with the compound, followed by 14 days 

incubation without Ha14. In these cases, statistically significant reductions in hatch 

percentage were observed at all concentrations of Ha14 in comparison to the control. 

Alternatively, eggs taken from adult fluke incubated in supplemented DMEM only were then 

incubated in the presence of compounds for the entire 14 day incubation period. In this 
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prolonged compound exposure experiment, only the highest concentration of Ha14 

demonstrated a statistical effect on reducing hatch percentage. This may suggest an 

increased role for GSTs in egg formation within the adult over that of the development of 

eggs external of the adult through to hatching. However, additional factors affecting the 

increased effect of Ha14 in direct worm application may have been an increased uptake of 

compound into adult fluke, and therefore incorporation during egg production, due to active 

uptake or oral uptake as previously discussed. With direct application of Ha14 to 

unembryonated F. hepatica eggs, on the other hand, there may be a decreased uptake of the 

compound into eggs due to the eggshell tanning mechanisms (Wharton, 1983). In a previous 

study, it was indicated that chemical compounds appeared to be able to pass through the 

eggshell barrier though the speed at which this was able to occur was effected by the 

molecular weight of the compound in question (Rowan, 1962). Compounds in this study had 

relatively large molecular weights of Ha14 (453.1 Da), TCBZ (359.65 Da) and TBCZ.SO (375.7 

Da) in comparison to compounds assessed in the previous study, where those which 

successfully penetrated the eggshell were all in the 100 – 200 Da molecular weight range 

(including arabinose [152.15 Da] and DL-norvaline [179.17 Da]). This may explain the reduced 

direct application effect observed. An additional factor which could likely explain the lowered 

effect in the direct application of the compound to the egg in comparison to adult application 

followed by egg culturing could be due to a combination of the difficulty crossing the egg, 

along with the possible degradation occurring in the compounds. The chemical stability of 

Ha14 was not determined in the project. Therefore, following a single dose during incubation 

functionally active compound level across the 14 days of incubation are unknown. Through 

work on this project, however, it is known that Ha14 appears stable for months at 4oC as well 

as -20oC (with repeated freeze-thaw cycles) at least in demonstrating equivalent inhibitor 

responses when assessed in the direct enzyme inhibition assays (based on assays from 

chapter 6).    

Given the proposed roles of GSTs involvement in xenobiotic and internal toxin processing it is 

likely that GST inhibitors such as Ha14 could feasibly work in synergy with current control 

chemotherapeutics such as TCBZ. Furthermore, research has provided evidence of GST 

transcript changes in response to TCBZ resistance (SNPs demonstrated to be linked to 

resistant fluke) further suggesting a role for GSTs in TCBZ processing and resistance (Chemale 
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et al., 2010; Fernández et al., 2015). Thus, as a key future step in the analysis of GSTs in general 

and specifically Sigma class GSTs, for their role as a flukicide target, would be to test Ha14 in 

combination with TCBZ and its metabolites and examine if there are increased effects in vitro. 

Equally, it would be of high interest to test Ha14 in known TCBZ resistant fluke lines. 

Combinatorial compound treatments are not unheard of in F. hepatica and have particularly 

been utilised in response to known TCBZ resistant strains of F. hepatica in such instances 

additive effects are seen between combinations of drugs particularly TCBZ and clorsulon 

(Meaney et al., 2006). Combined treatments with compounds which affect xenobiotic activity 

have also previously been performed. Research has analysed the effect of inhibiting P-

glycoprotein via R(+)-verapamil, linked to drug efflux pump activity (Savage et al., 2013), in 

combination with TCBZ.SO and observed not only an increased action of TCBZ.SO, in terms of 

morphological effects, but also that there was a decrease in the time required for 

morphological effects and inactivity of fluke to occur (Savage et al., 2013).  As with P-

glycoprotein inhibition, a combinatorial cocktail of TCBZ.SO and Ha14, or other GST targeting 

GSH conjugate inhibitors, should massively bolster the TCBZ.SO flukicide effect due to 

reducing successful detoxification, as GSTs are known to be a mainstay protein in the phase 

II metabolism of fluke (Brophy et al., 1990). 

This study sought mainly to determine what effects targeting GSTs could have on F. hepatica, 

which it has assisted in elucidating. However, progressing with such work in the future would 

involve many more structural changes to any lead compounds to improve membrane 

transport and block peptidase activity, and generally optimising the ADME kinetics. Changes 

to GSH conjugates to improve effective delivery could including esterification of certain 

residues has been previously found successful (Mahajan and Atkins, 2005). Other routes to 

combat such issues could be to develop prodrug formulations with increased membrane 

permeability, allowing selective activation upon reaching target locations due to the presence 

of specific proteases. This process utilises optimisations such as peptide backbone cyclization, 

this improves active transport via oligopeptide or other specific transporters present within 

the intestinal mucosa (Pauletti et al., 1997). Whilst more modern approaches to such 

bioavailability issues might be to utilise hydrogels (3D meshes of hydrophilic polymers which 

can release compounds based on changes including pH and temperature), liposomes (lipid 

carrier systems) or nanosphere/nanocapsule delivery systems (which are taken up by cell 
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endocytosis and designed to release compounds in target environments) (Renukuntla et al., 

2013).   

7.5 Summary 

The project developed GST inhibitor compound, Ha14, was demonstrated to have a 

statistically equal to or greater effect on egg hatch percentage whilst egg production 

reductions were lacking at equivalent concentrations to the current mainstay anthelmintic 

TCBZ and its active metabolite TCBZ.SO. Motility scoring of adult F. hepatica demonstrated a 

statistically significant shift towards reduced motility (or increased number in the rank scale 

used) in the two higher concentrations of Ha14, which performed better than all but the 

highest concentration of tested TCBZ. However, this effect decreased with increased culture 

time in all but the highest concentration of Ha14 and TCBZ.SO. This performance of Ha14 

supports evidence of the potential therapeutic benefit of targeting GST in the treatment of 

liver fluke, and particularly egg hatching reduction. Tests performed on egg hatch effects 

following active treatment of adults, without continual drug dosing throughout the hatch 

incubation, indicate the compounds may target early internal egg development. Thus, Ha14 

or compounds developed from this compound may interfere with the production of eggs 

within the reproductive system interrupting the liver fluke life cycle and thus reducing 

transmission.  
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8.0 General Discussion and Conclusions 

The work offered across this study was driven by a wealth of previous research into the Sigma 

class GST from F. hepatica specifically (Chemale et al., 2006; LaCourse et al., 2012; Morphew 

et al., 2014), along with in-house transcriptome data for F. hepatica and its tropical equivalent 

F. gigantica and the wealth of genomic information now readily available for this parasite 

along with several other trematode species (Howe et al., 2017). 

8.1 Introduction  

This thesis set out with the aim of determining the viability of the Sigma class GST enzyme, 

FhGST-S1, as a potential anthelmintic target for the parasitic flatworm Fasciola hepatica. The 

key driver for anthelmintic discovery targeting F. hepatica is the current high levels of the 

parasite in global livestock, threatening food security animal welfare and foodborne human 

disease  (Rinaldi et al., 2015; Caminade et al., 2017; Gebremeskel et al., 2018).  An increased 

prevalence of F. hepatica is linked to climate change and resistance to Triclabendazole (TCBZ), 

the only compound that effectively targets pathogenic juvenile liver fluke  (Brennan et al., 

2007; Fox et al., 2011; Caminade et al., 2015; Elliott et al., 2015; Jones et al., 2017). In the 

continued failure to produce a protective vaccine for Fascioliasis, a new understanding of the 

host-parasite interaction offers to provide a novel and rational approach to designing new 

anthelmintics.    

Sigma class GST was selected as the F. hepatica target for compound development based on 

a body of research evidence.    In brief, Sigma class GST from F. hepatica, specifically FhGST-

S1, was demonstrated to have key roles in immune-modulation (Dowling et al., 2010;  

LaCourse et al.,  2012) and vaccination with FhGST-S1 reduced the pathology of Fascioliasis 

(LaCourse et al., 2012; Zafra et al., 2013). 

Due to TCBZ the mainstay treatment for live fluke being utilised with livestock which, in most 

cases, lacking a targeted management routine, the level of resistance has been seen to rise 

(Kelley et al., 2016). Alongside resistance, there is currently a significant lack of anthelmintic 

compound development with alternative routes of action to TCBZ. GST inhibitors, however, 

could offer a potential solution to alleviate TCBZ resistance whilst more long-term treatments 

are being developed, such as vaccines. In recent years only a handful of compounds have 

been proposed at the germinal research/conceptual level with potential anthelmintic 
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properties to combat F. hepatica (see table 1, chapter 1). New anthelmintic candidates for F. 

hepatica have also been proposed via ‘piggy-back’ random screening on related species e.g.  

Schistosoma mansoni  (Edwards et al., 2015; Crusco et al., 2018; Whiteland et al., 2018). 

Further routes where compounds have been suggested for F. hepatica treatment involves the 

current trend for compound re-purposing; one example of which is the pathogen box kit 

where screening of the 400 compounds contained, led to 3 compounds with significant 

potential being identified for further development (Machicado et al., 2019). These practices 

in anthelmintic developing suggest an almost secondary goal where F. hepatica efficacy is 

concerned. This potential lack of dedicated focus on anthelmintic design/discovery likely 

factors into the WHO designating Fascioliasis as a neglected tropical disease of high 

importance (World Health Organization, 2009). Therefore, this thesis was aimed directly at F. 

hepatica and with a known target of interest from the outset.   

8.2 ‘In Silico’ evaluation of GSTs in parasitic and non-parasitic species   

A bioinformatics pipeline supported the validation of Sigma Class GST as a target for 

anthelmintic development. In addition, the analysis revealed the GST complements, 

(including in EVs) across a range of F. hepatica isolates, encompassing TCBZ resistant and 

sensitive strains, other trematodes, key nematodes (with sufficient depth of the previous 

elucidation of GST families) and three free-living helminth species. An SNP study also 

suggested the stability of Sigma GST active sites across F. hepatica. The ‘in silico’ analysis 

allowed for the confirmation of a single extra previously undesignated Sigma GST in F. 

hepatica. This is important when considering targeting this class as an anthelmintic as a lack 

of expansion is beneficial in ensuring inhibition is effective (lack of redundancy potential).  

Interestingly, apart from parasitic helminth  EVs, the only other evidence of Sigma class GSTs 

have been within EVs from human cancer and prostate cells, highlighting potentially common 

immuno-modulation strategies  (Skog et al., 2008; Smalley et al., 2008; Poliakov et al., 2009; 

Hurwitz et al., 2016). 

8.3 Evaluation of GSTs from F. hepatica as a druggable protein target  

This thesis was the first study on the design, synthesis and testing of inhibitors against FhGST-

S1 in adult F. hepatica. In contrast, a previous RNAi knockdown assay on F. hepatica NEJs 

targeting Mu and Sigma class GSTs (McVeigh et al., 2014) failed to detect a phenotype change, 
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potentially indicating that GST targeting will only deliver changes in adult stages. Whilst there 

is no known differences in sigma GST gene expression between NEJ and Adult fluke 

differences in abundance could potentially explain a targeting difference. In instances where  

RNAi juvenile liver flukes were analysed, any changes in egg production/viability would not 

have been observed due to NEJs lacking sexual maturity to reproduce. Also in RNAi performed 

to date only single protein knockdowns were performed, either Sigma or Mu GSTs, not both 

at once. This lack of measurable change in NEJs upon knockdown of either Sigma or Mu GSTs 

at the protein level suggests that the results obtained in this study may be due to the 

combination knockdown effect, this may be preventing the potential for either Sigma or Mu 

GSTs to take up the slack in the activity for the GST group otherwise inhibited/knocked down.  

Although statistically significant outcomes were observed in comparison to controls for 

challenges with compound Ha14 during in vitro culturing of live F. hepatica, it is evident that 

parasites were only maintained for 12 hours post-treatment. In comparison, the majority of 

TCBZ culturing with adult fluke utilised 24 to 48-hour cultures (Meaney et al., 2006; Hanna, 

2015). This lack of extended culture time across the study lead to a lack of assessment as to 

Ha14’s ability to kill F. hepatica and to determine if the effects observed on egg hatch success 

are permanent or reversible. If longer-term trials determined short term effects only, Ha14, 

and similar conjugate compounds, would be unfeasible as therapeutics due to the 

requirement for continuous treatment to achieve and active effect.  

This thesis designed a pipeline for the purification of stable and active nFhGST-S1. 

Interestingly, in contrast to recombinant FhGST-S1, the native protein possessed 

immunogenicity on probing with F. hepatica infection sera derived from experimentally 

infected hosts. Thus, this finding highlighted that native protein antigens may prove more 

successful in vaccine development. In future, due to the established pipeline, nFhGST-S1 

could be purified in significant bulk to be utilised in experimental vaccine trials to establish its 

effects.   

During experimentation, FhGST-S2 demonstrated sole enzymatic activity to reactive aldehyde 

substrates with these substrates known to contribute to disease pathologies through the 

alteration of cell signalling and downstream gene regulation effects as well as metabolic 

processes within organisms (Gueraud et al., 2010). Reactive aldehydes / reactive carbonyl 

activity could also relate FhGST-S2 to parasitism roles as such products are released by an 



 

226 
 

immune assault of parasite membrane (Brophy and Pritchard, 1994). With FhGST-S2 likely 

playing a functional role in producing electrophilic species via the conjugation of GSH to 

reactive aldehydes this will play key roles in defence and survival of fluke in response to these 

otherwise damaging species linked to the induction of apoptosis (Fritz and Petersen, 2013). 

There is also potential that such GSH conjugated reactive aldehydes produced within the fluke 

could, on removal to the surrounding environment (either via transporters or potentially EVs), 

directly play roles in regulating the host environment via their cell signalling effects (Zmijewski 

et al., 2005). If such roles were played by FhGST-S2 we would expect to see the protein 

present during host interaction, therefore, it may be prudent to focus on determining 

proteomic presence within NEJ’s and possibly larval stages of the snail host.   

8.4 Future studies targeting F. hepatica GSTs for anthelmintic design    

In future, it would be of high interest to perform double knockdowns or CRISPR modifications 

in NEJs or adult F. hepatica on both the Mu (the sequences of which are similar enough to 

produce a single multi-gene knockdown dsRNA) and Sigma class GST groups (though 

quadruple knockdowns would be required to knockdown FhGST-S2 also). If following this 

knockdown strategy similar patterns were observed in behaviour and fecundity to Ha14 

compound treatments, this would act as a confirmation of GST inhibitors role in targeting 

both these GST groups. In the process of performing such a knockdown, it would also be of 

interest to analyse the gene expression of FhGST-S2 to see if this enzymes expression level is 

bolstered to act as a redundancy system despite lacking similar GST functionality profiles to 

the other two groups. However more interesting still would be the ability to look at changes 

at protein concentration levels, therefore, it might prove interesting to perform WISH analysis 

to confirm localisation of the FhGST-S2 transcripts as currently, no information is available for 

this at all. 

The materials produced throughout this study (snap frozen drug-treated fluke and eggs) could 

be utilised to look into proteomic changes caused via Ha14 treatment in various areas, both 

via direct gel analysis and MSMS analysis (Messerli et al., 2009; Chemale et al., 2010; 

Kasinathan et al., 2010; Stuart, 2012). Whilst gene expression changes could be analysed via 

extraction of RNA from egg and adult F. hepatica in order to attempt to determine factors 

effecting egg hatch reductions and motility changes.  
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As stated, the length of compound culturing with adult fluke was a problem with this study, 

therefore, an immediate future study which should be performed to validate Ha14, and other 

GSH-conjugates, and inhibiting GSTs on the whole as a therapeutic tool would simply be to 

collect adult fluke and extend compound culturing conditions.   

When considering the underlying principles of early compound discovery, it could be said that 

this study managed to identify a target based on function and ‘in silico’ understanding, 

validate the target, develop an assay (although this could be automated significantly using 

machine learning as discussed previously) and to have begun the hit discovery process. In 

continuation, steps should be taken to improve hit discovery for the transition of the ‘hit-to-

lead’ phase via working on strategies including increased virtual screening, structural aided 

drug design (with the aid of crystallography of Ha14 bound to GSTs) and increasing inhibition 

screening throughput for example with assay plate automation tools (Hughes et al., 2011).  

Whilst a significant proportion of work throughout this project involved confirming the 

sequence, presence and functionality of FhGST-S2 the insights gained into this protein have 

led to several further questions. Such questions include; 

• Why this FhGST-s2 has never been observed previously at a protein level?  

• What is the purpose or effect of the FhGST-S2 N-terminal extension?  

• Why does FhGST-S2 lack model substrate activity and GSH affinity matrix binding 

potential?  

Whilst such questions have been explored within relevant chapters, in future far more 

elucidation could be performed using a variety of techniques including; transcriptome 

analysis (in response to various stressors or compounds), X-ray crystallography of 

recombinant, and if it could be found and purified native FhGST-S2 (particularly concerning 

GSH binding), and an increased panel of kinetic evaluation particularly looking at any potential 

prostaglandin activity. Alongside there was a complete lack of analysis of the orthologue 

FgGST-S2 enzyme due to project constraints. It could be, following confirmation of further 

work in FhGST-S2, of high interest to compare this enzyme for any changes in this protein 

within the more geographically tropical fluke species. 
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8.5 Conclusion  

This study provides evidence that targeting GSTs with inhibitory compounds in the parasitic 

species F. hepatica may be a viable option. Despite GSH conjugate Ha14 demonstrating a no 

inhibitory specificity to parasite GSTs over mammalian GSTs, it was demonstrated that 

therapeutically effective levels of the compound towards the parasite lacked detrimental 

toxicity effects to bovine-derived cells lines. Whilst Ha14 was not observed to directly kill F. 

hepatica within this study this may be a weakness of the experimental design rather than the 

compound itself. Also, significant effect on egg hatch reductions in themselves could be a 

viable option to alleviate/combat fluke infections in general. With this in mind, it could be of 

interest to continue the development process’ utilising Ha14 as discussed involving improving 

pharmacokinetics via specific modifications and SAR studies. 

 Whilst several studies have been performed on the GST content and functionality of other 

helminth species this is the first known application of GST targeting inhibitors on adult liver 

flukes in vitro. The resources produced in the process of this project, including recombinant 

protein, inhibitory compounds and phylogenetic analysis can be used in future work to 

improve our understanding of the GSTome of other organisms. Improving our understanding 

of GST functionality not only implies direct treatment options but also has potential in 

alleviating current resistance issues which may well be linked to these detoxification enzymes.
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Appendix 1 

Table 1. Trematode and Nematode GST sequences utilised for phylogenetic tree analysis including all 

available ID’s, Mass + pI, Domain information based on pfam, localisation and GST class 

Species   

GenBank 
Identifier 

Wormbase or 
transcript ID  

Swissprot/ 
trEMBL ID 

Amino acids , 
(Mr (kDa), pI) Protein Domains  

Psort Pred 
Cellular 
location 

Predicted 
GST class  

Calicophoron 
daubneyi   TR17112   

217 (24.98 
kDa) pI 6.23 

GST N-terminal [5-77] GST 
C-terminal [101-195] 
Thioredoxin-like [5-80] Cytosol Mu 

Calicophoron 
daubneyi   TR16211   

216 (24.37 
kDa) pI 7.77 

GST N-terminal [12-85] 
GST C-terminal [109-211] 
Thioredoxin-like [10-88] Cytosol  

Sigma 
based on 
Phylogeny  

Calicophoron 
daubneyi   TR21279   

95 (11 kDa) pI 
6.17 

GST N-terminal [29-95] 
Thioredoxin-like [8-84] Mitochondria 

Sigma 
based on 
Phylogeny  

Clonorchis 
sinensis 

GAA51086.
1   G7YDQ2 

200  (21.98 
kDa) pI 5.94 

DSBA-like thioredoxin 
domains [1-185] Cytosol  Kappa 

Clonorchis 
sinensis 

ABC61054.
1    B8K276 

161 (17.94 
kDa) pI 9.88 

Membrane associated 
eicosanoid/glutathione 
metabolism-like domain 
superfamily [16-149] 

Endoplasmic 
reticulum/ 
Mitochondria Microsomal  

Clonorchis 
sinensis 

AAD17488.
1   O97096 

212 (24.67 
kDa) pI 8.40 

GST N-terminal [4-87] GST 
C-terminal [89-212] Cytosol  Mu 

Clonorchis 
sinensis 

GAA30025.
2   H2KRI2  

232 (263.54 
kDa) pI 6.16 

GST N-terminal [4-76] GST 
C-terminal [130-210] 
Thioredoxin-like [4-80] Mitochondria Mu 

Clonorchis 
sinensis 

GAA50904.
1   G7YD70 

205 (23.61 
kDa) pI 8.97 GST C terminal [93-205] Cytosol  Mu 

Clonorchis 
sinensis 

GAA34234.
2   H2KTR3 

281 (31.49 
kDa) pI 5.52 

GST N-terminal [59-131] 
GST C-terminal [187-257] 
Thioredoxin-like [45-131] Cytosol Omega 

Clonorchis 
sinensis 

GAA51230.
1   G7YE46 

223 (25.14 
kDa) pI 5.86 

GST N-terminal [30-101] 
GST C-terminal [134-206] 
Thioredoxin-like [17-101] Cytosol Omega 

Clonorchis 
sinensis 

GAA52095.
1 csin105203 G7YGL2 

210 (23.68 
kDa) pI 6.96 

GST N-terminal [2-84] GST 
C-terminal [86-210] Cytosol  Sigma 

Clonorchis 
sinensis 

GAA54849.
1 csin105836   

140 aa (24.55 
kDa) pI 5.22 

GST N-terminal [1-15] GST 
C-terminal [17-140] Cytosol  Sigma 

Clonorchis 
sinensis 

GAA54850.
1 csin105837 G7YPG9 

262 (29.88 
kDa) pI 5.83 

GST N-terminal [18-101] 
GST C-terminal [133-262] Cytosol  Sigma 

Clonorchis 
sinensis 

GAA54851.
1 csin105838 G7YPH0 

212 (24.38 
kDa) pI 6.97 

GST N-terminal [4-87] GST 
C-terminal [88-212] Cytosol  Sigma 

Clonorchis 
sinensis 

RJW69789.
1 csin107328   

191 (22.07 
kDa) pI 8.42 

GST C Sigma like [70-172] 
Thioredoxin like [1-60] Cytosol  Sigma 

Clonorchis 
sinensis 

GAA33791.
2 csin113114 H2KVT7 

213 (24.55 
kDa) pI 5.22 

GST N-terminal [4-88] GST 
C-terminal [89-213] Cytosol  Sigma 

Clonorchis 
sinensis 

GAA48819.
1   G7Y784 

186 (21.22 
kDa) pI 5.63 

 GST N-terminal [5-47] GST 
C-terminal Zeta [58-173] 
Thioredoxin-like [5-61] 
Glutathione S-transferase 
class zeta [4-176] 

Cytosol / 
Nucleus  Zeta 

Echinostoma 
caproni   

ECPE_000025410
1 A0A183A6F6 

219 (25.24 
kDa) pI 6.83 

GST N-terminal [4-77] GST 
C-terminal [102-196] 
Thioredoxin-like [4-80] 
Glutathione S-transferase 
[39-51, 82-93, 135-148] Cytosol Mu 

Echinostoma 
caproni   

ECPE_000153710
1 A0A183B7Z6 

220 (25.60 
kDa) pI 6.25 

GST N-terminal [4-77] GST 
C-terminal [118-197] 
Thioredoxin-like [4-80] Cytosol Mu 

Echinostoma 
caproni   

ECPE_000032080
1 A0A183A8C0 

182 (20.98 
kDa) pI 6.17 

GST N-terminal [4-76] GST 
C-terminal [100-147] 
Thioredoxin-like [4-80] Mitochondria 

Mu  based 
on 
Phylogeny  
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Echinostoma 
caproni   

ECPE_000145180
1 A0A183B5J3 

184 (21.24 
kDa) pI 6.90 

GST N-terminal [4-76] GST 
C-terminal [85-184] 
Thioredoxin-like [4-80] 

Endoplasmic 
reticulum/ 
Mitochondria 

Mu based 
on 
Phylogeny  

Echinostoma 
caproni   

ECPE_000176420
1 A0A183BEG2 

156 (18.24 
kDa) pI 5.46 

GST N-terminal [2-59] GST 
C-terminal [67-156] 
Thioredoxin-like [1-61] Cytosol 

Mu based 
on 
Phylogeny  

Echinostoma 
caproni   

ECPE_000175690
1 A0A183BE89 

169 (19.4 
kDa) pI 5.71 

GST N-terminal [1-74] GST 
C-terminal [94-161] 
Thioredoxin-like [2-71] Cytosol  Sigma 

Echinostoma 
caproni   

ECPE_000140160
1 A0A183B441 

158 (17.95 
kDa) pI 6.30 

 GST C-terminal Zeta [37-
153]  Extracellular  Zeta 

Fasciola gigantica   

contig00687 
(Russ)  

  
162 (18.10 
kDa) pi 9.99 

Membrane associated 
eicosanoid/glutathione 
metabolism-like domain 
superfamily [16-150] 

Plasma 
Membrane 

Microsomal 
? 

Fasciola gigantica   iso0110     
Fragmented  but included 
in beckys    Mu 

Fasciola gigantica   iso01654   
218 (25.40 
kDa) pI 6.53 

GST N-terminal [4-76] GST 
C-terminal [101-196] 
Thioredoxin-like [3-80] Cytosol  Mu 

Fasciola gigantica   iso01655   
218 (25.38 
kDa) pI 6.53 

GST N-terminal [4-76] GST 
C-terminal [101-196] 
Thioredoxin-like [3-80] Cytosol  Mu 

Fasciola gigantica   iso01656   
218 (25.38 
kDa) pI 6.53 

GST N-terminal [4-76] GST 
C-terminal [101-196] 
Thioredoxin-like [3-80] Cytosol  Mu 

Fasciola gigantica   iso01657   
236 (27.47 
kDa) pI 7.59 

GST N-terminal [35-94] 
GST C-terminal [119-214] 
Thioredoxin-like [31-98] 

Mitochondria 
/ Cytosol Mu 

Fasciola gigantica   iso01658   
236 (27.45 
kDa) pI 7.58 

GST N-terminal [35-94] 
GST C-terminal [119-214] 
Thioredoxin-like [31-98] 

Mitochondria 
/ Cytosol Mu 

Fasciola gigantica   iso01659   
236 (27.45 
kDa) pI 7.58 

GST N-terminal [35-94] 
GST C-terminal [119-214] 
Thioredoxin-like [31-98] 

Mitochondria 
/ Cytosol Mu 

Fasciola gigantica   iso11470   
222 (25.74 
kDa) pI 6.60 

GST N-terminal [4-76] GST 
C-terminal [101-195] 
Thioredoxin-like [4-80] Cytosol Mu 

Fasciola gigantica   iso11622   
218 (25.33 
kDa) pI 6.85 

GST N-terminal [4-76] GST 
C-terminal [101-196] 
Thioredoxin-like [3-80] Cytosol Mu 

Fasciola gigantica   iso16655   
100 (11.67 
kDa) pI 5.66 

GST N-terminal [4-76] 
Thioredoxin-like [3-80] 

Mitochondria 
/ Cytosol Mu 

Fasciola gigantica   iso17743   
67 (8.15 kDa) 
pI 4.75 

GST N-terminal [4-67] 
Thioredoxin-like [4-67] 

Mitochondria 
/ Cytosol Mu 

Fasciola gigantica 
AAD23997.
1   Q9XYL9 

218 (25.33 
kDa) pI 5.54 

GST N-terminal [4-76] GST 
C-terminal [101-196] 
Thioredoxin-like [3-80] Cytosol Mu 

Fasciola gigantica   iso09504   
253 (28.64 
kDa) pI 5.99 

GST N-terminal [30-101] 
GST C-terminal [97-239] 
Thioredoxin-like [19-101] 
Glutaredoxin active site 
[30-46] Cytosol omega 

Fasciola gigantica   iso10825   
208 (23.65 
kDa) pI 5.83 

GST N-terminal [2-60] GST 
C-terminal [114-180] 
Thioredoxin-like [1-62] Cytosol omega 

Fasciola gigantica 
AFX98105.
1    K7YEX8 

240 (27.47 
kDa) pI 7.67 

GST N-terminal [19-92] 
GST C-terminal [146-212] 
Thioredoxin-like [5-94] Cytosol omega 

Fasciola gigantica   iso04409   
226 (25.83 
kDa) pI 5.80 

GST N-terminal [19-101] 
GST C-terminal [137-221] 
Thioredoxin-like [20-98] Cytosol Sigma 

Fasciola gigantica   iso05100   
211 (24.50 
kDa) pI 8.85 

GST N-terminal [4-86] GST 
C-terminal [116-206] 
Thioredoxin-like [5-82] 

Mitochondria 
/ Cytosol Sigma 

Fasciola gigantica 
AFX98103.
1   K7Z2A9 

211 (24.59 
kDa) pI 8.85 GST C terminal [103-206] Cytosol  Sigma 

Fasciola gigantica   
isotig10895 

  
213 (24.48 
kDa) pI 5.87  

 GST N-terminal [6-83] GST 
C-terminal Zeta [94-209] 
Thioredoxin-like [1-91]  Cytosol  Zeta 
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Fasciola hepatica   

maker-
scaffold10x_678_
pilon-snap-gene-
0.8   

162 (18.05 
kDa) pI 9.99 

Membrane associated 
eicosanoid/glutathione 
metabolism-like domain 
superfamily [16-150] 

Endoplasmic 
reticulum/ 
Mitochondria Microsomal  

Fasciola hepatica   Mu 5    
218 (25.40 
kDa) pI 7.63 

GST N-terminal [4-76] GST 
C-terminal [101-196] 
Thioredoxin-like [4-80] Cytosol Mu 

Fasciola hepatica 1905266C   P31670 
217 (25.41 
kDa) pI 6.54 

GST N-terminal [4-76] GST 
C-terminal [101-196]  Cytosol Mu 

Fasciola hepatica AAA29141   P30112 
218 (25.31 
kDa) pI 5.88 

GST N-terminal [4-76] GST 
C-terminal [101-196] 
Thioredoxin-like [3-80] Cytosol Mu 

Fasciola hepatica P31671.3   P31671.3 
218 (25.32 
kDa) pI 6.13 

GST N-terminal [19-92] 
GST C-terminal [146-212] 
Thioredoxin-like [5-94] Cytosol Mu 

Fasciola hepatica P56598.2   P56598 
218 (25.72 
kDa) pI 6.61 

GST N-terminal [4-75] GST 
C-terminal [100-194] 
Thioredoxin-like [3-79] Cytosol Mu 

Fasciola hepatica   

maker-
scaffold10x_938_
pilon-snap-gene-
0.52   

155 (17.58 
kDa) pI 5.61 GST C-terminal [1-141]  Cytosol 

Omeag 
according 
to 
phylogeneti
c tree 

Fasciola hepatica   

maker-
scaffold10x_2547
_pilon-snap-gene-
0.13   

291 (32.35 
kDa) pI 7.03 

Carbon-nitrogen hydrolase 
[2-273] Mitochondria Omega 

Fasciola hepatica 
AFX98104.
1   K7YNB3 

240 (27.33 
kDa) pI 7.04 

GST N-terminal [4-76] GST 
C-terminal [117-196] 
Thioredoxin-like [3-80] Cytosol omega 

Fasciola hepatica   

maker-
scaffold10x_284_
pilon (incorrectly 
annotated) or 
FhGSTs2   

231 (26.36 
kDa) pI 5.59 GST C terminal [124-226] Cytosol  Sigma 

Fasciola hepatica ABI79450.1   Q06A71 
211 (24.53 
kDa) pI 8.86 

GST N-terminal [4-86] GST 
C-terminal [88-211] Cytosol  Sigma 

Fasciola hepatica   

maker-
scaffold10x_1428
_pilon-snap-gene-
0.7   

186 (21.41 
kDa) pI 6.20 

 GST N-terminal [2-104] 
GST C-terminal Zeta [67-
182] Thioredoxin-like [3-
84]  Cytosol Zeta 

Onchocerca 
ochengi     A0A182DXG4 

208 (23.68 
kDa) pI 6.96 

GST N-terminal [4-72] GST 
C-terminal [96-195] 
Thioredoxin-like [1-76] 
Glutathion S-transferase Pi 
Class [45-61, 97-118, 189-
208] Cytosol Pi 

Onchocerca 
volvulus P46427.1   P46427 

208 (24.23 
kDa) pI 6.96 

GST N-terminal [4-72] GST 
C-terminal [96-195] 
Thioredoxin-like [1-76] 
Glutathion S-transferase Pi 
Class [45-61, 97-118, 189-
208] Cytosol Pi 

Opisthorchis 
viverrini 

OON17738.
1   A0A1S8WTH5 

292 (32.98 
kDa) pI 5.71 

DSBA-like thioredoxin 
domains [36-260] Cytosol  Kappa 

Opisthorchis 
viverrini 

T265_0916
4   A0A074ZB79 

208 (22.93 
kDa) pI 9.24 

Membrane associated 
eicosanoid/glutathione 
metabolism-like domain 
superfamily [63-196] 

Endoplasmic 
reticulum/ 
Mitochondria Microsomal  

Opisthorchis 
viverrini 

OON15943.
1   A0A1S8WNS7 

156 (17.98 
kDa) pI 6.77  GST C-terminal [86-154]  Nucleus  Mu 

Opisthorchis 
viverrini 

XP_009167
217.1   A0A075A0L0 

252 (29.35 
kDa) pI 7.71 

GST N-terminal [38-110] 
GST C-terminal [135-230] 
Thioredoxin-like [38-144] Mitochondria Mu 

Opisthorchis 
viverrini 

XP_009173
965.1   A0A075A4F5 

310 (35.55 
kDa) pI 7.57 

GST N-terminal [56-150] 
GST C-terminal [242-308] 
Thioredoxin-like [63-151] 

Cytosol/Nucle
us 

Mu based 
on 
Phylogeny  

Opisthorchis 
viverrini 

XP_009163
420.1    A0A075A0N4 

265 (29.56 
kDa) pI 6.15 

GST N-terminal [43-115] 
GST C-terminal [159-244] 
Thioredoxin-like [29-115] Cytosol 

Omega 
based on 
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phylogeneti
c tree 

Opisthorchis 
viverrini 

XP_009163
990.1   A0A075A1W7 

253 (28.68 
kDa) pI 5.14 

GST N-terminal [33-104] 
GST C-terminal [148-220] 
Thioredoxin-like [20-104] Cytosol 

Omega 
based on 
phylogeneti
c tree 

Opisthorchis 
viverrini 

XP_009163
004.1   A0A075A4F0 

208 (23.94 
kDa) pI 6.47 

GST N-terminal [1-83] GST 
C-terminal [101-203] 
Thioredoxin-like [11-80] Cytosol Sigma 

Opisthorchis 
viverrini 

XP_009163
005.1   A0A075A0C4 

191 (21.72 
kDa) pI 5.36 

GST N-terminal [1-66] GST 
C-terminal [84-185] 
Thioredoxin-like [1-63] Cytosol Sigma 

Opisthorchis 
viverrini 

XP_009163
006.1   A0A075AJC5 

210 (24.29 
kDa) pI 6.40 

GST N-terminal [8-78] GST 
C-terminal [103-204] 
Thioredoxin-like [5-82] Cytosol Sigma 

Opisthorchis 
viverrini 

AAL23713.
1   Q8ISK1 

213 (24.33 
kDa) pI 5.21 

GST N-terminal [8-81] GST 
C-terminal [106-208] 
Thioredoxin-like [5-85] Cytosol 

Sigma 
based on 
Phylogeny  

Opisthorchis 
viverrini 

XP_009164
764.1   A0A074ZVM6 

210 (23.67 
kDa) pI 8.24 

GST N-terminal [5-77] GST 
C-terminal [105-205] 
Thioredoxin-like [3-81] Cytosol 

Sigma 
based on 
Phylogeny  

Opisthorchis 
viverrini 

XP_009166
494.1   A0A075AHF2 

244 (27.58 
kDa) pI 5.90 

GST N-terminal [38-112] 
GST C-terminal [137-239] 
Thioredoxin-like [37-116] 

Cytosol / 
Nucleus  

Sigma 
based on 
Phylogeny  

Opisthorchis 
viverrini 

XP_009175
615.1   A0A074Z524 

213 (24.11 
kDa) pI 5.51 

 GST N-terminal [3-74] GST 
C-terminal Zeta [85-200] 
Thioredoxin-like [4-74] 
Glutathione S-transferase 
class zeta [3-185] 

Cytosol / 
Nucleus  Zeta 

Opisthorchis 
viverrini 

OON17798.
1    A0A1S8WTN3 

154 (17.42 
kDa) pI 5.47 

 GST N-terminal [3-39] GST 
C-terminal [20-151] 
Thioredoxin-like [2-53]  Cytoskeletal  

Zeta based 
on 
Phylogeny  

Paragonimus 
westermani 

AAS82865.
1   I6LB49 

217 (25.12 
kDa) pI 5.71 

GST N-terminal [4-75] GST 
C-terminal [100-195] 
Thioredoxin-like [3-79] Mitochondria Mu 

Paragonimus 
westermani 

AAB63382.
1   Q26200 

210 (23.93 
kDa) pI 6.00 

GST N-terminal [4-86] GST 
C-terminal [86-210] 
Thioredoxin-like [4-72] Cytosol  Sigma 

Schistocephalus 
solidus     A0A0X3PAE0 

107 (12.17 
kDa) pI 10.08 ? 

Plasma 
Membrane 

Microsomal 
according 
to 
phylogeneti
c tree 

Schistocephalus 
solidus     A0A0X3NP45 

102 (11.56 
kDa) pI 6.48 ? Extracellular  

Microsomal 
according 
to 
phylogeneti
c tree 

Schistocephalus 
solidus     A0A0X3PXB4 

221 (25.81 
kDa) pI 5.06 

GST N-terminal [7-83] GST 
C-terminal [108-203]  Mitochondria Mu 

Schistosoma 
curassoni   

SCUD_000142470
1 A0A183KGU5 

137 (15.64 
kDa) pI 9.81 

Membrane associated 
eicosanoid/glutathione 
metabolism-like domain 
superfamily [1-125] 

Plasma 
Membrane Microsomal  

Schistosoma 
curassoni   

SCUD_000149980
1 A0A183KIY9 

209 (24.19 
kDa) pI 5.84 

GST N-terminal [8-67] GST 
C-terminal [92-187] 
Thioredoxin-like [4-71] Cytosol Mu 

Schistosoma 
curassoni   

SCUD_000049830
1 A0A183JQJ4 

150 (17.18 
kDa) pI 5.14 

GST N-terminal [1-15] GST 
C-terminal [33-127]  Extracellular  

Mu based 
on 
Phylogeny  

Schistosoma 
curassoni   

SCUD_000181890
1 A0A183KSZ7 

98 (11.10 
kDa) pI 4.67 

 GST N-terminal [22-73]  
Thioredoxin-like [22-73]  Extracellular  

Omega 
based on 
phylogeneti
c tree 

Schistosoma 
curassoni   

SCUD_000090570
1   

175 (19.7 
kDa) pI 7.87 

GST N-terminal [7-79] GST 
C-terminal [96-170] 
Thioredoxin-like [5-83] Cytosol 

Sigma 
based on 
Phylogeny  

Schistosoma 
haematobium 

XP_012793
754.1   A0A095AIX4 

161 (17.85 
kDa) pI 9.88 

Membrane associated 
eicosanoid/glutathione 

Endoplasmic 
reticulum/ 
Mitochondria Microsomal  
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metabolism-like domain 
superfamily [16-149] 

Schistosoma 
haematobium 

XP_012802
754.1   A0A095BRZ7 

127 (14.75 
kDa) pI 5.43 

GST N-terminal [5-64] GST 
C-terminal [73-127] 
Thioredoxin-like [2-68] Cytosol Mu 

Schistosoma 
haematobium 

XP_012796
115.1   A0A095APY8 

537 (60.32 
kDa) pI 5.84 

GST N-terminal [19-92] 
GST C-terminal [125-165] 
Thioredoxin-like [9-91] 
Carbon-nitrogen hydrolase 
[250-510] Glutaredoxin 
active site [19-35] 

Plasma 
Membrane Omega 

Schistosoma 
haematobium 

XP_012796
117.1   A0A095C3N0 

241 (27.86 
kDa) pI 6.18 

GST N-terminal [19-91] 
GST C-terminal [72-231] 
Thioredoxin-like [7-92] Cytosol Omega 

Schistosoma 
haematobium 

XP_012797
862.1   A0A095AUD7 

211 (23.89 
kDa) pI 6.76 

GST N-terminal [7-79] GST 
C-terminal [103-206] 
Thioredoxin-like [5-83] Cytosol 

Sigma 
based on 
Phylogeny  

Schistosoma 
japonicum 

AAW27035.
1    Q5DAX1 

161 (18.02 
kDa) pI 9.80 

Membrane associated 
eicosanoid/glutathione 
metabolism-like domain 
superfamily [16-149] 

Endoplasmic 
reticulum/ 
Mitochondria Microsomal  

Schistosoma 
japonicum 

AAB03573.
1   Q26513 

211 (23.91 
kDa) pI 6.72 

GST N-terminal [4-86] GST 
C-terminal [88-211] 
Thioredoxin-like [5-83] Cytosol  Mu 

Schistosoma 
japonicum 

CAX71419.
1   C1L9P1 

218 (25.57 
kDa) pI 6.09 

GST N-terminal [5-76] GST 
C-terminal [106-195]  Cytosol Mu 

Schistosoma 
japonicum 

CAX71412.
1   C1L9N4  

95 (11.4 kDa) 
pI 6.10 

GST N-terminal [5-76] GST  
Thioredoxin-like [3-80] Cytosol 

Mu based 
on 
Phylogeny  

Schistosoma 
japonicum 

CAX73224.
1   C1LEU6 

244 (28.00 
kDa) pI 5.85 

GST N-terminal [20-93] 
GST C-terminal [135-211] 
Thioredoxin-like 11-
92]Glutaredoxin active site 
[20-36] Cytosol Omega 

Schistosoma 
japonicum 

AAW26631.
1   Q5DC25 

241 (27.57 
kDa) pI 6.39 

GST N-terminal [19-91] 
GST C-terminal [136-240] 
Thioredoxin-like [6-92] Cytosol 

Omega 
based on 
phylogeneti
c tree 

Schistosoma 
mansoni 

XP_018652
332.1   G4VH65 

161 (17.96 
kDa) pI 9.74 

Membrane associated 
eicosanoid/glutathione 
metabolism-like domain 
superfamily [16-149] 

Endoplasmic 
reticulum/ 
Mitochondria Microsomal  

Schistosoma 
mansoni 

AAA29889.
1   P15964 

211 (24.60 
kDa) pI 5.73 

GST N-terminal [5-76] GST 
C-terminal [101-195] 
Thioredoxin-like [3-80] Cytosol Mu 

Schistosoma 
mansoni 

CCD60449.
1   P09792 

211 (23.81 
kDa) pI 6.56 

GST N-terminal [7-79] GST 
C-terminal [103-206] 
Thioredoxin-like [5-83] Cytosol sigma  

Schistosoma 
mansoni 

XP_018652
834.1   P35661 

195 (22.54 
kDa) pI 6.32 

GST N-terminal [4-76] GST 
C-terminal [101-161] 
Thioredoxin-like [3-80] Cytosol Mu 

Schistosoma 
mansoni 

AAB21173.
1     

218 (23.68 
kDa) pI 6.96 

GST N-terminal [4-76] GST 
C-terminal [101-195] 
Thioredoxin-like [3-80] Cytosol Mu  

Schistosoma 
mansoni 

AAO49385.
1   Q86LC0 

241 (27.56 
kDa) pI 5.88 

GST N-terminal [19-91] 
GST C-terminal [144-240] 
Thioredoxin-like [6-92] Cytosol Omega 

Schistosoma 
mansoni 

XP_018647
297.1   G4M1E1 

568 (64.05 
kDa) pI 6.33 

GST N-terminal [20-93] 
GST C-terminal [143-209] 
Thioredoxin-like [6-92] 
Carbon-nitrogen hydrolase 
[281-541] Glutaredoxin 
active site [20-36] 

Plasma 
Membrane Omega 

Schistosoma 
Margrebowiei   

SMRZ_000027550
1   

154 (17.2 
kDa) pI 7.06 

GST N-terminal [2-58] GST 
C-terminal [85-149] 
Thioredoxin-like [1-62] Cytosol 

Sigma 
based on 
Phylogeny  

Schistosoma 
margrebowiei    

SMRZ_000153450
1 A0A183MH19 

175 (20.17 
kDa) pI 5.23 

GST N-terminal [1-56] GST 
C-terminal [81-141] 
Thioredoxin-like [1-60] Cytosol 

Mu based 
on 
Phylogeny  
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Schistosoma 
margrebowiei    

SMRZ_000164810
1 A0A183MKA5 

198 (23.16 
kDa) pI 4.98 

GST N-terminal [1-56] GST 
C-terminal [81-175] 
Thioredoxin-like [1-60] Cytosol 

Mu based 
on 
Phylogeny  

Schistosoma 
margrebowiei    

SMRZ_000010480
1 A0A183LB74 

151 (17.46 
kDa) pI 4.71  GST C-terminal [41-155]  

Cytosol / 
Nucleus  

Omega 
based on 
phylogeneti
c tree 

Schistosoma 
margrebowiei    

SMRZ_000206450
1 A0A183MX69 

249 (28.24 
kDa) pI 4.97 

 GST N-terminal [49-99] 
GST C-terminal [150-247] 
Thioredoxin-like [49-100]  

Cytosol / 
Nucleus  

Omega 
based on 
phylogeneti
c tree 

Schistosoma 
mattheei   

SMTD_000114500
1 A0A183PAR5 

140 (16.25 
kDa) pI 5.06 

GST N-terminal [1-56] GST 
C-terminal [65-140] 
Thioredoxin-like [1-60] Cytosol 

Mu based 
on 
Phylogeny  

Schistosoma 
mattheei   

SMTD_000129110
1 A0A183PEX6 

198 (23.17 
kDa) pI 4.88 

GST N-terminal [1-56] GST 
C-terminal [81-175] 
Thioredoxin-like [1-60] Cytosol 

Mu based 
on 
Phylogeny  

Schistosoma 
mattheei   

SMTD_000039860
1   

164 (18.64 
kDa) pI 9.14 

GST N-terminal [5-87] 
Thioredoxin-like [8-84] Cytosol  

Sigma 
based on 
Phylogeny  

Schistosoma 
mekongi 

CAA68944.
1   Q94745 

232 (26.54 
kDa) pI 6.16 

GST N-terminal [5-76] GST 
C-terminal [101-195] 
Thioredoxin-like [4-80] Cytosol Mu 

Schistosoma 
rodhaini   

SROB_000020230
1 A0A183QEG6 

161 (17.98 
kDa) pI 9.74 

Membrane associated 
eicosanoid/glutathione 
metabolism-like domain 
superfamily [16-149] 

Endoplasmic 
reticulum/ 
Mitochondria Microsomal  

Schistosoma 
rodhaini   

SROB_000067700
1 A0A183QSX2 

443 (49.64 
kDa) pI 6.04 

 GST C-terminal [53-127] 
Thioredoxin-like [9-91] 
Carbon-nitrogen hydrolase 
[195-427] 

Plasma 
Membrane 

Microsomal 
according 
to 
phylogeneti
c tree 

Schistosoma 
rodhaini   

SROB_000133320
1 A0A183RBG1 

195 (22.58 
kDa) pI 6.32 

GST N-terminal [4-76] GST 
C-terminal [101-161] 
Thioredoxin-like [3-80] Cytosol 

Mu based 
on 
Phylogeny  

Schistosoma 
rodhaini   

SROB_000213710
1 A0A183RZ93 

207 (24.40 
kDa) pI 5.01 

GST N-terminal [6-65] GST 
C-terminal [90-184] 
Thioredoxin-like [3-69] Cytosol 

Mu based 
on 
Phylogeny  

Schistosoma 
rodhaini   

SROB_000150070
1 A0A183RG73 

151 (17.23 
kDa) pI 4.75 

GST N-terminal [18-68] 
Thioredoxin-like [18-69] Extracellular  Omega 

Schistosoma 
rodhaini   

SROB_000155840
1   

103 (11.76 
kDa) pI 6.51 

GST N-terminal [7-79]  
Thioredoxin-like [5-83] Cytosol 

Sigma 
Phylogeny  

Trichobilharzia 
regenti   TRE_0001362801 A0A183WLL2 

152 (17.63 
kDa) pI 5.45 

GST N-terminal [1-112] 
GST C-terminal [55-124] 
Thioredoxin-like [3-52] Mitochondria 

Mu based 
on 
Phylogeny  

Trichobilharzia 
regenti   TRE_0000367001 A0A183VT61 

227 (25.79 
kDa) pI 5.60 

 GST N-terminal [1-74] GST 
C-terminal [106-160] 
Thioredoxin-like [1-75]  Cytosol Omega 

Trichobilharzia 
regenti   TRE_0000125401   

139 (15.94 
kDa) pI 5.69 

GST N-terminal [3-71]  
Thioredoxin-like [1-76] Cytosol 

Sigma 
based on 
Phylogeny  
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Appendix Figure 1. Compound purity information for compounds 9, 10 and 12 used in study 
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Appendix Figure 2. Purity information for compound Ha14 performed at Cardiff University  
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Appendix Figure 3. Purity information for DJC10 performed at Cardiff University  

Appendix Figure 4. Purity information for DJC11 performed at Cardiff University  
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X-ray structure of Fasciola hepatica 
Sigma class glutathione transferase 
1 reveals a disulfide bond to support 
stability in gastro-intestinal 
environment
Kirsty Line1, Michail N. Isupov  1, E. James LaCourse  3, David J. Cutress2, 
Russell M. Morphew2, Peter M. Brophy2 & Jennifer A. Littlechild  1

Sigma class GST (Prostaglandin D synthase), FhGST-S1, is present in the excretory–secretory products 
(ES) of the liver fluke parasite Fasciola hepatica as cargo of extracellular vesicles (EVs) released by the 
parasite. FhGST-S1 has a well characterised role in the modulation of the immune response; a key fluke 
intercession that allows for establishment and development within their hosts. We have resolved the 
three-dimensional structure of FhGST-S1 in complex with its co-factor glutathione, in complex with 
a glutathione-cysteine adduct, and in a glutathione disulfide complex in order to initiate a research 
pipeline to mechanistically understand how FhGST-S1 functions within the host environment and to 
rationally design selective inhibitors. The overall fold of FhGST-S1 shows high structural similarity to 
other Sigma class GSTs. However, a unique interdomain disulfide bond was found in the FhGST-S1 
which could stabilise the structure within the host gastro-intestinal environment. The position of the 
two domains of the protein with respect to each other is seen to be crucial in the formation of the active 
site cleft of the enzyme. The interdomain disulfide bond raises the possibility of oxidative regulation of 
the active site of this GST protein.

The digenean parasitic worms Fasciola hepatica (temperate liver fluke) and Fasciola gigantica (tropical fluke) are 
responsible for Fasciolosis. This neglected disease has a significant impact on global food security by causing 
economic losses of over US$ 3 billion per annum to livestock through mortality, reduction in host fecundity, 
susceptibility to other infections, decrease in milk, meat production and condemnation of livers1. The impact on 
the livestock industry is most likely underestimated as the immunomodulatory activity of liver fluke complicates 
control measures of additional livestock diseases such as bovine tuberculosis2.

Fasciolosis is re-emerging as a food borne disease in human populations with outbreaks in Bolivia, Peru, 
Ecuador, Vietnam, Thailand, Egypt and Iran1,3,4. Animals and humans become infected by ingesting vegetation or 
water contaminated with the infective larval stage of the parasite, the metacercariae. Following ingestion, meta-
cercariae excyst from their dormant stage and penetrate the intestinal wall before migrating to the liver and sub-
sequently the bile ducts where they develop into their mature form5. Liver fluke control, in the continued absence 
of protective vaccines, is dominated by chemotherapy. Triclabendazole (TCBZ) is the drug of choice for humans 
and domesticated animals as it targets both pathogenic juvenile and adult fluke. TCBZ failure and resistance is 
increasingly being reported in many countries, raising concerns of how to control the disease in the absence of 
new flukicides and vaccines6.

The GST (EC 2.5.1.18) soluble superfamily forms a large and diverse enzyme group with at least seven species 
independent classes identified; namely Alpha, Theta, Zeta, Mu, Pi, Sigma and Omega and other species or phyla 
specific families7. The primary enzymatic role of GST is the Phase II drug metabolism conjugation of reduced 
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glutathione (GSH) to a wide range of hydrophobic exogenous and endogenous toxic compounds resulting in their 
inactivation and an increase in their water solubility for ease of excretion and further metabolism8. The GSTs also 
have predicted roles in sequestration of toxins as part of Phase III drug metabolism8. In adult helminth parasites, 
GSTs are potentially the major detoxification system, with limited Phase I cytochrome P450 activities and limited 
other Phase II activities8,9.

GSTs were presumed to be only detoxification proteins, however house-keeping activities in metabolism have 
been identified. For example, Sigma GSTs have been found to have prostaglandin synthase activity and other GSTs 
have been shown to be involved in the binding of a number of hydrophobic substrate compounds for transport9. 
Structures of GST family enzymes have revealed a conserved canonical GST fold with two domains. The smaller 
N-terminal domain consists of a thioredoxin like fold, whilst the larger C-terminal domain is entirely α-helical7.

Parasitic helminths may have adapted the house-keeping role of Sigma GSTs in synthesising prostaglandins 
to help modulate the immune response of their hosts. In F. hepatica a new Sigma class GST (FhGST-S1) was 
identified by proteomic analysis10 and confirmed to be an excretory–secretory protein11 that can be transported 
from the parasite via extracellular vesicles12. Purified FhGST-S1 was confirmed to possess prostaglandin synthase 
(PGDS) activity and the enzyme activated host immune cells (dendritic cells and macrophages) to produce pros-
taglandins and elevated levels of Th2 cytokines. Thus, extracellular FhGST-S1 manipulations of host cell pheno-
types may support F. hepatica to drive the Th2 response and establish its long-term infections11,13. Furthermore, 
FhGST-S1 when trialled as a vaccine reduced pathology normally associated with liver fluke infection14.

Structural information is a prerequisite for mechanistically understanding biochemical activity and for the 
rational design of inhibitor compounds. Here we present the 1.6 Å three-dimensional structures of the FhGST-S1 
in the presence of GSH alone (holo-structure), cysteine covalently attached to the GSH (CGL complex), and of a 
glutathione disulfide (GSSG-structure).

Results and Discussion
Structural studies. Both the FhGST-S1 holoenzyme and the GSSG complex were crystallised in the 
same orthorhombic space group with slightly different unit cells (Table 1). As the crystallisation media con-
tained potassium bromide several bromide binding sites with partial occupancy were located in both structures. 
Several DMSO molecules were located in the GSSG complex structure, where this organic solvent was added 
to increase the solubility of the inhibitor TCBZ. The electron density obtained from the structural results has 
allowed the positioning of 209–210 amino acid residues out of the 211 in each monomer in both structures. The 

Holoenzyme GSSG complex

Space group P212121 P212121

Unit cell parameters a, b, c (Å) 56.7, 87.8, 93.8 53.9, 87.4, 94.0

Resolution Range (Å) 19.43-1.59 20.00-1.61

Completeness (%) 98.2 [91.9]a 95.5 [77.9]a

Rsym 0.074 [0.485]a 0.072 [0.59]a

 < I/ σI > 13.7 [1.7]a 16.1 [1.7]a

Redundancy 3.8 4.6

Unique reflections 62227 56342

B-factor of data from Wilson 
plot (Å2) 23.2 22.2

Final Rcryst (%) 17.24 17.80

Rfree (2.0% total data: %) 21.61 21.67

No. of protein residues 419 419

Average B-factor (protein: Å2) 22.8 22.3

No. water molecules 624 612

Average B-factor (water: Å2) 36.7 35.2

Average B-factor (ligands: Å2) 18.6 23.1

Rms deviations from idealitya

  Bond lengths (Å) 0.009 (0.022)b 0.010 (0.019)b

  Bond angles (°) 1.344 (1.998)b 1.399 (2.011)b

Ramachandran plot analysis (% of residues)

  Most favoured 92.5 93.6

  Additionally allowed 6.6 5.8

  Generously allowed 0.8 0.6

  Disallowed 0 0

  G-factor 0.2 0.1

Table 1. Summary of data processing and model refinement statistics. aValues for the outer resolution shell are 
given in brackets. bTarget values are given in parentheses. Rsym = ∑h∑J| < Ih > −I J(h) |/∑h∑JI(h), where I(h) is 
the intensity of the reflections h, ∑h is the sum over all the reflections and ∑J is the sum over J measurements of 
the reflections. Rcryst = ∑||Fo|−|Fc||/∑|Fo|. Wilson B-factor was estimated by SFCHECK36. The Ramachandran 
plot analysis and G-factor calculation were performed by PROCHECK15.
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electron density was of high enough quality to differentiate several main chain second positions and multiple 
alternative side chain positions in both structures. The disulfides in both structures were partially formed and 
the cysteines were refined both as disulfide and free thiols. In both structures Pro54 of each subunit is in the cis 
conformation. Both models have acceptable stereochemical parameters for their observed resolution as judged 
by PROCHECK15. Of the non-glycine residues in the protein 92% fall into the most favoured regions of the 
Ramachandran plot for both the holo and GSSG complex structures.

Monomer structure. The FhGST-S1 monomer adopts the canonical GST fold with two domains, the smaller 
N-terminal domain with a thioredoxin-like fold (residues 2–83) and the larger all α-helix C-terminal domain 
(residues 84–211) (Fig. 1). The N-terminal domain is formed by a 4 stranded mixed β-sheet with Richardson 
topology −1 × 2 116. The sheet is flanked by helices α1 (residues 15–26) and α3 (residues 71–81) on one side and 
on the other by α2 (residues 41–51) including the short 310 helices α2 and α2′. The N-terminal domain has the 
folding pattern βαβαββα. Residue Pro54 at the loop between helix α2′ and strand β3 is in the cis conformation. 
Conservation of a cis residue at this position has been reported for all GST structures17. A β-bulge is present 
after strand β3 (residue Gly 60). The all α-helical C-terminal domain contains 6 helices. The N- and C-terminal 
domains interact through packing of helices α1 and α3 against helices α6 and α4 with interactions of helix α9 
with helix α1. Each monomer contains an intermolecular disulfide bond between cysteine residues C26 and C196 
at partial occupancy (Fig. 2). This results in a bond between the N-terminal domain helix α1 and the C-terminal 
domain helix α9. This is the first time that such an interdomain disulfide bond has been observed in a GST. The 
active site is located in the cleft between the two domains of the monomer and as such would be altered by move-
ment between the two domains. The presence of the interdomain disulfide bond raises the possibility of oxidative 
regulation of the active site of this GST protein.

Quaternary Structure. The FhGST-S1 forms dimers related by a molecular dyad with approximate dimen-
sions 46 Å × 53 Å × 50 Å. The formation of the dimer buries 2922 Å2 of the solvent accessible surface area. This 
means that 13% of the subunit solvent accessible surface of 11189 Å2 is buried upon oligomerization. Interaction 
between the two subunits is by 11 hydrogen bonds and 151 non-bonded contacts between 21 amino acid residues 
from each chain. Like other sigma class GSTs, FhGST-S1 lacks the hydrophobic “lock and key” motif found in 
Alpha, Mu and Pi class GSTs18.

Active Site. Clear density was observed for the glutathione in each monomer of each structure and was mod-
elled as such. Additional density was observed in subunit A of the holo-structure, continuous from the Sγ of the 
glutathione moiety and extending to the Tyr106 OH. The additional density has been successfully modelled with 
cysteine covalently attached to the glutathione by a disulfide bond (cystine glutathione, CGL; Fig. 3). Additional 
density was also observed in each subunit of the GSSG-structure, continuous from the Sγ of the glutathione. 
In both subunits this extra density has been successfully modelled as a further glutathione molecule (Fig. 4) at 
partial (0.7) occupancy, therefore resulting in a mixture of GSH and glutathione disulfide present in the active 
site (Fig. 5).

Figure 1. A cartoon presentation of the monomer fold of FhGST-S1.
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The G-Site. Subunit B of the holo-structure has only GSH bound, which is bound in the extended confor-
mation and forms salt bridges with Arg16, Lys45 and Glu70 from the N-terminal domain of the same chain, and 
with Asp104 from the C-terminal domain of the other monomer chain. It also has hydrogen bonds to three main 
chain atoms (Val 53 N and O, Ser 71 N) and three hydrogen bonds to amino acid side chain atoms (Tyr 10 OH, 
Trp 41 NE2, Ser 71 OG). The Sγ atom of the GSH is modelled in two positions, A and B. In position A this atom 
is at a distance of 4.6 Å from the Tyr10 OH, and 2.77 Å from a water molecule (HOH 2155). In the alternative 
conformation, position B, the Sγ atom is 3.1 Å from the Tyr10 OH atom and 2.9 Å from the same water molecule. 
The interactions of GSH are the same as those above in both subunit A of the holo-structure and in both subunits 
of the GSSG-structure, with the exception of the distance of the Tyr10 OH atom to the Sγ atoms of the CGL and 
GSSG complexes. In the CGL complex the Tyr10 OH is 2.89 Å from the Sγ atom position of the free GSH and 
4.15 Å from the Sγ atom in the CGL complex. There are no water molecules closer than 4.9 Å. In the GSSG com-
plex subunits the Tyr10 OH atom is closer to the Sγ atoms of the GSSG complex than the Sγ atom of the GSH. In 
subunit A Tyr10 OH is at a distance of 3.35 Å and in subunit B 3.19 Å from the Sγ atom of the GSSG complex. In 
the case of the GSH, the distances are 4.25 Å for subunit A and 4.45 Å for subunit B and again there are no water 
molecules closer than 3.6 Å. The altered position of the Tyr10 side chain may be influenced by the presence of a 
DMSO molecule in the active site of each subunit. The oxygen atom of the DMSO in subunit A (DMS 1214) is 
2.67 Å from the Tyr10 OH, and in subunit B (DMS 1212) 2.37 Å from the OH group.

Figure 2. The interdomain disulfide bond shown as a link between the Sγ atoms (yellow) of the two cysteine 
residues, which has partial occupancy. Alternative conformations of the side chains of cysteine residues 26 and 
196 are shown as stick models. Secondary structure elements and carbon atoms of the N-terminal domain are 
shown in blue and of the C-terminal domain in red.

Figure 3. The G-site is located on the interface of two FhGST-S1 GST monomers, which are shown as a cartoon 
representation in colours green and cyan respectively. The CGL complex, which contains GSH forming a 
disulfide bond with a free cysteine residue, is shown bound to the G-site. The CGL molecule and the two active 
site tyrosine residues, 10 and 106 are presented as stick models.
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The H Site. The substrate binding site of the GST enzymes is termed the ‘hydrophobic’ site, or the H site. The 
residues involved in formation of the H-site are less conserved in the GST super-family, varying greatly between 
GSTs from the same class. There is a cleft in the surface of the protein leading towards the Sγ atom of the GSH 
moiety. This surface extends to form a cavity leading through the GST dimer to the second active site. Residues 
forming this surface cleft and cavity come from both the N-terminal domain (Tyr10, Phe11, Phe13 Arg16, Met38) 
and from the C-terminal domain (Glu103, Asp104, Tyr106, Arg107, Tyr110, Phe113, Arg114). The amino acid 
side chains of the Arg107 residues from both subunits form the lid to the channel between the active sites. Both 
of these amino acids were found to have two side chain conformations, indicating that their position can alter the 
shape of the cavity. The Met38 also adopts two side chain conformations in the structure, making changes to the 
shape of the surface cleft leading to the active site. Calculation of the electrostatic surface potential shows that the 
external cleft of the H-site is hydrophobic, with a positively charged surface accommodating the COOH group of 
the CGL ligand (holoenzyme structure subunit A), beyond which the surface loses charge.

The CGL complex. The disulfide bound cysteine is only modelled at half occupancy, and an alternative posi-
tion for the GSH Sγ atom is seen. The free Sγ atom position (Sγ B) is at a distance of 3 Å from the Tyr10 OH atom. 
The ligated cysteine makes an additional two hydrogen bonds to amino acid side chains, one to the Tyr10 OH 

Figure 4. The GSSG complex interactions in the active site of FhGST-S1. (a) Electron-density maps of the 
active site of the FhGST-S1 GSSG complex. The 2Fo - Fc map (blue) is contoured at 1.0 σ and the Fo - Fc map is 
contoured at 3.0 σ (green) and −3.0 σ (red). The GSSG molecule and neighbouring residues are shown as stick 
models and the solvent molecules are shown as red stars. (b) The key interactions of the GSSG molecule in the 
FhGST-S1 active site shown using a LIGPLOT+ diagram35.

Figure 5. Binding of the GSSG complex to the GST G-site. Two monomers of FhGST-S1 are shown as green 
and cyan cartoon models. Two GSH molecules linked by a disulfide bond to form GSSG and the interacting 
Tyr10 residue are shown as stick models.
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atom, and one to the Tyr106 OH atom, and a further hydrogen bond to the main chain N atom of Arg16. There 
are further non-bonded contributions to the binding from the amino acid residues Phe11, Phe13, Gly15, Pro54 
and Tyr110.

The GSSG complex. The second glutathione molecule bound to both active sites of the GSSG-structure does 
not occupy the same site as the cysteine ligand in the CGL complex. The second glutathione makes few direct 
interactions, forming bonds to Arg 52 of the same subunit and Glu 108 of the other subunit. Non-binding inter-
actions are made from the side chains of amino acids Tyr 110 from the same subunit and Asn 131 and Leu 135 
from the other. No interactions are made from the half of the molecule that protrudes away from the active site, 
and this part of the glutathione is seen to occupy different spaces in each of the monomers.

Comparison of holo, GSSG-structures and CGL complex. Superposition of the two subunits of the 
holo-structure reveals that there are very few changes in response to the binding of the cysteine ligand. There 
is a small movement of the Tyr10 side chain, resulting in a movement of 0.7 Å between the OH atom positions. 
The residue Phe13 has a significant side chain movement (Fig. 6). Phe13 in subunit A has moved closer to the 
active site with a distance between the two Cβ positions of 0.9 Å. The side chain has rotated about Cβ by 70°. This 
residue is involved in non-bonded contacts to the cysteine ligand. Superposition of the holo-structure and the 
GSSG-structure (RMSD 0.28) reveals that the Phe13 residue occupies the same position as that found in the holo 
structure (Fig. 6). There are few changes between the structures, except around the position of the disulfide bond, 
where there are local changes to the disulfide bond position and the position of the surrounding Cα-backbone.

Structural comparisons. The FhGST-S1 structure was submitted to DALI19 for comparison to other 
known structures. The top hit, (with a Z-score of 29.7, RMSD 1.5 Å) is the structure of the Sigma class GST from 
Schistosoma haematobium (pdb 2C80; Sh28GST). The studies of the S. haematobium enzyme revealed that the 
active site tyrosine residue adopted two side chain positions termed ‘in’ and ‘out’ depending on whether they 
pointed in towards the GSH thiol group or not20. The studies of these authors examined the data of a number 
of other GST structures and found that these structures also contained additional density and space for the ‘out’ 
position of the Tyr residue. In the structures reported here, there is no additional density for the alternative ‘out’ 
position of Tyr10 and in fact, very little movement is observed between the two monomers. The authors of these 
studies found Arg35 was highly conserved and was found in 68% of Alpha, Mu, Pi and Sigma GST sequences also 
containing a catalytic Tyr residue using a query motif [Y] 7X [E, Q, H] 2X [R] 10–11X [E, D] 1–2X [R, K]. The 
conserved Arg35 was found to take two alternative side chain positions dependent on the ‘in’ or ‘out’ position of 
the catalytic Tyr residue and to interact with Asp33 closing the Tyrout pocket21. In FhGST-S1, whilst Asp33 is con-
served, Arg35 is not and is found to be a glutamine (Gln35), therefore not conserving this interaction.

The structure of an extracellular Sigma class GST from the human filarial nematode parasite Onchocerca 
volvulus (OvGST1 – pdb 2HNL) has previously been reported22. FhGST-S1 superposes to the OvGST1 with an 
RMSD of 1.95 Å across 192 residues. The OvGST1 has also been shown to exhibit PGDS activity and is thus impli-
cated in immune response modulation22. Interestingly, the nematode enzyme shows a higher sequence identity 
to mammalian PGDS than to other parasitic worm Sigma class GSTs22. Although OvGST1 is a Sigma class GST, 
the structure revealed it to have two ‘lock and key’ interactions at the dimer interface, one of which is akin to that 
found in human haematopoietic PGDS22,23. This feature is not observed in the F. hepatica GST-S1. However, the 
prostaglandin binding site of the OvGST1 was found to differ considerably to those of mammalian PGDS pro-
teins22, suggesting a different mode of binding is required for the filarial enzyme. PGDSs have a conserved Trp 
residue in the loop between α4 and α5, causing a backbone kink, resulting in the shortening of helix α4. Like the 
OvGST1, FhGST-S1 does not have this Trp residue and therefore has a longer α4, although the FhGST-S1 helix 

Figure 6. The movement of residue Phe13 caused by free cysteine residue binding to GSH in the FhGST-S1 
G-site. (A) Cartoon models of the superimposition of the holo GST structure (cyan) and the CGL (green) 
complex structure. The Phe 13 side chain moves towards the active site upon formation of the CGL (GSH 
and cysteine) complex. The GSH molecule is shown as a stick model. The CGL molecule is not shown. (B) 
Superposition of cartoon models of the GST holo structure (green) and the GSSG complex (cyan). The position 
of the Phe13 side chain does not change from that observed in the holo structure upon GSSG binding.
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aligns better to that of the mammalian PGDSs (Fig. 7). Again like the OvGST1, FhGST-S1 has little conservation 
of the proposed prostaglandin binding residues, suggesting as with the OvGST1, a different mode of prosta-
glandin binding. Of the residues proposed to be involved in prostaglandin binding in OvGST122, only three are 
the same amino acid in the equivalent positions in FhGST-S1. As such, it is difficult to currently ascertain if the 
FhGST-S1 is acting in the same way as the OvGST1.

The highest sequence identity human GST counterpart is a PGDS (pdb 3EE2). FhGST-S1 superposes to this 
enzyme with an RMSD of 1.91 Å over 192 Cα atoms. Interestingly, with respect to selectivity and potential drug 
development, FhGST-S1 demonstrated a different inhibition profile to hGSTS1–1 (PGDS) when probed with a 
series of isoquinolyl inhibitors that were synthesised as previously described24 (Supplementary Table 1).

Conclusions. The Fasciola Sigma class GST, FhGST-S1 has been shown to have the same fold as other GSTs 
and to be highly similar to other Sigma class GSTs. However, the protein was shown to have an interdomain 
disulfide bond, which has not been observed in any GST structures previously described. The relationship of the 
two domains with respect to each other is crucial in the formation of the active site cleft and therefore the pres-
ence of a disulfide bond to stabilise this interaction is of great interest. The enzyme is found in fluke extracellular 
vesicles and this indicates that it does not require a classical leader sequence to leave parasite tissues. If the Sigma 
GST FhGST-S1 is then pro-actively released into the host gastro-intestinal environment via EVs then the presence 
of the disulfide bond would stabilise the released protein in its non-reducing host environment.

Figure 7. Superposition of helix α4 of FhGST-S1 (green), O. volvulus GST-1 (pink, pdb 2HNL), and PGDS 
from Rattus norvegicus (yellow, pdb 1pd2), and Homo sapiens (blue, pdb 1IYI; orange, pdb 3EE2). The 
FhGST-S1 helix is not as long as that from O. volvulus GST, and aligns better to the equivalent mammalian helix.
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Materials and Methods
Expression and purification. The FhGST-S1 was cloned into pET23a (Novagen) as described previously11. 
The recombinant protein was expressed in E. coli BL21 (DE3) cells (Novagen). Initial cultures were grown over-
night at 37 °C in LB supplemented with 100 μg/ml ampicillin. The Initial culture was used to inoculate a 1 L cul-
ture (LB, 100 μg/ml ampicillin) diluted down to an OD600 of 0.05–0.1. This culture was grown for a further 5 hours 
at 37 °C shaking at 200 rpm. The culture was transferred to 28 °C and allowed to equilibrate for 30 minutes before 
the addition of IPTG to a final concentration of 0.5 mM. The culture remained at 28 °C for a further 2 hours before 
cells were harvested by centrifugation (8000 × g, 20 minutes, 4 °C). Cell pellets were resuspended in 50 mM Tris-
HCl, pH 8.0 and cells disrupted by sonication (SoniPrep Ultrasonic Disintegrator, Sanyo) with incubations on ice 
between sonication bursts. Cell debris was removed by centrifugation (12000 × g, 20 minutes, 4 °C). The clarified 
extract was applied to a pre-swollen glutathione agarose column (Sigma-Aldrich) equilibrated with 20 mM potas-
sium phosphate pH 7.0. The glutathione agarose column was washed with equilibration buffer and eluted using 
5 mM glutathione in 50 mM Tris pH 8.0. Elution fractions containing FhGST-S1 were pooled and concentrated 
using a centrifugal concentrator (PES membrane, 10 kDa MWCO, Sartorius) and applied to a pre-equilibrated 
Superdex 200 column (G.E. Healthcare) and eluted with 100 mM Tris-HCl, pH 7.5. The recombinant FhGST-S1 
enzyme was shown to be active, following the conjugation of substrates 1-chloro-2,4-dinitrobenzene (CDNB) and 
reduced glutathione according to an adaptation of the method described previously25.

Crystallisation and data collection. Purified FhGST-S1 was concentrated to 10 mg/ml using a centrif-
ugal concentrator (PES membrane, 10 kDa MWCO, Sartorius) at 4 °C and frozen in aliquots. 10 μl of 100 mM 
glutathione and 10 μl 100 mM TCBZ in DMSO was added to 380 μl of protein. The sample was centrifuged 
for 5 minutes to clarify the solution. Crystallisation screening was carried out using an Oryx 6 crystallisation 
robot (Douglas Instruments) in microbatch mode. The crystals were grown from condition G10 of JCSG-plus26, 
Molecular Dimensions Ltd), 0.15 M KBr, 20% (w/v) PEG 3350. Multiple crystals grew in clusters and these were 
cut whilst in the droplet to obtain a single crystal. For flash freezing the crystal was harvested into a cryogenic 
liquor containing 100 mM Tris-HCl pH 7.5, 0.15 M KBr, 17% (w/v) PEG 3350, 25% (w/v) PEG 400. Data were 
collected in house at 100° K on a MAR Research 345 Image Plate mounted on a Siemens rotating anode generator 
using copper Kα radiation and XENOCS FOX2D CU_25P mirrors. An initial data set was collected to 2.0 Å reso-
lution, and the background diffraction from other contaminating crystal lattices was found to be minimal and did 
not interfere with the data processing. A further data set was collected to 1.6 Å from the same crystal and was used 
for the structure solution. Structure solution of this data set revealed a cysteine ligand bound in the active site.

Further crystals were grown from protein concentrated to 20 mg/ml with the addition of 0.5 μl of 100 mM 
glutathione and 4 μl 1 M TCBZ in DMSO added to 40 μl of protein. The sample was centrifuged to clarify the 
solution as before. Crystals were harvested into the cryogenic mother liquor described above, with the inclusion 
of 100 mM TCBZ in DMSO. Again the diffraction data revealed the crystals to contain more than one lattice, but 
this was not detrimental to data processing. Data were collected in house to 1.6 Å resolution. Solution of this data 
revealed the presence of glutathione disulfide GSSG molecule bound in the active site.

Structure solution, model building and refinement. Data were processed with MOSFLM27 and 
SCALA28 using the CCP4 program suite29. The FhGST-S1 structure was solved by molecular replacement using 
the program MOLREP30 with the S. mansoni 28 kDa GST structure (1U3I) as the model. Refinement was carried 
out using REFMAC 5.231 and model building was carried out using COOT32. Water molecules were added using 
ARP/wARP33. Images were created using the molecular graphics program PyMol34.

Data delivery. The structure factors and the refined coordinates of the FhGST-S1 structures have been 
deposited with the Protein Data Bank and have the access codes 2WB9 and 2WDU.

References
 1. Toet, H., Piedrafita, D. M. & Spithill, T. W. Liver fluke vaccines in ruminants: strategies, progress and future opportunities. Int. J. 

Parasitol. 44, 915–927 (2014).
 2. Claridge, J. et al. Fasciola hepatica is associated with the failure to detect bovine tuberculosis in dairy cattle. Nat. Commun. 3, 853, 

https://doi.org/10.1038/ncomms1840 (2012).
 3. Mas-Coma, S., Bargues, M. D. & Valero, M. A. Fascioliasis and other plant-borne trematode zoonoses. Int. J. Parasitol. 35, 1255–1278 

(2005).
 4. Mekky, M. A., Tolba, M., Abdel-Malek, M. O., Abbas, W. A. & Mohamed, Z. Human Fascioliasis: A re-emerging disease in upper 

Egypt. Am. J. Trop. Med. Hyg. 93(1), 76–79 (2015).
 5. Andrews, S. J. The life cycle of Fasciola hepatica. In Fasciolosis (ed. Dalton, J.) 1–30 (CAB International Publishing, 1999).
 6. Kelley, J. M. et al. Current threat of triclabendazole resistance in Fasciola hepatica. Trends Parasitol. 32, 458–469 (2016).
 7. Pearson, W. R. Phylogenies of glutathione transferase families. Methods Enzymol. 401, 186–204 (2005).
 8. Brophy, P. M., Mackintosh, N. & Morphew, R. M. Anthelmintic metabolism in parasitic helminths: Proteomic Insights. Parasitology 

139, 1205–1217 (2012).
 9. Torres-Rivera, A. & Landa, A. Glutathione transferases from parasites: A biochemical view. Acta Tropica 105, 99–112 (2008).
 10. Chemale, G. et al. Proteomic analysis of glutathione transferases from the liver fluke parasite Fasciola hepatica. Proteomics 6, 

6263–6273 (2006).
 11. LaCourse, E. J. et al. The Sigma class glutathione transferase of the liver fluke Fasciola hepatica. PLoS Negl Trop. Dis. 6, e1666, https://

doi.org/10.1371/journal.pntd.0001666 (2012).
 12. Marcilla, A. et al. Extracellular vesicles from parasitic helminths contain specific excretory/secretory proteins and are internalized 

in intestinal host cells. PLoS One 7(9), e45974, https://doi.org/10.1371/journal.pone.0045974 (2012).
 13. Dowling, D. J. et al. Major secretory antigens of the helminth Fasciola hepatica activate a suppressive dendritic cell phenotype that 

attenuates Th17 cells but fails to activate Th2 immune responses. Infect. Immun. 78, 793–801 (2010).
 14. Zafra, R. et al. Early hepatic and peritoneal changes and immune response in goats vaccinated with a recombinant glutathione 

transferase sigma class and challenged with Fasciola hepatica. Res. Vet. Sci. 94, 602–609 (2013).

http://dx.doi.org/10.1038/ncomms1840
http://dx.doi.org/10.1371/journal.pntd.0001666
http://dx.doi.org/10.1371/journal.pntd.0001666
http://dx.doi.org/10.1371/journal.pone.0045974


www.nature.com/scientificreports/

9SCIEnTIfIC REPORTS |           (2019) 9:902  | DOI:10.1038/s41598-018-37531-5

 15. Laskowski, R. A., MacArthur, M. W., Moss, D. S. & Thornton, J. M. PROCHECK: a program to check the stereochemical quality of 
protein structures. J. Appl. Cryst. 26, 283–291 (1993).

 16. Richardson, J. S. The anatomy and taxonomy of protein structure. Adv. Prot. Chem. 34, 167–339 (1981).
 17. Armstrong, R. N. Structure, catalytic mechanism, and evolution of the glutathione transferases. Chem. Res. Toxicol. 10, 2–18 (1997).
 18. Sheehan, D., Meade, G., Foley, V. M. & Dowd, C. A. Structure, function, and evolution of glutathione transferases: implications for 

classification of non-mammalian members of an ancient enzyme superfamily. Biochem. J. 360, 1–16 (2001).
 19. Holm, L., Kaariainen, S., Rosenstrom, P. & Schenkel, A. Searching protein structure databases with DaliLite v.3. Bioinformatics 24, 

2780–2781 (2008).
 20. Johnson, K. A. et al. Crystal structure of the 28 kDa glutathione S-transferase from Schistosoma haematobium. Biochemistry 42, 

10084–10094 (2003).
 21. Baiocco, P. et al. Probing the mechanism of GSH activation in Schistosoma haematobium glutathione-S-transferase by site-directed 

mutagenesis and X-ray crystallography. J. Mol. Biol. 360, 678–689 (2006).
 22. Perbandt, M. et al. Structure of the extracellular glutathione S-transferase OvGST1 from the human pathogenic parasite Onchocerca 

volvulus. J. Mol. Biol. 377, 501–511 (2008).
 23. Inoue, T. et al. Mechanism of metal activation of human haematopoietic prostaglandin D synthase. Nat. Struct. Biol. 10, 291–296 

(2003).
 24. Trujillo, J. I. et al. Investigation of the binding pocket of human hematopoietic prostaglandin (PG) D2 synthase (hH-PGDS): A tale 

of two waters. Bio. & Med.Chem. Lett. 22, 3795–3799 (2012).
 25. Habig, W. H., Pabst, M. J. & Jakoby, W. B. Glutathione S-transferases: The first enzymatic step in mercapturic acid formation. J. Biol. 

Chem. 249, 7130–7139 (1974).
 26. Newman, J. et al. Towards rationalization of crystallization screening for small- to medium-sized academic laboratories: the PACT/

JCSG+strategy. Acta Crystallogr. D Biol. Crystallogr. 61, 1426–1431 (2005).
 27. Battye, T. G., Kontogiannis, L., Johnson, O., Powell, H. R. & Leslie, A. G. iMOSFLM: a new graphical interface for diffraction-image 

processing with MOSFLM. Acta Crystallogr. D Biol. Crystallogr. 67, 271–281 (2011).
 28. Evans, P. R. Scaling and assessment of data quality. Acta Crystallogr. D Biol. Crystallogr. 62, 72–82 (2005).
 29. Winn, M. D. et al. Overview of the CCP4 suite and current developments. Acta Crystallogr. D Biol. Crystallogr. 67, 235–242 (2011).
 30. Vagin, A. A. & Teplyakov, A. Molecular replacement with MOLREP. Acta. Crystallogr. D Biol. Crystallogr. 66, 22–25 (2010).
 31. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of macromolecular structures by the maximum-likelihood method. Acta 

Crystallog. D Biol. Crystallogr. 53, 240–255 (1997).
 32. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. Acta. Crystallogr. D Biol. Crystallogr. 66, 

486–501 (2010).
 33. Langer, G. G. et al. Visual automated macromolecular model building. Acta Crystallogr. D Biol. Crystallogr. 69, 635–641 (2013).
 34. DeLano, W. L. Pymol: An open-source molecular graphics tool. CCP4. Newsletter On Protein Crystallography 40, 82–92 (2002).
 35. Laskowski, R. A. & Swindells, M. B. LigPlot+: Multiple ligand-protein interaction diagrams for drug discovery. J. Chem. Inf. Model. 

51, 2778–2786 (2011).
 36. Vaguine, A. A., Richelle, J. & Wodak, S. J. SFCHECK: a unified set of procedures for evaluating the quality of macromolecular 

structure-factor data and their agreement with the atomic model. Acta Crystallogr. D Biol. Crystallogr. 55, 191–205 (1999).

Acknowledgements
We would like to acknowledge the EU FP6 Project DeLiver for funding K.L. and J.La.C. and BBSRC 
(BBH0092561) for funding R.M.M. and NRN Wales for funding D.J.C. M.N.I. is grateful to University of Exeter 
and BBSRC funded ERA-IB grant BB/L002035/1. Funding in the J.A.L. laboratory has been supported by the EU, 
Wellcome Trust, BBSRC and EPSRC.

Author Contributions
P.M.B., J.A.L. conceived experiments. K.L., M.N.I., J.La.C., D.J.C., R.M.M. performed experiments. K.L., M.N.I. 
analysed data. P.M.B., J.A.L. obtained funding for the project. P.M.B., M.N.I., J.A.L. wrote the manuscript. All 
authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37531-5.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://dx.doi.org/10.1038/s41598-018-37531-5
http://creativecommons.org/licenses/by/4.0/


Contents lists available at ScienceDirect

Molecular & Biochemical Parasitology

journal homepage: www.elsevier.com/locate/molbiopara

Purification of native Sigma class glutathione transferase from Fasciola
hepatica

Joshua Duncan1, David Cutress, Russell M. Morphew, Peter M. Brophy⁎

Institute of Biological, Environmental and Rural Sciences (IBERS), Aberystwyth University, Aberystwyth SY23 3DA, UK

A R T I C L E I N F O

Keywords:
Glutathione transferase
Fasciola hepatica
Vaccine
Chromatography

A B S T R A C T

Fascioliasis is a parasitic disease of grazing livestock and a threat to global food security by significantly reducing
the production value of sheep, goats and cattle. Moreover, the zoonotic parasite is also a re-emerging food borne
threat to human populations. Driven by climate change, the prevalence of fascioliasis is set to increase. Efforts to
control the main causative agent, Fasciola hepatica, are hampered by short lived chemotherapy approaches that
are becoming increasingly obsolete due to therapeutic failure and resistance. A protective vaccine is urgently
needed. A recombinant form of Sigma class glutathione transferase (Hematopoietic Prostaglandin D synthase)
from F. hepatica (FhGSTS1) with confirmed prostaglandin synthase activity shows immune-modulation activity
via suppression of Th17 responses in host dendritic cells. In vaccine trials recombinant FhGSTS1 reduces liver
pathology but not worm burden. Native FhGSTS1 is yet to be tested for immune-modulation activities or for
vaccine potential, primarily due to the technical difficulty in purifying FhGST-S1 away from the other more
abundant GST members in F. hepatica cytosol. This paper reports a pipeline for the purification of native
FhGSTS1 using a two-step process consisting of glutathione-agarose affinity and cationic exchange chromato-
graphy. The methodology allows for the isolation of purified and active FhGSTS1 or Sigma GSTs from other
sources for analytical biochemical and immunological studies.

1. Introduction

Fasciola hepatica, is a major parasite of livestock and humans in
temperate regions throughout the world. Fascioliasis negatively im-
pacts upon the welfare and production of domestic livestock, with in-
fected animals exhibiting marked decreases in the yields of meat, milk
and wool, reduced fertility and risk of sudden early death [1]. This loss
of production is a threat to global food security, with an estimated
annual cost of at least $3 billion [2]. In addition, F. hepatica is re-
emerging as a global food borne disease of human populations, with up
to 17 million people infected and a further 180 million at risk [3].

Control of F. hepatica has been mainly achieved through the appli-
cation of short-lived anthelmintic chemicals to treat both infected li-
vestock and humans. The drug of choice for especially the acute disease
is Triclabendazole (TCBZ); unique in its ability to target both patho-
genic juvenile and adult F. hepatica [4]. However, the over reliance on
TCBZ has driven the emergence and spread of drug resistant liver fluke
strains, further threatening problematic disease control [5]. Moreover,
the mechanisms underpinning TCBZ resistance are currently unknown,
hindering the detection of resistance at an early stage.

The declining global efficacy of TCBZ is unfortunately coupled with
climate change increasing disease incidence and range [6]. In the
continued absence of a TCBZ replacement there is renewed drive to
develop a commercially sustainable liver fluke vaccine. Many vaccine
targets for F. hepatica have been identified and experimentally tested,
most show too low protection rates for commercial development and
some fail when vaccine trials are repeated [7]. A panel of the most
promising liver fluke vaccine candidates include members of the so-
luble glutathione transferase superfamily, such as recently discovered
Sigma class glutathione transferase (FhGSTS1), a Hematopoietic Pros-
taglandin D synthase [8,9,10,11].

FhGSTS1 has been shown to be secreted from liver fluke via extra-
cellular vesicles, exhibit prostaglandin synthase activity, suppress a Th17
response in host dendritic cells via TLR-4 dependent binding and stimu-
late increased prostaglandin release from host cells [12,13,14]. These
abilities suggest that FhGSTS1 has keys establishment roles within the
host and importantly the location of this protein, in the tegument, fluke
secretions [15] and extracellular vesicles [12], makes it susceptible as
part of a blocking antibody vaccine strategy and/or new target for che-
mical anthelmintics. However, these above immunological and
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biochemical assays have only been performed using a recombinant form
of this protein (rFhGSTS1) [10,13].

Unfortunately, vaccine trials with rFhGSTS1 did not significantly
reduce the fluke challenge burden of infected goats, despite a reduction
in lesions and necrotic tracts in the host liver tissue. Interestingly,
previous experimental vaccinations with a native FhGST (nFhGST)
isoenzyme mix likely incorporated FhGSTS1 protein and provided al-
most a 70% reduction in worm burden in a cattle trial [16]. Further-
more, it has been shown recently that the nFhGSTS1 likely undergoes O-
linked glycosylation [17] and this may be an important component of a
protective vaccine formulation that has not been tested by current re-
combinant forms.

To date, native GST studies are hampered in parasitic worms by lack
of methodology to separate Sigma GST protein from other more
abundant soluble GST classes such as Mu [18]. Thus, the aim of this
investigation was to isolate nFhGSTS1 from somatic extracts of adult F.
hepatica through a two-step purification pipeline utilising GSH-agarose
affinity chromatography, followed by cationic exchange chromato-
graphy in order to exploit the relatively high pI of FhGSTS1. Finally,
nFhGSTS1 enrichment and purification were confirmed using 2DE,
western blotting and tandem mass spectrometry.

2. Materials and methods

2.1. Protein sample preparation

Adult liver fluke were obtained from freshly condemned sheep livers
at a local abattoir in West Wales and were extensively washed in PBS
then stored at −80 °C until required. Somatic protein was extracted on
ice from 5 g of pooled adult F. hepatica in 1:10 (v/v) homogenisation
buffer (10mM sodium phosphate, 1% v/v Triton X-100, pH 7.4, 1 tablet
of cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma-
Aldrich)) and centrifuged at 21,000× g for 30min at 4 °C, with the
supernatant containing soluble proteins, including GST classes, col-
lected, sonicated for three 15 s pulses and termed the somatic extract.

2.2. Protein concentration and GST enzymatic assay

Protein concentration was estimated using the method of Bradford
[19]. The CDNB (1-Chloro-2,4-dinitrobenzene) glutathione conjugation
model substrate assay was used to measure GST activity [20]. The assay
was completed in a 1ml volume, with a final concentration of 100mM
potassium phosphate buffer (pH 6.5), 1 mM reduced glutathione, 1 mM
CDNB and absorbance changed measured at 340 nm for 3min at 20 °C.
The model substrate ethacrynic acid was also tested according to the
method previously described [13].

2.3. Glutathione-agarose affinity chromatography

A 1ml volume matrix of GSH-agarose was prepared in column
format according to the manufactures instructions (Sigma Ltd.). In
brief, the matrix was equilibrated with 20 column volumes (CVs) of
10 mM sodium phosphate buffer pH 7.4 containing 150mM NaCl at a
flow rate of 1.5 ml/min at room temperature. Somatic extract was
passed through the column under gravity flow a total of six times. The
column was washed with 20 CVs of the previously described equili-
bration buffer. The elution of bound protein was achieved by passing 5
CVs of elution buffer (50mM Tris–HCl) pH 8.0 containing 5mM GSH,
at a flow rate of 1.0 ml/min at room temperature. The collected eluent
was then concentrated using 10 kDa MWCO centrifuge filter units
(Amicon) and exchanged to 20mM sodium phosphate buffer, pH 6.8.

2.4. Cationic exchange chromatography

Pre-packed 1ml, HiTrap, fast-flow, carboxy-methyl (CM) Sepharose
columns from G. E. Healthcare Ltd. were linked to an automated ÄKTA

prime plus system (G. E. Healthcare). All buffers and solutions for CM
chromatography were passed through 0.45 μm cellulose filters.
Initially, the system was washed and primed with buffer A (20mM
sodium phosphate buffer, pH 6.8) with the column installed with a
system flow rate of 1.0 ml/min. Equilibration of the column was
achieved by washing through 20 CVs of buffer A. The GSH-affinity
purified sample was loaded into the AKTA system at 4 °C using a 500 μl
sample loop and passed through the column at the optimal flow rate of
1.0 ml/min. The column was washed again with 20 CVs of buffer A.
Adsorbed protein was eluted from the column using a single step in-
crease in NaCl concentration achieved by passing 100% buffer B
(20mM sodium phosphate, 1.0 M NaCl, pH 6.8) through the column.
PrimeView version 1.0 software (G. E. Healthcare) was used to monitor
protein flow through, at 220 nm. Protein peaks in the UV chromato-
graph were collected in 1ml fractions and protein containing fractions
pooled for subsequent analyses.

2.5. 1-Dimensional SDS-PAGE

Protein profiles were resolved by 1D SDS-PAGE. Samples were de-
natured in Laemmli sample buffer (BioRad) and heated to 95 °C for
15min and separated on a 12.5% acrylamide gel using a mini-Protean
kit (Biorad) equilibrated with TGS gel running buffer (25mM Tris,
192mM glycine, 0.1% w/v SDS, pH 8.6). The protein separation was
completed at 70 V for 30min and then 150 V for 90min. Proteins were
visualised using colloidal Coomassie staining [20] and imaged using a
GS-800 densitometer (Biorad) and analysed with QuantityOne software
(Biorad).

2.6. 2-Dimensional electrophoresis

Isoelectric focusing was carried out using 7 cm linear pH 3–10 im-
mobilized Readystrip™ IPG strips (BioRad). In brief, the IPG strips were
rehydrated for 16 h with a solution comprising of the protein sample
and buffer Z (8M urea, 2% w/v CHAPS, 33mM DTT, 0.5% v/v am-
pholytes pH 3–10). The hydrated strips were focused using a Protean
Kit (Biorad) for 10,000 VH at 20 °C. After focusing the IPG strips were
placed in equilibration buffer (50mM Tris–HCl, 6M urea, 30% v/v
glycerol, 2% w/v SDS, pH 6.8) containing 10mg/ml DTT, for 15min at
room temperature. A second equilibration step followed in which the
IPG strip was placed in same equilibration buffer containing 25mg/ml
IAA. After equilibration the IPG was placed on to a 12.5% acrylamide
gel and fixed in position with molten agarose. Separation by molecular
weight was performed according to the conditions for 1D SDS-PAGE.

2.7. Western blotting

Western blotting was performed using a mini blot kit (Biorad), with
the protein transferred from 1D SDS-PAGE 12.5% acrylamide gels to
nitrocellulose membrane. Prior to blotting, the gels and membranes
were soaked in western blot equilibration buffer (25mM Tris, 192mM
glycine, 20% methanol, pH 8.3) for 20min. Transfer of protein to
membrane was performed over a two hour period at 40 V. Transfer was
confirmed by amido black staining (0.1% w/v amido black, 45% v/v
methanol, 10% v/v acetic acid) for 1min. The membrane with trans-
ferred protein was subject to three 10min washes in Tween-tris-buf-
fered saline (TTBS; 0.1M Tris, 1% v/v Tween, 0.9% w/v NaCl, pH 7.5)
and blocked in TTBS with 5% w/v powdered skimmed milk, overnight
at 4 °C.

Immuno-detection of Mu and Sigma class FhGSTs followed the
protocol of Morphew et al. [21]. Briefly, the blotted nitrocellulose
membrane was blocked in TTBS with 1% w/v skimmed milk powder.
For the detection of Mu GST classes, anti-Mu Schistosoma japonicum
polyclonal antibodies (Sigma-Aldrich) raised in rabbit were used as
parasitic flatworm Mu class representatives at a concentration of 1:
5000 (v/v) and for Sigma GST class anti-FhGSTS1 polyclonal antibodies
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raised in rabbits were used at a concentration of 1:30,000 (v/v). The
membranes were incubated with primary antibodies for 60min at room
temperature. Following three washes in TBS, the membranes were in-
cubated in TTBS with anti-goat and anti-rabbit IgG alkaline phospha-
tase secondary antibodies (Sigma Ltd) at a concentration of 1: 30,000
for 60min at room temperature. Visualisation of antibody binding was
developed using the BCIP/NBT system [22].

2.8. Protein identification by mass spectrometry

Protein spots were excised from the 2D SDS-PAGE gel and destained
in three washes of 50mM ammonium bicarbonate (pH 8) and acet-
onitrile, at a 1:1 ratio, at 37 °C. The gel pieces were dehydrated in
acetonitrile for 15min at 37 °C followed by air drying at 50 °C until all
the liquid was removed. The gel pieces were swollen with 50mM am-
monium bicarbonate containing sequencing grade modified trypsin
(Promega), at a concentration of 10 μg/μl, and incubated at 37 °C
overnight. 20 μl of double distilled water was added and the samples
agitated for 10min and the supernatant was collected. To the gel piece,
50 μl of 50% (v/v) 50mM ammonium bicarbonate (pH 8), 5% (v/v)
formic acid was added and agitated for a further 60min after which the
supernatant was collected and mixed with the previously collected su-
pernatant. The mix was dried using a speed vacuum and stored at
−20 °C until required. The samples were reconstituted in 20 μl of 1%
(v/v) formic acid and centrifuged at 3000× g for 3min to remove
particulates, with 15 μl of the supernatant collected and placed in a
sterile tube.

Protein spot samples were analysed using liquid Chromatography
tandem mass spectrometry (Agilent 6550 iFunnel Q-TOF) coupled to a
HPLC-Chip (1200 series, Agilent Technologies, Cheshire, UK). The HPLC-
Chip/Q-TOF system was equipped with a capillary loading pump (1200
series, Agilent Technologies) and a nano pump (1200 series, Agilent
Technologies). Sample injection was conducted with a micro auto sam-
pler (1100 series, Agilent Technologies), where 1 μl of sample in 0.1% v/v
formic acid was loaded on to the enrichment column at a flow of 2.5 μl/
min followed by separation at a flow of 300 nl/min. A Polaris Chip was
used (G4240-62030, Agilent Technologies), comprising a C18 enrich-
ment/trap column (360 nl) and a C18 separation column
(150mm×75Âμm), where ions were generated at a capillary voltage of
1950V. The solvent system was: solvent A (ultra-pure water with 0.1% v/
v formic acid), and solvent B (90% v/v acetonitrile with 0.1% v/v formic
acid). The liquid chromatography was performed with a piece-linear
gradient using 3–8% of solvent B over 0.1min, 8–35% solvent B over
14.9min, 35–90% solvent B over 5min and hold at 90% solvent B for
2min. Tandem mass spectrometry was performed in AutoMS2 mode in
the 300–1700Da range, at a rate of 5 spectra per second, performing MS2
on the 5 most intense ions in the precursor scan. Masses were excluded for
0.1min after MS/MS was performed. Reference mass locking was used for
internal calibration using the mass of 391.2843Da.

The data was filtered by molecular feature and exported as a
MASCOT generic file (MGF). Using a local ‘in house’ MASCOT database
(www.matrixscience.com) of the F. hepatica genome, the acquired MGF
files submitted for a MS/MS ion search, using parameters previously
described [21]. Homology was determined to be significant (p < 0.05)
for proteins with MASCOT ion scores greater than 32. The transcript
identities were then searched at WormBase ParaSite (https://parasite.
wormbase.org/index.html) in order to obtain the primary sequence of
the protein. Protein identity was then confirmed by submitting the
acquired primary sequence to blastp (www.ncbi.nlm.nih.gov) search
against non-redundant protein sequences.

3. Results

5 g of adult F. hepatica worms yielded 105mg of soluble somatic
protein with a total CDNB glutathione conjugating activity of
173,161 nmol min−1, thus with a somatic GST specific activity of

1651 ± 96.5 nmol min−1 mg−1 protein. The first stage of the pur-
ification separated the GST isoenzyme mix from the somatic extract
protein using GSH-affinity chromatography. The step removed ap-
proximately 96% of the somatic protein and the isolated proteins had
8.4 fold enrichment in GST specific activity
(13,866 ± 906.6 nmol min−1 mg−1 protein), which accounted for
32.6% of the starting CDNB glutathione conjugating activity present in
the somatic extract (Table 1).

Cationic exchange (CM-Sepharose) was used to isolate basic pI
nFhGSTS1 away from other acidic and near neutral pI GSH-agarose
binding GSTs. This second stage required optimisation of the initial pH
conditions i.e. adsorption of nFhGSTS1 and the removal of the non-
interacting Mu class FhGSTs. nFhGSTS1 was predicted to have a pI of
8.86 using the compute pI/MW tool (http://www.expasy.org/
proteomics) and this was similar to the published experimental value
of 8.56 [11]. Thus, purifications were carried out with various equili-
bration buffer pH ranges and the optimal conditions determined to be at
pH 6.8. Under the optimised conditions, a single elution peak was ob-
served in the UV chromatogram (Fig. 1A) when the column was washed
with 100% buffer B. Due to the low concentration of eluted protein,
fractions 44 and 45 were pooled and determined to have a specific
activity of 1471 ± 345.5 nmol min−1 mg−1 protein (Table 1). The CM-
Sepharose purified sample produced a single band on 1D SDS-PAGE
with an approximate molecular weight of 25 KDa (Fig. 1B). Although
classes of FhGSTs were not identified at this stage when separated by
reduced 1D SDS-PAGE Mr, a single protein band of the CM-Sepharose
eluent was noted when compared to the doublet protein bands pro-
duced from the GSH-affinity purified and CM-Sepharose unbound
fractions (Fig. 1B).

The eluted fraction of the CM-Sepharose purification produced a
significant signal when subjected to western blotting with an anti-
FhGSTS1 polyclonal antibody and developed using the NBT/BCIP
method (Fig. 2). Importantly, the same fraction did not cross-react with
an anti-Mu class GST antibody. The unbound flow through fractions of
the CM-Sepharose column were recognised by both anti-FhGSTS1 an-
tibodies, albeit weakly, and with anti-Mu class GST antibodies (Fig. 2).

For further integrity, the CM-Sepharose eluted fractions were se-
parated by 2D SDS-PAGE and resolved to a single protein spot with an
estimated pI of 8.17 (Fig. 3).

Analysis using MS/MS spectroscopy revealed that this protein spot
consisted of a single protein which when matched to an ‘in house’ F.
hepatica MASCOT database was confirmed to be FhGSTS1 (MASCOT
Score 669; Accession no. 2WB9_A; Fig. 4). Identity was confirmed
through the sequencing of 33 peptides relating to 7 distinct peptide
sequences and providing sequence coverage of 33%. The full protein
identification results can be found in Supplementary Table 1. Im-
portantly, no other protein spots were detected by the colloidal Coo-
massie stain showing that nFhGSTS1 is the only protein present in the
sample and it remains stable throughout this method of purification
(Fig. 3). Furthermore, nFhGSTS1 retained activity towards CDNB
(Table 1) and also exhibited activity towards the model substrate
ethacrynic acid with an average specific activity of
1482.25 nmol min−1 mg−1 protein (n=2), this was higher than the
specific activity measured for rFhGSTS1 [13].

Table 1
Purification of F. hepatica GSTs using GSH-agarose affinity chromatography and
CM-Sepharose cation exchange chromatography. *Unit (U) defined as the
amount of GST required to react with 1 nmol CDNB per min. Average specific
activity was determined from 3 replicates,± S.D.

Fraction Protein (mg) Specific activity (U*/mg) Total activity (U)

Somatic extract 104.9 1651.0 ± 96.5 173,161.1
GSH-affinity 4.1 13,866.4 ± 906.6 56,436.1
CM-Sepharose 0.05 1471.5 ± 345.5 73.6
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4. Discussion

This investigation has delivered a new pipeline for the production of
purified nFhGSTS1 from somatic protein extracts of adult F. hepatica
tissue. Importantly, the end-product of this two-step process was a
structurally stable and enzymatically active native protein, supporting
robust immunological and biochemical studies.

Interestingly, nFhGSTS1 exhibited greater ethacrynic acid glu-
tathione conjugation activity and less CDNB glutathione conjugation
activity than rFhGSTS1 [13]. The differences in substrate activities
between the recombinant and the native form of FhGSTS1 further
highlight the potential limitation of bacterial host protein production
technology and lack of eukaryotic post-translational modifications may
have had consequence on the previous rFhGSTS1 vaccine studies. Thus,
native proteins may be required to fully understand host-parasite in-
teractions in order to realise liver fluke protective vaccines [24].
However, with respect to future research, native parasitic worm protein
isolation strategies is challenging as it requires removing parasites from
vertebrates with often relatively low yield of final purified antigen. In
this study each batch of purification round required 5 g of F. hepatica
tissue to yield 50 μg of purified target protein to study.

Previous proteomic work identified Sigma GST protein in more near
neutral protein spots (pI 7.1) along with Mu class GSTs in F. hepatica
extracts [11]. This finding is further supported in this biochemical study
as Sigma GST was also detected in the CM-Sepharose unbound frac-
tions, suggesting that a more acidic modified form of nFhGSTS1 or an
additional Sigma class GST may also be expressed. Native GSTs consist
of two subunits, either as homodimers or heterodimers [20]. Thus, the
formation of native heterodimeric FhGSTs with extended functions in

liver fluke cannot be also be ruled out, especially as heterodimeric GSTs
have recently been described in another parasitic flatworm, the cestode
Echinococcus granulosus [23].

In conclusion, our new methodology allows for the isolation of
purified and active FhGSTS1 or basic pI Sigma GSTs other sources for
analytical biochemical and immunological studies, such as vaccination
trials in rodent models. We envisage that the column bed volumes can
be increased for more preparative studies.
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Fig. 1. Purification of FhGSTS1. A) The elution profile of protein bound to CM-Sepharose equilibrated to pH 6.8. Removal of protein from the column was achieved
through a single step increase in NaCl concentration, shown by the increase in conductivity (dashed line). B) 1D SDS-PAGE gel stained with colloidal Coomassie
showing different stages of purification, 1) GSH-affinity purified protein, 2) Cationic exchange unbound flow through protein, 3) CM-Sepharose purified protein.

Fig. 2. Western blot analysis of the different stages of
nFhGSTS1 purification, developed using NBT/BCIP system. A
total of 2 μg of protein was loaded onto each lane.1) GSH-af-
finity purified GSTs 2) CM-Sepharose unbound flow through
3) CM-Sepharose purified R) recombinant FhGSTS1 control. A)
Membrane probed with anti-mu class antibodies (1:5000 di-
lution). B) Membrane probed with anti-sigma class antibodies
(1:30,000).

Fig. 3. Confirmation of nFhGST-S1 purity with 2DE. 1 μg of GSH-affinity and
CM-Sepharose purified sample were separated by 12.5% polyacrylamide/pI
3–10 and visualised using colloidal Coomassie stain. Tandem mass spectro-
metry identified the solitary protein spot as FhGSTS1 (Fig. 4).
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.molbiopara.2018.04.006.
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