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Summary 
 
 
Schistosomiasis is a neglected tropical disease yet causes the second greatest 
parasitic disease burden after malaria, with over 200 million people affected globally. 
Schistosoma mansoni, the most prolific agent of schistosomiasis, has a varied lifecycle 
that can make targeting difficult, and indeed the current gold standard Praziquantel 
has limitations in efficacy. In other parasites, there has been research into the 
repositioning of anticancer compounds that target solid tumours by stabilising 
quadruplex DNA. Quadruplexes (G4) are non-canonical four-stranded DNA structures 
that arise in single-stranded regions of guanine richness and are linked with affecting 
gene regulations, transcription and expression. Computational analysis of the 
genome found putative quadruplex sequences (PQS) within the S. mansoni genome 
for the first time. The capacity of these structures to resolve in situ was established 
through circular dichroism spectroscopy and enrichment analysis detailed 
overrepresentation of PQS within the 3’ UTRs of protein-coding genes and within the 
wnt signalling pathway. The application of BG4, a G4 detecting antibody, to whole-
mount fixed worms found localisation of G4 throughout the worm with signal 
concentrated in the nucleus that was ameliorated in the presence of DNase I, 
indicating the presence of these structures within the parasite for the first time. G4 
were targeted in larval, juvenile and adult parasites by QF and CX5461, two small-
molecule G4 stabilising compounds that disrupt poli driven transcription of rDNA. QF 
was found to be effective against all life cycle stages but had a narrow window of 
selectivity. CX5461, while promising against larval stages, did not affect adult worms. 
Investigation of QF mechanism of action through rRNA transcript levels indicated 
there may be interference of pol I transcription, but this requires further exploration. 
Assessment of QF on F. hepatica newly excysted juveniles suggested sensitivity of F. 
hepatica to the compound, which may indicate the presence of G4 is conserved 
within flukes.  
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Chapter 1 Literature review 

1.1 Schistosomiasis – a global analysis 

Schistosomiasis, sometimes referred to as Bilharzia, is the most pathogenic 

neglected tropical diseases (NTD) caused by a metazoan helminth worm.  Prevalent 

in resource-poor communities found throughout Africa, South America, Asia and the 

Middle East (Fig 1.1), schistosomiasis causes significant socio-economic and public 

health burdens (Adenowo et al., 2015). It is estimated that some 200 million 

individuals worldwide suffer from schistosomiasis per annum, with the disease 

accounting for the loss of 3 million DALYs (disability-adjusted life years) in 2013 

(Herricks et al., 2017; WHO, 2019).  

Figure 1.1: Prevalence of schistosomiasis. Global distribution of schistosomiasis by 

prevalence. Most of Africa has moderate (10-49%) prevalence. Taken from WHO, 

2012. 

 

Prevention of infection is through avoiding contaminated water bodies, which is 

often impossible in rural or poor communities who rely on such sources for washing 

and drinking. Reinfection is common, and conditions are often chronic until into later 
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life. Up to 90% of infected individuals are thought to live in sub-Saharan Africa (WHO 

fact sheet, 2017). Measures such as mass drug administration (MDA) of endemic 

communities and mollusciciding of intermediate host snail populations are some 

current methods used to control this NTD as no immunoprophylactic vaccine exists 

(Coelho & Caldeira, 2016; Stothard et al., 2017).  

1.2 Cause 

Schistosomiasis is caused by exposure to parasitic species within the genus 

Schistosoma. Classified within the phylum Platyhelminthes (class Trematoda), these 

parasitic worms are hardy, exceptionally well-developed for survival and boast a 

complex life cycle inhabiting both humans and certain freshwater snails. Human 

infection is caused by exposure to bodies of freshwater contaminated with 

Schistosoma infected snails.  

Commonly known as blood flukes, there are three main causative agents of 

human schistosomiasis: Schistosoma mansoni, Schistosoma japonicum and 

Schistosoma haematobium. The former two are pathologically responsible for 

intestinal schistosomiasis, which can lead to swelling of the spleen, blood loss, and 

liver granulomas. The latter causes urogenital schistosomiasis and is strongly linked 

with bladder cancer, such that it is considered carcinogenic (Mostafa, Sheweita & 

O’Connor, 1999). 

Schistosoma mekongi and Schistosoma guineensis also cause the intestinal 

disease but are much less prevalent and are localised to specific geographical regions 

(CDC, accessed 2016). S. mekongi is prevalent in areas including Lao People’s 
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Democratic Republic and Cambodia, whereas S. guineensis is prevalent in Cameroon 

and the surrounding areas (Muth et al., 2010; Webster et al., 2005).  

  

1.3 Schistosoma mansoni 

 The most common agent of intestinal schistosomiasis and indeed, the most 

studied is S. mansoni, infecting some 83 million people worldwide annually (WHO, 

2016). The parasite S. mansoni is the single species to infect both old and new world 

countries (Doenhoff and Butterworth, 1998).  Although it does not cause the highest 

mortality of the three species (S. haematobium does), S. mansoni is one of the most 

prevalent species and is a severe burden in areas where it is endemic (Chitsulo et al., 

2000; Morgan et al., 2001).  

Because of its laboratory adaptability, the genome of S. mansoni is one of the 

better characterised within the genus.  The parasite has eight pairs of chromosomes, 

with one allosome and seven autosomal pairs. Males are homogametic ZZ, and 

females heterogametic ZW. The genome is over 409 Mb in size, with around 10,144 

coding genes (WormBase ParaSite, accessed 2019) 

1.4 Epidemiology of S. mansoni 

While schistosomiasis is widespread, different species are endemic to different 

areas. S. mansoni is one of the most prevalent: this species affects around 54 

countries in South America, Africa, the Caribbean and the Middle East (Fig. 1.2). A 

commonality in schistosome endemic countries is poor hygiene and sanitation 

infrastructure. A review by Grimes et al. (2015) found that access to safe water was 

associated with a significant reduction in risk of Schistosoma infection. Accordingly, 
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the WHO has implemented the WASH (Water, sanitation and hygiene) strategy to 

work alongside standard disease control practices to encourage the elimination of 

NTDs (WHO, accessed 2019).  

 

 

Figure 1.2: Global distribution of S. mansoni. The red highlights regions of the world 

where S. mansoni is endemic, and infection is common. (Cambridge.ac.uk, accessed 

2017) 

 

Within endemic countries, there is an apparent, immunologically-driven, 

intensity profile of infection (Fig. 1.3) closely tied to age.  A study by Fulford et al. ( 

1992) demonstrated that the number of eggs per gram (epg) of faeces (intensity of 

infection) in populations from six villages in Kenya reached a peak in children and 

young adults aged 10-20 years of age. 
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Figure 1.3: Schistosomiasis age intensity profile from six communities in Kenya. A 

breakdown of the age of individuals infected with S. mansoni and the geometric 

mean of the number of eggs per gram (epg) of faeces as an indicator of disease 

burden (Fulford et al., 1992). Each age strata contain 40 individuals, with means 

plotted.    Mean epg rises sharply from 0-10 years and peaks between 10-20 years in 

all communities and begins to decline to lower levels after 30 years.  

  

 Although not fully understood, this age-acquired immunity is likely due to the 

incomplete development of the immune system in the younger population. Children 

will frequently play and wash in water, and so this increased exposure linked with an 

underdeveloped immune system helps to drive the infection profile displayed in Fig. 

1.3. As the population ages, it may be that behavioural changes in water contact 

alongside the development of acquired protective immunity lead to a reduction in 

infection intensity (Fulford et al., 1992). However, prevalence was lower in 

individuals who had occupations linked with increased water contact (such as 

fishermen or car washers), despite daily exposure to parasites (Kabatereine et al., 

2004; Karanja et al., 2002). 
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 Though schistosomiasis has long been considered an NTD, the western world 

may start to take a greater interest as the disease is detected in Europe. Climate 

change, while frequently associated with many concerns such as ozone layer, arctic 

ice and biodiversity loss could also have adverse effects on the western world 

regarding forgotten diseases. Work by McCreesh using a mathematical model found 

future conditions ‘likely to become suitable for increased S. mansoni transmission 

over much of eastern Africa’, which could directly affect the efficacy of control 

programmes in east Africa (McCreesh, Nikulin & Booth, 2015). 

Should a predicted rise in temperature reach countries such as those in southern 

Europe, it may lead to a further increase in the spread of schistosomiasis. The 

increase in temperature is not dependent for parasite survival, but rather the snails 

which form intermediate hosts and need temperate water in order to survive. 

Already concerns have arisen in Corsica, France, regarding a case of S. haematobium 

hybrids and zoonotic S. bovis infection in the Cavu River (Berry et al., 2016, 2014). 

Genome analysis found the parasite to be a Schistosoma hybrid the consisted of 

sequences derived from S. haematobium (77%) and the ruminant infective S. bovis 

(23%) (Kincaid-Smith et al., 2019). The incident occurred in 2015 following a previous 

breakout in 2013. Initial reporting of the disease has since led to investigation into 

the regions – which is now deemed to have a permanent establishment of urogenital 

schistosomiasis. Indeed, the discovery of freshwater snail species that are recognised 

S. haematobium intermediate hosts in Portugal, Corsica and Spain highlight an 

untapped reservoir of the disease should they become infected  (Berry et al., 2016). 
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1.5 The life cycle of S. mansoni 

Unlike other trematodes, schistosome adult worms are dioecious (individual 

male and female organisms) rather than hermaphrodites and are located primarily 

in the blood vessels of its host, as opposed to major organs (Loker & Brant, 2006). S. 

mansoni and S. japonicum worms inhabit the mesenteric vessels of the host, unlike 

S. haematobium, which resides in the plexus around the bladder (Mostafa, Sheweita 

& O’Connor, 1999). Similar to other digenean trematodes, S. mansoni undergoes 

both sexual and asexual reproduction with a multitude of distinct morphological 

phases recognised across the life cycle (Fig. 1.4). 
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Figure 1.4: The life cycle of Schistosoma mansoni. Mature adults form sexually 

reproductive pairs in the mesenteric vessels (Ai). The adult pairs release eggs that are 

excreted in faeces or swept into nearby tissues (B). When in contact with freshwater 

and exposed to light, eggs hatch into a miracidium, a ciliated motile form (C). 

Miracidia infect snails of the genus Biomphalaria that dwell in shallow waters (D). 

Here, they shed their ciliated plates and mature into mother sporocysts (E). These 

asexually reproduce as daughter sporocysts and eventually leave the snail as free-

swimming cercariae (F) Cercariae penetrate human skin, shearing their tails in the 

process and becoming schistosomula (G). These schistosomulae circulate through 

the blood and lymph systems before migrating to the lungs as they mature into 

juvenile worms (Aii). These worms, once mature, form sex pairs and relocate to the 

mesenteric blood supply, where the cycle begins anew (Ai). 
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Adult S. mansoni worms (Fig. 1.4Ai) form sexually reproductive pairs (females 

reside in the gynaecophoric canal of males) within the mesenteric vessels draining 

the intestines where they feed on erythrocytes (haematophagous) and produce eggs 

(Fig. 1.4B).    These eggs either transverse the vein wall and move into the intestinal 

lumen where they are passed out of the host or are swept with the flow of blood into 

nearby tissues where they may become lodged and induce a granulomatous reaction. 

Eggs that leave the human host with faeces and contact freshwater can hatch the 

ciliated motile stage miracidia (Fig. 1.4C).  These free-swimming miracidia move 

through the water column in a directed attempt to locate and penetrate appropriate 

intermediate host snails of the genus Biomphalaria (Fig. 1.4D). 

Within the intermediate snail host, the miracidium sheds its ciliated plates 

and differentiates into sporocysts (Fig. 1.4e).  Asexual reproduction of sporocysts into 

daughter sporocysts continues over the next 4-5 weeks until cercaria develop 

(Adams, 1966),  Stimuli such as light and heat (which indicate shallow water) triggers 

the release of cercariae from snails into the surrounding waters (Fig. 1.4F). It has 

been previously estimated that one sporocyst can generate over 200,000 cercariae 

(Wakelin, 1996). 

 When in proximity to human hosts, body temperature and fatty acids on the 

host dermal surface attract the cercariae. Following initial attachment, cercariae 

‘creep’ to wrinkles in the skin then begin penetration into the host epidermis (Cohen, 

Neimark & Eveland, 1980; Salter et al., 2000). The cercariae secrete vesicles 

containing cytolytic serine proteases from the post-acetabular, then pre-acetabular 

glands which degrade host proteins including elastin (Gazzinelli & Pellegrino, 1964; 

Salter et al., 2000; McKerrow et al., 1985). The presence of L-arginine within deeper 
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sections of the dermis allow cercariae to ventrally align themselves as they migrate 

towards vasculature (Haas, 2002). The mechanical resistance from movement causes 

tail loss, and the anterior section of cercariae develop into schistosomula, losing the 

immunogenic glycocalyx coat. The resultant tailless schistosomula burrow through 

the skin until they reach a small capillary or lymphatic vessel (Fig. 1.4G). Once inside 

the circulatory system, they are swept to the heart and subsequently pumped into 

the lung vasculature, where they begin maturing into juvenile worms (Fig. 1.4Aii) 

over three weeks. The juvenile worms are carried to the liver via the hepatic artery, 

transverse the sinusoids and move into the hepatic portal vein/draining mesenteric 

veins where they mature at around 6 to 7 weeks, pair, and the cycle continues 

(Adams, 1966). Females require male contact (but do not require insemination) to 

sexually mature, as males transduce gene expression in females (Shaw, 1977; 

LoVerde, 2019). Within the mesenteric veins, females begin oviposition where they 

can produce some 300 eggs daily (Fig. 1.4Ai). As previously stated, these eggs can be 

excreted in the stool or can be swept back into the liver where they become trapped 

leading to the development of pathology (Wakelin, 1996) 

1.6 Morphology 

The morphology of Schistosoma worms differs from other worms – as flatworms, 

they do not have the rounded appearance of other (round) worms and lack an 

internal body cavity. The worms display bilateral symmetry and as trematodes 

feature two distinct suckers (the ventral and oral) at the anterior end. Both male and 

female worms are covered in a monocellular anucleate syncytium covered by a 

heptalaminate membrane consisting of two lipid bilayers (Morris & Threadgold, 
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1968; Hockley & McLaren, 1973). The membrane functions as an immunorefractive 

protective barrier and allows the parasite to modulate and evade the host immune 

response. It is also a site of gaseous exchange, and in some stages allows for nutrient 

transfer (Skelly et al., 2014). As haematophagous parasites, the risk of liberated haem 

from haemoglobin is avoided via crystallisation of haemoglobin into haemozoin 

(Truscott et al., 2013).  This crystallised product is insoluble and thus regurgitated out 

of the parasite via the blind ended gut (Truscott et al., 2013; Skelly et al., 2014).  

Female worms reaching around 20mm in length, are noticeably darker than 

males due to a higher dependence on red blood cell digestion for oviposition, 

consuming nearly ten times more erythrocytes/hr compared to males within a 

murine model (Lawrence, 1973). Male worms are shorter and broad compared to 

their female counterparts; they possess a gynaecophoric canal within which the 

female resides and releases eggs.  Although haemozoin peristalsis is more visible in 

females, male features such as the tegument tubercles and oral and ventral suckers 

are more distinguishable.  

S. mansoni eggs are readily identifiable due to the projection of a lateral spine 

from the eggshell surface.  In S. haematobium, this spine is terminal, and in S. 

japonicum, it is absent altogether. The eggs contain immature miracidia, the motile 

larval stage responsible for infecting intermediate host snails. Mature miracidia have 

ciliated epidermal plates which allow for photokinetic movement through water in 

search of suitable intermediate snail hosts (Pan, 1996).  

Upon snail penetration, miracidia lose their ciliated epidermal plates and 

develop into sporocysts.  This lifecycle stage is now entirely parasitic and develops a 

syncytial tegument (covered by a single lipid bilayer), which acts in lieu of a digestive 
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system absorbing nutrients to provide energy for asexual amplification (Wakelin, 

1996). The asexually derived daughter sporocysts migrate into either the 

hepatopancreas or digestive glands and begin producing the mammalian-infective 

cercariae (Negrão-Corrêa et al., 2012). 

Cercariae, released from the snail, are highly motile swimming freely in water 

aided by a bifurcated tail. They exhibit characteristic behaviour in the water column 

that may increase the probability of a host contact. For example, cercariae suspend 

themselves from the water surface film, where they subsequently detach and sink 

before swimming back to the surface to maximise the likelihood of infection 

(Wakelin, 1996). 

The cercarial surface differs vastly to that of the schistosomula, the next life 

cycle stage in schistosome development. Cercariae have a trilaminate plasma 

membrane covered by a thick, waterproof glycocalyx coat that is absent in 

schistosomula. After penetration through the human skin, parasites shed both the 

cercarial tail and glycocalyx. The schistosomula develops a heptalaminate (two 

opposing lipid bilayers) membrane covering the syncytial tegument (Hockley & 

McLaren, 1973; Abou-Zakham et al., 1990). This transformation signifies the 

transition from water to the mammalian host rendering the parasite completely 

unable to survive in water but subsequently able to survive within the definitive host 

environment. Indeed, it is through this tegument that S. mansoni is thought able to 

evade and modulate the host immune response  (Pearce & MacDonald, 2002).  
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1.7 Symptoms and disease 

Schistosomiasis can be challenging to diagnose, and symptoms can manifest 

differently depending on the immunological profile of the host. Both acute and 

chronic schistosomiasis is possible, with some symptoms such as fatigue misclassified 

as other ailments. Schistosomiasis can lack the classic hallmarks of other parasitic 

diseases (such as Romaña’s sign with Chagas disease, or the cyclic ‘flu’ symptoms of 

malaria) (Bartoloni & Zammarchi, 2012; Bourée, 2015). As tourism increases in 

several endemic countries due to low cost, more and more immunologically naïve 

tourists are being exposed and diagnosed with the condition (Leão Gomes Murta et 

al., 2015; Röser et al., 2018; Corachan, 2002). Many western populations are seldom 

familiar with schistosomiasis (owing to its nature as an NTD), and so do not undertake 

preventative measures (such as avoiding freshwater bodies in endemic countries).  

 

1.7.1 Swimmer’s Itch 

Swimmer’s Itch, known as cercarial dermatitis, is a skin rash caused by avian 

Schistosoma species that are not infectious to humans, e.g. avian schistosomiasis 

(Verbrugge et al., 2004). It is an allergic reaction by the body to the presence of 

cercariae in the skin (Fig. 1.5). Symptoms include the presence of a temporary 

urticarial rash that causes itching, redness and swelling that lasts around a week and 

can blister if further irritated (Gryseels et al., 2006). While not inherently serious 

itself, as an allergic reaction, increased exposure to infested waters could lead to the 

development of more severe and intense reactions (Caldas et al., 2008). 
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Figure 1.5: Manifestation of swimmer’s itch, an urticarial rash caused by exposure to 

zoonotic Schistosoma species. The rash lasts for a week in most cases, and treatment 

is often not necessary. However, symptoms can become more severe upon repeated 

exposures. (LLLA Org, accessed 2017).  

 

1.7.2 Acute symptoms 

Acute symptoms are rarely observed in natives of endemic regions; they 

manifest predominantly in previously naïve individuals who are perhaps visiting a 

schistosomiasis endemic area. Symptoms include coughing, arthralgia, fever and 

diarrhoea, and can sometimes be misplaced as flu (Caldas et al., 2008). It is a 

toxaemic disease that follows the initial infection of the cercariae.  

In some cases, Katayama Fever can develop. This febrile illness normally 

occurs in the earlier stages of infection when the juvenile worms have left the lung 

and is a systemic hypersensitivity reaction against the migrating juveniles as they 

mature that can give way to more serious chronic developments (Gryseels et al., 

2006). It should be noted, as before, that Katayama fever is almost exclusively 

witnessed in naïve individuals who are not native to an endemic area and have no 

acquired immunity (MacDonald, 2014).  
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The absence of  acute disease in the endemic populations is potentially linked 

to ‘early exposure’ – pregnant mothers who have had a prior infection may pass on 

antibodies through breast milk, leading to possible sensitisation in utero (Gryseels et 

al., 2006) 

1.7.3 Chronic symptoms 

In contrast to the acute form, the chronic pathology of the disease appears 

mostly within endemic populations that have been resident in the area for some 

time. Chronic schistosomiasis is largely asymptomatic in the initial phase. However, 

in individuals with protracted, heavy disease burden pathological side effects can 

escalate to the formation of granulomas, Symmer’s pipe stem periportal fibrosis, 

portal hypertension, oesophageal varices and hepatosplenomegaly (Caldas et al., 

2008). Most pathology is caused by egg deposition, as blood flow washes away eggs 

from the mesenteric veins to the liver, where they become trapped in the sinusoids 

(Pearce & MacDonald, 2002). This leads to the recruitment of immunological cells 

which produce cytokines and growth factors leading to the formation of granulomas, 

collagen synthesis and fibrosis (Fig. 1.6); this host response protects the liver from 

hepatotoxic products (e.g. omega-1) secreted by the miracidia through the 

micropores of the egg (Caldas et al., 2008).  



21 

 

Figure 1.6: Liver granulomas formed during S. mansoni infection. Histological hepatic 

cross-section stained to show collagen deposition and formation of a granuloma 

around S. mansoni eggs (indicated by black arrows). (Pearce & MacDonald, 2002) 

 

However, these initially protective granulomas are a doubled-edged sword. 

In chronic hepatic schistosomiasis, hepatic granulomas affect liver function and can 

lead to hepatic and portal vein fibrosis, ascites and hepatosplenomegaly in severe 

cases. While the initial response can sometimes be reversed, later stages involving 

collagen deposition and fibrosis are much more challenging to treat and can cause 

lasting damage (Pearce & MacDonald, 2002).  Portal hypertension due to impaired 

blood flow can lead to further circulation complications.  

Granulatomous lesions from S. mansoni eggs can also embolise into the spinal 

cord in severe cases, causing neuroschistosomiasis. Though seldom observed in 

infected individuals, the pathology is tremendously damaging, leading to transverse 
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myelitis (inflammation of the spinal cord) and flaccid paraplegia (paralysis with an 

inability of muscles to contract) (Carod-Artal, 2008). 

1.8 Host Immune response to S. mansoni infection 

Most host immune responses, leading to pathology, are directed against the 

eggs, which become trapped in the periportal network and mesenteric tissues 

instead of being expelled (Schwartz & Fallon, 2018).  In contrast, worms can remain 

undetected in the blood for sustained periods of time, some living for over 10 years, 

and are immunogenic rather than pathogenic (Wakelin, 1996). 

The immune response during schistosomiasis fluctuates as the disease 

progresses, eventually polarising to a T helper 2 (Th2) based response, by high 

eosinophilia and IgE levels, with high production of interleukins IL-4 and IL-13,  and 

appears necessary for egg migration  (Fig. 1.7) (Colley & Secor, 2014). During the 

initial weeks of infection, the host immune response is chiefly pro-inflammatory and 

T helper 1 (Th1) driven, caused by exposure to parasite antigens released from the 

migrating cercariae, schistosomula and adults. This polarises to a Th2 display around 

5-6 weeks post infection, as mature worms release eggs.  

In mice, the inability to mount an observed regulatory Th2 response following the 

initial inflammatory Th1 led reaction is lethal (Pearce, 2005). This Th2 response is 

diminished by week 12 and down-modulated via a currently unknown mechanism of 

action (Tweyongyere et al., 2016; Cooke et al., 2010). Such dampening has benefits 
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for both host and parasite, allowing continuous survival of the worm and leading to 

a decrease in pathology and detriment to the host (Jenkins et al., 2005). 

 

When eggs pass the host endothelial barrier at the site of deposition, they are 

recognised almost immediately. Indeed, migration of eggs themselves appears to be 

an immune regulated process, as individuals who are immunocompromised 

(including SCID – severe combined immunodeficiency - murine models) show 

reduced egg excretions (Cheever et al., 1998; Pearce, 2005) 

Figure 1.7: Development of the immune response in infection. During an 

infection, the immune response can be seen to fluctuate in the distinct phases: 

A Th1 lead response is observed in the first weeks, as the host is exposed to the 

migrating parasite. This sharply polarises to a strong Th2 response as the 

parasites mature, pair and begin to mate, producing eggs –the antigens of which 

induce such a strong response. As the disease become chronic and gains 

longevity, this polarisation is down-modulated, and a decrease in size of 

granulomas is observed. (Taken from Pearce and MacDonald, 2002.)  
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Adult worm evasion of the host immune system is largely credited to the 

tegument, which has several methods of deterring host recognition. Firstly, it acts as 

a semi-permeable physical barrier to external molecules, shielding the schistosomula 

and adult worms. Present in all Platyhelminthes, the tegument facilitates absorption 

of certain nutrients and expulsion of metabolic waste (Smyth, 1969; Mansour and 

Mansour, 2002). Within Schistosoma species, it has been shown to present ‘self-

antigens’ of the host that prevent it being recognised as a foreign agent (Smithers 

and Terry, 1976).  

1.9  Treatment 

Current management of schistosomiasis is through chemotherapy with 

praziquantel (PZQ).  This anthelminthic has remained the gold standard following its 

initial discovery and development in the 1970s (Secor & Montgomery, 2015). 

Praziquantel is effective against the major forms of schistosomes, although it is not 

without flaws. Juvenile forms of the parasite are not strongly affected by the drug 

and require individuals to take a second, later dose as part of prophylaxis (Vale et al., 

2017; McManus et al., 2018).  

The drug does not prevent reinfection, and so has no impact on reducing the 

infectious reservoir; constant re-administration is required in order to be considered 

effective (Wang, Wang & Liang, 2012). Additionally, praziquantel is administered as 

a racemic mixture, despite the S enantiomer contributing little to drug activity (Wu 

et al., 1991). This requires larger tablets, as separating the enantiomers is costly, and 

so reduces compliance in treatment with children. 
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Cases have emerged where praziquantel has failed to properly clear 

infections in immunologically naïve populations exposed to Schistosoma parasites,  

(Alonso et al., 2006; Pratico et al., 2014) leading to concern that there are 

praziquantel resistant strains of the parasite developing (Melman et al., 2009a). As 

there are no combination therapies or other mechanisms to combat resistance, there 

is a pressing urgency to develop a new drug that can prevent reinfection and reduce 

likelihood of resistance transmission.  

1.10 S. mansoni DNA – a gateway to new targets? 

Due to the limitations described above in mediating schistosomiasis control with 

a single chemotherapy (praziquantel), there is a clear need for identifying new drugs 

with activity against Schistosoma species.  

One such novel strategy is based on interfering with the essential activities of 

non-canonical DNA structures such as G-Quadruplexes (G4). Ubiquitously found 

throughout eukaryotes (from single-celled parasitic protozoa to multi-cellular 

humans), G4 alter the tertiary structure of DNA and are involved in gene expression 

regulation as well as maintenance of telomeres (Ray et al., 2014; Wang et al., 2011; 

Hänsel-Hertsch et al., 2016). Recently, dysregulation of these DNA features has been 

described in some cancers leading to the development of new chemotherapies 

(Müller et al., 2012; Drygin et al., 2008; Sun et al., 2019). Therefore, identifying if 

these conserved DNA structures are also found in schistosomes could generate 

insight into parasite biology as well as lead to the development of new anthelmintic 

chemotherapies. 
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1.11 G4 DNA 

 

G4 are non-canonical secondary structures that are formed from adjacent 

runs of guanine rich nucleotides and can appear within RNA and DNA sequences 

(Balasubramanian, Hurley & Neidle, 2011). In the past decade, research concerning 

G4 has grown exponentially. Not a novel concept - awareness of the structures goes 

back over 50 years - G4 research has become somewhat vogue owing to their 

increasing discovery within genetic structures (Brooks & Hurley, 2010). Initial 

modern-day research limited them to association with telomeres; in time, this has 

grown to encompass proto-oncogenes, promoter regions and UTRs. G4 have strong 

links to transcriptional activity and significant epigenetic connotations (Lipps & 

Rhodes, 2009). Indeed, G4 have the potential to be used in cancer targeting 

therapies, as aptamers for protein detection, and as targets in disease (Maizels, 2015; 

Gao et al., 2015; Biffi et al., 2014; Sagi, 2014; Bidzinska et al., 2013). 

Whilst most knowledge about G4 is from in vitro and in silico work, there have 

been significant advancements into in vivo validation, along with G4 targeting 

therapies for certain cancers. Perhaps the most studied gene containing a quadruplex 

is myc, a regulator that codes for a transcription factor with roles in apoptosis and 

cell cycle progression (Brooks & Hurley, 2010).  Interestingly, myc is frequently 

mutated in a number of cancers (including but not limited to breast, stomach, lung, 

cervical cancer and lymphoma) (Mathad et al., 2011). Some mutations lead to 

persistent myc expression, and as such, this transcription factor has been intensely 

studied as a target for anti-cancer treatments (Balasubramanian, Hurley & Neidle, 

2011; Bidzinska et al., 2013) 
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1.12 G4 Structure and formation 

 

  G4 are formed from tetrads of four guanine nucleotides (Fig. 1.8). Aligning in 

a planar arrangement (Fig. 1.8a), guanines bind together using non-traditional 

Hoogsteen H bonds instead of traditional Watson-crick H bonds present in double 

stranded DNA (Qin & Hurley, 2008; Murat & Balasubramanian, 2014). Four guanines 

bind together to form a tetrad in a planar arrangement (Lech, Heddi & Phan, 2013; 

Kocman & Plavec, 2014). These planar tetrads then stack on one another, stabilised 

by central monovalent cation binding such as K+ or Na+ (Qin & Hurley, 2008).  The 

‘loops’ of nucleotides that run between corners of the tetrads can be any other 

nucleotide (C, T, A; additionally, U within RNA), and act to further stabilise the 

structure and form the outer backbone (Fig 1.8B). This outer structure creates 

grooves and pockets for potential ligand binding, and can differ in width or shape 

depending on the loop nucleotide composition and length  (Murat & 

Balasubramanian, 2014). 

 

Figure 1.8:  Formation of G4 structures. Structure of Guanine tetrad (A), stabilised 

with a central monovalent cation. Hoogsteen H bonds are illustrated between bases 

A           B 
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by dashed lines. Schematic of an assembled g-quadruplex (B) where tetrads are 

stacked on top of each other with C, T, A or U nucleotides forming the backbone of 

the structure and the ‘loops’ that project out. Loops can fold in different ways and 

provide binding sites for small molecules and helicase machinery. (Taken from Burge, 

2006). 

 

Hoogsteen H base pairing differs from Watson and Crick H base pairing, as 

shown in Fig. 1.9, and is thought to be essential in stabilising the G4 by allowing the 

stacking to occur (Moon et al., 2015).  In Watson-Crick base pairing between G-C, 

there are three H bonds (Fig. 1.9A). When two guanines bind, two H bonds form 

instead, facilitated by the N1 carbonyl symmetric geometry that allows for H bonds 

between the N1-H to N7 and N2-H to O6 (Fig. 1.9B).  

Figure 1.9: Differences in potential Guanine binding. H bonds highlighted by blue 

shading.  (A) Traditional Watson-Crick pairing between AT and GC. GC pairing 

A:T G:C 

G:G 

A 
 
 
 
 
 
B 



29 

 

normally has 3 H bonds. (B) Non-canonical Hoogsteen GG bonding, displaying N1 

carbonyl symmetry. Bonds are N2-H to N7 and N1-H to O6. 

 

G4 can arise from either two (dimeric) or four (tetrameric) heterologous 

strands termed ‘intermolecular’ quadruplexes, or within the same singular strand 

known as ‘intramolecular’ quadruplexes (Fig 1.10).  

 

 

Strands run in either parallel or antiparallel directionality and guanines can 

be in either syn or anti orientation. Syn and anti- refer to the spatial relationship two 

substituents have to each other and affect the glycosidic bond angles, which alter the 

Figure 1.10: Possible strand origins of quadruplexes. Intermolecular G4 are 

dimeric (two strands) or tetrameric (four strands). Intramolecular quadruplexes 

are from single strands. Here, the tetrameric G4 is parallel, the dimeric is 

antiparallel, and the monomeric also parallel. 

Intermolecular Intramolecular 

Tetrameric Dimeric Monomeric 
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projection of the tetrads and the grooves that form between them. Syn addition is 

the addition of the nucleoside to the same side. In anti-conformation, the 

substituents are added to the opposite side.  

The formation of G4 is highly kinetic, allowing rapid folding which 

subsequently leads to a very  stable structure when complete (Chambers et al., 

2015). However, to form, G4 must ‘compete’ with traditional duplex structures, such 

as classical double stranded helical DNA (Qin & Hurley, 2008; Burge et al., 2006). As 

double stranded DNA is more stable and will fold more readily over a G4 structure, 

G4 have a tendency to form within transiently single stranded environments such as 

the replication fork, in telomere overhangs, or during transcription (Lipps & Rhodes, 

2009). Formation of G4 is suggested to be stimulated by negative super helicity (right 

handed double helix winding), which helps to reduce mechanical stress caused by 

supercoiling endured by double stranded DNA (Smestad & Maher  III, 2015) 

G4 structures can be highly polymorphic, with the same sequence capable of 

folding into several different topologies (Lipps & Rhodes, 2009). These include both 

intermolecular and intramolecular conformations and are named according to the 

loop projections (Fig. 1.11). Some of these include ‘basket’ (Fig. 1.11A, E), ‘propeller’ 

(Fig. 1.11B) and ‘hybrid’ (Fig 1.11C-D).  

 

Figure 1.11: Most common topologies of intramolecular G4. A) Basket conformation, 

with anti-parallel strand directionality, B) Propeller conformation, with parallel 
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strand directionality, C) Mixed-1 conformation D) Mixed-II conformation and E) A 

duplex basket that has only two tetrads. Mixed conformations are often also referred 

to as 3+1 hybrid due to 3 strands in parallel directionality with one running 

antiparallel. Taken from Wang and Chang, 2012. 

 

In addition, the directionality of the strand is often influenced or linked to the 

orientation of the guanines. For example, parallel conformations always have all 

guanines in anti-glyosidic conformational pattern (Burge et al., 2006).  In antiparallel 

topologies, they are mixed, thus resulting in antiparallel structures having greater 

polymorphic potential than parallel structures. 

Despite the many conformations, there is no authoritative naming system, and 

descriptions can vary amongst the scientific community, with calls for greater 

unification on nomenclature. Arbitrary descriptive terms such as ‘basket’, ‘and ‘chair’ 

can lead to falsely grouping quadruplexes together that have different folding 

appearance, as it ignores factors like groove width. Even with loop descriptors 

(propeller, lateral and diagonal) as seen in Fig. 1.12, there is still room for error as 

loop constitution (and therefore the effect on groove width and angle of loops) is 

disregarded (Mukundan, Phan & Anh Tuan, 2013).  
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Figure 1.12: Theoretical topologies of (A) intermolecular quadruplexes and (B) 

intramolecular quadruplexes. Here it can be seen why naming conventions are not 

perfect. (A) v and vi are both antiparallel loop structures but the strand directionality 

is reversed and there are no naming conventions to acknowledge this. Both (b) ii and 

iii are considered antiparallel baskets, but (b) ii features a diagonal loop and (b) iii a 

lateral loop. This can start to become problematic when binding assumptions are 

made and so it is important that structure and folding pattern is known. (Mukundan 

and Anh Tuan, 2013). 

 

This becomes important when considering binding agents for G4, as the 

shape of active binding areas may differ from one another but are undiscernible 

when using current naming conventions (Fig. 1.12). Investigating the effect of 

i    ii    iii 
 
 
 
 
iv    v 

i    ii    iii 
 
 
 
 
 
iv    v    vi  
 
 
 
 
    vii    viii 
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structure and environment on the stability and conformation of G4 has been 

extensively detailed in the scientific literature. Indeed, it has been demonstrated that 

modifying the tract length can lead to polymorphic behaviour as well as affecting 

stability. G4 containing shorter nucleotide loops between G runs are found to be 

more stable and form more readily in comparison to longer loops, which negatively 

affect stability and result in a lower likelihood of quadruplex assembly (Mukundan & 

Phan, 2013). 

1.13 Non-Classical G4 

 
Further analysis of G4 structure has revealed that imperfect sequences that 

deviate from the traditional GGGNNGGGNNGGGNNGGG formula have the capacity 

to form G4; albeit with limitations (Mukundan & Phan, 2013; Chambers et al., 2015). 

“Bulge quadruplexes” are structures that fold with one of a variety of errors that are 

incorporated into the structure with little observed detriment to overall stability (Fig. 

1.13) (Das, Srivastava & Raghavan, 2016). While such sequences were first deemed 

incapable of becoming viable structures, this has been disproved extensively by 

Mukundan and Anh Tuan (2013). They demonstrated that bulge quadruplexes occur 

when a loop joins two adjacent guanines of the same chain, rather than two corners 

of the tetrad (illustrated by the theoretical sequence GGNGNNGGGNNGGGNNGGG). 

As a result, this loop projects or bulges out of the structure. While two bulges can 

occur within the same G4 and still fold successfully, any greater than this is thought 

to be too unstable for the structure to form (Fig. 1.13C-D).   
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Figure 1.13: Classical and non-classical G4 structures. Traditional G-Quadruplex (A), 

with three ‘non classical’ G4: These include (B) a quadruplex with a long loop length 

than average, (C) a bulge quadruplex, (D) a quadruplex with multiple 

bulges.(Mukundan & Phan, 2013) 

 

Nucleotide replacement errors within the G runs can also occur: e.g. a 

cysteine in place of  guanine, although only usually one such error can occur before 

the structure is destabilised (Mukundan & Phan, 2013; Das, Srivastava & Raghavan, 

2016). Other non-classical G4 occur when a nucleoside from the loop projects into 

the side of the quartet. All of these non-classical structures can produce stable, viable 

quadruplexes in silico – however it should be noted there is a finite amount of errors 

and type of error (as some are more capable of destabilizing the G4 than others) that 

can occur to inhibit the formation of these G4 (Mukundan & Phan, 2013).  

A negative correlation can be observed: the greater the ‘bulge’ length, (and 

more numerous the errors) the less stable the structure until a threshold where the 

G4 will simply not form. This is largely indicated by the melting temperature (Tm) of 

the quadruplex. A higher Tm often indicates a more stable structure. Likewise, a base 

replacement of guanine with adenine is much more disruptive to the structure than 

a cytosine or thymine, which give similar Tm profiles. It is hypothesised that this 

A     B          C    D 
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greater disruption is due to the larger size of adenine as an aromatic base (Mukundan 

and Anh Tuan, 2013).  

 

1.14 Functions of G4 

While G4 were first predicted within the TAGGG rich tandem repeats of 

telomeres, they have since been discovered unusually enriched around promoter 

regions of genes in a multitude of genomes, with some predicting around 43% of 

human promoters containing a G4 sequence (Kudlicki, 2016). G4 have been 

discovered in numerous important proto-oncogenes including c-myc, vegf, brca2 and 

c-Kit and are considered to have a multitude of biological functions (Fig. 1.14).  

Figure 1.14: Schematic representation of G4-mediated regulation of the flow of 

genetic information. TSS: transcription start site; UTR: untranslated region. G4 can 

have multiple effects on the surrounding scaffold, depending on their context and 

placement with the DNA/RNA. G4 present in promotor regions can inhibit gene 
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expression; G4 present in exons and the 5´UTR can modulate alternative splicing and 

transcription, and G4 in the 3´UTR can negatively affect regulation of genes by trans-

acting elements such as miRNAs (Bidzinska et al., 2013). 

 

The location of the G4 in the transcript can determine its effect on 

surrounding machinery and functions. G4 in the 5´ UTR and promoter can modulate 

transcription and gene expression, acting as ‘switches’ for up-regulation. Those in 

intronic spaces are thought to influence alternative splicing and splice junctions in 

genes, with some exhibiting effects in alternative splices of cancer genes, and G4 in 

telomeres can have protective capping functions (Balasubramanian, Hurley & Neidle, 

2011).  

G4 have been discovered in the variable surface glycoprotein (vsg) gene of 

Trypanosoma brucei as well as in var genes of Plasmodium falciparum, suggesting G4 

also have roles in survival mechanisms and immune evasion, at least in unicellular 

parasites (Stanton et al., 2016; Kerry et al., 2017). Indeed, G4 have also been 

identified in viral genomes such as HIV, HPV and Ebola  (Harris & Merrick, 2015; 

Lombardi, Londoño-Vallejo & Nicolas, 2019; Lavezzo et al., 2018).  

The enrichment of G4 in upstream and promoter regions in humans is non-

random when compared to localisation in other parts of the genome (Qin & Hurley, 

2008). As such, it has led to research indicating that G4 are linked to functional 

genomic domains. Various work has attributed G4 with gene expression and 

regulation by acting as transcriptional silencers or up-regulators, as well as activity 

within replication, recombination and splicing (Marcel et al., 2011; Hershman et al., 

2008; Lipps & Rhodes, 2009; Hänsel-Hertsch et al., 2016). Within transcription, the 

strand on which the G4 is encoded can affect the function of the G4 – on the template 
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strand, the motif is likely to block transcription machinery and therefore be 

inhibitory. On the non-template strand, it allows the transcribed strand to maintain 

single-stranded structures and so can enhance the transcription process (Bochman, 

Paeschke & Zakian, 2012; Fleming et al., 2019). 

G4 have been shown to repress transcription in c-myc, the overexpression of 

which is linked to many cancers and malignancies in humans (Brooks & Hurley, 2010; 

Mathad et al., 2011; Bidzinska et al., 2013). Transcription of c-myc is largely 

controlled by nuclease hypersensitivity element III (NHE III), which is downstream of 

the promoter (Qin & Hurley, 2008). A G4 motif is found here, which has been shown 

to form an in vitro structure. When a wild type NHE III is compared with a mutated 

one that is unable to fold a G4 structure, it can be ascertained that the G4 acts to 

repress transcription (Bochman, Paeschke & Zakian, 2012). 

G4 are more likely to form in energetically favourable conditions – namely 

single stranded regions – and thus have been identified in telomeres (Ray et al., 2014; 

Moye et al., 2015; De Cian et al., 2008). Telomeres are regions of repetitive elements 

(TTAGGG in vertebrates) at the ends of chromosomes that prevent degradation 

(Moyzis et al., 1988). The ends of telomeres are 3´ single stranded G rich overhangs, 

which are extended by telomerase and therefore must be single stranded for base 

pairing to occur (Lipps & Rhodes, 2009). Although the number of nucleotides in the 

tandem repeats varies between organisms, this feature is highly conserved 

throughout vertebrates and some prokaryotes. G4 have been found to shelter the 3´ 

end of the overhang by acting as a capping mechanism, preventing telomere 

extension and thus serving an important biological function (Smith et al., 2011). 
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1.15 Helicases and G4 

 

While some G4 directly influence (and are crucial for) certain genomic 

processes, they can also impinge others. G4 folding can lead to blockades in the 

genomic strand and prevent machinery from binding and behaving normally. When 

G4 fold during replication, it can lead to polymerase falling off the strand, causing 

stalling and potential strand break damage (Edwards et al., 2014). Certain families of 

helicases that unwind G4 structures have been discovered, allowing normal function 

to occur. The most well characterised helicases that unwind G4 are from the helicase 

superfamily SF1 (PIF1), or SF2 (RECQ helicases BLM and WRM, and FANCJ/DOG1) and 

deficiencies of these helicases can have drastic repercussions (Mendoza et al., 2016; 

Smestad & Maher  III, 2015; Huber et al., 2006; Huber, 2002; Sun et al., 1998a). 

In C. elegans, DOG-1 is crucial for genomic stability and is involved in the DNA 

damage repair pathway. Loss of function mutations in DOG1 are associated with 

consequential deletions in the genome resultant of G4 structures interfering with 

strand synthesis, leading to DNA damage and double strand breaks (Cheung et al., 

2002). FANC-J helicases (the human orthologue of DOG-1), also demonstrates 

preferential sensitivity to G4 compared to other DNA substrates, suggesting they 

unwind the structures (Maizels, 2008). This demonstrates evolutionarily conserved 

G4 related machinery present within vertebrates and invertebrates and illustrates 

that G4 can also have inhibitory effects in addition to stimulatory functions.  

This is further exemplified in the helicase BLM (Bloom). Deficiencies in the 

blm gene lead to Bloom’s syndrome, a rare autosomal recessive disorder with a high 

cancer incidence and characteristic retardation of growth phenotype (Sun et al., 
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1998a). Other characterisations of the syndrome include immunodeficiency, and a 

high level of genome instability with chromatid breaks and significantly elevated 

sister chromatid exchanges. The gene blm encodes for a DNA helicase that has since 

been linked to unwinding G4  (Wu et al., 2015; Van Wietmarschen et al., 2018; Sun 

et al., 1998b). Furthermore, the helicase binds preferentially to G4 DNA over other 

substrates and is hypothesised to be a natural target in vivo (Sun et al., 1998b). 

Although surprising that a deficiency in one helicase can lead to such a marked 

condition but also highlights the importance of regulation of inappropriate G4 

formation. 

1.16 The other side of G4 - the I motif, 

I motifs, sometimes referred to as ‘C quadruplexes’ occur on the opposite strand 

to a G4, in the C rich region of the strand (Fig. 1.15). Rather than forming planar 

tetrads, these instead form an intercalated, cross formation (Day, Pavlou & Waller, 

2014). I-motifs are less studied and indeed less understood than their guanine rich 

counterparts, and until recently experimental evidence of in vivo existence was 

lacking (Assi et al., 2018) 
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The cytosine·cytosine base pairing, unlike Hoogsteen H bonding seen in G4, 

requires a cytosine at the N3 position to become protonated, resulting in a hemi-

protonated pair (C·C+). Sequences can reversibly and rapidly fold and unfold in 

response to pH alteration but can be stabilised in neutral and acidic pH (Assi et al., 

2018). Unlike the many polymorphic conformations of G4 there are only two main 

formations, one where the outermost CC pair is at the 3´ end, and another at the 5´ 

end. These are the R- and S- forms. A much less stable T form has been discovered, 

where the CC pair at the end is not intercalated (Kanaori et al, 2004). I-motifs, like G4 

can also fold in RNA as well as DNA, however these tend to be less stable at 

physiological conditions (Day, Pavlou & Waller, 2014).  

  

Figure 1.15: Representation of an i-motif. Cartoon representing how duplex DNA 

(A) may instead resolve into an i-motif C Quadruplex (B). The intercalated cross 

formation is detailed. (Day et al, 2014) 
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1.17 Aims of this work 

 

There is a clear need for the development of new targets that can affect the parasite 

at multiple life cycle stages. G4 are DNA structures that are found conserved across 

organisms and have been shown to have regulatory roles in transcription and gene 

expression. In humans, they are conserved in regulatory pathways and in P. 

falciparum are linked to virulence of the parasite (Harris et al., 2018). Investigations 

of G4 have not been studied at all within schistosomes.  Therefore, this work 

represents the detailing of G4 within the S. mansoni genome and the potential of 

these structures to represent novel targets for ongoing drug repositioning efforts.  

 

This thesis aims to achieve this through three objectives: 

• Analyse the S. mansoni genome for the presence of G-rich areas that may 

putatively fold into G4.  The work in Chapter 3 aims to identify PQS within 

the parasite genome through computational G4 prediction software, tries to 

characterise any enrichment of PQS, and validates the folding propensity of 

several sequences through circular dichroism spectroscopy.  

• Confirm in vitro presence of G4 through recombinantly purified BG4 

antibody. In Chapter 4 the focus concerns expressing and purifying 

recombinant scFv antibody BG4, a DNA/RNA G4 antibody.  Confocal IF 

microscopy is then optimised using BG4 on fixed adult worms to explore the 

localisation and presence (if any) of G4 structures within male and female 

nuclei. 

• Identify the anti-schistosomal potential of G4 stabilising compounds on 



42 

 

multiple S. mansoni life cycle stages. The aim of Chapter 5 is to biologically 

evaluate and report the suitability of Quarfloxin (QF) and CX5461 as 

anthelmintics using in vitro high throughput screening of larval schistosomula 

with the in-house robotic platform RoboWorm. Compounds are subsequently 

tested on juvenile and adult worms and selectivity is determined by 

comparing to their activity on a representative human cell line. For the most 

effective compound (QF), validation of mechanism of action through qRT-PCR 

monitoring of expression in the presence or absence of the compound is 

performed.  It is also tested on the liver fluke F. hepatica to assess for abilities 

regarding coinfection. 
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Chapter 2 Materials and Methods 
 

2.1 General buffers and solutions 

 
Unless specified, all solutions stated as autoclaved were autoclaved in a Boxer 

400/20LR. All tips used in all experiments were sourced from Starlab, UK.  

 

2.1.1 S. mansoni Parasite media and lifecycle upkeep 

Dulbecco’s Modified Eagle Medium (DMEM) with (Cat# 11960-044) and without 

phenol red (Cat# 31053-028) and Basal Medium Eagle (BME) (Cat# 41010-026) were 

both purchased from Fisher Scientific, UK. Unless specified, all media were pre-

warmed to 37°C for 30 min in a water bath prior to use. 

 

Sodium Pentobarbital solution 

For mouse euthanasia, a volume of 0.1 mL of sodium pentobarbital (JM Loveridge, 

UK) supplemented with heparin (10,000 U/mL, Cat#H3149-50KU Sigma Aldrich, UK) 

to give a final concentration of 100 U/ml, was administered to each 10 g of mouse 

body weight. 

 

Perfusion Media 

500 mL high glucose DMEM without phenol red 

0.1% v/v Heparin (100 U/mL) (Cat# H3149 Sigma Aldrich, UK) 

 

Adult and Juvenile S. mansoni Worm Culture Media (500 mL) 
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500 mL DMEM containing phenol red  

450 μL 200 mM L-Glutamine (Cat# 11539876 Fisher Scientific, UK) 

1% v/v HEPES (Cat# H0887 Sigma Aldrich, UK) 

10%  v/v Heat Inactivated Foetal Bovine Serum (FBS) (Cat# 11573397 Fisher 

Scientific, UK) 

16%  v/v Penicillin Streptomycin (Cat# 15140122 10000 U penicillin and 10000 µg 

streptomycin/mL, Fisher Scientific, UK) 

 

2X Saline solution (1.7% NaCl) 

17 g NaCl dissolved in 1 L dH2O (Cat# S7653 Sigma-Aldrich, UK) 

 

Basch’s M169 (Basch, 1981) – 50 mL 

46.25 mL dH2O 

0.5 g Lactalbumin hydrosylate (Cat# 61300 Sigma-Aldrich, UK) 

0.5 g glucose (Cat# G7021, Sigma-Aldrich, UK) 

250 μL 1mM hypoxanthine (Cat# H9636 Sigma Aldrich, UK) 

500 μL 1mM Serotonin (Cat# H9523 Sigma Aldrich, UK) 

500 μL 1mM Hydrocortisone (Cat# H0888 Sigma Aldrich, UK) 

500 μL 0.2 mM 3,3', 5-triiodo-l-thyronine sodium (Cat#T6397 Sigma-Aldrich, UK) 

2.5 mL 100X MEM vitamins (Cat# M6895 Sigma Aldrich, UK) 

Lactalbumin hydrosylate and glucose were added to the dH2O in a 50mL falcon tube 

and were completely dissolved before stepwise addition of the remaining reagents. 

After thorough mixing by inversion, the solution was filter sterilised using a syringe 

and 0.22 μM acrodisc filter.  
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 Basch Schistosomula Wash Media – 500mL 

500 mL phenol red containing BME 

2% v/v HEPES 

10.8% v/v M169 (media 169) 

10.8% v/v Schneider’s Insect medium (Cat# S0146 Sigma Aldrich, UK) 

1% v/v Penicillin streptomycin   

 

Basch Schistosomula Culture Media  

98% v/v phenol red containing DMEM 

2% v/v HEPES 

10.8% v/v M169 

10.8% v/v Schneider’s Insect medium  

1% v/v Penicillin streptomycin  

10% v/v FBS 

 

Cercariae Transformation Percoll Gradient 

24 mL Percoll (Cat# 10607095 Fisher Scientific, UK)  

16 mL Basch wash media 

  

Lugol’s Iodine 

5 g Iodine (Cat# 207772 Sigma Aldrich, UK) 

10 g KI (Cat# 60399 Sigma Aldrich, UK) 

Dissolved in 500mL dH2O 
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Lepple Water/ Artificial Pond Water (10X) 

5.56 g CaCl2 (Cat# 793639 Sigma-Aldrich, UK) 

12.28 g MgSO4·7H2O (Cat# 230391 Sigma-Aldrich, UK) 

0.43 g K2SO4 (Cat# RES0797P Sigma-Aldrich, UK) 

4.2 g NaHCO3 (Cat# 792519 Sigma-Aldrich, UK) 

0.48mL FeCl3-6H20 (Cat# 44944 Sigma-Aldrich, UK) (2.5 gm FeCl3-6H20 in 500 mL 

dH20) 

Reagents were separately dissolved in 2 L dH2O, and added together to bring to a 

final volume of 10 L.  

 

2.1.2 F. hepatica culture and reagents 

Diothionate Solution 

0.07 g sodium dithionate (Cat# 10274490, Fisher Scientific, UK) 

0.2 g sodium bicarbonate (Cat# 424270250 Acros Organics, USA) 

0.16 g sodium chloride (Cat# 10428420, Acros Organics, USA) 

Dissolved in 10 mL dH2O and filter sterilised using 0.2 μM acrodisc and syringe 

 

Tauroglycocholate Solution 

0.04g taurocholic acid 

Dissolved in 10 mL of pre warmed to 37°C DMEM under laminar flow cabinet 

 

Excystment Overnight solution 

DMEM 
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1% v/v P/S/A (penicillin/streptomycin/amphotecerin) (Cat# 11570486 Fisher 

Scientific, UK) 

10% v/v FBS 

 

Fasciola hepatica NEJ culture media 

RPMI 1640 

1% v/v FBS 

1X v/v antibiotic/antimycotic solution (Cat# 11570486 Fisher Scientific, UK) 

 

2.1.3 Fixatives and mountants 

4% Formaldehyde/10% Formalin  

3.6 mL 36% Formaldehyde (Cat# F8775 Sigma Aldrich, UK) 

32.4 mL of 1X PBS (1 PBS tablet dissolved in 500ml distilled water, Cat# 18912014 

Fischer Scientific, UK) 

 

3:1 Methanol/Acetic Acid Fixative 

75 mL MeOH (Cat# 322415 Sigma Aldrich, UK) 

25 mL Acetic Acid (Cat# A6283 Sigma Aldrich, UK) 

Stored at -20°C 

 

DAPI Mounting medium 

5 µL 100 µg/mL DAPI (Cat# D9542 Sigma Aldrich, UK) 

245 µL Fluoroshield (Cat# F6182 Sigma Aldrich, UK) 
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2.1.4 Mammalian cell culture media and reagents 

All cell lines were purchased from Sigma Aldrich and stocks maintained in liquid 

nitrogen vapour phase. HepG2 (cat# 85011430) cells are a hepatocyte cell line 

established from a liver hepatocellular carcinoma present in a 15-year-old Caucasian 

male (ATC ORG, accessed 2019). NIH 3T3 (cat# 93061524) cells are an embryonic 

fibroblast cell line derived from Mus musculus. Madin-Darby Bovine Kidney (MDBK) 

epithelial cells (Cat# 90050801) are a cell line established from an adult Bos taurus 

male.  

 

HepG2 Culture medium  

Phenol Red containing BME (Cat# 41010-026, Fisher Scientific, UK) 

10% v/v FBS 

2 mM v/v L-glutamine  

1% v/v Penicillin Streptomycin  

 

NIH 3T3 Culture Medium 

Phenol red containing DMEM 

10% v/v FBS 

2 mM v/v L-Glutamine  

1% v/v Penicillin Streptomycin (Cat# 15140122 10000 U penicillin and 10000 µg 

streptomycin/mL, Fisher Scientific, UK) 

 

MDBK Culture Medium 

Modified Eagle Media (MEM) (32561-029, Fisher Scientific) 
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10% v/v FBS 

2 mM v/v L-Glutamine 

1% v/v Penicillin Streptomycin (Cat# 15140122 10000 U penicillin and 10000 µg 

streptomycin/mL, Fisher Scientific, UK) 

1% v/v Non-Essential Amino Acids 

 

MTT reagent 

A total of 150 g of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) (Cat# M2128 Sigma Aldrich, UK) was dissolved in 50.3 mL 1X PBS and 

sterilised using a syringe and 0.45 μM acrodisc filter (Cat# 514-4127, VWR, UK). 

Stock reagent was aliquoted into 15 mL falcon tubes and stored at -20°C. 

 

MTT solubilisation solution 

1:1 v/v DMSO: Isopropanol (2-propanol, Cat# P/7490/15 Fischer Scientific, UK) 
 

 

Cryopreservation Media 

90% v/v FBS 

10% v/v DMSO 

 

2.1.5  Escherichia coli recombinant protein expression media 

E. coli strains used include DH5, α-Select Bronze Competent (Cat#BIO-85025, 

Bioline, UK) and BL21 (DE3) (Cat# BIO-85032, Bioline, UK). 
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Standard Growth media 

25 g High salt luria broth (HSLB) (Cat# 51208 Sigma Aldrich, UK) 

Dissolved in 1 L dH2O and autoclaved 

Appropriate antibiotic added after cooling as indicated in sections 2.6.4  

 

Agar plates 

12 g HSLB 

8 g Agarose (Cat# A9539 Sigma Aldrich, UK) 

Dissolved in 500 mL dH2O and autoclaved, left to cool slightly before appropriate 

antibiotic added and plates poured in a laminar flow. Plates were stored, upside 

down sealed around the edge of the plate with parafilm, at 4°C. 

 

Glycerol Stocks 

Glycerol stocks were created for each bacterial strain.  Briefly, 150 μL of ON 

bacterial culture was mixed with 850 μL v/v 50% glycerol (in dH2O, Cat# G9012 

Sigma Aldrich, UK) in a 2 mL cryovial (Cat# 11787939 Fischer Scientific, UK)), 

vigorously vortexed and stored indefinitely at -80°C. 

     

2.1.6 Autoinduction media 

Autoinduction media was created according to FW Studier (2005).  Stock 

components include: 

 

20X NPS – 1 L 
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900 mL dH2O 

66 g (NH4) SO4 (Cat# 7783-20-2, Sigma Aldrich, UK) 
 
136 g KH2PO4 (Cat# 10468153 Fischer Scientific, UK) 

142 g NaH2PO4 (Cat# S23100-500.0 Melford, UK) 

Reagents were added in order above, stirred until dissolved and autoclaved for 15 min.  

 

A final solution of 1X NPS will contain: 

100 mM PO4 

25 mM SO4 

50 mM NH4 

100 mM NaCl 

50 mM KCl 

pH 6.75 

 

50X 5052 – 1 L 

250 g w/v glycerol 

73 mL dH2O 

25 g glucose 

100 g α lactose (Cat# L3625 Sigma Aldrich, UK) 

Reagents were added in sequence, dissolved and then autoclaved for 15 min. 

 

Final concentrations of 1X 5052 contains 

0.5% glycerol 
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0.05% glucose 

0.2% alpha lactose 

 

1 M MgSO4 – 100 mL 

24.65 g MgSO4·7H2O 

Dissolved in dH2O to make 100 mL and autoclaved for 15 min. 

 

40% glucose (w/v) – 300 mL 

120 g glucose 

Dissolved in 222 mL dH2O 

 

1000X Trace metals mix 

Individual stock solutions were dissolved in dH2O and autoclaved for 15 min (unless 

specified) and to 36 mL dH2O the following volumes were added: 

 

50 mL 0.1 M FeCl3·6H2O (dissolved in 0.1 M HCl, Cat# 236489 Sigma Aldrich, UK) 

2 mL 1 M CalCl2 (Cat# C/1400/53 Fischer Scientific, UK) 

1 mL 2 M MnCl2·4H2O (Cat# M8054 Sigma Aldrich, UK) 

1 mL 1 M ZnSO4·7H2O (Cat# Z4750-100g Honeywell) 

1 mL 0.2 M CoCl2·6H2O (Cat# 202185-100G Honeywell) 

2 mL 0.1 M CuCl2·2H2O (Cat# 315281000 Acros Organics, USA) 

1 mL 0.2 M NiCl2·6H2O (Cat# N6136-100G Sigma Aldrich, UK) 

2 mL 0.1 M Na2MoO4·2H2O (Cat# 331058 Sigma Aldrich, UK) 

2 mL 0.1 M Na2SeO3·5H2O (Cat# 308455 Sigma Aldrich, UK) 
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2 mL 0.1 M H3BO3 (Cat# B6768 Sigma Aldrich, UK) 

 

Final concentration of 1X Metals Mix will give: 

50 μM Fe, 20 μM Ca, 10 μM Mn, 10 μM Zn, 2 μM Co, 2 μM Cu, 2 μM Ni, 2 μM Mo, 2 μM 

Se, 2 μM H3BO3 

 

ZY (Z amine/yeast) – 1 L 

10 g NZ amine/ tryptone (Cat# T7293 Sigma Aldrich, UK) 

5 g yeast extract (Cat# Y1333 Melford, UK) 

925 mL dH2O 

 

Autoinduction Culture media: 

For all media reagents were added in order. Adding 1000X metal mix prior to NPS 

causes solution to precipitate. 

 

P-0.5G minimal media – 200 mL 

187.3 mL autoclaved dH2O 

200 μL 1 M MgSO4  

20 μL 1000X metals mix  

2.5 mL 0.5% glucose  

10 mL 1X NPS    

800 μL 25 mg/mL Kanamycin monosulphate (final concentration 100 µg/mL, Cat# 

K0126 Sigma Aldrich, UK) 
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ZYP-5052 rich autoinduction media 

928 mL ZY 

1 mL 1 M MgSO4 

1 mL 1000X Metals mix 

20 mL 50X 5052 

50 mL 20X NPS 

4 mL 25 mg/ml (w/v) Kanamycin (final concentration 100 µg/mL) 

 

2.1.7 Recombinant protein purification buffers and reagents 

Protein Soluble Lysis Buffer 

50 mM NaH2PO4 (Cat# S23100-500.0 Melford, UK) 

300 mM NaCl 

10 mM imidazole (Cat# 68268 Sigma Aldrich) 

pH8 

1 mini complete serine/threonine protease inhibitor tablet (Cat# 11836170001 

Sigma Aldrich, UK) was freshly dissolved into the buffer per 5 mL used during cell 

pellet lysis.  

 

Protein Soluble Lysis Buffer – 2 

20 mM Tris-HCl (Cat# 10812846001 Sigma Aldrich, UK) 

50 mM NaCl  

5% v/v glycerol (Cat# G9012 Sigma Aldrich, UK) 

1% v/v Triton X-100 (Cat# X100 Sigma Aldrich, UK) 

pH8 
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1 mini complete serine/threonine protease inhibitor tablet was freshly dissolved 

into the buffer per 5 mL of used during cell pellet lysis.  

 

Wash buffer 

50 mM NaH2PO4 

300 mM NaCl 

20 mM Imidazole  

pH8 

 

Elution buffer 

50 mM NaH2PO4  

300 mM NaCl  

250 mM imidazole  

pH8 

 

2.1.8 Gel Electrophoresis 

1X Tris-acetate EDTA (TAE) buffer 

1 volume 10X TAE buffer (Cat# 10775494 Fisher Scientific, UK) was diluted in 9 

volumes dH2O and kept at room temperature (RT). Final concentration: 40 mM Tris-

acetate, 1 mM EDTA, pH 8.3 

 

Agarose Gels 

For a 1% gel: 

1 g agarose (Cat# A9539, Sigma Aldrich, UK)  



56 

 

100 mL 1X TAE buffer (Cat# 10775494 Fisher Scientific, UK) 

The agarose and 1x TAE were dissolved together in a conical flask and microwaved in 

30 s intervals until boiling. These were subsequently cooled slightly prior to addition 

of 10 µL 1000x SYBR SAFE stain (Cat# 10328162 Fisher Scientific, UK), which was then 

gently mixed and poured into a cast. 

 

Polyacrylamide Denaturing Gels 

To make two 12.5% 7cm running gels: 

4.21 μL 29:1 Bis:Acrylamide (Cat# 1610154 Bio-Rad) 

2.5 μL dH2O 

3.34 μL Running Buffer (1.5 M Tris HCl, 0.4% SDS pH 8.5 (Cat# L3771 Sigma Aldrich, 

UK),   

37.5 μL 10% Ammonium Persulphate (APS) (Cat# 1610700 Bio-Rad) 

10 μL TEMED (Cat# 1610800 Bio-Rad, UK) 

 

To make two stacking Gels: 

1.5 mL dH2O 

675 μL stacking buffer (0.5M Tris HCl, 0.4% SDS, pH 6.8) 

375 μL 29:1 Bis: Acrylamide 

12.5 μL 10% APS 

3.75 μL TEMED 

  

1X Tris Glycine SDS Running buffer 
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 1 volume of 10X TGS electrophoresis buffer (Cat# 110772 Bio-Rad) was diluted in 9 

volumes of dH2O and kept at RT. Final concentrations 25 mM Tris, 192 mM Glycine, 

0.1% w/v SDS, pH 8.5 

 

4X protein loading buffer 

4X NuPAGE LDS (lithium dodecyl sulphate) sample buffer (Cat# NP0007, Life 

Technologies, UK) 

5% v/v βmercaptoethanol (βME, Cat# 1610710, Bio-Rad) 

Stored at 4°C 

 

SDS-PAGE gel fixation buffer 

50% v/v MeOH 

45% v/v dH2O 

5% v/v Acetic Acid  

 

Coomassie Protein Gel Stain: 

25% v/v Colloidal Coomassie (Cat# 20279, Thermo Scientific) 

75% v/v MeOH 

These were mixed together in a 50 mL falcon tube by gentle inversion. Stain was 

made up freshly each time as needed. 

 

Gel Destain: 

1% v/v acetic acid (Cat# A6283, Sigma Aldrich, UK) 

99% v/v dH2O 
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2.1.9 Western Blot 

Transfer Buffer 

50 mL 20X NuPAGE Transfer Buffer (Cat# 10564613 Fischer Scientific, UK) 

100 mL MeOH 

850 mL dH2O 

 

Ponceau S stain 

0.1 % (w/v) Ponceau S (Cat# P71701L Sigma Aldrich, UK) 

5% (v/v) acetic acid 

dH2O 

 

Blocking solution 

5% (w/v) non-fat milk powder (Marvel, purchasable from any supermarket)  

0.3% (v/v) Tween-20 (Cat# P1379 Sigma Aldrich, UK) 

1X PBS 

 

Antibody solution 

2.5% (w/v) non-fat milk powder (marvel)  

0.3% Tween-20 

1X PBS 

x µL Antibody (see section 2.6.8 for volumes) 
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2.1.10 EdU labelling 

Bleaching solution – 10 mL 

4% (v/v) formamide (Cat# S4117 Sigma Aldrich, UK) 

250 μL 20X SSC (Cat# SRE0068 Sigma Aldrich, UK) 

400 μL 30% (w/v) H2O2 (Cat# 10687022, Fischer Scientific) 

9 mL dH2O 

Reagents were added sequentially and made up fresh for each experiment. 

 

Azide solution – per 2 samples 

157.8 μL PBS 

2 μL 100 mM CuSO4 (Cat# 451657 Sigma Aldrich, UK) 

0.2 μL 10 mM Azide in DMSO (Cat# S2002 Sigma Aldrich, UK) 

40 μL 0.5 M (w/v) L-ascorbic acid (Cat# A0278-2G Sigma Aldrich, UK) 
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2.2 qRT-PCR primers  

Unless stated all primers (Table 2.1) used were synthesised from Sigma Aldrich, UK 

and reconstituted to 100 μM stocks using dH2O. Working stocks of 10 μM were then 

created and stored at -20°C.  

 

Table 2-1 qRT- PCR primers used in this thesis. 

qPCR 5’-3’ Tm 

Alpha Tubulin F CTTCGAACCAGCAAATCAGA 62.9 

Alpha Tubulin R GACACCAATCCACAAATGG 61.3 

GST F GAATGAAAGCCAACAAGAAGAAAG 63.9 

GST R CGCAGATCATATTGAGAAGAACT 61.2 

ITS1 F TGTTGAAGCGATCCGGAT 64.4 

ITS1 R GCCAATAATCCCATACATCGG 64.8 

ITS2 F TGGCTTAATGACATTATACACGCTC 64.7 

ITS2 R GCATAATACACACAATCGGTACA 64.3 

ETS F CTGCGAGGCATTGAATCC 64.5 

ETS R CACATGAGAATACACAAGTCCACAG 64.4 

2.3  Schistosoma mansoni Life Cycle Maintenance 

2.3.1 Ethics statement 

All performed procedures were in adherence with the United Kingdom Home 

Offices Animals (Scientific Procedures) Act of 1986 (project license PPL P3B8C46FD) 

in addition to the European Union Animals Directive 2010/63/EU and were subject 
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to approval by Aberystwyth University’s Animal Welfare and Ethical Review Body 

(AWERB). 

2.3.2 Maintenance of Mice 

Outbred female HsdOla TO Mus musculus mice were obtained from Envigo, 

Huntingdon, UK.  Six mice were housed in cages and left to drink/feed ad libitum and 

subjected to 12 hr light/dark cycles.  Cages were cleaned weekly and included 

enrichment features and nesting material. 

2.3.3 Maintenance of Snails 

Two strains of Biomphalaria glabrata snails were bred in house: NMRI (Naval 

Medical Research Institute) albinos and a hybrid pigmented line obtained from Prof. 

Michael Doenhoff (Geyer et al., 2017). Prior to infections, snails were maintained in 

aerated and filtered 60 L tanks with oyster shell supplemented gravel and kept at 

ambient temperature of 26°C with 12 hr light/dark cycles in 1X Lepple water. Water 

was replenished twice weekly and washed lettuce provided freely. Following 

infection, snails were maintained in a separate unit maintained at 25°C either in 

filtered and aerated 40 L tanks in 30 L 1X Lepple water prior to cercarial shedding 

(section 2.3.4) or unfiltered 6 L tanks in 3 L Lepple water post-shed at a ratio of ~10 

snails/L. Those in 40 L tanks were subjected to 12 hr light/dark cycles while those in 

small 6 L tanks were kept constantly in the dark. Water was replaced twice weekly 

and were maintained using commercially available Guinea Pig food.  

2.3.4 Mouse Infection 

Snails infected with the Puerto Rican (PR) strain (Naval Medical Research Institute 

– NMRI) of S. mansoni (section 2.3.6) were removed from the dark and exposed to 

bright light to induce cercarial shedding in 50 mL 30 ⁰C prewarmed 1X Lepple water 
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in 10 cm diameter containers. After a shed of 45 min, the water was collected with a 

plastic Pasteur pipette, passed through a small mesh sieve to remove any debris and 

pooled into a 50 mL falcon tube. Three 50 µL aliquots of cercariae were killed with 

Lugol’s Iodine and counted under a dissection microscope; the mean cercariae count 

was used to deduce concentration. TO mice, in groups of six, were restrained 

vertically in Perspex tubes and percutaneously exposed (via tail immersion) for 45 

min to 1 X Lepple water containing either 180 cercariae (for propagation of 7wk 

mature worms) or 4000 cercariae (for propagation of 3 wk juvenile worms). These S. 

mansoni-infected mice were returned to a clean cage and checked daily to assess 

wellbeing and any adverse effects. Cercariae intended for mechanical schistosomula 

transformation were counted, chilled on ice for 1 hr, before processing as described 

in section 2.3.7 

2.3.5 Worm Recovery and culture 

Infected mice were perfused either 3 (for juvenile worms) or 7 (for mature 

worms) weeks post infection (pi) following an overdose with pentobarbital, 

(containing heparin) at 50 mg/kg as part of a Home Office (HO) approved non-

recoverable procedure as described elsewhere (Crusco et al., 2018; Smithers & Terry, 

1965). Briefly, after mouse reflex actions were deemed to be non-existent, the 

hepatic portal vein was sliced with a 23G needle and ~ 30 ml of pre-warmed perfusion 

media (Section 2.1.1) was flushed through the circulatory system (exsanguination) to 

recover worms into an inverted conical flask. Worms were washed immediately with 

prewarmed clear DMEM and any residual host material removed with a paintbrush. 

Adult worms were transferred to a petri dish and juveniles to a T75 culture flask and 

cultured in worm culture media in a humidified CO2 incubator at 37°C prior to 
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downstream application. Livers, containing eggs, were removed and used for 

initiating snail infection (Section 2.3.6). 

2.3.6 Snail Infection 

Infected livers from mice (section 2.3.5) were placed into a Waring blender, 

covered in 300 mL 2X saline solution to prevent miracidia hatching, and macerated 

at full speed for 30 secs, then two 15 sec intervals. The homogenate was then washed 

through a 0.45 µm fine, stainless-steel mesh sieve to retain unhatched eggs. Eggs 

were transferred into a 150 mL volumetric flask by flushing the sieve with 1X Lepple 

water. The solution was left under bright light for 45 min to induce miracidia 

hatching, after which the bottom of the flask was covered with foil and all lights 

turned off besides a bright lamp directed at the neck of the flask to guide miracidia 

aggregation for a further 15 mins. Miracidia were transferred by Pasteur pipette into 

a 50 mL falcon tube and the number isolated were calculated by averaging three 50 

µL aliquots stained with Lugol’s iodine under a Leica dissection microscope.  

Snails between 5-10 mm in diameter were placed into fresh 6 L tanks containing 

200mL of 1X Lepple water in batches of 100 and infected with 20 miracidia per snail 

prior to an incubation in the dark for 3 hr before moving back into the 12 hr light/12 

hr dark cycle (Lee & Lewert, 1956). After 5 wks, the infected snails were returned to 

the dark and shed twice weekly for cercariae beginning at 6 wks post infection.  

2.3.7 Schistosomula Transformation 

Cercariae were mechanically transformed as previously described with some 

minor modifications (Colley & Wikel, 1974). Briefly, cercariae were collected from 

infected B. glabrata snails in 1X Lepple water as described in 2.3.4 and chilled on ice 

for 1 hr. After this, samples were centrifuged at 500 x G for 5 min at 4°C with half 
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brake and the pellet collected and pooled into a single 50 mL falcon tube with a 

plastic Pasteur pipette. This pellet was brought to a final volume of 10 mL with Basch 

wash media (section 2.1.1) before centrifugation at previous conditions. The 

supernatant was removed and the cercariae resuspended in another 10 mL Basch 

wash media before mechanically transformed using a 23G needle and syringe. To 

assess the level of tail detachment, 3 x 20 μL aliquots were removed from the sample 

tube, stained with Lugol’s iodine and viewed under a dissection microscope.  If tails 

remained on a substantial number of parasites, syringing was repeated.  After all tails 

had been removed from the cercariae heads, the suspension of mixed schistosomula 

and tails was then gently layered onto a 40 mL 60% Percoll gradient using a Pasteur 

pipette giving a final volume of 50 mL, and centrifuged for 10 min, 500 x g 4°C with 

half brake. 

Following centrifugation, schistosomula should form a pellet at the bottom 

whilst tails remain in the top of gradient such that the supernatant can easily be 

discarded to leave a clean pellet of schistosomula. The pellet was removed using a 

Pasteur pipette into a fresh 50mL falcon tube, and gently suspended in 50 mL of 

Basch wash media and centrifuged under the same conditions. This wash step was 

repeated twice further before the schistosomula pellet was re-suspended in full 

Basch media and cultured in a T75 flask at 37⁰C, 5% CO2 in a humidified environment 

prior to downstream use. 
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2.4 Bioinformatic detection of Putative Quadruplex Sequences (PQS) 

2.4.1 Genome analysis 

Version 5.2 and version 7.1 of the S. mansoni genome (as FASTA files) were 

obtained from WormBase ParaSite (Howe et al, 2017) (https://parasite.wormbase

.org/index.html)  [accessed 2016 and 2017) or directly from the Wellcome Trust 

Sanger Institute (ftp.sanger.ac.uk/pub/project/pathogens/schisto_v7)  [accessed 

2017]. For ease of use, scaffolds that were not assigned to the major chromosome 

assembly were ignored. Both genomes consisted of 7 autosomal chromosomes and 

a singular sex chimera allosome ZW that has yet to be separately resolved. Intragenic 

analysis was performed using the general feature format extension (GFF) annotation 

files. Intragenic annotations used in analysis were “exon” “intron” “five prime UTR” 

(5’UTR) and “three prime UTR” (3’UTR).  Of these, the “exon”, “3’UTR” and “5’UTR” 

annotations were directly used from the GFF.  Introns were not specifically labelled 

and thus had to be determined using in-house scripts to identify regions between 

defined exons, performed by Martin Swain (Aberystwyth University). Other 

annotations listed in the GFF were ignored as they were either intergenic or 

tautologous.   

 

2.4.2 Outlining a systematic approach to identify putative quadruplex sequences 

A workflow was created to systematically explore PQS distribution within the 

S. mansoni genome and ensure that the distribution was explored from different 

strata of detail to extract as much relevant information as possible and to prioritise 

analyses (Fig 2.1). It allowed data analysis to become consistent across different 

methods used (e.g. software used, stringency settings, genome version) so that 
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comparisons between variables are fair. From the genome, the unassembled regions 

were discarded. Of the assembly, intergenic regions were not studied in further 

detail. Of the intragenic regions, defined terms outlined in section 2.4.1 were used. 

 

 

Figure 2.1 Workflow of PQS analysis. From the genome, only the core assembly was 

utilised. Intragenic analysis was then further broken down into four categories: exon, 

intron, 5’UTR and 3’ UTR. 

 

2.4.3 Quadparser  

Quadparser (QP) (Huppert & Balasubramanian, 2005) was downloaded from 

www.shankar.ch.cam.ac.uk [accessed 2016] and compiled in Unix. Genomes v5.2 

and v7.1 were downloaded and run through QP using parameters outlined in Table 

2.2: 
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Table 2.2 Stringency parameters for QP genome analysis. 

Stringency Number of G runs Number of G in each run Maximum 

loop length 

High 3 4 7 

Low 3 4 20 

 

 QP automatically searches for runs which satisfy the above criteria but with 

Cytosine (C) instead of G to account for PQS present on the reverse strand. The 

output of PQS was formatted into a .BED annotation file for visualisation with 

Integrative Genomics Viewer (IGV) v2.4.2 desktop application (Robinson et al., 

2011a). BED annotation files were then compared against genome GFF files using the 

Bedtools intersect function  (Quinlan & Hall, 2010) to find PQS which are present in 

intragenic regions. PQS density was calculated by the number of PQS per 

chromosome/length of chromosome and normalised against the number of all 

PQS/length of all chromosomes. This was repeated for all intragenic densities.  

 

2.4.4 G4HUNTER  

G4hunter (G4h) for python (Bedrat, Lacroix & Mergny, 2016) was downloaded 

from GitHub repository (https://github.com/AnimaTardeb/G4-Hunter, accessed 

2017) and ran in Unix. Genome FASTA files from WormBase ParaSite were run 

through G4h using a fixed nucleotide window of 30 and two variable score thresholds 

of 1.2 and 1.4 respectively. A higher threshold is synonymous with greater stringency 
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and will produce fewer hits that are more likely to be stable in vivo. Bedtools intersect 

was used as described in section 2.4.3 to find intragenic PQS. 

 

2.4.5 Overlap analysis 

Bedtools intersect function was used to find overlapping PQS in both QP and 

G4h outputs. These were then narrowed down to those that occur intragenically 

(defined as annotated as either occurring in intron or exon, or 5’ or 3’ UTR). SMPs 

containing these intragenic PQS were identified. Results were mapped across 

chromosomes using PhenoGram (Wolfe et al., 2013). 

 

2.4.6 PQS Density 

PQS search data were normalised and PQS density calculated (number of PQS per 

chromosome per megabase of feature/chromosome). A baseline of the total PQS 

density per genome length was calculated to compare for over or under enrichment 

of PQS within chromosomes and within intragenic features.  

 

2.5 In vitro confirmation of PQS folding  

2.5.1 Selection of oligonucleotides for use in Circular Dichroism spectroscopy 

To identify oligonucleotides that could be taken forward for biophysical validation, 

the list of PQS required refinement. Here, only intragenic PQS were considered. A 

range of criteria were cross referenced to produce a list of PQS containing Smps (S. 

mansoni protein coding gene) that were biologically relevant. Transcript number of 
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Smps containing PQS was downloaded from WormBase ParaSite using the Biomart 

features (Howe et al., 2016, 2017) 

Enrichment in GO terms was analysed by using GOAtools analysis scripts 

(Klopfenstein et al., 2018) on the Smp list with a cut-off of p=0.05. This was further 

confirmed by using Revigo to generate a TreeMap using standard settings (Supek et 

al., 2011) 

All the above factors were considered to create a list of PQS from Smps that 

satisfied the following criteria: 

• PQS present in intron, exon, 5’ UTR or 3’ UTR 

• Smps chosen were expressed in a range of life cycle stages 

• Smps chosen had alternate transcripts 

• Some Smps were found to be pathways significantly enriched for G4 

• PQS sequences themselves were varied across Smps.  

 

 DNA oligonucleotides were obtained from Eurogentec (Belgium) (Table 2.3). 

Oligos were supplied at 1000 nmol scale, RP-HPLC purified desalt samples and were 

reconstituted to 100 µM in biological grade water (Cat#445847D VWR, US) and 

stored at -20°C for long term storage.  

Table 2.3 Oligonucleotides used in CD spectroscopy studies of G4 

SMPs Gene Name Sequence 5’-3’ 

Smp_139180 Frizzled 
GGGCGAAACGGGGCAGCAAGGGCAGAGAG

GGGCTCCTGGG 

Smp_196840 Α collagen 
GGGAGGGGGAGAGAGAGAGGGGGAGGTA

AAGGG 
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 Oligos were adjusted to a 6 µM working solution in either 60 mM Tris KCl pH 

7.4 buffer solution (10 mM Tris HCl w/v 50 mM KCl w/v) or 10 mM Tris HCl pH 7.4 

(w/v). Oligos were annealed for 5 min at 95°C in an oil bath and left to cool to RT in 

order to promote quadruplex folding.  Following this, 300 µL was loaded into a 5 mm 

quartz micro cell (Agilent Technologies, US) for measurement. Spectra were recorded 

on a Chirascan (Applied Photophysics, UK) measuring between 210-400 nm at 25⁰C, 

with a 1 nm step. Triplicate reads were performed, and traces averaged and 

smoothed. A Tris KCl or Tris HCl buffer only background was also run in parallel and 

baseline measurements were subtracted from each respective read.  

2.5.2 CD heating-cooling profiles 

The 100 µM oligo stocks were adjusted to 6 µM and annealed in 300 µL Tris KCl 

buffer (w/v) as described previously. Spectra were recorded as described previously 

but with a 5°C ramp from 25 to 95°C with 2 min equilibration hold prior to reading.   

 

Smp_145140 Wnt GGGTAACTGAGGGTTGGGCATGGGG 

Smp_319480 Myb like protein V GGGGGAGAGAGAGGGAGAGAGGGAGGG 

Smp_127680 
Rab connectin 

related 
GGGTAAAGGAGGGTTGGGCATGGGG 

Smp_163240 Tbx2 GGGTGGGTGTGGGTGGGAGGG 

cMYC 
Human myc 

control 

GGGAGGGTGGGGAGGGTGGG 

sTELO 
Telomeric tandem 

repeats 
GGGTTAGGGTTAGGGTTAGGG 
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2.6 Expression of BG4 single chain variable fragment (scFv) antibody 

2.6.1 Culture of BG4 vector 

BG4 is a scFv DNA/RNA G-quadruplex binding antibody developed by Sir 

Shankar Balasubramanian at Cambridge University (Biffi et al., 2013)). DH5α E.coli 

cells containing pSANG10-3F-BG4 plasmid (Figure 2.2) (Cat #55756, AddGene, UK)  

were  scraped from the surface of an agar stab  using a sterile filterless 200 µL tip and 

used to inoculate 37°C prewarmed LB (Lysogeny broth) media containing 50 μg/mL 

kanamycin, and subsequently cultured ON at 37°C in an incubator at 200 RPM. From 

the ON culture, a 20 µL volume of cells was streaked onto 37°C prewarmed HSLB agar 

plates with 50 μg/mL kanamycin and left to grow ON at 37°C. Single colonies were 

selected and grown ON in 10 mL HSLB (High Salt Lysogeny Broth) with kanamycin at 

a final concentration of 50 µg/mL in a Stuart s150 orbital incubator at 37°C and 200 

RPM.  Glycerol stocks were created by mixing 850 µL 50% (v/v) glycerol with 150 µL 

of culture, vortexed vigorously and stored at -80°C. 
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Figure 2.2 Plasmid map of BG4 indicating sequence and restriction sites.  

The plasmid size was 6197bp and a backbone size of 5438 bp [Addgene, accessed 

2017] 

 

 

2.6.2 Transformation into BL21 (DE3) cells 

BG4 plasmids in DH5α cells were isolated using a Qiagen Miniprep kit (Cat# 

27106, Qiagen, UK) according to manufacturer’s instructions, with 5 mL of starting 
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culture. Plasmid DNA was eluted with 30 μL of NFW and quantified using NanoDrop, 

before transformation into BL21 (DE3) cells.  Here, 10 ng of BG4 plasmid DNA was 

added to 50 μL BL21 (DE3) cells, gently flicked and left on ice for 30 min. The tube 

was then transferred to a heat block and shocked for 30 sec at 42°C before returning 

to ice for 2 mins. To the sample tube, 500 μL of Super Optimal broth with Catabolite 

repression (SOC) outgrowth media was added and the tube was left to rock for 90 

min at 200 RPM and 37°C. From this, 20 µL was streaked onto pre-warmed LB 50 

μg/mL kanamycin plates using a disposable spreader and left to grow ON at 37°C. 

Single colonies were selected and grown as above and another series of glycerol 

stocks and Qiagen miniprep procedure performed to archive transformed cells and 

isolate BG4 plasmid DNA.   

 

2.6.3 Validation of BG4 plasmid DNA 

  Isolated BG4 plasmids were subjected to both restriction enzyme digestion 

and dideoxy chain termination DNA sequencing. A restriction enzyme double digest 

of BG4 plasmid DNA was performed to confirm correct transformation into BL21 

(DE3) cells. Plasmid DNA was digested with NotI and NdeI as determined by checking 

the vector map on Addgene (Fig. 2.2). To each reaction volume of 50 μL the following 

was added: 
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1 μg plasmid DNA 

5 μL 10X buffer 

1 U of both restriction enzymes 

2.5 μL 20X BSA 

Following a 2 hr incubation at 37°C, samples were run on a 1% agarose gel 

containing 1X SYBR safe (Cat# S33102, ThermoFisher, UK) in TAE buffer for 60 min at 

90 V. Gels were visualised and imaged in a GelDocIt Imager under UV 

transillumination. A 1kb generuler l (Cat# SM0313, ThermoFisher, UK) ladder was 

used to identify successfully digested plasmid at two bands, 850bp and 5000bp. 

Following confirmation of correct sequence and expected band size, plasmids were 

then sent for dideoxy chain termination DNA sequencing.  

 For this, a reaction containing 500 ng plasmid DNA and 1 μM (final concentration) 

T7 terminator primer (5’-3’ GCTAGTTATTGCTCAGCGG) with nuclease free water 

(NFW) to bring the final volume to 10 μL was sent to IBERS DNA Sequencing Unit at 

Gogerddan for DNA sequencing. Results were visualised on FinchTV (v 1.4.0; 

GeoSpiza Inc) and reading frame and alignment checked with Muscle alignment 

under ClustalW strict output format (Edgar, 2004). Plasmids confirmed to contain the 

correct sequence were taken forward for recombinant expression and purification. 

 

2.6.4 Protein expression and purification 

BG4 protein expression was performed using both traditional IPTG (Isopropyl β- D 

-1-thiogalactopyranoside) induction and alternative Auto-Induction methods.  
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2.6.4.1 IPTG Expression 

 
Glycerol stocks were used to inoculate 10 mL standard growth media (section 

2.1.5) ON in a Stuart s150 orbital incubator at 37°C and 200 RPM. This starter culture 

(350 µL) was then used to inoculate 350 mL of HSLB containing kanamycin (50 μg/mL) 

in a sterile 2 L Erlenmeyer flask. The flask was sealed with a cotton bung and placed 

into a Multitron INFORS upright shaker at 37°C and agitated at 200 RPM until OD600 

registered between 0.6-0.8 on the NanoDrop, at which point IPTG (0.75 mM (w/v)) 

was added (following optimisation from 0.5 – 1 mM) and the temperature dropped 

to 30°C. The culture was left to express BG4 for 5 hr before centrifuging at 5000 x G, 

4°C for 15 mins. The supernatant was discarded, and the cell pellet taken forward for 

lysis and downstream purification (Section 2.6.4.3). Pellets not immediately used 

were stored at -80°C prior to purification. 

 

2.6.4.2 Auto induction Expression 

Studier’s auto induction method of expression was also trialled to compare 

BG4 expression purity against yield comparative to tradition IPTG expression.  

Glycerol stocks were used to inoculate 10 mL P-0.5G minimal media ON in an orbital 

incubator at 37°C, 200 RPM. The starter culture (350 µL) was used to inoculate 350 

mL 37°C prewarmed ZYP-5052 media in a 2 L Erlenmeyer flask. The flask was agitated 

at 200RPM at 30⁰C for 5 hr before spinning and storage of pelleted cells as previously 

stated (Section 2.6.4.1). 
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2.6.4.3 Protein Purification 

Cell pellets were removed from -80°C and lysed with 15 mL protein lysis buffer 

containing complete EDTA-free protease inhibitors using a Constant Systems One 

Shot cell disruptor at 30000 kPSI. Lysed cells were centrifuged at 21000 x G for 20 

mins, 4°C. The supernatant was collected and added to 1 mL of 50% Amintra NI-NTA 

(Cat# ANN0025 Expedeon, UK) beads (washed twice and equilibrated in lysis buffer) 

packed into a 5 mL polypropylene column (Cat# 34964 Qiagen, UK) and left to 

incubate ON at 4°C on a rotator. 

 Following this, the column was placed in a clamp stand and beads allowed to 

settle by gravity before the unbound fraction was collected in a 50 mL falcon tube 

and frozen at -80°C. Following this, 3 x 20 mL wash buffer (Section 2.1.6) was added 

at a rate of 1 mL/min via peristaltic pump, and the run off was collected and stored 

at -80°C. An elution buffer (section 2.1.6) containing 200 mM imidazole was added 

and 8 x 1 mL aliquots were collected.  

For optimisation, a concentration gradient of imidazole ranging from 150 mM 

to 300 mM (in 50 mM increments) was sequentially added and collected as described 

above. Following optimisation, eluents 3-5 at 200mM imidazole were pooled 

together and dialysed using 3500 MWCO BioDesignDialysis Tubing (Cat# 68035 Fisher 

Scientific, UK) pore size tubing overnight at 4°C on a magnetic stirrer into 400 mL 1X 

PBS changed thrice, transferred into a 15 mL falcon tube and kept at -20°C.  

 

2.6.5 Protein quantification through Qubit Assay 

Abundance of purified recombinant protein was assessed using a Qubit 4 

Fluorometer (molecular probes, Life Technologies) following manufacturer’s 
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instructions. Briefly, a working reagent was created by diluting 1 μL of 200X protein 

reagent in 199 μL protein buffer for each sample. Protein standards 1 (0 ng/μL), 2 

(200 ng/μL) and 3 (400 ng/μL) were created by adding 10 μL of each stock standard 

to 189 μL of the working reagent and 1 μL PBS in a 0.5 mL Eppendorf to give a 200 μL 

working standard.  A 10 μL volume of sample was added to 190 μL working reagent 

and all samples and standards were allowed to equilibrate at RT for 15 min. Standards 

were then read on the Qubit Fluorometer to generate a standard curve against which 

samples were read to deduce concentration.  

 

2.6.6 SDS-PAGE 

Soluble protein eluents were visualised on 12.5% 1 mm x 10 cm 

polyacrylamide gels (section 2.1.8).  One-dimensional SDS-PAGE was used to monitor 

column fractions during the purification process.   Protein samples were combined 

with 4X SDS loading buffer and denatured for 5 min at 95°C in a thermocycler. After 

cooling at RT for 5 min, a 20 µL sample of interest was loaded onto a 12% 

polyacrylamide denaturing gel along with 5 µL of molecular weight marker Novex 

Sharp Standard Protein ladder (Cat# LC5800, ThermoFisher, UK). The gel was placed 

into a Mini-PROTEAN Tetra tank (Cat# 1658005EDU Biorad) submerged in 500 mL 1X 

TGS and ran for 45 min at 200 v. Protein gels were run in duplicate: one gel stained 

with colloidal Coomassie to assess protein molecular weight and another transferred 

for western blot to detect the presence of the BG4 FLAG tag. 
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2.6.7  Colloidal Coomassie staining 

Resolved gels were removed from the cast and fixed for 2 min in fixing 

solution (section 2.1.8). The gel was then stained ON on an optical rocker in 

Coomassie gel stain (section 2.1.8). The gel stain was then removed, and the 

overstained gel then rinsed repeatedly in destain solution (section 2.1.8), with hourly 

changes into fresh destain solution, until the background cleared, and bands were 

distinguishable. Gels were visualised under white transillumination in a UVP GelDocIt 

(UVP).  

 

2.6.8 Western Blot 

Polyvinylidene fluoride (PVDF) membranes were cut to size and activated for 

30 sec in 100% MeOH before a 1 min wash in 0.3% PBS Tween20 and equilibrated in 

1X Transfer buffer (until the membrane sinks). The SDS-PAGE resolved gel was placed 

together with the membrane in a cassette, lined with 1X Transfer buffer saturated 

blotting paper, fine and rough sponges each side. The cassette was placed in a Mini 

Trans-Blot module (Cat# 1703935 Bio-Rad) within a Mini-PROTEAN tetra tank (Cat# 

1658005EDU Bio-Rad) and saturated in Transfer Buffer.  

Protein transfer occurred for 90 min at 60 V. The membrane was stained for 

5 min with Ponceau S to check for protein transfer prior to blocking ON in 2.5% non-

fat skim milk powder in 0.3% PBS tween 20 at 4°C. Following this, the membrane was 

immersed in antibody solution (section 2.1.9), containing primary mouse anti-flag 

antibody diluted 1:2000 (Cat# F1804, Sigma Aldrich, UK) for 2 hr or ON at 4°C. The 

solution was removed, and the membrane rinsed twice for 5 min with PBS tween on 

an orbital rocker. The second antibody solution containing 1:10,000 rabbit anti 
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mouse IgG conjugated with horse radish peroxidase (HRP) (Cat# 61-6020, Invitrogen, 

UK) was added and incubated for 1 hr at RT. The membrane was then subjected to 

three 15 min washes in PBS Tween before 2 mL chemiluminescent Peroxidase 

Substrate-3 (Cat# CPS350, Sigma Aldrich, UK) was added. The substrate was left in 

contact with the membranes to develop for 3 min prior to being imaged on a UVP 

bioimager.  

 

2.6.9 Confirmation of BG4 through MS/MS 

Protein was ran on a 1D SDS-Page gel and stained with Coomassie as described above 

(2.6.6-2.6.7). Bands were excised using a clean scalpel and subject to trypsin digest 

as described elsewhere (Morphew et al., 2011). Briefly, gel pieces destained using 

50% v/v 50 mM ammonium bicarbonate (ambic) (pH 8) ad 50% acetonitrile v/v (AVN) 

for 15 mins at 37 °C until clear. Samples were dehydrated in 100% acetonitrile for 15 

min at 37°C and dried at 50°C. Subsequently 100 μL of 10 mM dithiothreitol w/v (DTT) 

in 50 mM ambic was added and incubated at 80°C for 30 min. Supernatant was 

discarded and 100 μL of iodoacetamide (IAA) was added and samples incubated for 

20 min in the dark at RT. Supernatant was discarded and samples were washed twice 

with 50mM Ambic 50% ACN and dehydrated with 100% ACN. Excess was removed 

and gel pieces dried at 50°C. Gel pieces were swollen in 50 mM ambic containing 10 

ng/μL porcine modified trypsin (Promega, UK) and left to digest ON at 37°C. Following 

this 30 μL water was added to gel pieces for 10 mins with agitation and eluent was 

transferred to a new tube. A volume of 50% Can, 5% formic acid in MilliQ water was 

added to bands and agitated for 60 mins at RT before supernatant was collected and 
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added to previous eluent. The pooled supernatants were dehydrated in a speedvac 

and resuspended in 0.1% formic acid for tandem mass spectroscopy.  

 Liquid chromatography tandem mass spectrometry was performed by the 

Aberystwyth University Mass Spectrometry and Analytical Unit as described 

elsewhere (Davis et al., 2019).  

2.7 Immunofluorescent detection of G4. 

2.7.1 NIH 3T3 Cells 

NIH 3T3 cells were cultured as described in section and seeded onto 8 well 

chamber slides at a density of 3.5x104 in 200 mL media and left overnight to attach 

in a 37°C 5% Co2 incubator. Media was removed and samples rinsed with prewarmed 

PBS twice prior to fixation for 20 min in either ice cold 3:1 methanol: acetic acid at -

20°C, ice cold methanol at -20°C, or 4% PFA in PBS at RT prior to 0.5 hour 

permeabilisation in 0.3% PBS Triton X100 (PBSTx) at RT. Samples were blocked in 

blocking buffer (5% BSA (w/v) PBSTx) for 1 hr before incubated in 1:100 Anti G-

Quadruplex antibody BG4 (Ab00174-10.6, Absolute Antibody, Oxford, UK) diluted in 

blocking buffer for 2 hr. Cells were washed thrice for 15 min in PBSTx and then 

incubated for 1 hr in 1:1000 Fab specific FITC conjugated goat anti-human IgG (Cat# 

F5512, Sigma-Aldrich, UK) diluted in blocking buffer. Cells were washed as before, 

and chamber walls removed. Samples were mounted in Fluoroshield anti-fade 

mounting medium counterstained with 2 μg/mL DAPI, and sealed with coverslips 

(Cat# 12373128, Fisher Scientific, UK) and nail varnish. Negative controls were 

incubated with secondary antibody only in the absence of BG4. Samples were imaged 

on a Leica TCS SP5 Laser Confocal Scanning Microscope at x40 or x100 oil immersion 
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lens, with 405 nm diode and 488 nm argon lasers.  Samples were visualised at x1.25 

zoom, 1000 hz, with excitation of 10% at 405 nm for DAPI and 0.8% 488 nm for BG4 

detection. Channels were imaged sequentially to prevent bleed over between signals 

and background manually subtracted from all images. 

 
2.7.2 Whole Worms 

Mature, adult parasites (7-week-old) were incubated for 15 min in 1 mL worm 

culture media containing 0.25% (w/v) 3-ethyl anaesthetic before being killed in a 0.6 

M MgCl2 solution. Worms were fixed for a minimum of 1 hr  in either ice cold 3:1 

methanol: acetic acid at -20°C, ice cold methanol at -20°C, or 4% PFA in PBS at RT 

prior to 0.5 hour permeabilisation in PBSTx at RT. Samples were subsequently 

blocked for 2 hr at RT in blocking buffer and then incubated for 1:100 in BG4 diluted 

in blocking buffer for 2 hr. Parasites were washed thrice for 15 min in PBSTx and then 

incubated for 1 hr in 1:1000 Fab specific FITC-conjugated goat anti-human diluted in 

blocking buffer. Finally, samples were washed again 3 times for 15 min on a rocker 

with PBSTx and mounted on microscope slides (Cat# 12352098, Fisher Scientific, UK) 

in Fluoroshield anti-fade mounting medium counterstained with 2 μg/mL DAPI, and 

sealed with coverslips (Cat# 12373128, Fisher Scientific, UK). Negative controls were 

incubated with secondary antibody only in the absence of BG4. Following 

optimisation, changes were as follows: worms were permeabilised for 1 hr in PBSTx 

incubated in 1:400 BG4 for 72 hr at 4°C, washed thrice for 20 min, incubated in 1:2000 

anti-human IgG for 48 hr at 4°C and washed thrice for 20 min. Samples were agitated 

during incubation periods using an orbital rocker.  
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 Slides were imaged on a Leica TCS SP8 Laser Confocal Scanning Microscope 

at x00 dry or x100 oil immersion lens with 405 nm diode and 488 nm argon lasers.  

Samples were visualised at x1.25 zoom, 8000 hz, with excitation of 15% at 405 nm 

for DAPI and Brightfield and 1.5% 488 nm for BG4 detection. HyD Channels were 

imaged sequentially to prevent bleed over between signals and background manually 

subtracted from all images. Data were collated from 100 Z stacks at x20 magnification 

and 50 Z stacks at x100 magnification. Anterior, midsection and posterior regions 

were imaged for each group (n = 5-8 males and females).  

2.8  Drug screens on S. mansoni parasites 

2.8.1 Compound storage and handling 

Quarfloxin was kindly provided as a gift by Adam Siddiqui Jain of Tetragene 

and CX-5461 was kindly provided by Australian National University. Quarfloxin was 

solubilised in dH2O and CX-5461 in 50 mM NaH2PO4 (pH 4.5) to a stock concentration 

of 10 mM and kept at -20°C away from light until use. Compounds were further 

diluted to a working concentration of 1.6 mM in appropriate diluent. Positive controls 

for S. mansoni screens included Auranofin (Cat# A6733 Sigma-Aldrich), and 

praziquantel (Cat# P4668, Sigma-Aldrich, UK), solubilised in DMSO to stock 

concentrations of 10 mM and working concentration of 1.6 mM.  

 

2.8.2 RoboWorm 

Our in house robotic high throughput screening (HTS) system, hereon referred to 

as ‘RoboWorm’, was used for S. mansoni larval schistosomula screens. RoboWorm 

was used both for compound ‘stamping’ of plates and for image acquiring and 
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analysis of schistosomula phenotype and motility changes using a Bayesian image 

analysis model (Paveley et al., 2012) 

 

2.8.3 Schistosomula drug screen 

Master compound plates were prepped using 96 well v bottom plates (Greiner) 

containing serial 0.5 X dilution from 1.6 mM to 0.1 mM of stock concentrations and 

frozen at -20°C until required. Auranofin (1.6 mM) (Cat# A6733-10MG Sigma Aldrich, 

UK) and DMSO control wells were also added to plates.  

A 384 well black walled, clear flat bottom Perkin Elmer plate (Cat# 6007460, 

Greiner, UK) was primed with 20 μL complete Basch media using a Matrix WellMate 

(ThermoFisher, UK) prior to ‘wet stamping’. The plate was transferred to the 

RoboWorm system to facilitate automated transferral of 0.5 μL of compound from 

the master plates to the primed working 384 well plate using sterile 20 μL tips using 

Biomek FXp and Software, v3.3 (Beckman Coulter, UK). Final well concentration was 

a titration from 10, 5, 2.5, 1.25 and 0.625 μM for CX5461 and 10, 5, 2.5, 2.25, 2, 1.75, 

1.5, 1.25 and 0.625 μM. All wells of column 23 receive DMSO at a final concentration 

of 0.625% and all wells of column 24 contained Auranofin at 10 μM final 

concentration.  

The plate was returned to the WellMate and a volume of 60 μL of freshly 

transformed schistosomula in complete Basch media (as described in section 2.1.1) 

was dispensed to each well such that each well contained 120 schistosomula in 80 μL 

total well volume. The plates were barcoded and returned to RoboWorm to incubate 

for either 24 hr or 72 hr at 37°C in a 5% CO2 Cytomat incubator prior to phenotype 

and motility high throughput analysis using RoboWorm. 



84 

 

The automated image analysis involves removal of the plate from the Cytomat, 

confirmation of the plate through barcode scanning (an .xls file containing plate/well 

layout and matching barcode number is uploaded to the system prior to analysis) and 

a resuspension step. Briefly, within the Biomek Fxp, 250 μL tips were used to 

resuspend each well in all four corners to ensure redistribution and disaggregation 

of parasites prior to analysis. The plate was then transferred to a 37°C high content 

imaging ImageXpress Micro XL microscope for image analysis. Following image 

acquisition, the plate was returned to the Cytomat.  

 

2.8.4 High throughput S. mansoni schistosomula 72hr drug screen - RoboWorm 

Platform image analysis 

 Parasites were quantitatively scored for changes in motility and phenotype. 

Motility images were taken first by the ImageXpress XL High Content Imaging system 

(Molecular Devices). Bright field images were captured from 5 consecutive images 

taken at 6 second intervals using a 4X objective. For phenotypic analysis, 4 bright field 

images were taken in each corner of the well under 10X objective and tiled together.  

These images were used to score parasites using analyses models published by 

Paveley et al. (2012). Parasites are automatically segmented and scored based on 

differences from an existing library of controls. For phenotype, scores are calculated 

based on qualified image descriptors including morphological property and pixel 

intensity (Paveley et al., 2012). Motility was scored by assessment of cumulative area 

change by individual larva across the time lapse (averaged for all parasites) relative 

to known controls (Paveley et al., 2012). Following analysis, plate data could be 

downloaded as an .xls file, containing scores for each well. “HIT” thresholds were 
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determined as scoring both < -0.35 for motility and < -0.15 for phenotype. Anything 

above this was considered a “NON-HIT”. Hit values were plotted and dose response 

curves generated for motility and phenotype.  

To control for analysis quality, Z’ value parameters were generated as a quality 

assessment on the reproducibility of motility and phenotype scores for positive and 

negative controls (Zhang, Chung & Oldenburg, 1999).  Generation of Z’ were 

calculated automatically as part of the analysis but were generated manually in the 

instance of obvious outliers within the data output. Manual calculation after outlier 

removal was based on work by Zhang et al (1999). Plates scoring > 0.5 were 

considered excellent, plates scoring 0.3-0.5 were considered average, and plates < 

0.3 were considered failures and were rescreened.  

 

2.8.5 Juvenile S. mansoni worm 72 hr drug screen 

Larval 3 wk worms were perfused from infected mice as described in section 2.3.5 

and processed for drug screens (Whiteland et al., 2018). Worms in perfusion media 

were transferred into a 50 mL falcon tube and centrifuged for 2 min at 300 x G, low 

brake and at 4°C. The pellet was washed twice in DMEM without phenol red by gently 

transferring the pellet to a fresh tube and centrifuged again to remove host material. 

The parasites were left to pellet by gravity and resuspended in worm culture media 

and adjusted such that they were at a density of around 20 parasites per 180 μL. This 

volume was pipetted into each well of a 96 well flat bottom using a wide bore pipette 

tip. Compounds was added to each well at a serial twofold titration gradient from 20 

- 0.625 μM final concentration when final well volume was adjusted to 200 μL with 

worm media.  Controls included media only, 20 µM final concentration PZQ and 1.2 
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% v/v dH2O or NaH2PO4 controls. Parasites were cultured for 72 hr at 37oC in 5% CO2 

in a humidified environment and were observed at 24 and 72 hr. Scoring occurred at 

72 hr using a previously published scoring matrix outlined in Table 2.4 (Whiteland et 

al., 2018) adapted from WHO-TDR motility scoring system(Ramirez et al., 2007). A 

total of three biological replicates was performed and dose response curves were 

generated for each titration point. 

 

Table 2.4 Motility scoring matrix for juvenile S. mansoni worms 

Score Descriptor 

0 No movement/dead 

1 Movement of suckers only 

2 Movement of anterior/posterior regions only 

3 Sluggish full body movement 

4 Normal full body movement 

 

2.8.6 Adult S. mansoni worm 72 hr drug screen 

Worms were perfused from 7wk infected mice as described in section 2.3.5. Three 

pairs of adult worms per well were placed in 1 mL of 37°C pre- warmed worm media 

in a flat bottom 48 well plate before dosing with target compound in twofold serial 

titration range from 20 μM – 0.625 μM final concentration. Auranofin and 

Praziquantel (both at 20 μM final concentration, 1% DMSO) were used as positive 

controls and media and drug reconstitution agent (either 1.2% v/v dH2O or 1.2 % v/v 

NaH2PO4) as negative controls. Worms were incubated for 72 hr at 37°C before 

scoring for motility. Motility scoring followed WHO-TDR metric scoring system 
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(Ramirez et al., 2007) as detailed in Table 2.5. Scores from three biological replicates 

were averaged and used to generate dose response curves. 

 

Table 2.5 Motility scoring matrix for adult S. mansoni worms 

Score Descriptor 

0 Complete absence of movement 

1 No movement except peristalsis 

2 Minimal movement i.e., head/tail flick 

3 Reduced movement 

4 Normal movement 

 

2.8.7 Adult worm egg counts and collection 

At the end of the 72 hr drug screen (section 2.8.6), culture media was collected, 

and eggs were counted using a 1 mL Sedgewick rafter counting slide using a light 

microscope with a 4X objective. Counts were performed three times and an average 

count taken. Only oval eggs with intact lateral spines were counted. Eggs to be 

collected for downstream analysis (section 2.12.4) were transferred into a 1.5 mL 

Eppendorf and centrifuged for 5 min at 300 x G in a microcentrifuge. The pellet was 

resuspended in 1 mL PBS and centrifuged again. Thereafter, the pellet was 

resuspended in freshly made 4% formaldehyde, and kept at 4°C prior to analysis 

(section 2.12.3).  

2.9 Fasciola hepatic NEJ excystment 

Metacercariae derived from the Italian F. hepatica strain were ordered from 

Ridgeway Laboratories (Gloucestershire, UK) and were excysted into NEJs following 
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protocols published previously with minor modifications (Wilson et al., 1998; Dixon, 

1966). Unless stated, all centrifuge conditions are at 1200 RPM for 5 min.  

Briefly, received metacercariae on foils were transferred to a petri dish in PBS. 

Metacercariae outer cysts were ruptured using a dissecting needle and 

metacercariae were gently removed from foils using a paintbrush.  Following this, 

metacercariae were transferred to a 50 mL falcon tube by plastic Pasteur pipette, 

centrifuged, and resuspended in 1% pepsin A, dissolved (w/v) in 0.2% HCl solution. 

The solution was incubated for 1 hr at 37°C in a water bath after which metacercariae 

were pelleted using above conditions and rinsed in PBS, then vortexed for 10-15 min. 

The pellet was centrifuged, and the water removed. The pellet was resuspended in 

10 mL dithionate solution (section 2.1.2) in a 15 mL falcon tube, sealed with parafilm 

and incubated at 37°C in a water bath for 2 hr. 

 Following this, the sample was centrifuged and resuspended in prewarmed 

DMEM to wash parasites before they were centrifuged at previous conditions. 

Metacercariae were resuspended in 10 mL tauroglycocholate solution (section 2.1.2) 

and incubated for 1 hr at 37°C in a water bath. Subsequently, the parasites were 

allowed to self-pellet by gravity and supernatant aspirated. The pellet was 

resuspended in overnight solution (section 2.1.2) and incubated ON in a water bath 

at 37°C. The next day, excysted NEJs were self-pelleted by gravity before the 

supernatant gently removed and the parasites resuspended in 2 mL NEJ culture 

media (section 2.1.2).  The culture was transferred to a 100 μm cell strainer (Cat# 

22363549, Fisher Scientific, UK) placed inside a watch glass, such that the filter was 

submerged. This facilitated traversal of NEJs through the filter into the watch glass, 

while excystment debris remained. The watch glass was incubated within a 
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moistened chamber at 37°C 5% CO2 for 30 min, after which it was checked by 

dissection microscope. If any NEJs remained within the filter, it was gently agitated 

and returned to the incubator for a further 30 min.  

NEJs were collected from the watch glass and transferred to a 6 well tissue culture 

plate and kept in a humidified incubator at 37°C 5% CO2 prior to use.  

2.10 NEJ F. hepatica Drug screen 

NEJs were excysted from metacercariae as described in section 2.9 and 

transferred by pipette into a 24 well tissue culture plate containing 1 mL pre-warmed 

NEJ culture media (section 2.1.2) at a density of 25 parasites/well. Compounds were 

added to wells to give final concentrations of 10, 5, 2.5, 1.25 and 0.625 μM. 

Triclabendazole (TBZ) (10 μM in 0.625% DMSO) was added to one well as a positive 

control and 0.625% dH2O or NaH2PO4 were added as negative control wells 

dependent on the drug screened. Parasites were cultures for 72 hours at 37°C 5% 

CO2 in a humidified environment and were scored for phenotype and motility using 

previously published metrics (Edwards et al., 2015)described in table 2.6.  

 

Table 2.6 Phenotype and Motility scoring matrix for F. hepatica NEJs 

Score (Phenotype) Descriptor Score (Motility) Descriptor 

1 Normal 1 Normal 

2 Rounded 2 Moderate 

3 Discolouration/Granular 

appearance 

3 Low 

4 Ruffled tegument 4 Little 

5 Blebbed tegument 5 None 

6 Dissolved    
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2.11 Cell culture and MTT drug assay 

2.11.1 Cell Lines Utilised  

All cell lines used were purchased from Sigma Aldrich and stocks maintained in 

liquid nitrogen vapour phase. All cell lines were always handled under sterile 

conditions in a laminar flow Class II cabinet with aerosol tips used. 

 

2.11.2 Cell Seeding 

Cells in cryovials were removed from liquid nitrogen storage and thawed at 37°C 

in a water bath for 1 min or until a small pea sized ice pellet remained. The sample 

was transferred to a sterile hood and resuspended in 1 mL of appropriate cell culture 

media, and centrifuged at 1200 RPM for 2 min at RT.  The supernatant was aspirated, 

and the pellet re-suspended in 1 mL of appropriate culture media. A 10 μL sample of 

the cell suspension was taken and mixed 1:1 with trypan blue (Cat# T8154, Sigma 

Aldrich, UK); a 10 μL sample was removed and loaded onto a cell counting slide (Cat# 

1450011 Bio-Rad) and inserted into a Bio-Rad TC10 cell counter. Cell density and 

percent cell viability was calculated. The sample was brought to a total volume of 8 

mL in culture media and transferred by serological pipette into a T25 flask 

(Cat#12034917 Fischer Scientific, UK) with filter lid, and placed in a 37°C, 5% CO2 

incubator to allow for cell attachment.  
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2.11.3 Cell culturing 

Cells cultured at 80% confluency (determined by visual inspection under light 

microscope) had media removed and were bathed twice in 37°C pre-warmed PBS. To 

detach cells from the flask surface 5 mL trypsin-EDTA (Cat# T3924, Sigma Aldrich, UK) 

was added and cells incubated for 10 min at 37oC for HepG2 cells, for 5 min for NIH 

3T3 cells and, 5 min for MBDK with gentle agitation every 2 min. Culture media was 

added to the flask in a 2:1 ratio to trypsin to inactivate the enzyme and the solution 

transferred to a 50 mL falcon tube and centrifuged at 1200 RPM for 2 min at RT. The 

supernatant was discarded, and the pellet re-suspended in an appropriate volume of 

fresh media. This was then transferred to an increased flask size or split between two 

flasks, and the passage number updated. 

 

2.11.4 Cell freeze down 

In order to preserve cell stocks at desired passage numbers, cells in culture were 

frozen down for liquid nitrogen storage when no longer required. Media was 

removed from flasks and soaked in pre-warmed PBS prior to the trypsinisation and 

counting process as described in section 2.11.2. After counting, the cell pellet was 

resuspended to give a final concentration of 10^6 cells per 1 mL of cryopreservation 

media (section 2.1.4). Aliquots of 1 mL containing 1x10^6 cells were pipetted into 1.5 

mL cryovial tubes labelled with date, cell line and passage number and frozen for 24 

hr at -80°C in a freezing chamber (Cat# 5100-001, ThermoFisher, UK) prior to being 

moved into liquid nitrogen for long term storage. 
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2.11.5 MTT Assay and drug titrations  

HepG2, and MDBK cells were cultured, trypsinised and counted using a Bio-Rad 

counter as described in section 2.11.2. Cell viability was calculated and used to seed 

cells into a 96 black walled clear bottom cell treated plate via a reservoir and 

multichannel pipette such that each well contained an appropriate number of cells 

(20,000 for HepG2, or 5000 for MDBK). The final well volume was adjusted to 50 μL 

using appropriate cell media (either HepG2, or MDBK).  Blank wells contained no cells 

but 50 μL of media only to control for background. Cells were briefly checked for 

uniformity by light microscope at 4X objective prior to incubation ON in a CO2 

incubator at 37°C to attach for 24 hr before dosing. Cells were checked again prior to 

dosing for uniform attachment.  

Meanwhile, MTT drug titration was performed as described elsewhere (Nur-

E-Alam et al., 2017). Briefly, a drug titration master plate was created using master 

2X concentrations of 400, 300, 200, 100, 50, 20, 2 and 0.2 µM in a total volume of 

200 µL. Negative control (2% v/v dH2O and media only) and positive control (2% v/v 

Tx100) master wells were created. From this drug plate, a volume of 50 µL was 

removed using a multichannel pipette and added to each triplicate well to give final 

concentrations of 200, 150, 100, 50, 25, 10, 1, and 0.1 μM in 100 μL. A further 50 μL 

was added to blank wells for consistency.   

After 20 hr of drug incubation, 10 µL of MTT solution was added to the media 

using a multichannel pipette and reservoir. After a further 4 hr of MTT incubation, 

the plate was briefly checked by eye for formazan production, before media was 

removed and the plate blotted in a laminar flow cabinet. A volume of 100 µL of 1:1 

v/v DMSO: isopropyl was added to solubilise the formazan before the plate was 
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incubated at 37°C for 10 min.  The plate was shaken and imaged in a FLUOstar Omega 

microplate reader (BMG LabTech, Bucks GB) at 570 nm wavelength. Absorbance 

measurements were blank corrected and averaged. Data from three biological 

repeats was used to generate the CC50 dose response curves, calculated on GraphPad 

Prism software (GraphPad, San Diego US). 

2.12 Data collection and visualisation of drug treated S. mansoni parasites 

2.12.1 Adult worm surface light microscopy  

Wells were imaged prior to processing using an Olympus CK2 platform microscope 

at 4X objective with a Euromex HD camera attachment.  

 

2.12.2 EdU (5-Ethynyl-2´-deoxyuridine) staining of worms 

The ability of quarfloxin to impact on the incorporation of EdU into 

proliferating cells was measured. Adult worms were incubated for 24 hr in 1 mL worm 

media containing a final concentration of 10 μM EdU following a 72 hr drug screen 

(section 2.8.6), before transferral to Eppendorfs containing 1 mL DMEM with 0.25% 

(w/v) ethyl 3-aminobenzoate methanesulfonate for 15 min to anaesthetise and 

separate pairs. Media was aspirated and worms immediately killed by addition of 1 

mL 0.6 M MgCl2. This was removed, worms washed in 1 mL of 0.3% (v/v) PBSTx for 1 

min prior to fixation in 1 mL fresh 4% formaldehyde diluted in 0.3% PBSTx (v/w) for 

4 hr at RT in a fume hood. Following this incubation period, the samples were rinsed 

twice for 5 min with 1 mL 0.3% PBSTx (w/v).  

For storage purposes, worms were dehydrated in 1 mL 50% MeOH (v/v in 

PBSTx) for 5 min before further dehydration along a gradient for five min each in 1 
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mL 80% and 100% MeOH. Samples were stored at -20°C before rehydration along the 

above MeOH gradient reversed (5 min each in 80% and 50% MeOH diluted v/v with 

PBSTx), and subsequent re-permeabilisation in 1 mL of PBSTx for 10 min.  

Bleaching solution (section 2.1.10) was freshly made and 1 mL added to tubes. 

Worms were incubated under bright light for 1 hr, or until the haemozoin had visibly 

disappeared. Samples were then rinsed twice for 2 min in 1 mL PBSTx before antigen 

retrieval in 1 mL Proteinase K (5 µg/mL in PBSTx) for 30 mins.  

Post fixation occurred with freshly made 4% formaldehyde (v/v) for 10 min at 

RT in a fume hood before washing twice with plain PBS. To the tube, 100 μL of Azide 

solution for every 2 worms (section 2.1.10) was added before incubation in the dark 

at RT for 30 min. This was removed and samples were washed again in 1 mL PBS for 

2 min before mounting on glass slides in DAPI mounting media (Section 2.1.3), 

covered with glass coverslip and sealed with nail varnish. Slides were stored in the 

dark at 4°C in a slide book until imaging. 

Male and female worms from three biological replicates were imaged (n=8 per sex 

per treatment) using a Leica TCS SP5II laser scanning confocal microscope at 40x oil 

immersion objective and 20% 488 nm Argon and 561 nm DPSS laser. Z stacks were 

taken with 100 images, bidirectional X, pinhole, and cell volume enumerated using 

Imaris software (Oxford Instruments).  

 

2.12.3 Fluorescence imaging of drug treated S. mansoni eggs 

 
Parasite eggs collected from sub-lethal Quarfloxin drug screens (1.25 – 0.625 μM 

plus media control) stored in freshly made 4% formaldehyde (section 2.1.13) were 
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spun in a benchtop centrifuge at 300g for 5 mins and washed twice for 1 min in 1X 

PBS. The sample was spun again, and the pellet resuspended in PBS containing 2 µg/ 

mL DAPI, mounted on Menzel X50 Microscope slides (Cat# 12352098 Fisher 

Scientific, UK) with a coverslip (Cat# 12373128 Fisher Scientific, UK) and sealed with 

nail varnish. 

 Slides were imaged on a Leica SP8 Super resolution laser confocal microscope at 

63x oil immersion objective, 8000Hz, with 20% Argon 488 nm and 561 nm DPSS laser. 

Channels were sequentially scanned to read DAPI and the autofluorescent green 

shell, and 50-layer Z stacks were taken for each egg. Three biological repeats were 

used per treatment group (n = 4-20 eggs per replicate). Egg shell volume and 

vitellocyte cell count were created using Imaris (Oxford Instruments, UK) software 

(and averages taken for each group).  

2.13 Determining Quarfloxin mechanism of action 

 
2.13.1 RNA Extraction from Quarfloxin treated adult worms 

 
Total RNA was extracted from 7wk male and female worms. Single sex worms (5 

worms per well, per group n= 15 female, n= 10 male) were collected following 24 hr 

incubation in either 0, 5 or 10 µM final concentration of Quarfloxin in 1 mL worm 

media. Worms were relaxed in 0.25% ethyl’3 (w/v) in worm media (Section 2.1.1) for 

15 min before a 1 min wash in PBS and transferral to a 2 mL round bottom Eppendorf. 

A volume of 700 µL of Qiazol reagent (Cat# 79306 Qiagen, UK) was added to each 

parasite sample (consisting of either 10 males or 15 females respectively) and 

maintained at -80°C prior to extraction. All RNA samples were disrupted using a 

TissueLyser LT (Cat# 85600 Qiagen, UK) and a 5mm stainless steel bead (Cat# 69989, 
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Qiagen, UK) for 2 min at 50 Hz. Total RNA was then extracted using a Direct-zol™ RNA 

MiniPrep, w/ Zymo-Spin™ IIC Columns purification kit (Cat# R2050 Cambridge 

Bioscience, UK) according to manufacturer’s instructions and eluted in 50 µL dH2O.  

 To eliminate potential sample contamination from gDNA, RNA samples were 

treated with the Invitrogen TURBO DNase I kit (Cat# AM1907 Fisher Scientific, UK) 

following manufacturer’s instructions. Briefly, 0.1 volume of 10X of buffer and 1 µL 

DNase (at 2 U/L) were incubated with the sample for 30 min at 37⁰C. A 0.1 volume of 

DNase inactivation reagent was then added, flicked and the sample incubated for a 

further 5 min at RT. To capture the DNase the sample was spun for 1.5 min at 10,000 

x G on a benchtop microcentrifuge. The top 40 µL was pipetted off into a clean 0.5 

mL nucleic acid lobind Eppendorf and concentration was determined by NanoDrop 

1000 (Thermo Scientific, UK). Samples were stored and maintained at -80°C. 

 

2.13.2 cDNA synthesis from extracted total RNA 

cDNA was synthesised from extracted RNA using SensiFAST cDNA synthesis 

kit (Cat# BIO-65053 Bioline, UK). Briefly, 500ng of starting material was added to 5X 

TransAmp buffer and 1 μL Reverse Transcriptase and made up in a 20 µL reaction. All 

cDNA reactions were incubated for 25°C for 10 min, followed by 42°C for 15 min in 

an Applied Biosystems Veriti thermocycler.  Samples were diluted to 100 µL to give a 

concentration of 5 ng/ µL and stored at -20°C. Reverse transcriptase negative 

controls were also created for each experiment where 1 μL of dH2O was used instead 

of reverse transcriptase.  
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2.13.3 RT-qPCR primer design 

For rRNA genes, qRT-Primers were designed using sequences deposited in 

GenBank (Table 2.1). ITS1 was designed from sequences in AF029309.1 ITS2 primers 

were designed from deposited sequences U22168.1 and 5’ ETS from AJ223842. 

Frizzled orthologue primers were designed from sequences accessed from 

WormBase ParaSite (Howe et al., 2017, 2016) 

 
 

2.13.4 Assessment of pol I transcription in Quarfloxin treated S. mansoni by RT-

qPCR 

Expression of precursor pol I rDNA was measured in 24 hr Quarfloxin treated 

and untreated worms through qRT-PCR. All qRT-PCR reactions were carried out in a 

laminar flow cabinet using sterile plasticware and aerosol tips. All experiments 

contained NTC (dH2O used in place of template) and reverse transcriptase negative 

RNA (sections 2.13.2) template to check for background and gDNA contamination. 

ITS1, ITS2 (precursor rDNA) and GST (pol II transcribed) expression were measured 

against pol II transcribed housekeeping gene alpha tubulin. Extracted cDNA from QF 

treated worms (section 2.13.1) was diluted 10-fold. Each 10 μL reaction contained 2 

μL cDNA (total 1 ng of template), 5 μL 2X SensiFAST SYBR HiROX buffer (Cat# BIO-

92005, Bioline, UK) 100 nm each of forward and reverse primer, and NFW to make 

up the final volume.   Experiments were run under the following conditions in a 

StepOne Plus Real Time PCR system (Applied Biosystems, UK): 

 

95°C 20 sec 
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95°C 3 s 

60°C 30s  for 38 cycles  

 

Fzd reactions were performed at the same conditions except for an annealing 

temperature at 55° C using a veriflex block. Each 10 μL reaction was performed in 

triplicate and CT values averaged prior to analysis. Melt curve analysis was also 

generated to determine amplification of a singular specific product. This comprised 

of 95°C for 15 sec, 60°C for 1 min increasing to 95°C in 0.3 °C increments (Ririe et al, 

1997). 

 

2.13.5 Primer efficiency calculation 

Amplification efficiency was calculated for each primer set to assess primer design 

quality and therefore optimal amplification conditions. A series of four 10-fold 

dilutions were created for template DNA with starting concentration of 5 ng/µL. Each 

concentration point was tested in triplicate for each primer pair. All experiments 

were run under conditions as detailed in section2.13.7 using a StepOne Plus Real 

Time PCR system and data analysed using StepOne Software v2.1. Ct data were 

averaged for each triplicate group and plotted against log (dilution factor) and y = mx 

+ c line of best fit.   This data was then used to calculate efficiencies using the 

following equations: 

 

Efficiency (E) = 10 – (1/m) 

% E = (E – 1) x 100 
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Efficiencies between 95-105% were accepted.  

 

2.13.6 Calculation of expression relative to control 

Relative expression was calculated using averaged triplicate Ct values using the 

Pfaffl method (Pfaffl, 2001) to calculate the relative expression ration  of expression 

of target relative to endogenous control (alpha tubulin). The following equations 

were used:  

𝑅𝑎𝑡𝑖𝑜 =  
(𝐸𝒕𝒂𝒓𝒈𝒆𝒕)∆𝐶𝑡𝒕𝒂𝒓𝒈𝒆𝒕(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒)

(𝐸𝒓𝒆𝒇)∆𝐶𝑡𝒓𝒆𝒇(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒)
 

 
Where E is the real time primer efficiency, target is defined as the pol I target 

gene, ref as alpha tubulin, control is the dose control and sample is the QF dose.  

 

2.13.7 Standard PCR reaction 

All PCR reactions were carried out in a laminar flow cabinet using aerosol tips 

and sterile plasticware. All experiments contained a no template negative control 

(sample DNA substituted with NFW) performed with each PCR.  

Generally, each PCR contained a 25 μL reaction consisting of 12.5 μL 2X 

Biomix (Cat# BIO-92005 Bioline, UK), 1 μL each of forward and reverse 10 μM primer 

stock, 250 ng template DNA and the final volume adjusted to 25 μL with NFW. All 

reactions took place using an Applied Biosystems Veriti thermocycler and the 

following conditions were used unless explicitly stated: 

 

94°C 2 min 
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94°C 15 s 

60°C 30s  for 35 cycles  

72°C 15s 

72°C 2 min 

 

The annealing temperature of standard conditions was modified as required and 

determined by gradient PCR when required.  

 

2.14 Agarose gel electrophoresis 

 PCR amplicons, and in some cases, cDNA and RNA quality, were checked using 

agarose gel electrophoresis. A 15 μL sample of each PCR product was 

electrophoresed through an agarose gel of either 0.8% (amplicons >1kbp), 1% 

(amplicons ~500-1000bp) or 2% (amplicons <500bp). In all cases, agarose was boiled 

in 1X TAE buffer and left to cool slightly, before addition of 10 μL of 10000X SYBR Safe 

per 100 mL of molten agarose and poured into a cast with comb. Once set, PCR 

products/gDNA were mixed with 5X loading dye (Cat# 1037649 Qiagen, UK) and 

loaded, prior to running in an electrophoresis tank containing 1X TAE.  PCR amplicons 

were electrophoresed for 90 V for around 45 min. For RNA, 1 µg was mixed with 5X 

loading dye and electrophoresed through a 1% TAE agarose gel for 40 mins at 60 V.  

2.15 Primer confirmation 

In order to confirm ordered oligo primers were amplifying the desired target 

sequence, purified PCR products were ligated into plasmids, expressed and a colony 

PCR performed, of which the sample was then sent for sequencing. PCR products 
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were purified by using a QiaQuick PCR Purification Kit (Cat# 28104 Qiagen, UK) to 

remove Taq polymerase, dNTPs, and salts by following the manufacturer’s 

instructions. 

Purified PCR products were ligated into pGMT-easy vectors (Cat# A1360 

Promega, UK) for sequencing purposes following manufacturer’s instructions. 

Following overnight ligation at 4°C, plasmids were then transformed into alpha select 

Bronze Efficiency E. coli competent cells as described in 2.6.1 with the exception that 

antibiotic used was ampicillin at 100 µg/mL. A 20 µL volume of culture was then 

spread on prewarmed agar plate containing 100 μg/mL ampicillin and left ON at 37°C. 

Single colonies were resuspended in 20 µL NFW and a colony PCR was performed 

using the same conditions as in section 2.11.7. PCR product was ran out on a 1% 

agarose gel to confirm band presence and size, and the resuspended colony was then 

grown overnight in 10 mL expression media (HSLB containing 100 μg/mL ampicillin) 

at 37°C at 200 RPM. Following this, 5 mL was used to isolate plasmid DNA using an 

Isolate Plasmid mini kit following manufacturer’s instructions. Plasmid DNA was 

eluted into 30 µL NFW, and concentration ascertained by NanoDrop. The plasmid 

was then sent for sequencing in a 10 µL reaction containing 250 ng template, 1 µM 

T7 forward sequencing primer (5’-3’: TAATACGACTCACTATAGGG) and the rest 

volume made up with NFW. Samples were assessed for noise quality and trimmed 

on FinchTV before alignment in MUSCLE with corresponding sequence. Following a 

positive result, primers could then be used in confidence.  
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Chapter 3: Detection of putative G4 forming sequences in Schistosoma mansoni  

 

3.1 Introduction 

To date, there has been no investigation into the presence of G4 forming 

sequences within S. mansoni. While detecting G4 sequences can be initially assessed 

through computational predictions, this does not fully confirm the presence of these 

structures within the given DNA locus. Biophysical approaches must, therefore, be 

additionally undertaken to confirm that predicted sequences can resolve into stable 

G4 under optimal conditions.  

 
3.1.1 Predicting Putative G4 Sites 

Although there is precise empirical data linking G4 as crucial instigators of 

biological functions (Rawal et al., 2006; Hänsel-Hertsch et al., 2016; Marsico et al., 

2019; Petraccone, 2013; Bartas et al., 2019; Hershman et al., 2008), it is pertinent to 

undertake further exploration at the genome level to identify if enrichment of G4 is 

evolutionarily conserved. To manually search full genomes is impractical; 

accordingly, much research has focused on developing computational strategies to 

assess putative sites of G4 formation (Bedrat, Lacroix & Mergny, 2016; Chariker, 

Miller & Rouchka, 2016; Capra et al., 2010; Huppert & Balasubramanian, 2005; Kikin, 

D’Antonio & Bagga, 2006). 

Several computational tools have been developed to identify putative sites 

within nucleotide sequences and provide an excellent starting point when analysing 

large sequence strings.  All programmes described that identify putative G4 sites 

broadly identify G-rich islands within the input sequence either through algorithms 
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or open reading frames (Wong et al., 2010). While there are differences between the 

various methods, the output is generally the same: a file of sequences that contain 

putative G4. Variances exist between the different software, in terms of capabilities, 

level of customisation, and the rate of false positives or negatives (Wong et al., 2010). 

The leading G4 identification software available include Quadparser, G4Hunter and 

QGRSMapper. 

 

3.1.1.1 Quadparser (QP) 

The most utilised published software is perhaps QP, a simple script that 

identifies predetermined G and C runs (to account for the complementary strand) 

from a FASTA input and generates an output of putative G4 sites (PQS) within the 

nucleotide sequences. This robust script can efficiently process a genome in minutes 

and can run on standard computers (Huppert & Balasubramanian, 2005), but was 

written with some specific caveats concerning G4.  

Within the software, interstrand G4 are ignored entirely in favour of 

intrastrand G4, as the former are disfavoured physiologically compared to the latter 

(Huppert & Balasubramanian, 2005). When evaluating the stability of G4 likely to fold 

in vivo, only G4 with three or more tetrads are considered. As single guanine tetrads 

only appear to form in highly concentrated solutions of guanine, they are unlikely to 

have relevance in vivo (Gellert, Lipsett & Davies, 1962; Huppert & Balasubramanian, 

2005). While instances of G4 consisting of 2 tetrads have been described, these are 

far less likely to be physiological stable in vivo compared to G4 containing three or 

more tetrads (Bao, Liu & Xu, 2019; Sen & Gilbert, 1988; Burge et al., 2006; Bock et 

al., 1992; Smirnov & Shafer, 2000; Darby, 2002). Within the three-or-more tetrad 
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range default, however, it is possible to customise search parameters.  For example, 

loop length between G4 can be altered to ensure more G4 are captured in the output 

generated and can produce results in formats suitable for visualisation of genomes 

in platforms such as integrated genome viewer (IGV) (Robinson et al., 2011b). The 

standard parameters of the QP algorithm used are: 

 

G3+N1–7G3+N1–7G3+N1–7G3+ 

 

Where G is the number of guanines in each tract, N can be any other 

nucleotide and refers to the intermediate loops between the guanine islands; the 

default loop length is 1-7 nucleotides.  This restriction on loop length can be altered 

and is arbitrary rather than definite. Regarding loop length, Balasubramanian and 

Huppert had previously explored loop length relative to G4 formation and found that 

stability decreased as loop length exceeded seven nt (Hazel et al., 2004). Consensus 

indicates longer loop lengths between G runs is related to inferior stability and a 

structure that is less likely to resolve in vivo; hence more stringent constraints on 

loop length are preferred (Parrotta et al., 2014; Tippana, Xiao & Myong, 2014; 

Mukundan & Phan, 2013).   However, it must be taken into consideration that the 

algorithm will only find ‘classical’ intramolecular G4 and does not detect potential 

bulge G4 structures under the parameters  (Mukundan, Phan & Anh Tuan, 2013; 

Heddi et al., 2016).  
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3.1.1.2 G4Hunter (G4H) 

Other programmes have been written that search for G4 in a different, albeit 

complementary manner to QP. One such case is the programme G4H, developed by 

Bedrat et al. (2016). G4H is an alternative programme that can search for and return 

PQS that could contain non-classical conformations, including bulge G4  (Bedrat, 

Lacroix & Mergny, 2016). Alternative mechanisms than QP are used to determine and 

assess G “richness” and “skewness” of a strand. G4H achieves this by searching for G 

abundant sequences through a sliding window (optimally set at 25-30nt) and 

assigning scores (G is 1, C is -1, T/A/U are 0) to the query sequence. A higher score is 

indicative of G richness and skew, and therefore of sequences more likely to form G4 

(Wong et al., 2010). A score threshold can be assigned (again, 1.2 to 1.4 are given as 

suitable stringency thresholds) and the software can extend the window where a 

score approaching the threshold is detected, to ensure a longer G4 is not spliced out 

of the window.  Here, multiple sequences that may form G4 within a set window will 

be counted, whereas QP excludes this and will calculate the single sequence, as it can 

be difficult to predict precisely which guanines form tetrads within a given PQS 

(Huppert & Balasubramanian, 2005). 

 

3.1.1.3 QGRS Mapper 

A web-based search platform is the QGRS Mapper. This searches for G4 using 

a similar formula as QP, but scores chains of putative overlapping sequences based 

on predetermined contributing factors such as the number of guanines in each run 

or the nucleotide length (Kikin, D’Antonio & Bagga, 2006). QGRS mapper has a 
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greater range of adjustable parameters than QP, with the ability to determine length 

of the entire sequence and number of guanines in each run. 

Although QGRS is more user friendly (QP requires a command line interface 

and knowledge of how to manoeuvre such an environment), the site’s processing 

capacity is limited by user browser and internet speed. While it can handle genome 

sequences of small organisms at a chromosomal level (e.g. Plasmodium), larger 

genomes prove difficult to analyse, and the site is, therefore, best suited for the (and 

ultimately designed around) analysis of gene or protein sequences (not whole 

genomes).  

 

3.1.1.4 Final considerations for software-based G4 detection in genomes 

While additional software similar to QP has been developed (Yadav et al., 

2008; Hon et al., 2017; Menendez, Frees & Bagga, 2012; Dhapola & Chowdhury, 

2016; Scaria et al., 2006), at the present time of writing, several of these appear non-

functional (e.g. Quadfinder, QuadDB, QGRSHfinder), are unsuitable for particularly 

large analyses (QuadDB2) or were simply made available at a later date than this 

work (PQSfinder).  

Since programmes differ in approaches and have different rates of generating 

false positives and negatives, it is perhaps prudent to use them concurrently to create 

a more robust panel of putative G4 sites. As there are sufficient complementary tools 

to computationally predict G4, current research appears to have moved away from 

creating new algorithms, instead expanding upon ones that already exist. For 

example, G4H is currently being redesigned into a GUI so as to be more user friendly 

than it’s previous iteration (Brázda et al., 2014).  These softwares have been used to 
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explore and profile G4 within model metazoan genomes, with most focusing on the 

human genome. 

 

3.1.2 Detection of G4 within the human genome 

Most work on G4 focuses on the human genome, particularly due to the 

overrepresentation of G4 that have been discovered within the promoter regions of 

oncogenes, making them attractive targets for different cancers (Siddiqui-Jain et al., 

2002; Balasubramanian, Hurley & Neidle, 2011; Bidzinska et al., 2013; 

Balasubramanian & Hurley, 2011). This has led to further exploration into G4 

localisation within other areas of the genome.  The use of QP under standard 

conditions on the hg16 (NCBI build 34) version of the human genome resulted in a 

total of 376,000 PQS detected (Huppert and Balasubramanian, 2005).  When the 

hg19 human genome (3091.96 mb; https://www.ncbi.nlm.nih.gov/assembly/

GCF_000001 405.10/, accessed 2017) was evaluated for PQS by Bedrat a 2-10 fold 

increase in PQS were detected dependent upon the stringency threshold applied 

within G4H (Bedrat, Lacroix & Mergny, 2016).  

This increase is due to G4H detecting PQS based on windows of GC richness 

that have been assigned scores opposed to fulfilment of specific search parameters 

in QP (Bedrat, Lacroix & Mergny, 2016). Therefore, non-classical PQS are more likely 

to be detected by G4H than QP, which can explain the increase in numbers found. 

Following computational analysis, high throughput sequencing of the human 

genome through ‘G4 Seq’ was performed using Illumina sequencing (Chambers et al., 

2015). This found over 700,000 G4 within the genome, substantially increasing upon 

those found by computational predictions. More recently, Marsico et al (2019) have 
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optimised the G4 seq procedure, and claim to have produced more accurate 

detection of G4 within the genome – but this has reduced the detected number down 

to some 400,000 (Marsico et al., 2019). 

 
3.1.3 Detection of G4 within parasite genomes 

Several parasite genomes have been studied with regards to G4 formation, 

but as of current writing these are all protozoan genomes – namely Plasmodium 

falciparum and Trypanosoma brucei. P. falciparum is known to have a small (23 mb), 

very AT rich genome with a GC paucity of around 19% (Harris et al., 2018; Stanton et 

al., 2016). Analysis of the P. falciparum  genome found ~80 PQS present within genes 

(Smargiasso et al., 2009; Stanton et al., 2016), of which most were primarily clustered 

within of upstream of var family genes, a major virulence family (Harris et al., 2018; 

Stanton et al., 2016).  These genes represent one of the parasite’s key mechanisms 

in remaining virulent and avoiding immune detection by the host (Flick & Chen, 2004; 

Barry et al., 2007; Kyes, Kraemer & Smith, 2007).  

In T. brucei and L. major, PQS have been investigated and parasites are 

susceptible to G4 targeting compounds  (Kerry et al., 2017; Zuffo et al., 2019; 

Belmonte-Reche et al., 2018). To date there has been no exploration of G4 within 

larger parasitic species such as Schistosoma. The genome of S. mansoni has recently 

been updated and could be used to computationally analyse the presence of PQS 

(publication in preparation). 
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3.1.4 Publication of the draft S. mansoni genome 

The S. mansoni genome is the most detailed assembled genome of the three main 

causative species of human schistosomiasis (e.g. S. mansoni, S. japonicum and S. 

haematobium) and version 5.1 was first published in 2009 (Berriman et al., 2009).  

This draft genome was unambiguously determined to consist of eight chromosomes 

(seven autosomal chromosomes plus a ZW chimeric allosome). Initially comprising of 

363 mb, 43% of the genome was either unplaced or in small scaffolds. Much of the 

genome was found to be repetitive, and 11,809 putative protein-coding genes were 

identified. The genes were noted to show large introns (average 1.6 kb) with short 

exons (average 217 bp) (Berriman et al., 2009). Additionally, a skew was observed in 

that the 3´ introns were much larger than 5´ introns; this feature is not typically 

observed in other eukaryotes). Indeed, the largest 3´ intron observed is 33.8 kb. 

Transcription families were found to be broadly evolutionarily conserved with other 

characterised eukaryotes, and some 40% of transcription factor families contain 

vertebrate sequences, a much higher figure than nematode worms (Berriman et al., 

2009).  

 

3.1.4.1 S. mansoni genome (v5.2) update 

The S. mansoni genome was extensively revised and updated (v5.2) by Protasio 

et al (2012), with over 45% of existing predicted gene models undergoing substantial 

modification leading to a reduction of predicted protein-coding genes from 11,809 

to 10,852 (Protasio et al., 2012). Additionally, over 80% of the genome was now fully 

resolved into chromosome structures, although the chimeric allosome remained 

unresolved. 
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3.1.4.2 S. mansoni genome (v7.1) update 

In 2017, a further update to the S. mansoni genome (v7.1) was released 

alongside an updated annotated genome feature file (ftp://ftp.sanger.ac.

uk/pub/project/pathogens/schisto_v7/; accessed April 2018). The number of 

protein-coding genes was further reduced, from 10,852 to 10,144. At the time of 

writing, the ZW chromosome remains fused but much of the genome is now 

unambiguously assembled onto the 7 autosomes. The work is currently unpublished 

and a manuscript detailing the specifics is being prepared by the Wellcome Trust 

Sanger Institute (Cambridge, UK). While the updated genome can provide a starting 

point for computational detection of G4, there are also in vitro and in silico 

approaches that can be used as validation tools for identifying G4.  

 

3.1.5 In vitro PQS Validation and Detection 

While computational screening of genomes is a good starting point for G4 

detection, putative sequences should then be validated to see if the identified 

guanine runs can actually fold into a G4 structure that is stable under approximate 

physiological conditions before any significant work is undertaken. This then provides 

further validation that the predicted structures have an actual likelihood of folding in 

vivo and, therefore, of being biologically relevant.  

Specific folding patterns of G4 structures can be identified through 

techniques such as circular dichroism (CD), fluorescence resonance energy transfer 

(FRET), nuclear magnetic resonance (NMR) and chromatin immunoprecipitation 

sequencing (CHIPseq) (Kejnovská et al., 2019; Adrian, Heddi & Phan, 2012; Brázda et 
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al., 2014; Hänsel-Hertsch et al., 2016, 2018). However, confirmation of folding 

patterns is not always straightforward when multiple topographies or conformations 

of the G4 exist (Huppert, 2008). The different techniques identify G4 through 

different methodologies and use may be dependent on what specific information 

about the G4 is desired.  

 

3.1.5.1 CD spectroscopy 

CD spectroscopy is rapidly emerging as the routine methodology to asses G4 

resolution ex vivo due to its sensitivity in generically describing nucleic acid 

conformation and specifically discerning G4 topology (e.g. parallel or antiparallel 

confirmation) (Kejnovská et al., 2019; Paramasivan, Rujan & Bolton, 2007; Vorlíčková 

et al., 2012).  

 CD spectroscopy involves exposure of the sample to circularly polarised light 

(CPL). If the sample is chiral, and therefore optically active, it can rotate the light 

polarisation plane. Chiral structures are those that have mirror asymmetry. When 

equal amounts of left and right handed CPL are radiated to a chiral sample, it will 

interact asymmetrically to the different branches of CPL across a range of 

wavelengths (Kejnovská et al., 2019; Eyring, 1977).  This difference in absorption at 

different wavelengths can be measured into a spectral output and is referred to as 

CD.   

All DNA is chiral, and G4 DNA is no exception. G4 structures can, therefore, 

be empirically determined through analysing CD hallmark spectra. CD is well suited 

to measuring DNA as it can evaluate both long and short nucleotide sequences and 

can be used with various agents that induce changes in conformational space of the 
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DNA. This includes monovalent cations that promote G4 tetrad stacking (Kypr et al., 

2009; Vorlíčková et al., 2012; Carvalho, Queiroz & Cruz, 2017). 

  

3.1.5.2 Detecting G4 with CD 

In addition to confirming a stable G4 structure, the general topology and 

conformation can additionally be ascertained through CD spectra analysis. This 

creates a spectrum curve, with peaks characteristic to different G4 confirmations 

(Fig.3.1). For example, parallel G4, such as that found in c-myc, give a positive 

maximum at ~ 264 nm and negative minimum at 240 nm (Fig 3.1A).  In contrast, the 

anti-parallel G4 detailed in ckit give a positive ellipticity maximum at 295 nm and 

negative minimum at 265 nm (Mathad & Yang, 2011) (Fig 3.1B). Hybrid structures, 

like those found in the human tandem telomeric repeat TTAGGG, also have distinct 

spectra, with a negative minimum of -240 nm, a positive shoulder of ~270 nm, and a 

strong maximum positive at 290 nm (Ambrus et al., 2006) (Fig 3.1C). This difference 

in spectra is caused from stacking interactions between guanines and the orientation 

of glyosidic bond angles, which affects the overall conformation. CD melting assays 

can be used to identify stability and Tm. G4. Sequences may resolve into G4, but a 

low Tm indicates a low chance of folding in vivo. 
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Figure 3.1: Representative characteristic CD spectra of three different G4 structures: 

parallel, 3+1 hybrid and anti-parallel conformations Characteristic peaks determined 

by circular dichroism are shown for parallel conformation (A) -240 nm and 265 nm; 

hybrid 3+1 conformation (B) includes a strong positive peak at 290 nm, a 

characteristic shoulder peak at 270 nm and a negative minimum at -240 nm and 

antiparallel conformation (C) -265 nm and 295 nm. Arrows denote described peaks. 

Image reproduced from Mathad and Yang, 2011 and edited by me. 

 

3.1.5.3 Detecting G4 by (NMR)  

NMR is another commonly used biophysical tool to confirm G4 structure, 

albeit has higher associated costs, and requires more material (Kypr et al., 2009). 

NMR using 1H atoms can be used to determine guanines in a G4 conformation. In 

practice, synthetic oligonucleotides that contain the putative G4 sequence are 

heated and reannealed in the presence of molecular crowding agents such as sodium 

or potassium to encourage folding, before the sample is subjected to a magnetic field 

within the NMR spectrophotometer (Adrian, Heddi & Phan, 2012; Burge et al., 2006). 

G4 guanines give imino peaks that are characteristic of the structure, producing 

chemical shifts around 10.5-12 ppm. These shifts are unique and not associated with 

A    B    C 
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any other DNA structure; thus, these signals provide clear evidence for the presence 

of G4 structures within a surveyed DNA sequence. The number of imino peaks is 

related to the number of guanines present in the tetrads (Mathad and Yang, 2011). 

While NMR is a more absolute measurement of DNA conformation, it is more 

expensive, and requires a large amount of starting material (Kypr et al., 2009). 

 

3.1.5.4 Detecting G4 by (FRET) 

FRET involves the process of energy transfer between two light sensitive 

molecules known as chromophores, to ascertain distance. The distance of 

fluorophores to each other can be measured by FRET efficiency and can differentiate 

extremely small changes in distance (Hussain, 2009).  

 FRET can be a useful tool in spectroscopic analysis of G4 formation, as it 

requires only a thermocycler to use rather than other techniques which need 

specialist equipment. A FRET experiment typically involves covalently labelling an 

oligomer or nucleic acid with a donor and acceptor fluorophore at different locations 

(Maleki et al., 2017). Weak dipole-dipole interactions allow the excited state energy 

of the donor to transfer to the unexcited acceptor module, providing the acceptor is 

within range of the donor (Juskowiak & Takenaka, 2006). This acts to quench donor 

fluorescence and sensitises the acceptor (Fig. 3.2). 
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Figure 3.2: Schematic outlining the principle of FRET. Single stranded DNA (or 

synthetic oligomers) have a fluorescent probe attached at the 5´ end (in this instance 

a FAM dye) and a respective quencher attached at the 3´ end (represented by a 

TAMRA quencher). When the two are suitably distanced, the probe can fluoresce and 

is read on a thermocycler. Under conditions that encourage G4 stabilisation, such as 

the presence of monovalent cations (e.g. K+), the two dyes are brought into greater 

proximity by G4 formation. This allows the quencher to diminish the fluorescent 

reaction and, therefore, the signal is diminished. The rate at which the energy 

transfer occurs and the lifetime of the quenching process can be utilised to determine 

the efficiency. (Swiatkowska & Juskowiak, 2014). 

 
3.1.5.5 Detecting G4 by high throughput genome wide pulldown 

 
Research is now moving toward high throughput detection and confirmation of 

G4. Several approaches have been developed, including the use of polymerase stop 

assays, ChIP assays, fluorescence targets and small binding molecules (Fernando, 
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Rodriguez & Balasubramanian, 2008; Kumari et al., 2015; Vummidi, Alzeer & Luedtke, 

2013; Zhuang et al., 2007).  Ilumina sequencing and pulldown assays are powerful 

ways to generate a breadth of data, from genome to transcriptome analyses. Specific 

high throughput G4 targeting has since been developed, called ‘G4 SEQ’. The process 

combines polymerase stop assay with Ilumina next-generation sequencing and has 

already been used to detect G4 in previously missed genes such as brca and can 

readily analyse whole genomes (Xu et al., 2017; Chambers et al., 2015). Through this 

technique, initial estimates of G4 have increased from 300,000 predicted by 

computational methods to some 400,000 within the human genome (Marsico et al, 

2019). However, the technique has undergone revisions and optimisation and is only 

now just becoming available.  
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3.2 Chapter Objective 

 
Although computational analysis strongly suggests G4 are conserved features and 

are present in some parasites, to date, the identification of PQS within the S. mansoni 

genome has not been attempted. Therefore, the aim of this chapter is to firstly utilise 

an in-silico approach to parse the likelihood of PQS within the S. mansoni genome 

and then secondly use CD to validate a subset of these predictions.  The following 

specific objectives will be pursued: 

 

• Computational analysis of the S. mansoni genome (v5.2 and v7.1) for PQS 

using QP and G4H at high and low stringencies 

• Quantify distribution of PQS through intra- and inter- genic regions within 

the S. mansoni genome (v5.2 and v7.1) 

• Devise a workflow to select PQS sequences that may be biologically 

relevant within S. mansoni protein coding genes (Smps) to take forward 

for in vitro confirmation  

• In vitro confirmation of PQS folding using CD 
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3.3 Results 

3.3.1 Selecting computational tools for detecting PQS in the S. mansoni genome 

 
Several computational tools have been highlighted as suitable methods for 

identifying PQS within genome sequences of various organisms (Wong et al., 2010). 

Of those outlined by Wong et al (2010), several were initially investigated in this 

study, but were not progressed further in favour of other programmes. For example, 

QuadBase, a database containing G4 motifs within 10 kb in transcription start sites 

(TSS) was rejected as it did not support the S. mansoni genome (Yadav et al., 2008). 

Its more recent successor QuadBase 2 was also rejected as at the time the website 

(http://quadbase.igib.res.in; accessed 2016) returned an error message and could 

not be accessed (Dhapola & Chowdhury, 2016). QuadDB, created by Wong et al 

(2010) as a repository for known PQS within the human genome was also found to 

be inaccessible at the published link (http://www.quadruplex.org/?view=quadbase; 

accessed 2016) and had ceased functioning (Wong et al., 2010).  

Of the other databases and tools listed by Wong, only two appeared 

functional: QP and QGRS mapper. QGRS Mapper (Kikin, D’Antonio & Bagga, 2006) is 

a primarily web based server dedicated to predicting PQS in inputted nucleotide 

sequences (http://computationals.ramapo.edu/QGRS/index.php, accessed 2016).  

While QGRSMapper is more user friendly than QP and supports input sequences of 

FASTA format, when tested, this tool could not handle large sections of the genome 

well. Given the need for high throughput analyses required for genome wide 

interrogation, QGRS mapper was not continued. QP, developed by Huppert and 

Balasubramanian (2005), was found to be the most suitable for the needs of the 
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analysis as it supported custom genome searches, and represents one of the few 

remaining active software. Additionally, Bedrat et al (2016) developed a novel 

computational tool, G4H that found a much larger number of PQS relative to QP. By 

utilising a different analytical method to QP, it seemed beneficial to first test the 

genome using QP then revaluate with G4H to determine if a substantial increase in 

PQS could be detected in the S. mansoni genome. 

 

3.3.2 Outline of PQS detected in Genome 5.2  

 

The version 5.2 S. mansoni genome draft published by Protasio et al (2012) 

was downloaded and used for initial PQS assessment. The lengths of assembled 

chromosomes are outlined in Table 3.1. The longest chromosome is 1 and the 

shortest is 5. 

 

Table 3.1: Length of assembled chromosomes in genome v5.2 

Chromosome Length (mb) 

1 65.5 

2 34.5 

3 28.0 

4 32.1 

5 9.4 

6 20.0 

7 9.7 

ZW 59.5 
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Bioinformatic analysis of this genome assembly was performed first using QP 

in a UNIX environment. The genome was accessed from Ensembl as chromosome 

scaffolds for easier analysis. Analysis was performed on each whole chromosome 

scaffold, with any smaller unplaced scaffolds ignored. Data were compiled into .xls 

spread sheets to easily identify total PQS numbers. Following analysis, PQS were 

computationally identified in every chromosome of the genome, including the 7 

autosomes and the ZW sex chromosome. Analysis was performed at high (3 

sequential guanines, 4 islands of guanines, loop length 1-7) and low (3 sequential 

guanines, 4 islands of guanines, loop length 1-20) stringency settings (Table 3.2).  

‘High stringency’ search parameters yielded a total 781 PQS distributed across the 8 

chromosomes. Unequal distribution was observed and likely reflects the differential 

sizes of the chromosomes: chr 1, ZW and 2 had the greatest number of PQS with 

n=147, n=128 and n=121 respectively. Chr 5 had the fewest predicted sequences with 

n=34 total. Chr 7 had the second fewest (n=59), and the rest of the chromosomes (3, 

4, 6 and 7) ranged from 59-108.   
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Table 3.2: Comparison of total PQS across high stringencies of QP and G4H 

Chromosome QP G4H 

1 147 669 

2 121 389 

3 87 263 

4 97 330 

5 34 112 

6 108 303 

7 59 148 

ZW 128 592 

Total 781 2806 

 

G4H analysis was undertaken identically to QP analysis, with the same 

chromosome scaffolds analysed. A high stringency (defined by a PQS analysis cut-off 

score of 1.4) gave rise to 2806 total detected PQS within the genome, notably greater 

than those PQS detected by QP.  The trends of PQS distribution across the assembled 

genome observed with QP are mirrored in G4H, except with a greater scale (Table 

3.2). Chr 1 and ZW once more have the greatest number of PQS (n=669 and n=592 

respectively). The chromosomes with the fewest PQS are again chr 5 and 7 (n=112 

for chr 5; 148 for chr 7).  

Further work exploring high and low stringency differences between 

detection methods was conducted, but this analysis is not included due to the S. 

mansoni genome being updated (v7.1) during this stage of the PhD research.  As this 

new version of the genome is a substantial improvement from v5.2 (see section 

3.1.4), a more thorough analysis of PQS could be performed and is subsequently 

described below.   
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3.3.3 Detailed analysis of PQS in the S. mansoni genome (v7.1)  

A new update to the genome was announced by the Berriman group at the Wellcome 

Trust Sanger Institute (Cambridge, UK) in 2018 (currently unpublished) with 

substantial updates to the genome and resolution of unplaced scaffolds, as 

demonstrated in Table 3.3 (ftp.sanger.ac.uk/pub/project/pathogens/Schistosoma/

mansoni/genome/Assembly-v7.0/; accessed 2018). All raw values for v7.1 analysis 

are summarised in Fig. S3.1 

  
Table 3.3: Chromosomal length differences between S. mansoni genome updates 

 

Although the allosome chromosome pair (ZW) remains chimeric, all other 

chromosomes have been expanded. The largest increase was chr 5, with a 169.3% 

increase in length. Chr 6 is the least affected regarding length, but still increased in 

size by nearly a quarter (24.7%).  Comparing v5.2 to version 7.1, chr 7 is now the 

smallest, while chr 1 remains the largest, however, the difference in size between chr 

Chromosome 
Chromosome Length (mb)  

Version 5.2 Version 7.1 % Increase 

1 65.48 88.88 35.2 

2 34.46 48.13 39.6 

3 27.97 50.45 80.4 

4 32.12 47.28 47.2 

5 9.38 25.26 169.3 

6 20.04 24.99 24.7 

7 9.74 19.29 98 

ZW 59.51 88.39 48.5 
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1 and ZW that was present in v5.2 has markedly reduced to 0.5 mb from 6 mb. Gene 

number decreased from to 10, 144 from 10,852. 

Analyses that were performed for the v5.2 genome were thus repeated in 

v7.1 due to the substantial changes to length and composition of chromosomes, and 

to observe if any change in trend of PQS occurrence or localisation was affected by 

the update.  

 

3.3.4 PQS detected by QP (high stringency conditions) 

There was a 57.7% increase in detected PQS across the v7.1 genome (1232) 

compared to v5.2 (781) when using high stringency parameters (Loop length = 1-7). 

The distribution of these PQS can be observed in Fig. 3.3A, with chr 2 containing the 

greatest number (n= 209), followed by chr 5 (n= 197) and chr 1 (n= 184). This 

contrasts with v5.2, where chr 5 had the fewest PQS (n =34) and chr 2 had the third 

largest PQS (n=121). Using the S. mansoni v7.1 genome assembly, chr 7 now 

contained the fewest PQS (n=90).  
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Figure 3.3: The number of putative quadruplex sequences (PQS) in the S. mansoni 

genome (v7.1) per chromosome as detected by Quadparser. Modifying the 

stringency parameters affects the general trend observed in PQS distribution. At high 

stringency (A), most PQS were detected in chr 2 and fewest in chr 7. At low stringency 

(B), most PQS were detected in chr 1 and fewest in chr 5.   

 

3.3.5 PQS detected by QP (low stringency conditions) 

When stringency parameters were relaxed to loop length 1-20, the total v7.1 

genome PQS increased to 8251 (Fig. 3.3B), a 569% increase in PQS numbers when 

genome analysis was conducted using higher stringency and a 151% increase from 

the same parameters used on the v5.2 genome.  

A 
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Here, the largest number of PQS was found in chr 1 (n= 1753), and the second 

highest in chr 2 (n= 1705), differing from the higher stringency. Here, chr 5 has the 

fewest total PQS (n= 499), where on the high stringency it was second highest.   

 

3.3.6 Enrichment analysis of PQS per chromosome -QP 

As with v5.2, PQS density was calculated to observe if length of chromosome 

affects number of PQS identified (Fig 3.4). Indeed, during the high stringency QP 

analysis, there was a large increase in numbers of PQS detected in chr 5, but 

considering the increase in length of chr 5, the expansion of the chromosome could 

easily account for the increase in PQS.  

 When the PQS density is normalised (i.e. Chromosome length is considered) 

during the high stringency QP analysis, a more accurate assessment of PQS density 

emerges (Fig. 3.4A).  Here, chr 5 is considerably more enriched for PQS when 

compared to all other chromosomes, with a PQS/mb of 7.8 compared to PQS baseline 

(average PQS/mb derived from all chromosomes; 3.14). Chr 2, 6 and 7 are also 

considered to be “over-enriched” in PQS numbers, with PQS/mb densities all greater 

than 4. Chr 1, 3, 4 and ZW are all considered “under-enriched”, all possessing PQS/mb 

densities below 2.8. Chr ZW has the smallest PQS density of 1.99 PQS/mb. 
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Figure 3.4: The number of putative quadruplex sequences (PQS) per mb in the S. 

mansoni genome (v7.1) per chromosome as detected by Quadparser. Dashed lines 

indicate relative baselines, over which chromosomes could be considered enriched.  

Modifying the stringency parameters affects the general trend observed in PQS 

distribution. At high stringency (A), most PQS per mb were detected in chr 5 and 

fewest in chr ZW. At low stringency (B), most PQS per mb were detected in chr 7 and 

fewest in chr 3.   

 

When similar data normalisation and enrichment calculations were applied 

to the QP analysis under low stringency conditions (loop length relaxed to 20 

nucleotides compared to 7), only chr 5 differed when compared to high stringency 

QP analysis of the S. mansoni genome (Fig. 3.4B). When normalised, the only 

chromosome that changed enrichment profile was chr 5, which became unenriched. 

A 
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Previously it had the highest density of all.  Unchanged from high stringency, chrs 2, 

6 and 7 are “over-enriched” against the 21.01 PQS/mb baseline, ranging from 2402 

PQS/mb (Chr 6) to 33 PQS/mb (Chr 7). Here, chr 3 is the least densely populated 

chromosome, with the number of PQS detected at 17.8 PQS/mb, where previously it 

was chr ZW. Chr 7 has the most PQS/mb of genome with 33.03 PQS/ mb.   

 

3.3.7 PQS Detected by G4H 

G4H analysis was also applied to the new genome assembly at high and low 

stringencies to assess if trends observed in QP analysis following the update were 

also discoverable by G4H (Fig. 3.6).  A total number 4,873 PQS were detected across 

all chromosomes at high stringency conditions (cut-off score of 1.4) (Fig. 3.5A).  This 

nearly doubles the number of PQS found in the v5.2 genome assembly with the 

greatest number of PQS found in chr 1 (n=894) followed closely by chr ZW (n=862). 

The fewest numbers of PQS were found on chr 7 (n=338), which was also the lowest 

at high QP analysis. Chr 5 again had relatively large numbers of detectable PQS 

(n=644) compared to chromosomes 3, 4 and 6. While at high QP conditions chr 2 had 

the highest PQS, here it has slightly more than chr 5. 
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Figure 3.5: The number of putative quadruplex sequences (PQS) in the S. mansoni 

genome (v7.1) per chromosome as detected by G4Hunter. Modifying the stringency 

parameters affects the general trend observed in PQS distribution. At high stringency 

(A), most PQS were detected in chr 1 and fewest in chr 7. At low stringency (B), most 

PQS were detected in chr ZW and fewest in chr 7.   

 

 

When the analysis was repeated for G4H with a lower stringency (cut-off 

score of 1.2), the total number of PQS found increased to 11, 482 (Fig. 3.5B). The 

trend observed in low stringency QP is generally matched by G4H, if just on a larger 

scale. Here, chr 1 and ZW again have the highest total number of PQS (n= 2311, 

n=2369 respectively). Stringency relaxation in G4H led to identification of relatively 
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B 



129 

 

similar numbers of PQS in chr 5 then at high stringency compared to other 

chromosomes increasing from 644 (high stringency) to 845 (low stringency).  

PQS density was subsequently normalised for chromosome length as 

described previously in section 3.3.7 (Fig. 3.6). At high stringencies, PQS densities 

detected by G4H showed a very similar trend to that observed by QP analyses at high 

stringency Fig. 3.6A. For example, despite having nearly the fewest number of PQS, 

chr 5 has the highest density of PQS (25.5 PQS/mb) when lengths of chromosomes 

are normalised. This is much greater than the other chromosomes, as the next 

nearest PQS dense chromosome is chr 7 (17.52 PQS/mb). Assuming a density 

baseline (i.e. average PQS/mb across the whole genome) of 12.41 PQS/mb, chrs 2, 5, 

6 and 7 are considered enriched for PQS, while chr 1, 3, 4 and ZW are not. This is 

consistent with the high stringency QP analysis (Fig. 3.3).  
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Figure 3.6: The number of putative quadruplex sequences (PQS) per mb in the S. 

mansoni genome (v7.1) per chromosome as detected by G4Hunter. Dashed lines 

indicate relative baselines, over which chromosomes could be considered enriched.  

Modifying the stringency parameters affects the general trend observed in PQS 

distribution. At high stringency (A), most PQS per mb were detected in chr 5 and 

fewest in chr 4. At low stringency (B), most PQS were detected in chr 7 and fewest in 

chr 1.   

 

When analysis of PQS density is performed by G4H using low stringency 

conditions, the trend observed does not differ from high stringency regarding general 

chromosome enrichment, (Fig. 3.6B). Although the trends across all current analysis 

are generally concordant in the same chromosomes that are enriched (Chr 2, 5, 6 and 

7), the actual densities themselves vary. The data here more closely resembles that 
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of QP low stringency compared to G4H high stringency. Here chr 7 has the greatest 

density of 41.58 PQS/mb, against a normalised baseline genome density of 29.03. 

Chr 1, the largest chromosome, has the lowest density of PQS with a density of 26.00 

PQS/mb.  

 

3.3.8 Intragenic analysis of PQS within the S. mansoni genome 

Previous analysis focused on the total PQS found in each chromosome. 

Further analysis to investigate intragenic PQS (i.e., PQS within Smp protein coding 

genes) was, therefore, performed using the updated S. mansoni genome (v7.1) 

annotation file. Intragenic regions (defined as PQS that appear within an intron or 

exon, 5´ or 3´ UTR), were cross referenced against the PQS databases and both QP 

and G4H, at high and low stringency, were used.  

 

3.3.8.1 Intragenic analysis of PQS within the S. mansoni genome by QP  

The intragenic PQS totals as found by QP are outlined in table 3.4. Of the 1232 

total PQS found at high stringency, 523 (42%) were intragenic (define as detected 

within the exon, intron, 5´ or 3´ UTR). At low stringency, 4118 (49.9%) intragenic PQS 

were found against out of 8251 total PQS. 
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Table 3.4: Breakdown of PQS found by QP per chromosome.  

 

 

Further Analysis of intragenic PQS in high stringency QP revealed that the 

majority of the 523 intragenic PQS across all chromosomes were intronic (66%) (Fig. 

3.7A). Exons contained the fewest number of PQS with only 16 detected across all 8 

chromosomes. PQS found within 5´ and 3´ UTRs were of similar numbers (76 and 85 

respectively). Although there was a small range between intragenic PQS distribution 

(range= 54-89), the trend observed in Fig. 3.8 A mimics that of total chromosome 

lengths (Table 3.3.). Chr ZW has the largest total intragenic PQS (n=89), and chr 5 the 

fewest (n=45). This contrasts with total PQS, where chr 5 had second most (n=197).  

Chromosome 

Quadparser 

High stringency Low stringency 

Genome Intragenic Genome Intragenic 

1 184 87 1753 899 

2 209 77 1201 564 

3 140 60 896 459 

4 114 57 955 482 

5 197 45 499 245 

6 122 54 605 312 

7 90 54 637 286 

ZW 176 89 1705 871 

Total 1232 523 8251 4118 
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Figure 3.7: The number of intragenic putative quadruplex sequences (PQS) in the S. 

mansoni genome (v7.1) per chromosome. At high stringency, most total intragenic 

PQS (A) were detected in chr ZW and fewest in chr 5. Across all chromosomes, introns 

accounted for the most PQS and exons for the fewest.  The PQS density per intragenic 

feature across all chromosomes (B) found 3´UTR and 5´ UTR regions enriched, with 

most PQS/mb in 3´ UTRs. The fewest PQS/mb were in exons.  

 

The total intragenic motifs were normalised, similar to the analysis performed 

for total PQS (Fig. 3.7B). Here, the additive length of each intragenic feature was 

divided by the total length of all intragenic features (determined by using in house 

scripts to find the length of all intragenic annotation features used in analyses 

A 
 
 
 
 
 
 
B 
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provided by the annotation .gff file). Prior to normalisation, analysis showed that the 

majority of PQS are found in intronic regions and fewest in exonic. Following 

normalisation however, 3´ and 5´ UTR regions were found to be enriched for PQS (n= 

5.64 PQS/mb and 2.63 PQS/mb respectively), while intronic and exonic regions were 

not, against a baseline of 2.40 PQS/mb.  

When analysis of intragenic regions was undertaken using low stringency 

conditions within QP, as expected there was a large increase in total PQS found 

within intragenic regions (Fig. 3.8A).  Here, 4118 PQS were found intragenically, with 

the majority of these (74%) being found within introns (similar to high stringency 

conditions; Fig. 3.8A). Chr 1 had the most intragenic PQS (n=899) and the fewest were 

in chr 5 (n=245). Unlike high stringency, there were more intragenic PQS within 5´ 

regions than in the 3´ UTRs (n=568 and 313 respectively. Exonic regions again 

contained the fewest number of PQS and introns the largest.  

Similar to high stringency analyses, low stringency quantification of the 

genome revealed that the largest chromosomes (chr 1 and chr ZW) contained the 

greatest number of PQS (chr 1 with 899 and chr ZW with 871).  Chr 6 and chr 7 have 

the fewest number of detectable PQS (chr 6 has 312, chr 7 has 286). Similar to high 

stringency analysis, the distribution of the PQS appear to match the lengths of 

chromosomes detailed in table 3.3. Chrs 1 and ZW, the two largest chromosomes, 

have the most intragenic PQS and the low PQS numbers within chrs 5, 6 and 7 match 

the short chromosome lengths.   
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Figure 3.8:   The number of intragenic putative quadruplex sequences (PQS) in the S. 

mansoni genome (v7.1) per chromosome at low stringency. At low stringency, most 

total intragenic PQS (A) were detected in chr 1 and fewest in chr 5. Across all 

chromosomes, most PQS were in introns and fewest in exons.  The PQS density per 

intragenic feature across all chromosomes (B) found 3´UTR and 5´ UTR and intronic 

regions enriched, with most PQS/mb in 3´ UTRs. The fewest PQS/mb were in exons. 

 

 Normalisation of intragenic PQS identified under low stringency conditions 

across the lengths of all intragenic sequences was performed again to account for 

differential lengths of intragenic classes (UTRs, introns and exons) (Fig. 3.9B). Here, 

the only notable change observed is that introns are now considered enriched 

(together with 5´ and 3´ UTRs) with a density of 19.57 PQS/mb against a normalised 

A 
 
 
 
 
 
 
B 
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baseline density of 18.88 intragenic PQS/mb.  5´ and 3´ UTRs have enriched densities 

of PQS at 20.10 PQS/mb and 20.78 PQS/mb, respectively.   Regarding exons, similar 

to the normalised high stringency analysis, they are still considered unenriched (9.19 

PQS/mb).  

3.3.8.2 Intragenic analysis of PQS within the S. mansoni genome by G4H 

Intragenic analysis was also performed on PQS determined by G4H at both 

high and low stringency to see if intragenic PQS being detected by this software were 

found within the same intragenic regions as PQS detected by QP. Table 3.5 outlines 

the PQS that was found at high and low stringency settings.  

 

Table 3.5: Breakdown of PQS found by G4H per chromosome 

 

Chromosome G4Hunter 

High stringency Low stringency 

Total Intragenic Total Intragenic 

1 894 474 2311 1268 

2 674 315 1490 781 

3 597 254 1351 682 

4 462 246 1361 783 

5 644 158 845 397 

6 402 201 892 480 

7 338 165 802 422 

ZW 862 448 2369 2195 

Total 4873 2261 11421 7008 
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Of the 4873 total PQS found at high stringencies, 46% were found in 

intragenic regions (n=2261). At lower stringencies, 61% of all PQS were found in 

intragenic regions (n=7008).  

Total intragenic PQS found by G4H at high stringencies are outlined in Fig. 

3.9A. From a total of 2261 intragenic PQS found across all 8 chromosomes, 73% were 

found within intronic regions. Here, the fewest PQS are found exonically (n=104), 

while 3´ UTRs and 5´ UTRs contain similar numbers of PQS (n=292 and 223 

respectively). Chr 1 had the most PQS, and chr 5 the fewest. The shape of distribution, 

as with other analyses, follows that of chromosome length. 



138 

 

Figure 3.9: The number of intragenic putative quadruplex sequences (PQS) in the S. 

mansoni genome (v7.1) per chromosome, and the PQS density per intragenic feature 

across all 8 chromosomes as detected by G4Hunter. At high stringency, most total 

intragenic PQS (A) were detected in chr 1 and fewest in chr 5. Across all 

chromosomes, most PQS were in introns and fewest in exons. Enrichment of PQS 

features across all chromosomes (B) found 3´ UTR regions enriched. At low 

stringency, intragenic PQS (C) chr ZW had most PQS, and chr 5 fewest. (D) Intronic 

PQS were enriched against the baseline.  

 

 When the intragenic density for high stringency G4H-identified PQS were 

compared across features, the general trend in data observed matched previous QP 

high stringency analyses (Fig. 3.9B). As previously observed during high stringency 

A      C 
 
 
 
 
 
 
B      D 
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analysis with QP, 3´ UTR are largely enriched for PQS compared to other intragenic 

annotation groups (14.81 PQS/mb compared to a normalised baseline of 10.37 

PQS/mb). Although not quite enriched, 5´ UTR PQS are very close to the baseline with 

a density of 10.33 PQS/mb and introns have a similar value with 10.45 PQS/mb. Exons 

remain unenriched.  

A total of 7008 PQS were found to occupy intragenic regions by G4H at low 

stringency (Fig. 3.9C). Of these, 5299 (76%) were found in intronic regions, a similar 

percentage to G4H at high stringency. As with QP low stringency analysis, 5´ UTRs 

contained the next highest number of total PQS (810). A total of 434 PQS were found 

within exons whilst 465 were found in 3´ UTRS These values are in contrast to all 

other computational analyses of intragenic PQS, where typically 5´ and 3´ UTR were 

closely matched in number and exonic PQS were low.  

The distribution of intragenic PQS across chromosomes is observant of the 

overall trend currently described, ranging from the most in chr ZW (n=2195) to the 

fewest in chr 5 (n=397).   The total intragenic density across all eight chromosomes 

was calculated as before to see how this would affect the data.  As detailed in Fig. 

3.9D, enrichment trends observed here differ slightly from previous results. Intronic 

PQs were considered enriched here, with a density of 33.73 PQS/mb. All other 

features were not considered to be enriched, however 3´ UTRs were not far from the 

calculated baseline.  

 

3.3.9 Identification of PQS detected by both QP and G4H 

As previous work has suggested that multiple computational analyses of 

genomes by G4 software is practical, overlap analysis was performed to assess how 
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many PQS were detected by both QP and G4H (Wong et al., 2010). This method is 

also likely to prevent false positives as well as detect the PQS that have the likelihood 

of being the most physiologically stable given the stringent search parameters used. 

As several sequences will be selected for downstream biophysical validation through 

circular dichroism spectroscopy, it was prudent to select PQS from a pool that have 

the greatest chance of forming in order to prove that PQS can resolve in vitro. 

PQS that were detected by both QP and G4H at high stringency settings were 

explored (Fig. 3.10). A total of 406 PQS were found to be overlapping between G4H 

and QP high stringency analysis (Fig. 3.10A). Of these, the majority were found in chr 

5, which had 100 PQS total. This is in contrast to previous analyses, where the larger 

chr 1 and ZW previously had the highest totals. Very few PQS from chr 7 were found 

in both G4H and QP, with a total of 19 sequences overlapping between the two.  
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Figure 3.10:  PQS in the S. mansoni genome (v7.1) chromosomes detected by both 

QP and G4H at high stringency. A) Bedtools intersect was used to find overlapping 

PQS detected by both QP and G4H at the higher stringency settings. The most PQS 

were in chr 5 and the fewest in chr 7 B) Data were normalised to find PQS/mb and a 

baseline enrichment of 1.03 PQS/mb was calculated and indicated by the dashed line. 

Chr 2, 3, 5 and 6 can all be considered enriched for PQS following this analysis.  A 

comparison of proportions was performed with multiple comparisons using Holm 

method. Proportions were not found to be equal (p< 2.2e-16), and multiple 

comparisons found chr 5 to be significantly disproportionate to all other 

chromosomes by at least p<0.0005 (see Table 3.6) 

 

When the data were normalised (FIG. 3.9B) chr 5 still had the greatest PQS 

enrichment with 3.96 PQS/mb, whereas chr 1 contained the least number of 

PQS/mb. Distribution of PQS was found to be significantly disproportionate (p < 2.2e-

A 
 
 
 
 
 
 
B 

**** 
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16) across the analysed chromosomes.  For example, chr ZW, although having the 

third most PQS, had the second least enrichment in PQS/mb (n=0.59). Chrs 2, 5, 6 

and 7 were all enriched, as is the general trend in all analyses, but chr 3 was also 

considered enriched for PQS for the first time. Multiple comparisons found chr 5 was 

the only significantly enriched against all other chromosomes for PQS (Table 3.2).  

 

Table 3.6: Pairwise comparisons between PQS densities on each chromosome  

 1 2 3 4 5 6 7 

2 0.00041 - - - - - - 

3 0.01026 1 - - - - - 

4 1 0.0258 0.16276 - - - - 

5 < 2e-16 1.70E-12 4.50E-15 < 2e-16 - - - 

6 1.30E-08 0.42946 0.11038 2.20E-05 0.00029 - - 

7 0.36425 1 1 0.81454 6.50E-08 0.30061 - 

ZW 1 0.00202 0.03473 1 < 2e-16 1.20E-07 0.58777 

 

The positions of the PQS were visualised on the chromosomes using 

phenogram (Fig. 3.11). There was no particular strand bias apparent, and localisation 

showed strong signal towards the ends of the chromosomes, which likely represents 

the tandem telomeric repeat, which was predicted as a G4 by both QP and G4H (data 

not shown.). The localisation of PQS to chr 5 relative to its size can be observed, as 

can the relative sparse population of G4 on large chromosomes such as 1 and ZW 

(Fig. 3.11). 
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Figure 3.11: PhenoGram Plot of all overlapping PQS between QP and G4H at high 

stringency. Data were created using Phenogram (visualization.ritchielab.org/

phenograms/plot, accessed 2018). A genome tab delimited file containing 

chromosome lengths was uploaded alongside an input file containing base pair start 

and end positions of PQS. PQS appearing on forward strand are coloured red, those 

on the reverse strand are coloured blue.  

 
 

Total genomic PQS outputs from QP (high stringency n= 1231), G4H (high 

stringency n= 4873) and the resulting overlapping sequences (n=406) were submitted 

to IGV in order to compare signal distribution across the S. mansoni genome (v 7.1) 

(Fig. 3.12). Here, PQS identified by both software increased in frequency towards the 

ends of chromosomes and, as stated before, likely indicates  the presence of 



144 

 

telomeric tandem repeats (TTAGGG), which in other organisms are found to fold into 

G4 structures (Wolfe et al., 2009; Lin & Yang, 2017; Wang et al., 2011).  There are 

several clear peaks, present in G4H analysis not present in QP and vice versa, 

illustrating how the two different software detect PQS.
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Figure 3.12: IGV snapshot of all S. mansoni PQS found by G4Hunter (G4H; high stringency), Quadparser (QP; high stringency), and overlapping 

between the two. Bedtools analysis was used to find PQS sequences overlapping with annotation features using the published .gff annotation 

files. The outputs were included in BED files and visualised on IGV against the 7.1 .gff annotation genome. Peaks indicate presence of a PQS, 

larger peaks indicate stacked PQS. Chromosomes are viewed from largest size to smallest rather than numerical order.  

 

Chr 1 Chr ZW Chr 3 Chr 2 Chr 4 Chr 
5 

Chr 
7 

Chr 
6 
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Intragenic PQS distribution was assessed in greater detail. Overlapping PQS 

were cross-referenced against the annotation files to find intragenic placed PQS, of 

which there were a total of 122 from 106 unique PQS (Fig. 3.13A, Fig. S3.2). Of these, 

the majority were found within introns (n=75), and only 4 PQS were found in exons. 

Chrs 2, 4-7 and ZW contained no exonic PQS at all. 3´ UTRs had 26 PQS, and 5´ UTRs 

contained 17 PQS. Of these, the PQS distribution across the chromosomes ranged 

from n=23 (Chr ZW) to n=7 (Chr 7).   

Figure 3.13:  The number of intragenic putative quadruplex sequences (PQS) in the S. 

mansoni genome (v7.1) per chromosome as detected by both Quadparser and 

G4Hunter.  At high stringency, the most intragenic PQS (A) were found in chr ZW and 

the fewest in chr 7. Most intragenic PQS are intronic, and the fewest were within 

exons.  Enrichment analysis (B) found the 3´ UTRs and 5´ UTRs to be enriched, with 

*** 
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the most PQS/mb in the 3´ UTR. A comparison of proportions found there to be 

unequal proportions (p = 3.73 e-09). Pairwise comparisons found 3´ UTRs to be 

significantly overrepresented compared to all other features (p≤0.003, see table 3.7). 

 

Chr ZW had the greatest number of overlapping PQS, with chr 2 having the 

second most, and Ch7 the fewest. However, after normalising for length of intragenic 

feature (Fig. 3.12B), 3´ UTRs are largely over enriched in PQS signal (1.73 PQS/mb) 

when compared to an intragenic baseline of 0.56 PQS/mb (p = 3.73 e-09), and this 

enrichment was significantly different to all other features (Table 3.7).  5´ UTRs were 

also enriched (0.60 PQS/mb) over baseline densities, however this was not found to 

be significant compared to introns and exons (Table 3.7). Exons were again under 

enriched (less than 0.5 PQS/mb). PQS density found in introns fell just below the 

normalised baseline at 0.48 PQS/mb. 

 

Table 3.7: Pairwise comparisons of PQS density for intragenic features across all 

chromosomes. 

 Exon 5’ 3’ 

5’ 0.3279 - - 

3’ 9.30E-
05 

0.0029 - 

Intron 0.3892 0.4728 2.60E-
08 

 

The QP/G4H overlapping intragenic PQS were placed onto chromosomes 

using PhenoGram to visualise position as well as to evaluate any strand bias (Fig. 

3.14). There does not appear to be any distribution or strand bias, with intragenic 

PQS appearing both towards the end of the chromosomes as well as in the middle 

and on the coding and non-coding strand.   
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Figure 3.14: Intragenic PQS localisation across S. mansoni chromosomes (genome v7.1). PQs detected by both G4H and QP at high stringencies 

were mapped to their positions on the eight chromosomes using Phenogram. Intragenic features are colour coded. Red lines indicate a PQS 

appearing on the coding strand; blue lines indicate a PQS occurring on the reverse strand.
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3.3.10 Selection of S. mansoni PQS for circular dichroism (CD) spectroscopy 

PQS sequences generated from computational genome analysis required 

further selection to assess a panel of targets for validation using circular dichroism 

spectroscopy, for which a workflow was created (Fig. 3.15). To maximise discovery of 

PQS related to biological relevance within the parasite, only intragenic PQS within 

Smps were considered, with the exception of the telomeric tandem repeat as this is 

homologous to a known G4 sequence in humans (Hirai & LoVerde, 1996).  

 

Figure 3.15: Flowchart of PQS selection method. PQS found in both QP and G4H high 

stringency analyses were collated and intragenic PQS taken forward. From there, a 

panel of selection criteria were applied concurrently to find suitable PQS sequences. 

 

A range of selection criteria were used in a concurrent manner to select 

appropriate Smps that contained PQS identified by both QP and G4H. This included: 

• Expression data of PQS containing Smps to check that final targets had 

variable expression across different life cycle stages 
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•  Selection of sequences dependent on the location of the PQS to 

ensure each intragenic region (5´, 3´ UTR, intron and exon) was 

represented.  

• Assessment of PQS containing Smps by Gene Ontology (GO) analysis 

(using GOAtools and Revigo) to identify if there was an enrichment in 

PQS signal within Smps across molecular function (MF), biological 

process (BP) or cellular component (CC) categories. 

• Size of the PQS – a sequence too long could potentially be less stable, 

so shorter G4 were favoured. 

• Transcripts – several PQS containing Smps were selected if they had 

multiple transcripts, as the G4 presence could alter dependent upon 

the transcript.  

 

From the GO enrichment analysis, a large number of GO terms were returned 

at an uncorrected p value cut-off of 0.05 (Fig. 3.16A, Fig. S3.3). However, when false 

discovery rate correction was applied at a cut-off of 0.05, only two GO terms 

remained enriched: GO: 0016055 (wnt signalling pathway) and GO: 1905114 (cell 

surface receptor signalling pathway involved in cell-cell signalling). This was further 

confirmed by Revigo analysis, which found wnt signalling pathway to be significantly 

enriched within the GO terms (Fig. 3.16B) Therefore, several PQS containing Smps 

(Smp_139180, Smp_145140 and Smp_163240) involved in the wnt signalling 

pathway were selected.    
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Figure 3.16:  Enrichment analysis of GO terms for PQS containing Smps. GOAtools 

was performed on GO terms (A) from Smps containing PQS using the WormBase 

ParaSite Biomart feature. Terms that had an uncorrected p value < 0.05 were plotted 

against –log10 p value. Dashed lined indicated false discovery rate of 95%.  (B) Revigo 

tree analysis of GO terms. Analysis shows enriched GO terms from molecular function 

category. Wnt signalling pathway is the most enriched here. 
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Transcript data was downloaded from WormBase Parasite to find PQS 

containing Smps with multiple transcripts (data not shown). Both Smp_196840 and 

Smp_127680 have multiple transcripts and cross referencing of expression data 

found they had contrasting expression profiles (Fig. 3.17). Smp_196840 is primarily 

expressed in late schistosomula and worm stages, and Smp_127680 is mainly 

expressed in the asexual parasite stages. Smp_319480 is single transcript but is 

almost exclusively expressed in eggs and miracidia. This Smp also contained the PQS 

within the 5´ UTR. 

Figure 3.17: Normalised expression of PQS containing Smps in S. mansoni lifecycle 

stages. Expression data was provided by Zhigang Lu (Cambridge, UK) and data points 

for selected Smps were plotted. Expression stages are as follows: mixed sex testes, 

mixed sex ovaries, Egg, miracidia, sporocyst, cercariae, 3-24hr schistosomula (SomS), 

3-4 wk schistosomula (SomL), unpaired males (ssMa), unpaired females (ssFe), paired 

males (bsMa), and paired females (bsFe). 
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The final PQS selected to be taken forward for oligonucleotide synthesis for 

CD spectroscopy are detailed in Table 3.8 and include controls selected for CD 

analysis.  
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Table 3.8: PQS selected for CD analysis and reasons for their selection.  

Ta
rg

et
s 

Gene Name Region Sequence (5´ to 3´) Reason Selected 

Smp_196840 Collagen α 1 chain Exon GGGAGGGGGAGAGAGAGAGGGGGAGGTAA
AGGG 

Multiple transcripts, 
expressed mainly in worms 

Smp_139180 Frizzled (Fzd) 5´ UTR GGGCGAAACGGGGCAGCAAGGGCAGAGAGG
GGCTCCTGGG 

Linked to wnt signaling 
pathway (GO enriched) 

Smp_127680 Rabconnectin Related 
(rab) 

Intron GGGGTACGGGTTGGGAGTAATGGG Multiple transcripts 

Smp_145140 Wingless (Wnt) Intron GGGGAGAGAGAGGGAGAGAGGGAGGGGA Linked to wnt signaling 
pathway (GO enriched) 

Smp_319480 Myb like protein V (myb) 5´ UTR GGGGTACGGGTTGGGAGGAAATGGG Expressed mainly in 
miracidia, contains G island 

Smp_163240 Tbx2  3´ UTR GGGAGGGTGGGTGAGGGTGGG Multiple transcripts, linked 
to wnt signaling pathway 
(GO enriched) 

C
o

n
tr

o
ls

 

smTelo * 
tandem repeat 

Telomeric tandem repeat Telomere GGGTTAGGGTTAGGGTTAGGG Identical to human repeat 
already shown to fold into 
hybrid G4 

GenBank ID  
4609 

C-myc Promoter 
GGGAGGGTGGGGAGGGTGGG Well characterised parallel 

G4 formation 

 * Represents the recurring (repeat) sequence found on all Sm chromosomes (Hirai & LoVerde, 1996)



155 

 

3.3.11 Circular Dichroism 

 In addition to the S. mansoni sequences selected, several controls were 

added. This included a c-myc promoter sequence well documented to resolve into a 

parallel G4, and the TTAGGG tandem telomeric repeat in S. mansoni that is identical 

to that in humans and in the later has been shown to resolve into hybrid G4 

structures in biophysical experiments (Mathad & Yang, 2011; Lin & Yang, 2017).  

Spectral analysis was performed during a week-long visit at Cardiff University, UK in 

collaboration with Professor Angela Casini and Dr Riccardo Bonsignore.  

 

3.3.11.1 Determination of secondary structure 

 

Oligonucleotides were resuspended in appropriate buffer, heated to 95°C 

then cooled to room temperature to promote annealing in the presence of K+ ions, 

and then spectra were recorded on a Chirascan (Fig. 3.18) Following analysis, c-myc 

displayed spectra including the formation of a parallel G4 (+ve peak of 263 nm, -ve 

peak at 241 nm), demonstrating G4 formation was achieved and measured by CD 

(Fig. 3.18A). 

 From the CD analysis, five of the six tested S. mansoni PQS were found to 

resolve into G4.  The only oligo that did not fold into a G4-specific secondary structure 

was Smp_196840 (alpha collagen) (Fig. 3.19B). A summary of peak wavelengths of 

these CD spectra is outlined in table 5.9. CD spectra derived from PQS 

oligonucleotides representing Smp_139180 (fzd), Smp_145140 (wnt) and 

Smp_163240 (tbx2) all shared common spectra (negative peak at 242 nm and strong 

positive peak at around 263 nm) to the human c-myc control (Fig. 3.19A). This CD 
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spectral pattern indicated the presence of Group I parallel G4 structures in these 

three schistosome genes (Karsisiotis et al., 2011).
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Figure 3.18: CD spectra of PQS-containing oligonucleotide sequences after annealing in the presence of K+ ions. A) Smp_ 139180, Smp_145140 

and Smp_163240 compared to c-myc control. Spectra peaks and ellipticity are indicative of a strong Parallel G4 conformation. B) Smp_196840 

compared to c-myc and smTelo controls. The spectra observed at the wavelengths shown by Smp_196840 do not correlate to any known G4 

conformation. C) Smp_319480 and Smp_127680 compared to smTelo control. The spectra and ellipticity here display a hybrid G4 conformation 

and the shoulder and positive peaks mirror that of smTelo.  

 

A      B      C 
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As previously stated, Smp_196840 did not appear to resolve into a 

conventional G4 structure based on the derived CD spectra (Fig. 3.18B). The spectra 

exhibited a positive signal around 284 nm and a negative peak at 255 nm, which is 

very similar to B form DNA spectra (Kypr et al., 2009).  This is further supported when 

the CD spectra of Smp_196840 was directly compared to the CD spectra derived from 

both human c-myc and smTelo controls. While different to the parallel G4 forming 

Smps, both Smp_319480 (myb) and Smp_127680 (rab) shared similar spectra (Fig. 

3.18C).  Specifically, Smp_319480 displayed a positive peak at 293 nm, a small 

shoulder at 263 nm and a small negative peak at 238nm. Smp_127680 contained a 

positive peak at 265 nm, shared the same 293 nm shoulder and negative peak of 238 

nm.  Analysing the literature, a G4 with spectra ellipticity matching those of 

Smp_319480 and Smp_127680 suggests these two S. mansoni sequences are 

resolving into an anti-parallel hybrid G4 structure (Karsisiotis et al., 2011). The 

positive peak and shoulder ellipticity mirrored the smTelo control, which contains a 

negative peak at around 233 nm, a positive peak at 293 nm and a shoulder at 270 

nm. From these spectra, the smTelo spectra is a characterised 3+1 hybrid G4 

antiparallel structure (Yue, Lim & Phan, 2011). The peak wavelengths of each Smp 

recorded are summarised in Table 5.9.  

  

Table 3.9: Wavelengths (nm) of positive (+), negative (-) and shoulder peaks derived 

from CD spectra of assayed oligonucleotides. 

Sequence + - Shoulder 

Smp_139180 262 241 - 

Smp_196840 284 249 - 

Smp_145140 263 242 - 
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Smp_319480 263 238 293 

Smp_127680 263 238 293 

Smp_163240 263 242 - 

CMyc 263 241 - 

smTelo* 293 233 270 

 

3.3.11.2 Thermal denaturation assays of PQS using CD 

Thermal denaturation assays were performed to assess the physiological 

stability of the observed G4 secondary structures formed in the presence of K+. CD 

spectra were recorded from 95-25°C to observe G4 resolution, indicating structure 

stability (Fig. 3.18).  The spectra were used to generate curves (Fig. S3.4) to calculate 

the melting temperatures (Tm – at which the transition of structure is 50% complete) 

of the folded G4 (Table 3.10).  

The control c-myc sequence was extremely stable and did not fully resolve 

within the temperature range, and therefore an accurate Tm could not be calculated 

(data not shown).  SmTelo, the antiparallel 3+1 hybrid control, underwent 

denaturation at 95°C and had a Tm of 66.18 ± 0.23 °C. Smp_139180 showed a loss in 

ellipticity of positive and negative peaks, with a flattening of the peaks observed at 

high temperature (Fig. 3.18A). The Tm for Smp_139180 was 60.11 ± 0.76 °C, indicating 

a stable structure (i.e., won’t unwind at physiological temperatures). Smp_196840, 

which did not exhibit G4 characteristic spectra, had a Tm of 47.05 ± 0.39 °C, the lowest 

of all the sequences. Thermal denaturation indicated a loss of ellipticity at high 

temperatures (Fig. 3.18B). Interestingly, a small peak developed around 75 °C, before 

resolving by 95°C 
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Figure 3.19: Thermal stability of PQS-containing oligonucleotides. Oligonucleotide 

sequences A) Smp_139180 B) Smp_196840 C) Smp_145140 D) Smp_319840 E) 

Smp_127680 F) Smp_163240 were analysed on a Chirascan from 95°C to 25°C with 

measurements taken at 5°C increments to observe resolution of G4 structures and 

data used to calculate Tms.  Arrows indicate resolution of peak as temperature 

increases. 

  

  

A     D   
      
 
 
 
 
B     E 
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Table 3.10 Tm of oligonucleotide PQS sequences.  

 

.   

 

 

 

 

 

Smp_145140, which displayed parallel G4 spectra, lost some peak ellipticity 

at high temperatures, which did not fully resolve; this oligonucleotide sequence 

contained the highest ellipticity at 95°C of all samples tested (FIG. 3.18C). While a 

calculated Tm for the sequence was 77.90 ± 3.84 °C, the melt curve created indicated 

this was not accurate as a proper curve could not be generated (data not shown). 

This suggests incredibly high stability and that higher temperatures are theoretically 

required to unwind the G4 formed.  

Smp_319480 displayed complete thermal denaturation at 95°C, losing 

ellipticity in all peaks and the calculated Tm was 63.44 ± 0.54 °C (Fig. 3.18D). 

Smp_127680 lost ellipticity in both the positive and shoulder peaks at high 

temperatures (Fig. 3.18E), indicating loss of secondary structure. The calculated Tm 

of the sequence was 64.13 ± 0.24 °C, similar to that of Smp_319480. Smp_163240 

lost ellipticity in the positive and negative peaks at high temperatures (Fig. 3.18F). 

However, there was a small positive peak observed at 95°C, indicating incomplete 

denaturation. The Tm of Smp_163240 was 79.98 ± 0.42 °C, which was the highest 

Sequence Tm (°C) 

smTelo 66.18 ± 0.23  

Smp_139180 60.11 ± 0.76 

Smp_196840 47.05 ± 0.39 

Smp_145140 77.90 ± 3.84 

Smp_319480 63.44 ± 0.54 

Smp_127680 64.13 ± 0.24 

Smp_163240 79.98 ± 0.42 
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observed, indicating a structure stable at high temperatures. Unlike Smp_145140, 

which had a high Tm but a poor melt curve, the curve generated indicated good trend 

of fit (Fig. S3.4).   

 

3.3.11.3 Role of monovalent cations in G4 folding 

 

G4 folding of oligonucleotide sequences was further explored by annealing 

them in the presence and absence of K+, a cation that is required for G4 resolution 

(Fig. 3.20); without K+, the oligonucleotide sequences should not be able to resolve 

into non-canonical secondary structures (Fujii et al., 2017; Burge et al., 2006). 

Therefore, spectra of the PQS-containing sequences run in the presence or absence 

of 50 mM K+ should differ from one another. Differences were observed as changes 

in ellipticity (intensity of peaks) and red-shift (where the nm of an observed peak has 

increased, indicating a “shift” to longer wavelength).   

Smp_139180 (Fig. 3.20A) and Smp_145140 (Fig. 3.20C) both demonstrated 

different spectral outputs following the addition of KCl (source of K+; red line) 

compared to the absence of KCl (black line). In both cases, a new negative peak was 

created at ~240 nm and the previously identified negative peak at around 270 nm 

was lost in the absence of KCL. Furthermore, a red-shift in spectral peaks (250 nm to 

260 nm) was observed in these PQS-containing S. mansoni oligonucleotide 

sequences upon addition of KCl. The ellipticity of the PQS found in Smp_139180 was 

also largely increased following cation addition, with the positive peak increasing to 

25 from 10 and the negative peak increasing from -8 to 0 (Fig. 3.20A). Additionally, a 

small second negative peak at around 270 nm was resolved by the addition of 
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cations. Ellipticity also increased for the PQS found in Smp_145140 when K+ was 

added, but to a lesser degree (Fig. 3.20C). Here, the positive peak increased from 10 

to 15 and the negative peak decreased to -5 from 2. This change in spectra, ellipticity 

and trend in shift confirms a cation dependent structural change.   Collectively, these 

data suggest that the G4 structures previously detected for both Smp_139180 and 

Smp_145140 are only resolved in the presence of K+.  

The positive peak of Smp_196840 also underwent a red-shift following the 

addition of KCl, (Fig. 3.20B) with the positive peak shifting from around 265 nm to 

280 nm. However, the intensity of ellipticity remained largely similar (increasing from 

a peak of ~7 to ~9). Despite a small red-shift of positive and negative peaks, the 

recorded spectra and slight change in ellipticity did not correlate to spectra of a 

known G4 structure. 

Smp_319480 and Smp_127680 have similar spectra in the presence and 

absence of K+ ions (Fig. 3.20D-E). However, a minor red-shift is still observed for both 

positive and shoulder peaks for both sequences following the addition of KCL. There 

was also a large increase in ellipticity for both sequences. Fig. 3.20D shows an 

increase in ellipticity at the positive peak. Although the shape of the spectra following 

annealing with K+ ions resembled that of those annealed in the absence of cations, 

the differences in ellipticity and peak nm indicated structural changes. Smp_163240 

did not undergo an extremely strong shift in peaks following addition of K+ ions, 

however there was a large increase in ellipticity (from 7 to 23 at the positive and from 

-1.2 to -7.4 at the negative) (Fig. 3.20F).  smTelo and c-myc were not performed as 

they have already been widely characterised in external literature to fold into G4 
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under ion dependent conditions (Lin & Yang, 2017; Freyer et al., 2007; Mathad et al., 

2011; Paramasivan, Rujan & Bolton, 2007; Rujan, Meleney & Bolton, 2005). 
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Figure 3.20: CD spectroscopy of PQS-containing oligonucleotides in the presence or absence of 50 mM KCl. A) Smp_139180 B) Smp_196840 C) 

Smp_145140 D) Smp_319840 E) Smp_127680 F) Smp_163240. The black line indicates buffer without 50 mM KCL; the red line indicates buffer 

with 50 mM KCl. Sequences that form G4 structures gain ellipticity and undergo a red-shift (towards 500 nm) in the presence of KCL. Horizontal 

arrows denote notable shifts in peaks; vertical arrows indicate loss of peak

A         B       C 
 

D         E       F 
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3.4 Discussion 

3.4.1 Putative Quadruplex Sequences (PQS) are identifiable in the S. 

mansoni genome. 

To the author’s knowledge, this is the first description of G4 within S. mansoni or, 

indeed, within any trematode. However, previous investigations have explored G4 in 

other parasites including  P. falciparum, T. brucei and L. major (Marsico et al., 2019; 

Belmonte-Reche et al., 2018; Stanton et al., 2016). Computational analyses, utilising 

different software tools (QP and G4H) at different stringency settings, found many 

examples of PQS throughout the S. mansoni genome.  CD was subsequently used to 

validate some of these PQS, a biophysical method routinely used to characterise G4 

structure in other systems (Carvalho, Queiroz & Cruz, 2017; Kejnovská et al., 2019).  

It is anticipated that the knowledge of G4 structures occurring in the S. mansoni 

genome will open up new areas of genome and parasite biology useful for the control 

of schistosomiasis. 

While intragenic analysis was initially performed on v5.2 of the S. mansoni 

genome, these results are not detailed here due to the reduced quality of annotation 

files that included issues such as inconsistent detection of UTRs (which varied in 

predicted lengths from several thousand base pairs to under five).  The improvement 

of the S. mansoni genome assembly v5.2 to v7.1 led to a substantial increase in the 

number of PQS detected (from 781 to 1232). The improvement in genome, including 

the addition of 800 novel genes and the resolution of over 700 incomplete gene 

models also led to the ability to predict PQS within UTRs, which were lacking in the 

previous version (Lu et al., 2018). Given that enrichment was found in the UTR regions 
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in the majority of assessments conducted, it was essential to use the updated version 

of the genome.  

Despite improvements in the genome assembly in v7.1, the Z/W allosome 

remained chimeric and unresolved.  For future work, it would be interesting to assess 

for any sex-specific patterns in PQS placement to see if there was any relationship 

between PQS and sex determination.  Qian et al. observed that G4 are enriched on 

the X chromosome in Drosophila melanogaster  - specifically at the flanking regions 

of MSL (male-specific Lethal) complex binding sites (Qian et al., 2019). This suggests 

a role as insulators, ensuring the upregulation of specific regions within males 

relevant to chromosomal dosage compensation (Qian et al., 2019). Whether this 

phenomenon appears solely within D. melanogaster or could be a conserved feature 

of G4 in other organisms where sex is determined by chromosome combination (e.g. 

ZW, WW) remains unexplored. 

Stringency parameters were selected upon consultation of the wider literature 

and from conversations with Prof. Laurence Hurley (Arizona University, US). Huppert 

and Balasubramanian report loop lengths of up to 7 and at least three tetrads to be 

the most physiologically stable and is the default of QP (Huppert and Balsubramanian 

2005). This decision was based on their initial research which, at the time, had found 

reports of non-classical G4 to be only artificially synthesised and validated. However, 

there is now more evidence to suggest that longer loop lengths do indeed produce 

viable G4 and are common within intragenic regions. Hence, a lower stringency 

setting with a longer loop length was selected (Guédin et al., 2010; Yue, Lim & Phan, 

2011; Chambers et al., 2015). Lower loop length was set arbitrarily at a cap of 20 nt 
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as any greater could not be processed by the HPC (high throughput computer). For 

G4H parameters, Bedrat et al. stated that a cut-off score of 1.2 and a window of 30 

nt gave a good compromise between an exhaustive survey of PQS while minimising 

the number of false positives. They further state that a cut-off score of 1.4 at 30 nt 

results in a precision of 90% (i.e. FDR of 10%), and so 1.4 was selected as a higher 

stringency limit (Bedrat, Lacroix & Mergny, 2016).   

A difference in detected PQS was observed both between software used (QP and 

G4H) and stringency settings, with more total and intragenic PQS detected by G4H 

than QP at both high and low stringency. In genomes such as H. sapiens and P. 

falciparum, G4H also detected more PQS than QP (Bedrat, Lacroix & Mergny, 2016). 

This is likely due to the differences in how the software detect hits. QP searches for 

specific motifs that satisfy the search criteria (in the case of high stringency, four 

instances of three or more guanine, separated by loops of between 1-7 nucleotides) 

and is not written to recognise discontinuities in G runs. Furthermore, if multiple PQS 

can form from the same sequence, QP will report only the number that can fold at 

any one given time (Huppert & Balasubramanian, 2005). 

G4H however, assesses for GC richness that allows for polymorphic sequences. 

It, therefore, will detect non- classical PQS, such as those with an inserted nucleotide 

within a tetrad (Bedrat et al., 2016).  Wong et al., when reviewing multiple 

computational methods for G4 detection, strongly recommended corroborating data 

from large scale genomic studies by using multiple PQS parsing software of different 

methodologies, and that approach was adopted in this chapter (Wong et al., 2010). 

Although both methods detected different total PQS at different stringencies, 

trends in PQS were similar across programmes at the same stringency. QP and G4H 
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both found chr 5 and chr 7 to be the most enriched for PQS at high and low stringency 

respectively, indicating both analyses detected similar PQS rich regions. Bedrat et al. 

have previously observed similar PQS regions detected by multiple software. In the 

human mitochondrial genome and by Eddy et al. using a software that was not G4H 

but used a similar methodology (Bedrat, Lacroix & Mergny, 2016; Eddy & Maizels, 

2008; Wong et al., 2010).  Analysis of PQS detected by both QP and G4H found chr 5 

the most enriched chromosome and chr 1 the least, in line with the previous high 

stringency analysis. 

The data also indicate at high stringency that chr 5 is comparatively enriched for 

PQS, but this changes at low stringency settings where chr 7 appears more enriched. 

The data suggests chr 5 may contain fewer ‘non-classical’ PQS than other 

chromosomes, and that chr 7 may have more. It is noticeable that chr 5 also had the 

fewest number of intragenic PQS. Although we did not have access to the number of 

Smps per chromosome at the time, this paucity of intragenic PQS could be linked to 

the absence of non-classical G4. Indeed,  in a genome-wide study of H. sapiens, 70% 

of intragenic G4 detected were non-classical, meaning they likely would have been 

precluded from computational searches (Chambers et al., 2015). Therefore, a lack of 

intragenic PQS may also be associated with poor PQS detection at lower stringency 

settings compared to other chromosomes.  Both chr 5 and 7 increased significantly 

between v5.2 and v7.1 of the genome, but the different enrichment patterns may 

suggest that the content assigned to each chromosome differed. Chr 5 may have had 

an increase in non-coding sequences such as telomeric regions or G rich tandem 

repeats, whereas chr 7 may have had more protein-coding genes assigned. However, 
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this is speculatory and would require more information regarding the genome update 

but could offer a hypothesis to the changes in data shown.  

Analyses of PQS found within intragenic regions of the S. mansoni genome 

revealed that most PQS were located in introns, aligning with findings by Berriman et 

al (2009), (although in an earlier version of the genome).  Here they detailed multiple 

instances of incredibly large introns and much shorter exons, particularly as 

directionality moved 5´ -3´ across a gene. Additionally, genes are commonly multi- 

intronic and exonic, yet only contain a single 5´ and 3´ UTR region. However, that 

intronic regions were not generally found to be enriched for PQS indicates that the 

high prevalence of intronic PQS is more likely to be associated with the length of the 

feature, than a particular evolutionary selection pressure. 

Following normalisation, enrichment was located within UTR regions, in 

particular, within the 3´ UTR. It has been observed in humans by that PQS are 

enriched in the TSS and 5´ upstream regions of gene promoters, and that this bias is 

where the majority of intragenic PQS can be found (Hänsel-Hertsch et al., 2016). Of 

reference genomes subject to high throughput sequencing by Marsico et al, H. 

sapiens, M. musculus, T. brucei and Arabidopsis all showed enrichment at 3’ UTRs, 

but only in Arabidopsis were 3’ UTRS the most overrepresented feature (Marsico et 

al., 2019). Therefore, it could be that S. mansoni uses these 3’ UTR G4 in unique ways 

that other species are not dependent upon.  

Further PQS analysis was not performed on intergenic regions. While G4 in 

telomeric regions are linked with telomerase capping in (Wolfe et al., 2009) there is 

much unknown about the biological function of  intergenic G4 that exist outside of 
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telomeric or promoter regions of genes. Intragenic PQS, meanwhile, are well studied 

and can affect biological processes in multiple functions depending upon their 

locations within the genes that can be framed as potential targets for novel 

treatments of pathogens (Cree & Kennedy, 2014; Zizza et al., 2016) 

   As the new genome assembly did not denote transcription start sites or 

promoter regions within the annotation file, it was decided to exclude such regions 

as they could not be accurately detected and would be approximations. At the time, 

we did not have access to sequences upstream of Smps to perform signal analysis.  In 

contrast, much more information was contained in the annotation files regarding 

intragenic regions and they were the focus of future PQS analysis for the sake of 

clarity and accuracy, and biological relevance.     

The next step following this computational-based, whole-genome analysis of 

PQS would be to conduct a high throughput sequencing analysis (Hänsel-Hertsch et 

al., 2018, 2016; Chambers et al., 2015; Marsico et al., 2019).  G4 Seq relies on a 

modified Chip-Seq protocol that uses anti-G4 antibodies as a pulldown mechanism 

and then direct sequencing of the captured DNA followed by genome alignment to 

detect G4 that are present within the genome (Chambers et al., 2015). This was not 

a possibility to perform in the current study due to the initial complications required 

to perform G4-Seq (such as modifying Illumina machines) and was not performed. 

Although high throughput sequencing could not be conducted at a genome coverage 

level, individual sequences could be validated for their ability to resolve into stable 

G4 structures using the CD spectroscopy. To maximise data collected from these 

experiments, a panel of PQS were selected to be taken forward.   
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3.4.2 Selecting Smps to take forward 

Subsequent to the intragenic analyses of PQS, a panel of selection criteria was 

developed to prioritise PQS-containing Smps for confirmatory G4 evaluation by CD. 

PQS that were likely to be of biological relevance were desired and so multiple 

datasets were utilised to assess sequences. Firstly, PQS detected by both G4H and QP 

at high stringencies were selected, as they would fit the ‘classical’ G4 form. Although 

data has shown that non-classical G4 can fold in vivo, they do so at lower stability. It 

is difficult to predict which putative G4 will fold under in vivo conditions and instances 

of predicted PQS not folding into G4 in vivo have been observed (Marsico et al., 2019; 

Stegle et al., 2009). Additionally, Bedrat et al (2016) found that PQS detected by both 

G4H and QP were more enriched in G4 than those detected individually. Therefore, 

sequences detected by both QP and G4H were selected.   

From these, only PQS within intragenic regions were considered except for the 

smTelo repeat. The repeat is identical to that in humans, which is a characterised G4 

structure, and served as an internal control.  

 Due to the enrichment of PQS in UTRs, several Smps that had PQS in either 5´ or 

3´ UTRs were chosen. However, given intronic G4 have been shown to modulate 

alternative splicing, several Smps containing introns were also (Gomez et al., 2004; 

Ribeiro et al., 2014; Verma & Das, 2018). Expression data provided by Zhigang Lu 

(Sanger, UK) was utilised to check that a range of life cycle stages would be 

represented, as expression of Smps can vary greatly between life cycle stages.  There 

are no dedicated programmes or databases to compare for G4 orthologous genes 

and searching >100 Smps manually for orthologous G4 is impractical. Shorter PQS 

sequences were prioritised due to stability and associated synthesis costs.  



 

173 

 

3.4.3 PQS form G4 under Circular Dichroism analysis 

Of the Smps taken forward for CD spectra analysis (Fig 3.18), three (Smp_139180, 

Smp_145140 and Smp_163240) unambiguously folded into parallel G4 

conformations comparable to the H. sapiens c-myc control. Two Smps (Smp_319480 

and Smp_127680) formed potential mixed anti-parallel hybrid structures with 

spectra that were similar, but not identical, to smTelo. Hybrid parallel/anti-parallel 

G4 similar spectra (a positive peak ~ 260 nm, negative at ~245 nm and shoulder peak 

a~290 nm) have been observed by  others (Vorlíčková et al., 2012; Sagi, 2014).   Tariq 

and Barthwal (2019) also exhibited PQS containing sequences that displayed similar 

CD spectra to Smp_319480 and Smp_127680, with a string positive peak at ~260 nm, 

a negative peak around 245 nm and a shoulder around 295 nm (Tariq & Barthwal, 

2019). These spectra were present when the PQS was in 100 mM K+, but switched to 

a parallel spectra at 200 mM K+ (Tariq & Barthwal, 2019). Therefore, it can be deduced 

that the spectra exhibited by Smp_319480 and Smp_127680 is of a hybrid G4 

conformation.  

Smp_16980 did not appear to fully resolve into a G4 structure, given spectra 

outputs that more closely match accepted readings for B form DNA (Kypr et al., 2009). 

However, there was a noticeable blue shift in the absence of G4-stabilising K+ ions. 

This may indicate the presence of some non-classical secondary structure resolving, 

but not that of an accepted G4 conformation. 

Assessment of physiological stability of the PQS-containing oligonucleotides 

ascertained that G4 parallel structures were incredibly stable given the high Tms 

observed, with several displaying a Tm of over 70 °C (Fig. 3.19). However, 
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Smp_145140 contained a parallel G4 that could not have its Tm accurately 

determined as the G4 did not unfold fully even at 95°C.  To accurately quantify this 

oligonucleotide’s Tm would require repeating the experiment at greater 

temperatures (which may be unfeasible due to boiling temperatures of the buffers). 

Nevertheless, this finding is similar to the H. sapiens c-myc control oligonucleotide 

where the Tm could also not be calculated due to the extremely stable structure at 

temperatures of 95°C (data not shown). The thermodynamic stability of the parallel 

G4 tested may be due to the presence of G3NG3 motifs which have been shown in c-

myc and other G4 such as VEGF and cKIT to contribute to the stability of the structure 

(Chen & Yang, 2012; Tippana, Xiao & Myong, 2014). Indeed, the only parallel G4 

sequence that did not contain a single nucleotide loop motif was Smp_139180, which 

also had the lowest Tm of the parallel PQS.  

For those oligonucleotides that folded into G4 structures, addition of K+ ions 

was essential for resolution as well as stability and was characterised in all instances 

by an increase in ellipticity (accompanied in most spectra by a red-shift) (Fig. 3.20). 

The additions of ions cause a red-shift in nm wavelength towards characteristic peak 

spectra and also an increase in ellipticity. These changes indicate that the cations are 

causative of the adopted G4 conformation.  

There are further complementary experiments that could be performed 

alongside CD that were not performed in this study for various reasons. NMR, while 

useful in qualifying G4 structure, requires a large amount of pure starting material 

and has a higher associated cost than CD (Kypr et al., 2009). It was more economically 

viable to collaborate with Cardiff University and access the CD facilities within their 

lab.  
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3.4.4 PQS in S. mansoni compared to other organisms 

High stringency QP settings give rise to some 370,000 PQS in a 3019 mb hg16 

assembly of the human genome (Huppert & Balasubramanian, 2005).  Under the 

same conditions, this number is approximately 1232 in the S. mansoni 360mb v7.1 

genome (Fig. 3.4A). While there are comparatively more PQS in the human genome 

per mb than in the S. mansoni genome, recent work by Marsico et al to produce high-

resolution G4 maps in 12 model genomes (ranging from human to S. cerevisiae) has 

shown an increase in G4 numbers within higher organisms such as mammals 

compared to organisms belonging to nematodes and kinetoplastids (Marsico et al 

2019).  While the number of predicted PQS may be low compared to analysis of other 

organisms, it is comparable to organism with a similar size genome and GC content 

and does not indicate a lack of biological relevance to the parasite. For example, 

analysis of the P. falciparum genome found approximately 180 PQS, of which those 

found intragenically were enriched within virulence VAR genes crucial to the 

parasite’s establishment of an infectious ecological niche within the host 

environment (Dumetz & Merrick, 2019).  

Although the detected number of PQS by QP at high stringency appears low, high 

throughput sequencing of G4 sequences from multiple reference genomes by 

Marsico et al (2019) display the number of G4 with loop lengths of up to 7 nt make 

up less than half of all G4 found in all genomes (Table 3.11). 

 

Table 3.11 Number of G4 found from high throughput screening, Marsico et al 2019 
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Genome Genome size 

(mb) 

GC content (%) Actual G41 # G3+L1–72 

human 3095.69 37.8% 434 272 180 467 

mouse 2730.87 42.6% 797 789 327 452 

zebrafish 1371.72 36.8% 141 637 25 677 

Drosophila 143.73 42.1% 19 399 5262 

C. elegans 100.29 35.4% 4144 1561 

Saccharomyces 12.16 38.4% 103 7 

Leishmania 32.86 59.6% 17 343 7913 

Trypanosoma 35.83 46.8% 3236 635 

Plasmodium 23.33 19.6% 173 51 

Arabidopsis 119.67 36.1% 2407 338 

E. coli 4.64 50.8% 47 5 

Rhodobacter 4.60 68.8% 291 109 

1 All G4 detected through high throughput sequencing 2 G4 sequences that had a 

loop length of 1-7 nt 

 

C. elegans and Arabidopsis are the two genomes tested that are closest in length 

and GC content to S. mansoni. The number of G4 found with loop lengths ≤ 7 nt are 

similar in C. elegans (Table 3.11), although it should be noted that computational 

analyses of S. mansoni likely underestimates that value. In P. falciparum 82 PQS were 

computationally predicted (Stanton, 2016); Table 3.11 indicates that figure has 

doubled. Therefore, the only way to confidently assess the number of G4 forming 

sequences in the parasite is to undergo high throughput analysis of the genome.  

 

3.4.5 PQS enriched in wnt GO terms 
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Analysis of GO terms revealed enrichment of PQS within Smps related to the 

wnt signalling pathway. Similar to other metazoan organisms, the wnt signalling 

pathway in S. mansoni is likely to be of developmental importance to the parasite 

(Almuedo-Castillo, Sureda-Gómez & Adell, 2012; Li et al., 2010; Holstein, 2012). The 

wnt pathway is a complex pathway widely evolutionarily conserved (Fig. 3.21). Wnt 

binds to a frizzled receptor and activates beta catenin signalling, which is 

phosphorylated by a destruction complex. 

Figure 3.21 The canonical wnt signalling pathway. Canonical wnt signalling causes the 

accruement of β-catenin within the cell cytoplasm, leading to translocation into the 

nucleus and co-activation if numerous transcription factors (Image taken from Ding 

and Wang, 2017). In the absence of wnt (A), a destruction complex is formed from 

Axin, APC, GSK and targets β-catenin for ubiquitination, sending it to the proteasome 

where it is digested. When Wnt binds to transmembrane receptor frizzled and the 

LRP (lipoprotein receptor related protein (B) this disrupts the destruction complex 

due to the translocation of Axin, which negatively regulates wnt, to the cytoplasmic 

tail of LRP. Axin becomes dephosphorylated, and levels decrease. β-catenin levels 
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increase within the cytoplasm and it localises in the nucleus, where it can induce a 

cellular response (Rao & Kühl, 2010; Nusse, 2005).  

 

There are several wnt signalling pathways, although for the sake of brevity 

only the canonical pathway is detailed here (Fig. 3.20). Within flatworms, wnt is 

crucial for axial development and in Schistosoma has been associated with 

maintaining anterior-posterior polarity during growth (Wang & Collins, 2016). 

Although the components of wnt signalling have not been extensively studied within 

S. mansoni, it contains all the major participants required for both canonical and non-

canonical signalling (Riddiford & Olson, 2011).  In humans, wnt1 was found to contain 

G4 forming sequences within the promoter region that could be repressed by G4 

stabilisers and disrupted cancer cell replication (Wang et al., 2014). G4 were found in 

the promoter regions of fzd5 in humans and zebrafish, which when disrupted in the 

latter, mimicked the effect of fzd5 knockdown (David et al., 2016).  Although no 

intragenic G4 have been reported in Tbx2 in other species, Armas at el did discover a 

PQS <10 kb upstream of Tbx2 in mice that co-localised with CNBP binding site (David 

et al., 2016). CNBP is itself a zinc finger protein, which was recently shown to unwind 

G4 (David et al., 2019).   

Whether or not G4 play a crucial role in the S. mansoni wnt pathway is 

currently unknown, but further work could investigate if such G4 could be linked to 

parasite development and utilised as a potential target in blocking schistosome 

maturation or disrupting establishment of the parasite within the human host.  

 

3.4.6 Conclusions 
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This chapter presents a convincing argument for the presence of G4 within the 

parasite S. mansoni and demonstrates that PQS are detectable by several 

computational methods. PQS were found overrepresented within UTR regions, and 

PQS were found to be enriched in Smps related to the wnt signalling pathway.  

Further to this, selected sequences have been shown to fold into both parallel and 

hybrid stable G4 under ion dependent conditions using CD spectroscopy. Although 

there are more nuanced and high throughput techniques that have been developed 

since the data were performed to allow full coverage analysis of G4 genome 

sequencing, the work here shows convincingly the presence of conserved G4 

sequences. The next steps are to find ways to validate these sequences in vitro and 

identify the suitability of such sequences as druggable targets.  
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Chapter 4: Validation of G-Quadruplexes in S. mansoni nuclei. 

4.1 Introduction 

Quadruplexes form specific structures based on their conformation that are 

conserved and can be used for high-affinity and specific detection. Several reagents 

have now been developed that can detect either RNA or DNA (or both) quadruplexes 

(Henderson et al., 2014; Biffi et al., 2013); these have been vital in aiding in vitro 

validation of G4 presence within organisms across species (Biffi et al., 2013; Byrd et 

al., 2016; Harris et al., 2018).  While commercial sources of these reagents can be 

obtained, they also can be produced from plasmids after in-house recombinant 

protein expression and purification, providing an accessible and affordable method 

by which individuals can detect G4. 

 

4.1.1 Detecting quadruplexes through antibody staining 

At the time of this writing, two small molecule G quadruplex binding agents 

have been routinely used in this regard. These two reagents are called 1H6 

(Henderson et al., 2014)and BG4 (Biffi et al., 2013) which both target G4 structures. 

However, the former targets only DNA G4 structures while the latter, BG4, binds to 

both RNA and DNA (Henderson et al., 2014).  Created by phage display, these 

reagents are simple short chain variable fragment (ScFv) antibodies, consisting of the 

light chain immunoglobulins from a traditional antibody structure (Biffi et al., 2013). 

The antibody 1H6 was found to lack affinity for RNA G4 structures while selective for 

DNA based G4 (Henderson et al., 2014) whilst BG4 binds to both parallel and non-

parallel DNA and RNA quadruplexes; importantly for this project, DNA encoding BG4 
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can be purchased as a plasmid (Fig.4.1A) for in house expression (Biffi et al., 2014). 

Additionally, 1H6 was later found to cross react with T rich ssDNA, making this Ab 

inferior for specific detection of G4 structures in cells (Kazemier, Paeschke & 

Lansdorp, 2017). Meanwhile, BG4 has been used to successfully identify folded G4 in 

vitro through immunofluorescence techniques in cultured carcinoma cell nuclei 

(Fig.4.1B) (Byrd et al., 2016; Tseng et al., 2018; Wang et al., 2019; Biffi et al., 2014). 

  

 

Figure 4.1 BG4 as a G4 binding and detecting antibody. A) The insert map of BG4 

currently available for purchase (Addgene plasmid # 55756; http://n2t.net/addgene:

55756; RRID: Addgene_55756).  Orange arrow indicates BG4. Features include pelB 

leading sequence, two 6XHis tags and 3 FLAG epitope tags. B) Example of the staining 

of G4 detected by BG4 in MCF-7 adenocarcinoma cells as demonstrated by Biff et al 

(2013). Punctate staining was observed throughout the cell nuclei (pink signal); cells 

were counterstained with DAPI (blue). Scale bar corresponds to 20 μM (Biffi et al., 

2013) 

 

 

A
 
 
B 
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4.1.2 Recombinant protein expression systems 

Recombinant proteins are encoded by recombinant DNA (rDNA) cloned into 

expression systems that promote expression and translation of the protein. The 

system is designed to promote high levels of protein production that can then be 

purified and extracted downstream and utilised for several biological applications, 

including antibody/target detection, cell immunofluorescence, CHIP-seq, and in situ 

hybridisation (Biffi et al., 2013; Hänsel-Hertsch et al., 2016; Spiegel, Adhikari & 

Balasubramanian, 2019; Zhang, Harvey & Cheng, 2019). rDNA coding for the desired 

protein is inserted into a construct, usually containing specific apparatus to promote 

translation as well as epitope tags to facilitate column purification of the recombinant 

protein. The most common heterologous cell system for expressing recombinant 

proteins is Escherichia coli, as there are numerous plasmids and cell strains available 

and its genetics are well characterised (Baneyx, 1999; Rosano & Ceccarelli, 2014). 

However, other expression systems exist including mammalian, insect, yeast and 

plant cells. These can be useful for more difficult to express proteins.  For example, 

yeast is best for proteins which require significant post-translational modification 

whilst mammalian lines are favourable for glycosylated proteins and the production 

of larger proteins (Sahdev, Khattar & Saini, 2008; Demain & Vaishnav, n.d.; Rosano & 

Ceccarelli, 2014). However, these are more expensive and less accessible than E. coli 

systems and are not discussed further here.  

 

4.1.2.1 Principles of E. coli protein expression  
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 E. coli is a widely used bacterial system for overexpression of recombinant 

proteins that is inexpensive, rapid and is underpinned by a well-characterised 

genetics method (Baneyx, 1999). A plasmid containing the rDNA, a gene for antibiotic 

resistance and the relevant promoter is cloned into E. coli – for IPTG based expression 

systems (the most common) this is T7. Therefore, when cellular replication occurs 

through binary fission, daughter cells contain a new copy of the native functional 

genome in addition to the smaller inserted plasmid (Chien, Hill & Levin, 2012). Given 

the quick turnover of E. coli cells, this can lead to the production of large batches of 

protein when properly induced or expressed (Fig. 4.2). 

In E. coli cultures, the first growth phase is known as the lag phase (Fig. 4.2A), 

which is typically where the bacteria are present in media in the minority and are 

maturing, with no division taking place. This changes to the log phase (Fig.4.2B), 

characterised by exponential growth of the culture. Unlimited growth results at 

replication at a constant rate and the medium begins to become depleted of 

nutrients. At this point, the stationary phase occurs (Fig.4.2C) often due to the 

limitation or exhaustion of nutrients within the growth media, and growth rate can 

often equal death rate in this phase (Fig.4.2D). Death phase is the final point – after 

the culture has reached saturation, essential nutrients have expired, and the culture 

has become unsustainable (Pletnev et al., 2015). 
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Figure 4.2 Representative growth curve of E. coli within culture media. E. coli growth 

pattern is well documented and consists of four distinct stages: A) Lag phase, where 

cells are few and begin replicating. B) Log phase, where exponential growth rapidly 

occurs as cells divide into two daughter cells and cell density rapidly increases at a 

steady rate, with no to limited cell death. C) Stationary phase – available nutrients 

begin to deplete, and an equilibrium is reached between dying cells and dividing cells. 

D) Death phase – nutrients are exhausted, toxic catabolites accrue and no further 

division occurs as majority of cells die. Image modified from Wang et al., 2015. 

 

The aim is to induce protein expression in cultures late in the log phase, so 

that maximum number of cells are available to produce protein. Standard protein 

expression processes achieve this by utilising IPTG to induce cultures to switch from 

a stage of reproduction to expression and transcription of the protein by inducing the 

Lac operon present in the plasmid. In contrast, other expression processes involve 

the production of protein using auto-induction conditions. Both will be explained in 

detail below to outline mechanisms and differences. 

 

4.1.2.2 The Lac operon and mechanism of E. coli T7 mediated protein expression 

A 

D 

C 

B 
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 The Lac operon is a polycistronic transcript that allows for the translation of 

multiple genes from a single transcript of mRNA. It is essential for the metabolism 

and transport of lactose in E. coli and other bacteria (Alpert & Siebers, 1997). Whilst 

glucose is the preferred carbon source, the Lac operon allows bacteria to metabolise 

lactose in the absence of glucose and as such is regulated by the concentration of 

lactose and glucose (Yu et al., 2007).  

The operon consists of three structural genes: lacZ, lacY and lacA. Upstream 

of these are a promoter, operator and regulator sequence and the lacI gene, which 

codes for the transcriptional repressor and is transcribed independently of the three 

other Lac genes (Casali & Preston, 2003). Each gene encodes a different protein which 

together work to metabolise lactose into L-glucose and allow the transportation of 

lactose into the cell. LacZ codes for beta-galactosidase, an intracellular enzyme that 

cleaves lactose into glucose and galactose. LacY encodes beta-galactoside permease, 

a transmembrane protein that transports lactose across the cytoplasmic membrane 

into the cell via a proton gradient. LacA codes for beta-galactoside transacetylase. 

LacZ and lacY are necessary for lactose catabolism (Rosano & Ceccarelli, 2014). 

 As shown in Fig. 4.3, a two-part control mechanism dictates operon function, 

as both glucose and lactose control regulation. If lactose is absent, the LacI repressor 

binds to the operator and blocks RNA polymerase from binding to the promoter. If 

lactose is present, it will bind to LacI, lessening the repressors affinity and causing it 

to dissociate from the operator.  In the absence (or low level) of glucose, catabolite 

activator protein (CAP) can bind to the operator, activating transcription (Griffiths et 

al., 2000). Both of these conditions need to be met for transcription to occur. 
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In molecular biology, it is possible to clone a gene into the operon behind the 

promoter, and have that gene transcribed when the operon is activated due to its 

polycistronic nature (Casali & Preston, 2003). Hence, the operon drives expression of 

recombinant protein in E. coli systems. Fig. 4.3 explains the different outputs of the 

lac operon in response to the concentrations of different sugars. A presence of 

lactose in the absence or low level of glucose leads to strong expression of lac genes. 

If there is high or no glucose in the absence of lactose, the lac operon is repressed, 

and transcription of genes does not occur. If there is high glucose with some lactose 

available, then there is a weak level of lac gene expression (Alberts, 2010). 
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Figure 4.3: Diagram of the lac operon and its control elements. (Alberts, Essential Cell 

Biology, 2010) The structure of the lac operon including the promoter, CAP binding 

site, and one of three structural genes of the lac operon: lacZ, (the other two being 

lacY, and lacA). These code for beta-galactosidase (which cleaves lactose into glucose 

and galactose), beta-galactoside permease (which transports lactose into the cell 

across the membrane) and beta-galactoside transacetylase (which gives beta-

galactoside an acetyl group) respectively. The first two are crucial for the metabolism 

of lactose.  

 

The lac operon is induced by the disaccharide metabolite allolactose, a 

transglycosylation of lactose by beta-galactosidase (lac Z). Allolactose binds the lac 

repressor, changing its conformation and weakening the binding affinity of the 

repressor to the operator (Wheatley et al, 2013). This causes the repressor-operator 
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to dissociate, preventing inhibition of the operator and allowing transcription to 

occur. 

 

4.1.2.3 Isopropyl β-D-1-thiogalactopyranoside  

Most E. coli expression systems work by utilising the bacterial phage T7 

promoter, regulated by the lac operon machinery, to induce protein expression. The 

lacUV5 promoter requires inducing, prior to which there should be little T7 RNA 

polymerase present as cells grow (Studier & Moffatt, 1986).  Experimentally, 

recombinant protein cultures are ‘induced’ with IPTG.  

IPTG is a molecule analogous to allolactose, as shown in Fig. 4.4. As explained 

previously, the lac operon requires lactose (along with an absence of other carbon 

sources) to become activated. As with allolactose, IPTG binds allosterically to the lacI 

repressor, inactivating it and allowing T7 RNA polymerase to transcribe coding DNA 

within the T7 promoter (Studier, 2005). Unlike allolactose, IPTG cannot be hydrolysed 

by beta-galactosidase due to the sulphur bond presence, ensuring over expression.  

 

Figure 4.4 The chemical structures of IPTG and allolactose. The homologous 

structures are circled in blue. The similar structure of IPTG (A) to allolactose (B) allows 

it to bind to the lac repressor and cause it to dissociate from the operator, preventing 

inhibition of lac operon function. The sulphur in IPTG prevents metabolism from beta-

galactosidase, as is normal with allolactose.  

A       B 
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Some plasmids are not as tightly regulated as desired and can lead to ‘leaky 

expression’, where the protein is expressed before the addition of IPTG due to the 

activity of T7 RNA polymerase even when present at basal levels (Studier, 2005).  This 

can present issues when the expressed protein is toxic towards the host cell. 

Although this can be somewhat ameliorated and mediated by altering the plasmid so 

the lac operator is downstream of the T7 promoter this is not always an available 

choice when using pre-purchased inserts (Studier, 2005). Growing multiple cultures 

in parallel can also be difficult when utilising IPTG induction methods as it requires 

constant vigilance in monitoring saturation levels and uniformity in induction time, 

which can be difficult to achieve with multiple samples. 

 

4.1.2.4 Autoinduction (AI)  

It is possible to induce E. coli expression systems without the use of IPTG, a 

method known as auto induction. AI is easily scaled, can be useful for inducing many 

cultures in parallel, and in some cases can produce a greater yield of protein than 

traditional IPTG methods.  

 The addition of glucose is the primary additive that allows the mechanism of 

AI to function (Studier, 2005). Glucose is preferentially metabolised over lactose; the 

lac operon will not function until the glucose source is exhausted (Fox & Blommel, 

2009). This promotes cell growth over expression when sufficient glucose is added in 

AI media to allow the bacteria to reach saturation and ideal optimal density for 

sustained expression. The glucose is eventually exhausted and a switch to lactose 

metabolism is triggered. The new lactose metabolism acts as an inductive agent and 
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thus removes the need for IPTG and for vigilant observation of cultures (Studier, 

2005).  

 

4.1.3 Immobilized metal affinity chromatography (IMAC) Purification 

After expressing protein in a bacteria expression system, the sample must be 

purified to remove native E. coli contaminants from the solution and ensure only the 

desired recombinant protein is present and concentrated. This is especially important 

if the sample is being used to develop antibodies where purity of sample is 

paramount. 

Crude cell fractions are subject to lysis to extract soluble protein from 

membranes or cytoplasm. The fraction can then be subject to purification to remove 

host contaminant factors and to obtain a purified sample of desired recombinant 

protein (Fig. 4.5). There are multiple ways to achieve this but the most economic and 

frequently used is IMAC column purification. This is dependent on recombinant 

proteins containing a short polyhistidine residue affinity tag  (Fig. 4.5A) that will 

interact with transition metal ions present on the column matrix such as Co2+ or more 

commonly Ni2+ (Bornhorst & Falke, 2000).  
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Figure 4.5 Principles of IMAC purification. (IGEM, 2009). A) Conserved structures of 

imidazole and histidine. Imidazole at high concentrations outcompete any histidine 

residues bound to the column, displacing bound protein off the column. B) A gene 

coding for the protein is cloned into a plasmid and transformed into host cells. This is 

cultured and induced, before pelleted. The pellet is mechanically and chemically lysed 

and centrifuged to separate the soluble and insoluble protein fractions. The soluble 

supernatant is loaded onto a column and bound to nickel-agarose beads. Weakly 

bound contaminants are removed from the column via wash buffer and gravity, 

before the protein is eluted off in a buffer containing large concentration of 

imidazole.  This is later dialysed out, and the protein is suitable for experimentation. 

The sample is eluted into a fresh tube using elution buffer. This usually uses a much 

higher concentration of imidazole – around 250 mM or similar – that strips the 

protein off the beads. [www.2009.igem.org, accessed 2018].  

 

A 
 
 
 
B 
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As described in Fig. 4.5B, the ion containing beads are resuspended in wash 

buffer, with the presence of imidazole at low concentration (~20mM). The imidazole 

ring is a structural feature contained in histidine itself (Fig. 5.4A). Therefore, the 

addition of the chemical causes histidine to be outcompeted, removing anything 

bound from the nickel agarose beads. When present at low concentrations, this 

displaces weakly bound contaminants with only one or two histidine residues without 

disturbing the more strongly bound recombinant protein.  

 Nickel agarose beads are perhaps the most widely used, as they form bonds 

with histidine residues easily. Therefore, most inserted plasmids will encode a six 

histidine chain at the end of their inserted gene (Bornhorst & Falke, 2000). This allows 

the recombinant protein to bind to the nickel agarose beads with a higher affinity 

than native contaminants, which may also contain several histidine residues. This 

may present issues when recombinant proteins are produced in low quantities as a 

higher proportion of native, HIS-containing E. coli proteins (e.g. SlyD) may out-

compete recombinant protein binding to the nickel-based columns (Chen et al., 

2017). This can be avoided by utilising cobalt based columns, which have less 

specificity for histidine and so result in a purer elution but are more expensive to use 

than nickel (Jiang et al., 2004). Alternative purification methods include columns with 

antibody specific binding (for example, to a FLAG™ tag - peptide sequence DYKDDDK 

- present in the protein). This reduces the likelihood of contaminants binding to the 

column but is much more expensive an option as a result. 

However, the system is not without fault: proteins may form in the cytoplasm 

or also in the periplasm or membranes, where they form insoluble aggregates known 

as inclusion bodies that require a refolding process to solubilise. Furthermore, there 
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is no guarantee that the protein will refold correctly and resolve into its original 

native shape, which can produce downstream issues if the protein is required for 

functional or experimental use. This can potentially be ameliorated by optimising 

temperatures, as proteins are more likely to be produced in the soluble fraction when 

expressed at lower temperatures such as < 16°C (Schein & Noteborn, 1988; San-

Miguel, Pérez-Bermúdez & Gavidia, 2013). 
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4.2 Chapter objective 

As Chapter 3 demonstrated evidence of G-quadruplexes in the S. mansoni genome 

(validated for selected targets by CD), the next aim is to verify the presence of 

quadruplexes within parasite cells through production and use of a quadruplex 

recognising antibody.   Specifically, the chapter objectives include: 

 

• Producing a recombinant antibody (BG4) to recognise G-quadruplexes 

• Comparing IPTG and AI methods of protein production 

• Purifying the protein and comparing it against a purchased, third party 

antibody 

• Optimising immunofluorescent procedures on human cell lines to determine 

staining profile and optimal staining conditions 

• Exploring the presence of RNA/DNA quadruplexes in S. mansoni parasites 

through BG4 detection of intra-cellular G4. 
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4.3 Results 

4.3.1 Confirmation of BG4 Agar stab 

An agar stab containing BG4 plasmid [pSANG10-3F-BG4, Plasmid #55756; 

AddGene] was purchased and transfected into BL21 DE3 cells for optimal growing 

conditions. Prior to recombinant expression, single colonies were streaked onto HSLB 

agar plates containing kanamycin (section 2.6.1) and grown overnight before a 

miniprep was performed and the sample sent for DNA sequencing to confirm correct 

insertion and sequence of the BG4 insert (data not shown). A restriction enzyme 

double digest was also performed to confirm insert size (819bp and a 5378 bp 

backbone) (Fig. 4.6). As shown, in most lanes two visible bands were observed in 

samples incubated with restriction enzymes compared to the large singular band 

present in the undigested control.  

Glycerol stocks were created from the cultures confirmed to have correct 

restriction band sizes and sequences and were utilised for optimisation of growth 

conditions described below.  

Figure 4.6 Double restriction enzyme digest of BG4 containing plasmid. Purified 

plasmid DNA amplified from single colonies was incubated with NotI and NdeI for 4 

hr and the sample electrophoresed on a 1% agarose gel containing 1X SYBR SAFE. Gel 

A       B           C
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was illuminated using UV trans illumination in UVP imager.  A) 1kb O’Generuler 

ladder (ladder sizes pictured left) B) Each lane contains a sample from a single colony 

and contain the bands expected at the correct size C) Undigested control. All 

contained bands at 800bp (expected band sizes from the restriction sites were 819 

bp and 5378 bp) but black arrows indicate samples taken forward for sequencing and 

creation of glycerol stocks.  

 

4.3.2 Optimisation of IPTG concentration 

Growth conditions for the plasmid on the supplier website 

[https://www.addgene.org/55756/] suggest an expression temperature of 30°C and 

this was used first to optimise the ideal amount of IPTG addition to induce 

expression. Four IPTG concentrations from 0.25, 0.5, 0.75 and 1 mM of IPTG were 

used to induce BG4 containing cultures; once cells reached an OD600 density of 0.6, 

they were expressed for three hours after which cultures were processed and 

purified by IMAC as described in section 2.6.4.3. The purified product was then 

subsequently electrophoresed on a 1D denaturing PAGE gel and stained with 

colloidal Coomassie to assess for molecular mass (Fig.4.7).  
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Figure 4.7 Coomassie stained 1D denaturing SDS-PAGE gel of purified BG4 following 

different IPTG concentrations.  A volume of 15μL of denatured sample was run to 

compare protein yield between samples. Std= Novex sharp stain ladder. A stock 1L 

culture was grown to ~OD 600 nm and split into four, at which each culture was 

induced with either 0.25, 0.5, 0.75 and 1 mM IPTG and grown for three hr at 30°C. 

Samples were purified by IMAC and a sample of the eluent was electrophoresed.  BG4 

band of interest is at ~34 kDa and appears to be most prominent at 0.75 mM IPTG.  

 

Results demonstrated an optimum IPTG concentration of 0.75 mM giving the 

most intense band at the molecular mass expected for recombinant BG4 (34 kDa) in 

the gel (Fig. 4.7). In all lanes, a double band was observed at high mw (~ 70 kDa) and 

a faint band could also be detected at under ~30 kDa.  

The induced BG4 did not indicate high yields given that a 250 mL of culture 

was used to produce a final 10 mL eluent (of which 15 μL was loaded and ran). To 

attempt to optimise recombinant yield, expression duration and temperature 

variation was explored.  

 

4.3.3 Optimisation of expression temperature and duration 

 Following initial experiments indicating 0.75 mM IPTG induction producing a 

greater recombinant protein yield, this was used to induce cultures grown again 

under previous conditions (section 4.3.2).  However, variations in expression time 

and temperature were subsequently explored. Cultures were left to express at 3 

different time points and two different temperatures as follows: 30°C for either 3 or 

7 hrs, or overnight (16 hrs) at 16°C. A 0 hr control was performed, in addition to non-

induced controls at 0 and 3 hours to assess for efficacy of IPTG controlled expression. 
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These cultures were collected and processed as described in section 2.6.4.3 and 

electrophoresed on 1D denaturing polyacrylamide gels stained with colloidal 

Coomassie (section 2.6.7). A ~34 kDa band, consistent with the mass of recombinant 

BG4, was observed in all lanes that were expressed for three hours or longer (Fig. 

4.8).  

Figure 4.8 Effect of expression time and temperature on BG4 cultures. Separate 

cultures were either induced with 0.75mM IPTG (+) or were non IPTG controls (-). 

Cultures were collected at either 0, 3 or 7 hours at 30oC or were left over night at 

16oC (*) and an equal volume of the purified sample was electrophoresed on a 

denaturing PAGE gel to compare yield. The gel was stained with colloidal Coomassie 

and contained a Novex Sharp Stain protein standard (in kDa) for reference. Arrow 

indicates band of interest at around 34 kDa but there are other bands observed 

across all samples. Bands at the expected size were also present in the sample left 

for 3 hours in the absence of IPTG. Black arrow indicates band of interest. 

 

The most intense band was observed in samples ran overnight at 16°C 

compared to samples ran at 30°C. However, it was also observed that 0 mM IPTG 

controls also contained bands consistent with recombinant BG4 after 3 hours despite 

the absence of an inducing agent, suggesting a lack of tight control from the plasmid. 
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There was also no change in the extra bands present at a lower temperature. The 

bands observed were still fainter than anticipated, and the wash fractions from the 

purifications were also ran on a gel and did not show any significant band that would 

suggest early displacement from the purification column.  

Given the faint bands observed in the gel and the fact that E. coli native 

contaminants can occur at sizes close to rBG4, a western blot was performed to 

assess if the bands observed in Coomassie gels contained c-terminal tags consistent 

with rBG4, or did not, and therefore were more likely to be native contaminants.  

 For this experiment, two separate glycerol stocks were used to rule out a 

quality issue with the starting inoculation. Both cultures were induced with 0.75mM 

IPTG and, after reaching an OD600 of 0.6, were left to express at the newly optimised 

conditions of 16 hours at 16°C. An altered lysis buffer containing detergents was also 

used (section 2.1.7) due to its published use in recombinant BG4 purification (Das, 

Srivastava & Raghavan, 2016) with the omission of PMSF in place of cOmplete 

protease inhibitor™. Purified protein (from Nickel IMAC column purification) was 

quantified using Qubit; 50 and 100 ng respectively of each sample was loaded onto 

a 1D denaturing polyacrylamide gel.   
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 The western blot detected reactivity to the triple FLAG tag in all wells 

including those with 0 mM IPTG in both stocks (Fig. 4.9). There appeared to be no 

difference in quality between the two glycerol stocks tested, and no real difference 

observed between the two concentrations of total protein loaded.  

Figure 4.9 Testing of Stock Quality and IPTG Controls. Recombinant BG4 was detected 

using mouse anti-FLAG primary and secondary anti-mouse-HRP conjugate to test if 

bands were recombinant artefacts or native host contaminants. Two different 

glycerol stocks were compared for quality control.  Samples were induced with 0.75 

mM IPTG (+) or were IPTG free controls (-). The Ni+ column purified elutions were 

quantified and either 50 ng or 100 ng of protein were ran on a denaturing PAGE gel 

prior to transfer. Black arrow indicates band of interest. 

 

There are multiple bands detected with FLAG tag within each lane, which may 

suggest that the extra bands observed in earlier gels are not E. coli contaminants but 

rather rBG4 products. However, because the western blot requires a secondary 

antibody to detect the FLAG (an HRP conjugated anti IgG as described in section 

2.6.6) it is possible that there is nonspecific binding occurring. To rule out this 

possibility, a control was performed where a membrane was cut following transfer 

and incubated with both primary and secondary only antibody with a secondary 

-/50  -/100   +/50   +/100  -/50   -/100 +/50   +/100 

 

Stock 1    Stock 2 
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control.  The control experiment found in the presence of secondary only antibody, 

no signal was observed (Fig. 4.10), indicating bands observed were from proteins 

containing a FLAG-tag and further supporting the hypothesis that the bands present 

are related to rBG4.  

Figure 4.10 Western blot testing FLAG tag antibody specificity.  Replicates of the 

same purified elute (expressed for 16 hr at 16oC, induced with 0.75mM IPTG) were 

electrophoresed on a denaturing PAGE gel and transferred to a membrane. The 

membrane was cut (indicated by dashed lines) post blocking and incubated with the 

following antibodies: Std. was incubated with murine anti-His-HRP conjugate. +/- 

were incubated in mouse anti-FLAG only, +/+ incubated with mouse anti-FLAG and 

goat anti-mouse IgG, -/+ were incubate with goat anti-mouse IgG only. Primary only 

and secondary only controls failed to generate any signal, indicating no cross 

reactivity of the IgG secondary and correct functionality of the primary.  Black arrow 

indicates band of interest. 
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To further confirm rBG4 was being expressed, a purified sample was run on a 

gel and excised, extracted and subject to trypsin digest and mass spec sequencing 

(Fig. 4.11).  

 

 

Figure 4.11 Mass spec sequencing of purified rBG4. Purified rBG4 was run on a 

denaturing SDS-PAGE gel and Coomassie stained. The band at 34 kDa was excised 

and the protein purified from the gel, digested with trypsin and subject to mass spec 

analysis. The amino acid sequence of BG4 (obtained from addgene.org/55756/, 

accessed 2018) was used to align reads from mass spec analysis. Sections highlighted 

in yellow indicate sequences detected by mass spec. ‘|’ denotes cleavage sites.  

 

Mass spectroscopy of gel excised BG4 found numerous AA sequences that 

aligned with BG4, including the DHDGDYKDHIDIKDDDK FLAG tag. Aligned residues 

were found at the beginning and end of the BG4 sequence and confirm that it is BG4 

that is being expressed and purified in the previous experiments. 

Following confirmation that rBG4 was being purified from the column, 

optimisation was then taken to try and increase yield. The expression culture was 
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scaled up to 1L from 250 mL to naturally increase protein abundance, and an IDZ 

elution gradient was performed during the purification process to further purify the 

final product. A single 10 mL elution of buffer containing 250 mM IDZ was instead 

replaced with 1 mL elution of buffer containing 100 mM – 250 mM IDZ. The 

Coomassie gel showed visible bands at the expected mass (34 kDa) in the wash 

fraction, 100 mM and 150 mM (Fig. 4.12A) but no visible bands at 200 or 250 mM. 

The 150 mM elution appears cleaner comparatively to the 100 mM elution, but it is 

unclear if this is truly due to a purer sample or just present at yield too low to detect.  

The western blot (Fig. 4.12B) shows the strongest signal also in 100 mM band, but in 

contrast to the Coomassie detects the presence of FLAG tag in all elution, indicating 

yield is still an issue.  

Figure 4.12 Imidazole gradient of IPTG induced BG4. A) Elution of increasing 

imidazole concentrations in mM were ran out on a 1D denaturing SDS-PAGE gel 
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stained with colloidal Coomassie and imaged under transverse bright light.  B) A 

denaturing gel was transferred to a membrane and a western blot performed using 

Anti-FLAG-HRP.  Std = Novex sharp stain protein standard. Black arrow indicates band 

of interest. 

 

Although several variables had been optimised to try and increase yield, there 

was no significant observed increase in protein yield after optimising temperature, 

expression duration, IPTG concentration and purification methods. To create enough 

rBG4 suitable for downstream experimental purposes, yield would have to be 

massively scaled up or the vector altered. A simpler way to try and increase yield is 

to switch to AI expression methods, as there have been documented cases of this 

alone increasing yield of recombinant protein compared to IPTG induction (Studier, 

2005). Therefore, BG4 was subsequently expressed using AI to try and assess if that 

would assist in a greater production of the antibody without resorting to more 

complex optimisation mechanisms.  

 

4.3.2 Autoinduction expression of rBG4 

rBG4 was expressed as described in section 2.6.4.2 and purified as previous 

with the same elution IDZ gradient performed. Coomassie stained 1D denaturing 

polyacrylamide gels (Fig. 4.13A) and western blots (Fig. 4.13B) were performed on 

the unbound fraction, wash buffer, and IDZ elution gradient. The Coomassie stained 

gel showed bands at 34 kDa in all elution steps, with a lot of contaminants present in 

the 150- and 200-mM elution steps. The two 250 mM elution lanes contained a much 

cleaner sample, but with a fainter band at the desired size. A single faint band was 
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observed at 300mM. The western blot demonstrated a FLAG tag present at 34 kDa, 

indicating that it is likely rBG4 being purified. However, similar to IPTG expression, 

there are other proteins present within the elution columns that were detected by 

the antibody even if they were not present on the Coomassie gel.  

Figure 4.13 Autoinduction of BG4. A: Coomassie stained PAGE gel B: Western blot 

stained with anti-FLAG. Cultures were left to express in auto-induction media for 20 

hr at 30 ⁰C prior to purification. Equal volumes of samples were loaded onto the gel 

and ran to compare yield. UB = unbound fraction Wash = 20 mM Imidazole. 1 mL 

elutions were collected at increasing concentrations of IDZ (150mM-300mM). 200 

mM still contained a lot of host contaminants with faint but cleaner bands appearing 

at 250 and 300 mM. In the western blot the similar bands were detected and 

observed in traditional IPTG expression. 

 

The AI gels appear to have more protein in the eluents than IPTG, but to be 

certain, samples from both expression methods were then ran together on gels and 

transferred to western blots to directly compare the yield purified from the two 

processes (Figure 4.14).  
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 Figure 4.14 Comparison of IPTG against AI. Coomassie stained PAGE gel of samples. 

300 mL of appropriate BG4 cultures were either A) Induced with 0.75 mM IPTG and 

left for 7 hr at 30 ⁰C or B) grown for 20 hr at 30 ⁰C in the absence of IPTG, but in the 

presence of AI media. Samples were processed and purified identically.  Equal 

volumes of samples were loaded onto the gel and ran to compare yield. UB = 

unbound fraction W20 = 20 mM Imidazole wash W60 = 60 mM imidazole wash. 1 mL 

elutions were collected at increasing concentrations of IDZ (100, 200, 250 mM).  AI 

appeared to produce more BG4 protein, as thicker bands were observed. 250 mM 

contained contaminants in both AI and IPTG. Western blot transfers of the gels C) 

0.75 mM IPTG and D) AI expressed samples indicate much cleaner samples, indicating 

increased wash steps may remove recombinant artefacts.  

 

Although cleaner bands were detected due to increased wash steps at lower 

IDZ concentrations and a greater yield appeared to be present during AI (Fig. 4.14A) 
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than IPTG induction (Fig. 4.14B), there was a notable issue with much of the target 

protein being lost from the column at very low concentrations of IDZ  for both 

methods (Fig.4.14C-D). While this can be rectified by simply scaling up to 

overcompensate for low yield, such low dissociation with the nickel column may 

suggest some issue with the histidine residues, which may suggest truncated rBG4 or 

perhaps mis-folding of the recombinantly produced antibody. Given that the 

antibody is required for downstream use, it was essential there was no concern 

regarding the functionality of the rBG4. While refolding assays can be performed 

using denaturants such as urea, this is incredibly harsh and there is no guarantee of 

correct conformation when refolding. Hence, the decision was made to purchase 

commercial BG4 to ensure the downstream assays could be performed in confidence.   

 

4.3.5 Immunofluorescence (IF) G4 detection in NIH 3T3 cells using commercial BG4 

Due to the low yield, and concerns regarding rBG4 quality, experiments to 

optimise and validate G4 staining were performed using purchased BG4, which was 

first used as proof of concept in murine NIH-3T3 fibroblast cell cultures (Fig. 4.15).  

NIH 3T3 cells grown on chamber slides were incubated with BG4 first to 

ensure the antibody was working correctly before moving over to parasite samples. 

Cells were fixed with either 3:1 methanol: acetic acid (Fig. 4.15A), methanol (Fig. 

4.15B) or 4% formaldehyde (Fig. 4.15C) to explore optimal fixation conditions for 

assessing signal. A secondary antibody only control was conducted alongside to 

control for any cross reactivity inside the cells (Fig. 4.15D).  



 

208 

 

Figure 4.15 BG4 staining of NIH-3T3 cells. Cells were grown in 8 well chamber slides 

and fixed with either A) 3:1 Methanol: acetic Acid mix, B) Methanol, C) 4% 

formaldehyde, D) 4% formaldehyde in the absence of primary antibody. Cells were 

incubated with 1:100 BG4 and anti-human 1:1000 IgG-FITC (green signal) and 
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counterstained with DAPI which binds to DNA (blue signal). Controls were 

incubated in anti-human IgG-FITC only. Samples were mounted in Fluoroshield on 

slides prior to imaging on a Leica Confocal Sp5 at 40x and 100x. Images were taken 

using DPSS and Argon laser emissions. Scale bar = 10 µm. 

 

Samples fixed with a 3:1 mix of ice-cold methanol: acetic acid displayed strong 

loci of signal within the nucleus that co-localised with nuclear staining from DAPI (Fig. 

4.15A). Cells fixed with methanol alone (Fig. 4.15B) did not stain well, with an 

absence of green signal within the nucleus and instead scattered within the 

cytoplasm. There are small areas within the nuclei where DAPI staining is absent, 

which suggest the cells were damaged from the fixation. Fixation with formaldehyde 

(Fig. 4.15C) showed some signal that seemed present across both the cytoplasm and 

within the nuclei, and DAPI staining did not indicate any damage of the nuclei. There 

was no observed signal in the absence of the primary BG4 antibody (Fig. 4.15D), 

indicating any signal that would be observed is solely from BG4 specific binding. 

Following this, 3:1 me: AA and 4% formaldehyde were taken forward as fixative 

options for optimising staining in adult worms.  rBG4 was also tested in cells but did 

not show efficacy (Supp Fig. S4.1). 

 

4.3.6 Optimisation of fixation for IF BG4 staining in adult male worms 

After validating that commercially purchased BG4 Ab stained mammalian cell 

nuclei similarly to images observed in the published literature (Biffi et al., 2013; Byrd 

et al., 2016) we moved to conduct the first ever study to use this antibody on S. 
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mansoni.  Adult male worms were fixed with both 3:1 me: AA and 4% formaldehyde 

to compare the suitability of fixatives against larger organisms with a multitude of 

cell and tissue types.  As before, all samples were counterstained with DAPI to 

visualise nuclei and a secondary only control was performed to detect any 

nonspecific staining or cross reactivity of the secondary antibody (Fig. 4.16) 
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Figure 4.16 Initial attempts of G4 staining in male S. mansoni worms. Male worms 

were incubated in culture media for 24 hr (section 2.1.1) prior to fixation in either A) 

4% formaldehyde B) 3:1 Me: AA, C) 3:1 Me: AA (2⁰ antibody only control). Samples 

were then permeabilised, with 0.3% Tx100 in PBS, blocked and incubated in 1:100 

BG4 for 1 hr following incubation with 1:1000 secondary anti-human IgG-FITC for 1 

hr. Samples were counterstained with DAPI (blue signal) and mounted in Fluoroshield 
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on slides prior to imaging. Samples were analysed on a Leica laser confocal SP8 with 

DPSS and Argon emission. Male anterior and midsection images were taken, and z 

stacks compiled from a 100 z cross section. Scale bar = 10 µm. 

 

Samples fixed with paraformaldehyde (Fig, 4.16A) appeared to have some 

issue with localisation, with signal appearing but not permeating through the worm 

and instead coating the surface of the worm such that tegmental structures such as 

tubercles are apparent, and a Z stack series shows no co-localisation with DAPI signal.  

When stained with me: AA (Fig. 4.16B), there is no surface coating observed and 

some BG4 co-localisation with DAPI was observed. However, signal was sporadic and 

seemed to be stronger around superficial cells such as those around the ventral 

sucker at the anterior.  In the secondary only control (Fig 4.16C), only signal from 

DAPI was observed, indicating signal seen in other samples was indeed from BG4 

binding. The data indicated that although organic solvents seemed to provide a more 

appropriate fixation method and BG4 signal (G4) could actively be detected, further 

optimisation was required. The images seemed to suggest an issue with 

permeabilisation and the antibody failing to permeate the entire of the worm.  

 As Z stacks displayed that inner sections of the worm did not appear to be 

staining in me: AA fixation techniques, the protocol was altered to account for the 

increase in complexity of the sample being stained (i.e. a whole worm) in comparison 

to a monolayer of cultured cells. For this, permeabilisation was increased to 1 hr from 

30 min, and incubation times for each antibody were greatly extended following 

correspondence with Prof. Anthony Walker (Kingston University, London) who kindly 

provided insight into incubation times for IF when dealing with S. mansoni worms. 

Primary incubation increased from 2 hr at RT to 72 hr at 4°C and secondary from 1 hr 
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RT to 48 hr 4°C using an orbital rocker. The signal observed in Fig. 4.16 was very 

strong even at low excitation and so primary antibody was decreased from a 1:100 

dilution to 1:400, and secondary decreased from 1:1000 to 1:2000.  

 

4.3.7 Analysis of BG4 IF staining in male and female S. mansoni worms 

Following optimisation to the fixation and staining protocol as described 

above, adult males and females were both processed under these new conditions, 

outlined in detail in section 2.7.2.  Nuclear staining was apparent in both male and 

female worms and this co-localised with BG4 signal, which was found evenly 

distributed across most cell types examined (Fig. 4.17, Supp. Fig. S4.2). 

  FI
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Figure 4.17 Optimised BG4 staining in adult schistosomes. Female and Male worms 

were fixed in 3:1 me: AA and permeabilised for 1 hr in 0.3% PBSTx prior to blocking 

for 2hr in 5% BSA 0.3% PBSTx. Samples were incubated in BG4 (1:400) for 72hrs at 

4°C followed by secondary incubation with anti-human IgG-FITC (1:2000) for 48hr at 

4°C.  -/+ Denotes secondary only negative control, +/+ contain both primary and 

secondary antibody. Samples were mounted in Fluoroshield and counterstained with 

DAPI on microscopic slides. Anterior (Ant), midsection (Mid) and posterior (Post) 

regions were imaged and collated from 100 z stacks. Samples were imaged at 20X 

(scale bar = 50 µm) and 100X, with white box denoting region of magnification (scale 

bar = 10 µm).  

 

Within females, the ovaries did not appear to contain any BG4 signal (Sup Fig. 

S4.3), which may suggest no G4 present within such structures. At 100X 

magnification, green foci (indicative of G4 structures) are more easy to observe 

colocalising with DAPI signal (blue) than at 20x maginification where the signal 

overlaps more. However, there were some regions in males and females (Fig 4.17) 

where there BG4 signal is fainter. It was observered that in some worms’ (Sup Fig. 

S4.2) midsections, BG4 staining appeared to be fainter compared to head and tail 

regions. Additionally, females generally appeared to often have stronger signal than 

males, however, this may be because females are simply smaller and so exhibited 

more consistent staining throughout the entire organism. All of these factors suggest 

incomplete permeabilisation of the worms.  

Regardless, observation at close magnification (Fig. 4. 18) displayed thorough 

co-localisation of BG4 with DAPI and a presence in most cells within the field of view. 

The staining, at a closer magnification, appeared more punctate and was easier to 

discern. Cells not incubated with BG4 showed a complete absence of signal and only 

displayed nuclei staining by DAPI.  
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Figure 4.18 Magnified view of BG4 staining in adult S. mansoni worms. Tails of worms 

from Fig. 4.17 were imaged at 100x objective, 5x digital zoom to better observe BG4 

foci (G4 quadruplexes) within cells. -/+ Denotes secondary only negative control, +/+ 

contain both primary and secondary antibody. Staining is entirely colocalised with 

cell nuclei and appears in all cells observed. Staining is completely absent in BG4 

negative cells. Scale bars = 10 µm.    
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 In the absence of BG4 primary antibody there is complete loss of green signal, 

indicating that the secondary antibody is indeed binding correctly to BG4 and there 

is no cross reactivity being observed.  

In addition to a secondary only control, extra experiments were added (Fig. 

4.19, Fig. S4.2). Here, two groups of worms were incubated either in DNase I or RNase 

A respectively for 1 hr following permeabilisation and prior to blocking. BG4 antibody 

is not specific to DNA or RNA, both of which are capable of folding into G4 structures. 

Therefore, the presence of BG4 signal in the absence of either DNA or RNA should 

indicate if G4 are folding within DNA or RNA strands and if any bias exists. 
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Figure 4.19 Enzyme controls in BG4 antibody detection. Female and male worms 

were fixed in 3:1 me: AA and permeabilised for 1 hr in 0.3% PBSTx. Following 

permeabilisation worms were either incubated in A) 120 U DNase I in PBS for 1 hr at 

37°C or B) 0.1 mg/mL RNase A in PBS for 1 hr at 37°C.  The staining protocol was then 

carried out as before. Samples were mounted in Fluoroshield and counterstained 

with DAPI on microscopic slides. Anterior, midsection and posterior regions were 

imaged (midsection and posterior regions not shown) and collated from 100 z stacks. 

Samples were imaged at 20X. Brightfield (BF) images are shown to identify worm as 

no DAPI signal was present, indicating an absence of DNA.  Signal does not appear to 

disappear in the presence of RNase A. 4th panel in B) is empty. Scale bar = 10 µm. 

 

 As expected, DAPI signal was completely lost when worms were treated with 

120 units DNase I, indicating successful enzyme treatment (Fig. 4.19A). However, BG4 
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signal was also absent, to the degree where brightfield images were used to provide 

reference. This indicates that the G4 structures targeted by BG4 were primarily, if not 

entirely DNA G4. Both DAPI and BG4 signal were intact in worms treated with 0.1 

mg/mL RNase A (Fig. 4.19B), which further supports the presence of G4 DNA within 

the parasite.  RNase A quality was tested by gel electrophoresis (Fig. 4.20). 

Figure 4.20 RNase quality check. RNase A enzyme capability was tested by incubating 

1 µg each of universal murine RNA or 1 µg S. mansoni RNA in 0.1 mg/ml RNase A (R+) 

for 1hr at 37 ⁰C prior to electrophoreses through a 1% agarose gel next to untreated 

controls (R-). 1 kb ladder.  RNA disappears in the presence of RNase A, indicating the 

enzyme is degrading the RNA.  

 

RNA incubated with RNase A degraded, confirming the RNase A used as control was 

effective and that the presence of BG4 signal was due to the binding of DNA G4 within 

the parasite.  
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4.4 Discussion 

4.4.1 Optimisation of rBG4 expression and purification 

 
 

Although initial optimisation experiments found 0.75 mM IPTG to give the 

greatest protein yield, BG4 expression was still occurring even in the absence of IPTG. 

This, in itself, is not entirely unusual within E. coli based expression systems and 

indicates that there is basal expression not tightly regulated by the plasmid.  This is a 

known issue within Lac based promoters and is poorly handled by BL21 strains in 

comparison to others (Miroux & Walker, 1996; Baneyx, 1999). This lack of tight 

regulation can ultimately lead to poor yields, as expressed proteins may be toxic to 

the host cells (Rosano & Ceccarelli, 2014). 

Although there was rBG4 present within the soluble fraction (which indicates 

the protein can form soluble and low yield was not due to inclusion bodies), quantity 

was poor. In some cases, production of soluble protein can be increased by a 

decrease in temperature, with the counterbalance that expression occurs at a slower, 

but more controlled rate (San-Miguel, Pérez-Bermúdez & Gavidia, 2013). Following 

this, a temperature gradient was undertaken to compare expression at 3 hr at 30 °C 

or 12 hr at 16 °C. Another variable of 7 hr at 30 °C was carried out to ensure low yield 

was not observed simply due to premature collection of the sample. While yield did 

appear to be marginally higher, more BG4 appeared in the overnight sample, 

suggesting a decreased temperature aided the production of soluble protein within 

the sample. Bands in the gel were still faint and attempts to validate dialysed protein 

concentration through Qubit analysis were unsuccessful due to low yield.  
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In addition to low yield, multiple bands were consistently present across all 

wells, and it could easily be native E. coli contaminants. Additionally, the expected 

band size of the recombinant BG4 (~34kDa) is roughly around the size of an extremely 

common contaminant lysis D protein (SlyD). This histidine rich protein is modulated 

by nickel ions and as a result can interfere with nickel based IMAC columns utilised 

in His-tag based purification (Martino et al., 2009; Andersen, Leksa & Schwartz, 

2013). A western blot was, therefore, performed using an anti-FLAG Ab to assess if 

any of these co-purifying’ bands contained a FLAG tag.  The results of these 

experiments confirmed them as a recombinant protein artefact rather than a native 

host protein contaminant. All of the bands present were detectable by western blot, 

indicating they were some form of FLAG tag containing breakdown products or 

truncations. In particular, a double band present at around 70kDa could indicate the 

presence of a dimer, a known occurrence in recombinant ScFv variants (Arndt, Müller 

& Plückthun, 1998).  

Analysis of published literature that had used BG4 revealed most did not publish 

detailed methodology into the expression and purification process. However, it did 

reveal that several had used auto induction methods to express the protein rather 

than IPTG, and indeed several other publications have indicated scFv can be 

expressed well by utilising auto indication methodologies (Martin et al., 2006; 

Studier, 2005).  

Hence, auto induction was used as comparative method to IPTG induction. 

Studier et al suggests in certain cases AI can increase the amount of soluble protein 

obtained from the cell lysate in the same volume when compared to that induced by 

IPTG (2005). A benefit of AI includes the fact that it does not require active 
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monitoring compared to IPTG induction and multiple cultures can be expressed 

equally and accurately well. Whereas some papers utilised a purchased premade 

media (François et al., 2016) for cost reasons, AI media was prepared in house 

according to Studier’s specifications (Studier, 2005).  Although bands were more 

strongly detected, this is likely due to decreases in elution volumes naturally 

concentrating the protein sample. As before, the same artefact bands were present 

as were in IPTG based expression. Overall yield was a pervading issue and a direct 

comparison of AI to IPTG using the same starting volume and inoculation volume did 

not indicate a difference in protein abundance.  Dialysis of the protein gave a low 

yield and, although used neat, the recombinant expressed BG4 was unsuccessful 

when tested on NIH 3T3 cells (Fig. S4.1), indicating an issue in folding or perhaps 

expression of a truncated protein. Following this, the decision was made to acquire 

commercial BG4 to prevent any issues in the downstream optimisation process. 

 

4.4.2 BG4 IF staining 

Optimisation of fixation in cell lines found both paraformaldehyde and me: 

AA to be suitable fixing agents for NIH 3T3 cells. The cell line was chosen, as due to 

its nature as fibroblast, it has a distinguishable cytoplasm and nucleus in comparison 

to other cell lines previously studied, namely HepG2 (Pieraggi et al., 1985).  This made 

it is easier to distinguish where signal was localising and if there was any significant 

background signal. In methanol only fixed cells, a lot of background cytoplasmic 

staining was present. Although this could be the presence of RNA structures located 

within the cytoplasm, the DAPI staining indicated damaged nuclei. 
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 Laguerre et al observed that for BG4, fixation techniques are critical in 

determining if DNA or RNA G4 are detected (Laguerre, Wong & Monchaud, 2016; 

Laguerre et al., 2015). They observed cytosolic RNA G4 were preferentially targeted 

when using PFA fixative, and nuclear, DNA G4 targeted following MeOH fixation. As 

both fixatives gave clear staining that mirrored data seen in other cells stained with 

BG4 (numerous single loci), and we did not want to discriminate between RNA/DNA 

structures, both fixing mechanisms were taken forward to assess on adult worms.  

As displayed in the Fig. 4.16, PFA fixation on worms gave a strong BG4 signal 

but did not appear to successfully permeate the worm and instead surrounded the 

surface of the worm; surface structures such as tubercles could be observed. While 

this may be indicative of strong cytoplasmic staining of RNA G4 as described by 

Laguerre et al., the level of surface coating observed (signal was present only in the 

superficial extremities of the Z stack), this data more likely indicates poor 

permeabilisation and potential cross reactivity or high background staining that was 

absent from the murine based cell line.  Issues of this effect observed from PFA 

staining in S. mansoni were confirmed to us by Prof. Anthony Walker (Kingston 

University) as an occasional phenomenon. While this problem could potentially be 

alleviated through treatments such as a glycine quench, the signal observed from me: 

AA staining looked promising and suggested less overall optimisation required to 

fine-tune BG4 localisation of G4 structures. Since all previous work in chapter 3 

determining PQS and G4 was conducted only on DNA G4, it was arguably better to 

prioritise DNA G4 staining also.  

Me: AA staining still could be further optimised as signal did not fully 

permeate the whole of the worm. As all literature referenced for using BG4 involved 
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cellular monolayers grown on coverslips or organisms cultured at a cellular level, 

consultations were undertaken with Prof. Walker who had experience with Ab 

staining of S. mansoni worms. Following his suggestions, primary and secondary 

incubation times were greatly increased, wash steps increased, and Me: AA 

completely prioritised over PFA fixation. This combination resulted in a greater 

pervasion of BG4 signal that co-localised with DAPI positive cells. While staining 

appeared general and not confined to specific organs and structures, anterior and 

posterior regions generally had a greater signal than midsections. This is likely due to 

the difference in tissue thickness between regions, particularly within males who 

have more noticeable thicker midsections compared to areas like oral/ventral 

suckers and tips of tails. Additionally, females appeared to stain much more brightly 

than males, but the ovaries were notably distinct in lacking BG4 colocalisation. Since 

the ovaries contain a density of oocytes and are surrounded by a muscle layer (das 

Graças Amaral Avelar et al., 2019; Collins et al., 2011) this is most likely again due to 

permeabilisation issue. Future refinement would perhaps reduce antibody 

concentrations when staining females.  

Incubation of worms in DNase I resulted in a complete absence of signal of 

DAPI, the expected result, but also of BG4, indicating all, or the majority of signal 

observed was likely from G4 contained within DNA. Indeed, worms incubated in 

RNase A showed some reduced signal, but largely undeterminable from those worms 

not treated with RNase A. This correlates with the observation that Me: AA fixation 

facilitates DNA specific G4 targeting over RNA G4. This could be further explored if a 

PFA fixed parasite were also treated with RNase A to assess if the thick, surface 

staining observed was dampened in any manner.  
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4.4.3 Concluding remarks 

This chapter set out to optimise and validate the use of BG4 quadruplex 

detecting antibody, either from in-house production or commercial sourcing. The 

work carried out in this chapter, although unable to produce a usable recombinant 

antibody for IF, has further validated the in silico work conducted in chapter 3. From 

initial computational analyses that suggested G4 was present in the S. mansoni 

genome (validated by CD of selected loci), this chapter provides additional 

confirmation that G4 structures are indeed present at some level of transience in 

parasite nuclei and can be detected in vitro through the binding of BG4 to G4 

structures as observed by confocal microscopy. Future work could explore the effect 

of G4 stabilising compounds on observed signal but would require quantification of 

some sort to reliably measure the effect. The work of this chapter now lays the 

groundwork for G4 within S. mansoni to be further explored and targeted by G4 

stabilising compounds.  
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Chapter 5: Effect of Quadruplex binding agents on Schistosoma mansoni and 

Fasciola hepatica 

5.1 Introduction 

5.1.1 Current management of schistosomiasis 

Currently, schistosomiasis is treated through Praziquantel (PZQ), a 

pyrazinoisoquinoline derivative (Bergquist, Utzinger & Keiser, 2017). It is 

administered as a single agent that is often distributed in MDA (mass drug 

administration) initiatives as part of annual prophylaxis treatments in endemic 

countries (Gönnert & Andrews, 1977; Doenhoff, Cioli & Utzinger, 2008; Secor, 2015). 

Current PZQ dosing regimen in adults is a 40 mg/kg dose for S. mansoni and S. 

haematobium worm infections, or 60 mg/kg for S. japonicum infections (NICE, 

bnf.nice.org.uk accessed 2019). Since 2008, Merck has donated over half a billion 

tablets to children in Africa as part of their PZQ Donation Programme in a bid to try 

and tackle disease burden (IFPAM.org, accessed 2019).  

Despite being the gold standard of treatment for over 30 years with no severe 

documented resistance development (Secor & Montgomery, 2015), such long use as 

a single chemotherapy has led to a concern of an increase in tolerance in endemic 

countries. This has previously been evidenced with the administration of 

antimalarials, which has necessitated the development of combination therapies 

(Roper et al., 2003; Yeung et al., 2004). While PZQ is effective at clearing adult 

parasites, it is ineffective against juvenile stages of the parasite and with reinfection 

incredibly common, PZQ has some clear limitations (Sabah et al., 1986; Utzinger et 

al., 2000). 



227 

 

5.1.2 PZQ formulation and activity 

PZQ is a stereoisomer molecule (R and S) of which only the R- enantiomer is 

therapeutically active (Fig. 5.1). Despite this, PZQ is provided as a racemic mixture 

due to the associated costs with the resolution of the isomers given its need for 

affordability within the developing world. The S isomer is not active against 

schistosomes, is associated with side effects including abdominal pain, nausea and 

insomnia, and is responsible for the bitter taste connected to the tablet (Wu et al., 

1991; Sun et al., 2016).   As a result, the tablet is large and unpleasant for children to 

take which can lead to reduced compliance in dosing regimens and therefore a 

greater disease burden and infectious reservoir (Secor & Montgomery, 2015). 

Ongoing efforts to resolve such issues include the Paediatric PZQ Consortium which 

has developed a tablet ¼ the size of the present prescribed pill and with a reduced S 

enantiomer to improve taste. Development is at stage iii clinical trials in Africa at time 

of writing, with plans to move to market in 2022 (pediatricpraziquantelconsortium. 

org; accessed 2019).  

Figure 5.1: Stereoisomers of PZQ. A) PZQ is supplied as a racemate and exists as a 

stereoisomer. B) The R enantiomer is optically active against Schistosoma adult 

worms, whereas the S enantiomer (C) is not active and contributes to a bitter taste.  
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 Regardless, PZQs major limitation is in its inability to effectively kill 3 wk 

immature worms, which often requires a second dosage to be administered some 

weeks later to target initial juvenile worms that have since matured (Munisi et al., 

2017).  This means that infected individuals may incur additional physiological 

damage due to parasite traversal through lung and lymphatic systems before 

effective treatment is delivered.  

 

5.1.3 PZQ mechanism of action 

The mechanism of action by which PZQ targets adult schistosomes is not fully 

understood and the specific molecular targets remain elusive (Chan et al., 2017). 

Early research found calcium ion homeostasis disrupted in worms following exposure 

to PZQ and suggested that uncontrolled ion influx leads to involuntary muscle 

contraction and ultimate paralysis of the worm (Fallon & Doenhoff, 1994).  This was 

confirmed by Sanchez et al in 2019 when creating PZQ insensitive worms under 

experimental conditions, as multiple mRNA transcripts associated with Ca2+ 

homeostasis were found to be downregulated in mixed-sex samples treated with 

PZQ (Sanchez et al., 2019). 

Chan et al. found a relationship between serotoninergic signalling and the R 

PZQ enantiomer which establishes PZQ as a G-protein –coupled receptor ligand 

(GPCR) (Chan et al., 2017). The work found R-PZQ acted as a partial agonist of the 

human 5-HT2b receptor (5- Hydroxytryptamine receptor 2b) through in silico docking 

and functional assays. This slight affinity in the host is hypothesised to also assist with 

worm clearance by causing contraction of host mesenteric vasculature (in addition 
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to parasite membrane) to aid in flushing parasites into the liver (Fig. 5.2). 

Additionally, Patocka et al demonstrated in 2014 evidence of a functional serotonin 

receptor that belonged to a GPCR superfamily abundantly distributed through the 

nervous system within the worm. Serotonin is a neurotransmitter known to 

modulate motility in schistosomes and this may contribute to the paralysis observed 

in PZQ treated worms (Patocka et al., 2014; Crusco et al., 2019).   

 

Figure 5.2 Diagram of the dual function of PZQ. PZQ causes paralysis and contraction 

in the worm resulting in a coiled-up phenotype, as well as causing contraction of host 

mesenteric vessels, which assists in flushing worms out into hepatic systems for 

clearance. (Chan et al., 2017) 

 

Despite this, the definitive mechanism of action of PZQ remains unknown 

(Vale et al., 2017).  Additionally, its nature as a single agent treatment and the long 

duration of its establishment as gold standard treatments means there are growing 

concerns over the longevity of PZQ in the face of potential resistance developing. 
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5.1.4 Reduced PZQ sensitivity in S. mansoni  

There is growing concern that PZQ sensitivity will reduce over time as MDA 

programmes continue due to its nature as a single-agent chemotherapy. Despite this 

awareness, any reports of PZQ tolerance has largely been derived from experimental 

laboratory settings and not from field-based clinical studies. Doenhoff and Fallon 

(1994) were able to generate PZQ insensitive S. mansoni worms over several 

passages of mice treated with sublethal doses of PZQ. More recent research has also 

established the development of PZQ insensitive S. mansoni worms by successively 

treating infected B. glabrata snails (Couto et al., 2011). When S. mansoni infected 

mice were treated with PZQ, it was demonstrated that worm recovery was greater 

in mice infected with cercariae originating from PZQ treated snails. Additionally, 

there was an increase in ED50 (dose required to kill 50% of worms) from worms 

derived from PZQ exposed cercariae compared to naïve cercariae (Couto et al., 

2011). 

A separate study found that transcriptome expression variance following 

generation of PZQ-tolerant parasites was not associated with one key family of genes 

or pathways (Sanchez et al., 2019). However, a shift in sex ratio was observed (a 

female bias skew) to usual outputs and a reduction in female length compared to 

controls. 

 Within schistosomiasis-endemic communities, isolated instances of assumed 

resistance have been reported (Fallon & Doenhoff, 1994; Melman et al., 2009b; 

Lawn, Lucas & Chiodini, 2003). There is little evidence for sustained resistance in most 

cases. Areas that show initial sensitivity often have other contributing factors to poor 

PZQ efficacy and do not sustain resistance when follow-up investigations are 
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conducted (Wang, Wang & Liang, 2012). However, the fact that PZQ-insensitivities 

can develop in parasite endemic regions coupled with the limited efficacy of PZQ 

against larval stages indicates a pragmatic need to identify novel compounds that can 

be developed as alternative treatments for managing schistosomiasis.  

   

5.1.5 Anthelmintic remodelling of existing compounds 

 NTDs frequently do not have major drug development initiatives and often 

depend on charitable initiatives (such as Merck PZQ tablet donation commitments or 

Gates Foundation donations to SCI) to assist with treatment programmes. Therefore, 

it can be difficult to develop de novo compounds to tackle infectious diseases in 

endemic or developing countries that lack resources or can offer incentives for 

private companies to do so. 

Conceptually, drug repositioning involves using existing drugs to find new 

scope outside of the existing medical indication (Ashburn & Thor, 2004).  This 

strategy is particularly attractive within NTDs due to reduced development costs and 

in some instances existing knowledge of cytotoxic data (Berenstein et al., 2016). 

Successful examples of repositioning include Eflornithine, an anticancer compound 

repositioned against sleeping sickness (African trypanosomiasis), and the breast 

cancer compound tamoxifen which showed efficacy against leishmaniasis (Joachim 

Haupt & Schroeder, 2011). Within schistosomiasis, antimalarials such as mefloquine 

displayed activity against Schistosoma parasites (Gouveia et al., 2018). 

 There have been multiple investigations into repositioning drugs for 

schistosomiasis treatment (Abdulla et al., 2009; Caffrey, diseases & 2011, n.d.; Neves 

et al., n.d.; Panic et al., n.d.; Ferreira, today & 2016, n.d.; Eissa et al., n.d.), but to do 
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date there has been no investigation into whether G4 targeting compounds can be 

successfully repositioned for treatment against S. mansoni. 

 

5.1.6 G4s as potential therapeutic targets against pathogens 

G4s and their ties to genomic processes mean they are a desirable target for 

therapeutic treatments. Their overrepresentation within proto-oncogenes makes 

them ideal sites for anticancer target development, and conservation of G4 presence 

across organisms means they could hold a vital role in developing new treatments 

against various pathogens and disease (Parotta et al., 2014). There are many 

discovered compounds that bind to G4, with further development ongoing (Fig. 5.3). 

 

Figure 5.3: Known compounds that bind to G4. N-methyl mesoporphyrin X which 

prevents the BLM helicase from resolving G4 in vitro (Huber, 2002). QF (quarfloxin) 

and CX-5461 have been demonstrated as Pol I rDNA transcription inhibitors in a 

broad range of cancers including breast and pancreatic cancers (Drygin et al., 2009; 

Haddach et al., 2012). Pyridostatin and Telomestatin have been shown to inhibit 
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telomerase in osteosarcomas; Pyridostatin has also been demonstrated to 

downregulate BRCA1 in neurons (Moruno-Manchon et al., 2017; Müller et al., 2012).  

 

Targeting G4 in disease and pathogens is generally achieved through the 

principle of stabilising the G4. This induces or encourages DNA damage, by 

preventing recruitment of necessary factors and proteins, or preventing the G4 from 

being unwound by a helicase (Moruno-Manchon et al., 2017). Stabilising molecules 

can bind to the quartet itself (Fig. 5.4A), in the groove of the strands (Fig. 5.4B), or in 

the loops that project out from the stacked quartets (Fig. 5.4C). They can act as 

competitive agonists, re-dispersing previously bound molecules, or they can bind 

offsite to other ligands and prevent them from binding to G4.  

 

Figure 5.4: Schematic of how ligands can interact with G4 structures. They can bind 

to the tetrad directly (A), in the groove created by adjacent strands (B), or in the 

projecting loops of the quartet (C). (Xiong, Huang & Tan, 2015).  The yellow oval 

represents the G4 binding compound. 

 

Several families of molecules have been developed that demonstrate 

preferential binding affinity to G4 structures over other DNA forms. Telomestatin 

(Fig. 5.3) has been proven to bind to quadruplexes in telomeres and has shown to be 

an inhibitor of telomerase (Kim et al., 2002). Two similar compounds, QF and CX5461 

A                b    c                                                       
c 
A Quartet stacking  B Groove binding         C Loop binding 
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(2-(4-Methyl-[1, 4] diazepan-1-yl)-5-oxo-5H-7-thia-1, 11b-diaza-benzo[c]fluorene-6-

carboxylic acid (5-methyl-pyrazin-2-ylmethyl)-amide) have been identified as Pol I 

inhibitors through interaction with G4 in the cell nucleolus (Drygin et al., 2009, 2008, 

2011).  

 

5.1.7 Spotlight:  The G4 binding compound Quarfloxin (QF) 

QF (initially referred to as CX3543) is a small molecule compound that 

exhibited initial success in targeting G4s to ameliorate cancerous proliferation 

(Drygin et al., 2009). Found to disrupt c-myc transcription, it indirectly initiates cell 

death by encouraging telomerase production and halting rDNA pol I transcription, 

disrupting the process that leads to tumorigenesis (Fig. 5.5). rDNA is highly GC rich, 

and transcription leads to the formation of G4 structures within the non-template 

strands (Drygin et al., 2009). Within the promoter region of c-myc, nucleolin (a 

nuclear protein essential for rRNA synthesis) selectively binds to non-template G4 

with nanomolar affinity which subsequently inhibits RNA pol I transcriptase 

(Hanakahi, Sun & Maizels, 1999; Drygin et al., 2008; Brooks & Hurley, 2010). QF acts 

as a direct competitive antagonist, binding to the G4 instead and disrupting 

G4/nucleolin complexes thus inhibiting rRNA pol 1 transcription. Additionally, QF 

causes the displacement of nucleolin, dispersing into the nucleoplasm. Here, 

nucleolin binds to G4 in the c-myc promotor, inhibiting its expression and inducing 

cell death to occur (Brooks & Hurley, 2010).   

QF progressed to phase IIa clinical trials, however, it was deemed to be an 

unsuitable drug due to issues with bioavailability (Papadopoulos et al., 2007b; Harris 

et al., 2018). Nevertheless, it was noted that QF was extremely well-tolerated within 
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subjects with only minor uncommon side effects (Balasubramanian, Hurley & Neidle, 

2011). The main issue preventing QF from moving into further clinical development 

was its propensity to accrue in the red blood cells with no means of localisation to 

relevant tissues (Papadopoulos et al., 2007b, 2007a). However, this leads to a 

potentially novel delivery mechanism when working with a haematophagous 

parasite such as Schistosoma, and indeed has also been the rationale for others who 

work with intraerythrocytic parasites such as P. falciparum (Harris et al., 2018) 

Figure 5.5. Outline of the mechanism of action for QF. QF interferes with 

nucleolin/rDNA G4 binding and causes re-dispersal of nucleolin in the nucleolus by 

antagonistic competition. This causes nucleolin to bind to the G-quadruplex present 

in c-myc, inhibiting expression (Brooks & Hurley, 2010).  
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5.1.8 QF analogue - CX5461  

CX5461 (Fig. 5.3), a QF derivative that also inhibits pol I transcription, displays a 

greater bioavailability and lower cell toxicity than its predecessor (Haddach et al., 

2012; Drygin et al., 2011).  It is currently favoured over QF due to it’s oral delivery 

and is undergoing clinical trials to assess human tolerance (Kerry et al., 2017). CX5461 

also has been shown to selectively target rRNA pol I inhibition in human cancers 

(Haddach et al, 2012). The compound was shown to rapidly suppress c-myc mRNA 

levels in myelomas and follows a similar mechanism of action to QF (Lee et al., 2017). 

However, rather than competing for nucleolin bound G4 in rDNA, it inhibits SL1 

(selective factor 1), a transcription factor essential in humans for pol I transcription 

(Whitten et al., 2008; Friedrich et al., 2005; Russell & Zomerdijk, 2006).  
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5.2 Chapter Objective 

 
Given the drive for drug repositioning for compounds that have passed initial clinical 

trials, and G4s have now been identified to form in an in vivo setting within adult 

worms (Chapter 3), this chapter will now explore the suitability of fluoroquinolone 

derivative QF and its analogue CX5461 as anthelmintic candidates.  Specifically, the 

following aims will be explored: 

 

• Assess the efficacy of the two G4 targeting compounds against larval 

schistosomula using the RoboWorm high-throughput screening platform 

• Determine the efficacy of QF and CX5461 against juvenile and adult worms in 

low-throughput screens 

• Assess cytotoxic profiles of QF and CX5461 

• Establish the effect of QF on F. hepatica newly excysted juveniles 

• Evaluate if QF targets schistosomes through the current known mechanism 

of action, by disrupting Pol I transcription 
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5.3 Results 

Two G4 targeting analogues – QF and CX5461 - were screened against 

multiple stages (schistosomula, 3 wk juvenile and 7-week mature worms) of the S. 

mansoni life cycle to assess if stabilisation of G4 within the parasite nuclei could lead 

to anthelmintic activity.  Larval schistosomula were screened utilising an in-house 

high throughput robotic platform, whereas juvenile and adult worms were assessed 

through low throughput microscopy techniques.  

 

5.3.1 Evaluation of anti-schistosomula activity: 72 hr high throughput screens.  

Both compounds were initially screened against 72 hr larval schistosomula 

during a dose-response titration of 10, 5, 2.5, 1.25, and 0.625 µM for CX5461 and 10, 

5, 2.5, 2.25, 2, 1.75, 1.5, 1.25 and 0.625 μM due to initial screens due to initial screens 

creating dose curves too steep (data not shown); metrics for phenotype and motility 

were scored as described in section 2.8.4.  Each concentration point had two repeats 

within the plate. To be considered a hit for phenotype the calculated score must fall 

below -0.15, and for motility below -0.35. Compounds were only considered a ‘hit’ 

when both motility and phenotype values fell below the desired threshold. Z´ values 

(calculated as described in 2.8.4) are displayed in Table 5.1 to indicate quality control 

of the screens that were performed and all values were within the accepted range 

for screens as described elsewhere (Zhang, Chung & Oldenburg, 1999). 

 

Table 5.1 Z´ values for schistosomula phenotype and motility metrics 

Plate ID Phenotype Z´ Motility Z´ 

0219 0.44147 0.52963 

0482 0.41731 0.36985 
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QF screens against S. mansoni larva at 72 hr resulted in activity (i.e., ‘Hit’ 

notation) from 10 µM to 2 µM. Concentrations of 1.25 µM and 0.625 μM scored 

outside of the hit cut-off threshold and were not considered active.  (Fig. 5.6A).  Dose-

response curves were used to calculate EC50 (the concentration at which 50% of 

parasites are affected). The EC50 values generated for both motility and phenotype 

were similar, showing both phenotype and motility were equally affected (1.48 and 

1.98 μM respectively) (Fig. 5.6A).  

Phenotypic images clearly demonstrate the effect QF inflicted on 

schistosomula in comparison to the negative control DMSO and the positive control 

Auranofin. At 1.25 μM (Fig. 5.6B) schistosomula appears phenotypically healthy 

compared to media controls (Fig. 5.6F).  Dark granularity and a rounded appearance 

can be observed at 1.5 µM (Fig. 5.6C-D).  Auranofin controls (Fig. 5.6E) show a ‘bar’ 

phenotype with granular cytoplasm. 
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 Figure 5.6 Effect of 72 hr incubation of QF on phenotype and motility of schistosomula. A) Scatter plot of phenotype and motility scores following 

RoboWorm high throughput screen on 72 hr schistosomula (n~120 parasites per well). Two technical repeats were performed per QF titration 

point and averaged. Hits score both ≤ -0.15 for phenotype and ≤ -0.35 for motility, as outlined by dashed lines. DMSO (0.625%) and 10 μM 

Auranofin controls are also plotted. EC50 values were generated from dose response curves using nonlinear regression analysis. Representative 

EC50Phen 1.98 μM  
EC50Mot 1.45 μM  

 

 

A 

QF 

B   C   D  
 
 
 
  
 

 
     E       F  
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High content images were obtained from the screen and show phenotypes of schistosomula treated with final concentrations of B) 1.25 μM, C) 

1.5 μM, and D) 10 μM, QF respectively, E) 10 μM Auranofin, F) DMSO control. 
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 CX5461 did not display as much anti-schistosomula activity as QF, with only 

10 μM and 5 μM scoring as hits (Fig. 5.7A).  Although 2.5 μM generated scores close 

to the thresholds for both phenotype and motility, it was considered a non-hit. Both 

1.25 μM and 0.625 μM clustered with DMSO positive controls, indicating an 

inefficacy on the larval parasites at these concentrations. A dose-response curve and 

linear regression analysis displayed higher EC50 values (Phenotype 3.20 μM; Motility 

2.60 μM) than those derived with QF.  High content images (Fig. 5.7B-F) showed 

morphological differences amongst the treatments. At 10 μM (Fig. 5.7B), 

schistosomula contained a dark, granular cytoplasm. At 2.5 μM, which scored just on 

the threshold of a HIT, there is a slight discolouration observed that is absent from 

parasites at 1.25 μM (Fig. 5.7C). 
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Figure 5.7 Effect of 72 hr incubation of CX5461 on phenotype and motility of schistosomula. A)  Scatter plot of phe  notype and motility sco  res 

following high throughput screen on 72 hr schistosomula (n~120 parasites per well). Two repeats were performed per CX5461 titration point 

and averaged. EC50 values were generated from dose-response curves using nonlinear regression analysis. Each image represents a sample of 

schistosomula treated with final concentration B) 1.25 μM, C) 2.5 μM, and D) 10 μM, QF respectively, E) 10 μM Auranofin, F) 0.625% DMSO 

control. 

EC50Phen 3.20 μM  
EC50Mot 2.60 μM  

 A 

B   C   D   
 
 
 
 
 
 

       E   F 
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Following these assays, the data indicated that both compounds induced anti-

schistosomula activity and, as such, evaluations were continued to the juvenile stage 

of the parasite to observe any change in parasite sensitivity.  

 

5.3.2 Evaluation of anthelmintic activity on 3 wk juvenile worms 

Further investigation of the anthelmintic potential of the two G4 stabilising 

compounds was continued by observing effects on 3 wk juvenile S mansoni parasites 

following 72 hr co-cultivation. In contrast to schistosomula screening, juvenile worms 

were assessed via a low throughput motility scoring matrix published previously  and 

detailed in section 2.8.5 (Whiteland et al., 2018). 
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Figure 5.8 Effect of G4 stabilisers on 3 wk juvenile S. mansoni parasites. Juvenile 

worms (3 wk) were cultured (n=8-25 per well) in a serial titration of A) QF or C) 

CX5461 for 72 hr and scored for motility using an in-house scoring system (0= 

Dead/Absence of movement, 1 = suckers only, 2 = anterior/posterior movement only 

3 = sluggish full body, 4= Normal) alongside media and PZQ (20 µM in 0.625% DMSO) 

controls (Whiteland et al, 2018). Individual scores are plotted alongside means + 

SEM. A Kruskal Wallis ANOVA with Dunn posthoc multiple comparisons was 

performed to assess for statistical significance compared to media control (*p≤ 0.05, 

***p≤0.001, ****p≤= 0.0001). Representative phenotypic images for B) QF and D) 

CX5461 were captured on a Euromex HD Ultra camera (Euromex, Holland), at 10X 

objective. Concentrations in μM are labelled in black. E) Media and PZQ controls.  

 

In QF treated worms, most parasites scored 0 for motility (indicating lethality) at 

each titration point from 20 μM to 5 μM (Fig. 5.8A). Worm motility recovery could be 

observed from 5 µM, however, parasites had significantly lower motility mean scores 

than media controls down to 2.5 μM (20 μM, 10 μM, 5 μM p<0.0001, 2.5 μM 

p=0.0056). Although a reduction in mean motility score was observed at 1.25 μM and 

0.625 μM compared to media control, this was not found to be statistically 

significant. A similar anthelmintic trend was observed for juveniles (EC50 = 1.51 µM) 

and in schistosomula (EC50 = 1.98/1.45 µM phen/mot) for QF treatment, although QF 

appears to induce a stronger anti-schistosomal response in juveniles than in 

schistosomula. Light microscopy images (5.8B) showed a dark, granular morphology 

at high concentrations that gradually resolved as QF concentration decreased 

(around 5 μM). 

CX5461 also affected juvenile parasites, but only substantially at 20 µM (Fig. 

5.8C). Motility recovery began at 10 µM, which represented a higher concentration 

than observed for QF. Nevertheless, both 20 μM and 10 μM of CX5461 significantly 
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reduced motility compared to media controls (p<0.0001) and a lesser, but still 

significant reduction in motility could also be induced at 5 μM and 2.5 μM (p <0.001). 

An EC50 of 4.627 µM indicated a lower activity profile against the juvenile parasites 

compared to QF and this is mirrored in morphology observed in Fig. 5.8D, where dark 

and granular phenotypes are largely observed at 20 μM and resolved as the 

compound concentration decreased. 

Both compounds displayed anti-schistosomal activity against juvenile parasites, 

and hence both compounds were taken forward to assess their ability to affect 

motility in paired mature adult worms.  

 

5.3.3 QF and CX5461 on adult worms 

Compounds, media-only and PZQ controls were screened on 3 biological 

repeats of 3 adult mixed-sex pairs (total n=9 pairs at each drug titration) using the 

same titration series as described in section 5.3.2 (Fig. 5.9). Samples were assessed 

for motility after 72 hr incubation with the compound using the WHO-TDR scoring 

matrices outlined in section 2.8.6. Following scoring, the data demonstrated that QF 

affected motility of both male and female S. mansoni adult worms (Fig. 5.9A). QF 

caused complete cessation of movement at 20 µM for both males and females 

(p<0.0001). At 10 µM, the majority of parasites were entirely without movement 

with the exception of two females, both of which scored low motility scores for 

reduced head or tail movement only (males p<0.0001; females p< 0.001). Recovery 

was observed at 5 μM, with males more affected than females.  However, at this 

concentration  the reduction in motility compared to media control was not found to 

be significant. The majority of females displayed normal motility scores at 2.5 µM 
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whilst complete motile recovery was observed at 0.625 µM in both males and 

females. Dose-response curve analysis demonstrated an EC50 of 3.84 µM for males 

and 5.17 µM for females.   

These data are in contrast to CX5461, which does not show a particularly 

strong effect on adult worms (Fig. 5.9B). Although a similar trend can be observed 

that males are more affected than females, CX5461 lacked potency and did not cause 

lethality at any concentration points observed, although a significant reduction in 

motility was exhibited at 20 μM (p<0.05) for males only.  
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Fig 5.9 Anthelmintic activity of QF and CX5461 on adult S. mansoni worms. Mixed-

sex adult worm pairs (7 wk, n = 6) were co-cultivated with compound titrations (A –

QF and B – CX5461) from 20 μM to 0.625 µM.  Controls included 20 μM PQZ (in 1.25% 

DMSO), and Media only. Worms were scored for motility after 72 hr using WHO-TDR 

scoring matrices (0 = absence of movement, 1 = peristalsis, 2 = ant/post movement, 

3= reduced full body movement, 4 = normal). Individual scores were plotted 

alongside calculated means + SEM. A Kruskal Wallis ANOVA with Dunn posthoc 

multiple comparisons to media control was performed (* p ≤ 0.05, *** P ≤0.001, *** 

A 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 

♂EC50 3.84 μM  
♀EC50 5.17 μM  
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p≤0.0001). Dose-response curves were generated and EC50 values reported for QF 

only due to little or no effect of the CX5461 on the parasites. 

 

 Light microscopy images displayed morphological effects of worms treated 

with QF (Fig. 5.10). At 20 μM, tegumental sloughing and occasional membrane 

blebbing could be observed in males and females were tightly curled (Fig. 5.10A). 

Both genders had dark, opaque colouration.  Tegumental sloughing continued in 

males at 10 μM and females showed signs of blebbing, with discolouration apparent 

in both (Fig. 5.10B). Female morphology recovered at 5 μM whereas males still 

showed blebbing (Fig. 5.10C). There was no blebbing or sloughing observed in males 

at  2.5 μM, although the body remained dark and opaque (Fig. 5.10D). At 1.25 μM 

and 0.625 μM, males lost opacity in the cytoplasm and there were no phenotypic 

changes observed compared to media controls (Fig. 5.10E-F). PZQ controls were 

tightly coiled, with dark cytoplasm for both gender, but no blebbing or sloughing was 

observed (Fig. 5.10G).   
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Figure 5.10 Representative images of QF treated males and females. After 72 hr 

worms were imaged using a Euromex HD Ultra Camera at 4X objective. Images are 

representative and show phenotypic effects of A) 20 μM QF B) 10 μM QF C) 5 μM QF 

D) 2.5 μM WF E) 1.25 μM QF F) 0.625 μM QF G) 20 μM Auranofin H) Media only 

control. Blebbing (red arrows) and tegumental sloughing (black arrows) can be 

observed in males down to 5 μM. Females display occasional blebbing (bulges in 

membrane) down to 10 μM.  

A            B 
 
 
 
C            D 
 
 
 
E            F 
 
 
 
G           H 

Male   Female Male   Female 
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5.3.4.Effect of QF on S. mansoni female egg deposition 

Following 72hr QF drug screens, eggs were collected from cultures (n=9) and 

counted (as CX5461 did not affect parasite motility and no visual effect on phenotype 

was observed, eggs were not counted from these cultures). A dose-response 

reduction in egg recovery following QF incubation was demonstrated (Fig. 5.11). 

Oviposition was absent at 20 μM and 10 μM and was present at minimal levels at 5 

μM, after which egg deposition began to recover. However, a statistically significant 

trend was observed in a reduction of egg numbers relative to media control from 2.5 

μM to 1.25 μM (p=0.0001) even when female motility had recovered. No statistically 

significant difference in egg production was observed at 0.625 μM relative to media 

controls. 

Figure 5.11 Effect of QF on in vitro egg deposition. Following 72 hr co-culture in 1 mL 

complete media  with either 20, 10, 5, 2.15, 1.25 or 0.625 µM QF, Media only, or 20 

µM PZQ (1.25% DMSO) eggs were collected from 3 worm pairs and counted using a 

Sedgewick-Rafter slide. Counts were obtained from three biological repeats (n=9 

worm pairs)  and plotted alongside mean + SEM. A one way ANOVA with Dunnett's 
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posthoc analysis was performed to significant differences in egg production amongst 

the groups, **** = p<0.0001.  

 

To determine the effect of QF on vitellocytes and eggshell formation, eggs 

were stained with DAPI as described in section 2.12.3 (Fig. 5.12). Imaged eggs were 

analysed with Imaris software to determine the number of vitellocytes (determined 

by DAPI staining of nuclei) and eggshell volume (determined by autofluorescence 

used to indicate proper eggshell tanning).  

At a concentration of 1.25 µM (the lowest statistically significant treatment 

at which oviposition was affected), eggshell volume was not significantly reduced 

compared to media control (mean 19894.8 to 21676.1, p=0.166; Fig 5.12A). However, 

when vitellocytes were counted, there was a significant reduction in eggs exposed to 

1.25 μM QF compared to media controls (mean 43.7 to 28.1, p≤0.0001; Fig 5.12B).  

Auto-fluorescence analysis (Fig. 5.12C-F) did not display any observed notable 

morphological change in  QF treated eggs comparative to controls; spines were intact 

and there were no noticeable deformities in egg shape or spine. 
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Figure 5.12 Effect of QF on egg morphology and vitellocyte count in female S. 

mansoni adults. Eggs (n=10-15) from media control and 1.25 µM QF treated worms 

were collected and stained with DAPI before being imaged on an SP8 laser confocal 

(100X objective 1.25 zoom 100 Z-stack excitations at 488nm and 405 nm). Z-stacks 

were analysed using Amaris software to calculate A) eggshell volume and B) total 

vitellocyte count. Individual values were plotted alongside calculated means + SEM. 
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Mann Whitney U t-tests were performed to assess for statistic significance in changes 

between treated and controls (****p ≤0.0001). At 1.25 μM there was a significant 

reduction in vitellocyte count that was not mirrored in eggshell volume. 

Representative confocal fluorescence images are provided of C) media eggs, 405 

channel (DAPI stained vitellocytes) D) media eggs, 488 channel (autofluorescent 

eggshell) E) 1.25 µM QF eggs, 405 nm channel (DAPI stained vitellocytes) D) 1.25 µM 

QF eggs, 488 nm channel (autofluorescent eggshell). While QF treated vitellocytes 

appear faded and reduced in number compared to controls, lateral spine and regular 

autofluorescence (tanning) are observed in all eggshells, indicating proper formation. 

Scale bar = 10 µm. 

 

5.3.5 Effect of QF on adult schistosome proliferating cells.  

Incorporation of the thymidine analogue 5-ethynyl-2'-deoxyuridine (EdU) was 

utilised to assess the effect of QF on adult worm mesenchymal neoblast proliferation.  

The staining was performed on male and female worms (n=6-8) and Imaris software 

was used to calculate the volume of DAPI stained non-proliferating nuclei, and counts 

of EdU stained dividing cells of anterior sections of worms (Fig. 5.13).   

Although mean DAPI stained cell volume decreased from 22519.5 in controls 

to 10080.7 in QF treated male worms, this reduction was not significant (p=0.145 Fig. 

5.13A). However, when assessing total detected EdU positive cells (Fig 5.13B), there 

was a significant reduction in worms treated with 2.5 µM QF (n=76) compared to 

media controls (n = 224.2; p<0.001;).  Representative confocal images of the anterior 

male region (Fig. 5.13C-F) demonstrated the reduction in EdU detected cells between 

treated and non-treated samples in the green (EdU) channel. 
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Figure 5.13 Effect of QF on non-dividing and proliferating somatic cells in adult male 

S. mansoni parasites. Following 72 hr incubation in 2.5 μM QF or media control, adult 

male worms (n=7-8) were incubated for 24 hr in 10 μM EdU prior to fixation in 10% 

formalin and processing as described in section 2.12.2 before counterstaining with 

DAPI. Samples were imaged on an SP5 laser confocal microscope (40X objective, 100 

Z stack, 488nm and 405nm excitation). Z stacks were analysed using imaris software 

to calculate: A) volume of DAPI stained cells in treated and untreated worms and B) 

EdU cell count in treated and untreated worms. Individual values were plotted 

alongside calculated means +SEM. A Mann-Whitney U t-test was performed to assess 

for significance (** p ≤0.01). At 2.5 μM there was a significant reduction in EdU 

uptake relative to media control. Representative confocal images are presented as a 

guide and show C) Media controls stained with DAPI D) 2.5 μM QF treated stained 

with EdU E) 2.5 μM QF treated stained with DAPI F) Media controls stained with EdU. 

Scale bar = 50 µm 

 

 

In females, no significant change was observed at 2.5 µM in EdU cell count 

compared to media controls (Fig. 5.14A) and so a higher sublethal concentration of 
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5 μM was also assessed due to the lesser activity of QF on females compared to 

males. Here there was a significant reduction in mean  DAPI volume (5 μM = 78430.4, 

media = 140042.4; p=0.0057). Comparison of EdU count (Fig. 5.14B) found no 

significant difference between media controls (n = 43.7) and 2.5 μM QF (n= 40.6); at 

5 μM there was a complete absence of EdU in all samples, leading to a significant 

difference (p =0.0011).   Representative confocal images of the anterior female 

region (Fig. 5.14C-F) demonstrated the absence in redcution of both DAPI (blue) and 

EdU (green) from untreateed to 2.5 μM. However, the reduction in DAPI stained cells 

(blue) and  a complete absence of EdU (green) is demonstrated at 5 μM QF (Fig. 

5.14G-H).  
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Figure 5.14 The effect of QF on non-dividing and proliferating somatic cells in adult 

female S. mansoni parasites. Following 72 hr incubation in 2.5, 5 μM QF or media 

control, female adult worms (n=7-8) were incubated for 24 hr in 10 μM EdU prior to 

fixation in 10% formalin and processing as described in section XXX before 

counterstaining with DAPI. Samples were imaged on an SP5 laser confocal 

microscope (40X objective, 100 Z stack, 488nm and 405nm excitation). A 100 Z stack 

composite per worm was analysed using imaris software to calculate A) total volume 

of DAPI stained cells in treated and untreated worms, B) Cell count containing EdU in 

treated and untreated worms. Individual values were plotted alongside calculated 

means + SEM. A Kruskal-Wallis ANOVA with Dunn multiple comparisons was 

performed to assess for significance (** p ≤0.01). At 2.5 μM there was no significant 

decrease observed in cell volume or cells containing EdU. At 5 μM there was a 

complete absence of EdU within all samples (p=0.0011) and a reduction in DAPI 

volume compared to media control (p=0.0057). Representative confocal images are 
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presented as a guide and show C) Media controls stained with DAPI D) Media controls 

stained with Azide to detect EdU E) 2.5 μM QF treated with DAPI F) 2.5 μM QF stained 

with Azide G) 5 μM QF stained with DAPI H) 5 μM QF stained with Azide. Scale bar = 

50 µm 

 

Following assessment of QF and CX5461 cytotoxicity against parasite stages, the 

compounds were tested against a human cell line to observe if cytotoxicity is 

selective to the parasite or could also potentially cause host damage also. 

 

5.3.6 Cytotoxic activity against HepG2 Cell Cultures 

 QF and CX5461 were assessed for cytotoxic activity against the human 

hepatic carcinoma cell line HepG2 (Fig. 5.15) to assess the selectivity of the 

compounds compared to the target parasite. Compounds were tested via MTT assays 

as outlined in section 2.11.5. While both compounds showed cytotoxicity against 

HepG2 cells, QF was found to have a higher degree of toxicity (CC50 4.734 µM, Fig. 

5.15A) when compared to CX5461 (CC50 53.14 µM, Fig. 5.15A).  Raw data values can 

be viewed in Sup Fig. 5.1 
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Figure 5.15 Cytotoxicity of QF and CX5461 on HepG2 cells. An MTT assay was 

performed using a titration gradient from 200 μM to 100 nm of A) QF and B) CX5461 

on the human HepG2 cell line. Concentration points were performed in triplicate and 

3 biological repeats performed. Samples were read on a PolarStar Omega plate 

reader at 570 nm absorbance and dose-response curves generated. Concentrations 

were transformed into Log10 values, data were normalised and a nonlinear 

regression was performed.  

 

The CC50 calculated for both QF and CX5461 compounds were used to deduce 

the selectivity indices of these compounds against each of the S.mansoni lifecycle 

stages and are summarised in table 5.2. While both compounds showed activity 

against the human cell line (QF CC50 = 4.73 μM and CX5461 CC50 = 53.14 μM), CX5461 

was an order of magnitude less toxic to HepG2 cells than QF. The SI for QF was 3.1 
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for juvenile parasites, a low value when compared to CX5461 which has a more 

favourable toxicity profile and selectivity window (SI=12.45). However, this does not 

continue for adult worms. CX5461 did not display significant activity against male or 

female parasites at doses low enough to generate EC50 and therefore SI values could 

not be determined. In contrast QF has a low SI of 1.2 for female adults, and a non-

favourable SI of 0.9 for males.  

 

Table 5.2: Summary of EC50 and selectivity index for QF and CX5461 across all stages 

of the lifecycle 

 QF CX5461 

EC50 

Schistosomula Phenotype 1.98 3.20 

Schistosomula Motility 1.45 2.60 

Juveniles 1.51 4.27 

Adult Females 5.17 - 

Adult Males 3.84 - 

CC50 (HepG2) 4.73 53.14 

SELECTIVITY INDEX 

Schistosomula Phenotype 2.39 16.60 

Schistosomula Motility 3.26 20.44 

Juveniles 3.13 12.45 

Adult Females 0.91 - 

Adult Males 1.23 - 

 

 



262 

 

5.3.7 QF efficacy against F. hepatica newly excysted juveniles. 

To assess anti-flukicide activity of QF against a related trematode, this 

compound was screened against F. hepatica newly excysted juveniles (NEJs). Due to 

poor excystment rates, QF was prioritised due to its superior activity against 

Schistosoma parasites compared to CX5461.  NEJs were excysted and cultured as 

described in section 2.9 and co-cultivated for 72 hr with a QF titration from 10 µM – 

0.625 µM and 10 μM TBZ control. Parasites were scored by eye after 72 hr following 

published motility and phenotype scoring matrices outlined in section 2.10 

(Whiteland et al., 2018).  

Data show both phenotype and motility were affected by QF  compared to 

media controls (Fig. 5.16). Specifically, QF caused a complete cessation in motility 

and led to a thorough disruption of surface membranes at concentrations (as scored 

phenotypically) down to 2.5 µM (p<0.0001) with sharp recovery of NEJ motility and 

phenotype at 1.25 µM subsequently observed. The  motility presented at 1.25 μM 

was still significantly different compared to media controls (p<0.05) despite the 

reduction in severity. Resulting dose-response curves gave similar EC50 values for 

motility (1.28 µM) phenotype (1.43 µM)  (Fig. 5.16).   
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Figure 5.16 Effect of QF on F. hepatica NEJs. NEJs (n=25) were incubated with a 

titration gradient from 10 μM to 0.625 μM QF or 10 μM Triclabendazole (1.25% 

DMSO), or media control. Parasites were scored after 72 hr for motility and 

phenotype using previously published scoring indices (Edwards et al, 2015). 

Individual scores were plotted alongside calculated means + SEM. A Kruskal Wallis 

ANOVA with Dunn post hoc comparisons was performed to assess significant changes 

relative to media control (**** p≤0.0001, * p≤0.05).   

 

5.3.8 Efficacy of QF against MDBK cells  

To determine the cytotoxicity effect of QF against a relevant cell line should 

it be used as a treatment for fascioliasis, QF was tested against MDBK cells, which are 

derived from Bos taurus, an F. hepatica host (Figure 5.17). MTT assays were 

performed as described in section 2.11.5 (Nur-E-Alam et al., 2017) 

EC50Phen 1.43 μM  
EC50Mot 1.28 μM  
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Figure 5.17 Cytotoxicity of QF on MDBK cells. An MTT assay was performed using a 

titration gradient from 200 μM to 100 nm of QF on the bovine MDBK cell line. 

Concentration points were performed in triplicate and 3 biological repeats 

performed. Samples were read on a PolarStar Omega plate reader at 570 nm 

absorbance, blank corrected and averaged and dose-response curves generated. 

Concentrations were transformed Log10, values were normalised and nonlinear 

regression analysis was performed.  

 
A dose-response curve shows a CC50 of 3.105 µM, a similar window of toxicity 

to the human HepG2 cells (Fig. 5.17) and generated similar selectivity indices 

(motility = 2.4; phenotype = 2.2) to that of S. mansoni larval schistosomula. Toxicity 

data are summarised in table 5.3.  Raw values are in Sup Fig. 5.1 
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Table 5.3 Toxicity data of QF on F. hepatica 
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5.3.9 Assessing QF mechanism of action in S. mansoni adult worms through 

qPCR  

 
Within certain carcinomas and Trypanosoma, QFs mechanism of action has 

been established as disruption of Pol I transcription by competitively binding to rDNA 

G4 over nucleolin, which modulates pol I transcription (Drygin et al., 2008). This has 

been experimentally assessed through analysis of pol I transcribed precursor rRNA 

transcript levels (Kerry et al., 2017; Harris et al., 2018; Drygin et al., 2011).  S. mansoni 

contains a version of the pol I transcribed eukaryotic nuclear rRNA array (Fig. 5.18), 

and so qRT-PCR of precursor rRNA transcript was performed on RNA extracted from 

worms cultured in the presence or absence of QF (Capowski & Tracy, 2003; van 

Keulen et al., 1985).  By assessing precursor transcript levels, the direct effect of QF 

on Pol I transcription can be determined as no pre-existing mature rRNA will be 

included. Therefore, if QF affects pol I transcription in parasites, ITS1 and ITS2 levels 

should be reduced. 
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Figure 5.18 S. mansoni rRNA precursor transcript. Mature RNA subunits are boxes 

and the spacers are represented by a line (drawing not to scale). ETS = external 

transcribed spacer, ITS = internal transcribed spacer. Following initial transcription of 

the precursor rRNA array by polymerase I, the spacer regions are cleaved to produce 

the separate mature RNAs.  Black arrows denote the regions where qRT-PCR primers 

were designed. 

 

 Primers were designed around the internal transcribed spacer (ITS) 1 

(GenBank AF029309.1) and 2 (GenBank U22168.1) and 5’ external transcribed 

spacers (ETS) (GenBank J223842.1) that flank the rDNA subunits transcribed by Pol I. 

Following primer design, primers were optimised to find suitable amplification 

temperature and efficiency, and to confirm annealing to the desired sequence. (Fig. 

5.19)  

Figure 5.19. Annealing temperature optimisation of designed primers. A PCR was 

performed with each primer set on stock S. mansoni cDNA at 3 temperatures (55, 58, 

60°C) to assess for optimal annealing temperature and presence of any dimers. ETS 

= external transcribed spacer, ITS = internal transcribed spacer.  No template controls 

      55°   58°   60 °   55°   58°   60°    55°   58°   60°    60°   60°   60° 

 

 

         ETS  ITS1            ITS2  NTC 

 

18S 28Sα 28Sβ 

 
5.8S 

5’ ETS   ITS1  ITS2          3’ ETS 
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(NTC) for each primer set were performed at 60°C with dH2O in place of cDNA. 

Samples were electrophoresed on a 2% agarose gel with a 100bp ladder for 

reference. 

 

No amplification occurred at any of the three annealing temperatures for ETS 

targeting primers. Amplification was observed at 55°C, 58°C and 60°C for both ITS1 

and ITS2. Both had band sizes <300 bp, which is consistent with the expected 

amplicon of each product (ITS1 amplicon = 204 bp, ITS2 amplicon = 165 bp). An 

annealing temperature of 60°C was, therefore, selected for both ITS1 and ITS2 

reactions as the previously designed α-tubulin (SmAt, herein referred to aTub) 

primers to be used as a reference were also optimised to 60°C (Geyer et al., 2011). 

Amplified products for both ITS1 and ITS2 were purified ligated into a PGMT-easy 

vector in α-select cells (see section 2.15), following which a colony PCR was 

performed, and purified plasmid DNA was sequenced to confirm correct 

amplification of desired sequence (data not shown). Following positive sequencing 

confirmation, ITS1 and ITS2 were taken forward to use for analysis.  

Primer efficiencies were calculated for ITS1, ITS2, aTub, and SmGST 

(Gluthionine S transferase, herein referred to as GST). GST is a pol-II transcribed gene 

and would act as a control to check for sole affectation of pol I transcription. 

Efficiencies were calculated as described in section 2.13.5 and scatter plots with R2 

equations generated (Sup Fig. S5.2). Values were used to generate primer efficiencies 

shown in table 5.4. 
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Table 5.4. Efficiencies of designed qPCR primers  
 

ITA1 ITS2 GST aTub FZD 

E=10^-1/m 1.985164 2.002061 1.940672 2.009871  2.050578 

%E = E-1*100% 98.51636 100.2061 95.06718 100.9871 105.0578 

 

 Efficiencies for all qRT-PCR primers fell within a range of 95-105% efficiency 

and so were deemed optimal for experimental use. Male (n=10) and female (n=15) 

worms were cultured in either 0, 5 μM or 10 μM of QF for 24 hr prior to RNA 

extraction and cDNA synthesis as described in section 2.13.1. Three biological repeats 

were collected, and qRT-PCR performed as described in section 2.13.4. Cycle 

threshold (Ct) values were averaged for each technical replicate, and ITS1, ITS2, and 

GST Cts were normalised against housekeeping gene aTub by using the Pfaffl method 

(see section 2.13.6, Sup Fig. 5.3). The relative expression ratio was calculated for each 

gene at 5 μM and 10 μM relative to 0 μM and the average relative expression ratio 

(RER) were graphed (Fig. 5.20) 

 
 

Figure 5.20 Relative expression ratio for A) Male B) Female worms. RNA extracted 

from worms incubated in either 0, 5 or 10 μM QF for 24 hr was normalised against 

aTub mRNA, which is unaffected by Pol I transcription via qRT-PCR. GST RNA, which 

is Pol II transcribed, was included as a control.  Ct values were averaged and used to 

A        B 

0 μM  
5 μM  
10 μM 
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calculate relative expression ration using the Pfaffl method. Values from three 

biological repeats were plotted as mean + SEM. A two-way ANOVA was performed 

with Tukey post hoc to assess for significance (* denotes p<0.05). A general trend 

was observed where ITS1 and ITS2 relative expression decreased in both males and 

females in the presence of QF. GST relative expression increased in both samples in 

the presence of QF. 

 

 Female worms treated with 5 μM QF displayed a slight increase in ITS1, but 

this was not found to be statistically significant (Fig. 5.20B). At 5 μM QF, ITS2 had a 

small decrease in expression relative to 0 μM control, and in GST there was a 50% 

increase in expression at 5 μM relative to 0 μM, but again this was not found to be 

significant.  Both ITS1 and ITS2 had reduced relative expression at 10 μM QF in 

females, but only ITS2 was found to be statistically significant (50% reduced 

expression, p<0.05). There was a small increase in the relative expression of GST at 

10 μM QF compared to 0 μM control, but this was not found to be significant.  

In males, neither ITS1 nor ITS2 expression changes were significant compared 

to 0 μM controls for either 5 μM or 10 μM (Fig. 5.20A). AT 5 μM, ITS1 expression was 

nominally increased, and at 10 μM there was a non-significant decrease. Expression 

of ITS2 was reduced at 5 μM and 10 μM relative to 0 μM of around 30%. GST 

expression increased in males at both 5 μM and 10 μM, with 80% relative increase in 

expression at 5 μM that was found to be significant (p<0.01).  The increased 

expression of GST at 10 μM was not found to be significant. 
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 Although the data observed a significant decrease in ITS2 expression in 

females at 10 μM, the selectivity of QF was explored. Fzd (Smp_139180) was 

previously shown to contain a 5’- UTR G4 and given QFs nature as a G4 stabilising 

compound the expression of fzd (another pol II transcribed gene) in the presence of 

QF was explored.  Primers for fzd were designed, validated, and efficiencies 

calculated. Expression was again validated through qRT-PCR process (Fig 5.21, Sup 

Fig. S5.3) 

Figure 5.21 Expression of fzd in S. mansoni worms treated with QF relative to 

untreated controls. Male (n=10) and Female (n=15) were cultured for 24 hr in either 

0 μM, 5 μM or 10 μM QF prior to qRT-PCR. Average Ct values for fzd expression were 

normalised against housekeeping aTub RNA and used to calculate relative expression 

ratio using the Pfaffl method. Ratios were averaged and means + SEM plotted. The 

dashed line indicates baseline expression at 0 μM. Student’s t-tests were used to 

assess significance relative to 0 μM (* denotes p <0.05). Fzd relative expression was 

increased in all samples but was significantly increased compared to controls in males 

at 10 μM and females at 5 μM.  

 

 As was observed with gst, fzd expression was increased relative at both 5 μM 

and 10 μM QF relative to QF absent control. In males, a significant (p<0.05) relative 



271 

 

expression was observed at 10 μM. In females, fzd expression increased almost 

doubled (P<0.05) at 5 μM compared to control. At 10 μM, relative expression was 

increased compared to 0 μM, but less than 5 μM and was not deemed statistically 

significant.  
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5.4 Discussion 

 
5.4.1 General chapter aims 

The aims of this research chapter were to assess the potential of repurposing 

known published G4 stabilisers as anthelmintics, by primarily investigating their 

activities on various lifecycle stages of S. mansoni. In Chapter 3, PQS containing 

sequences in genes essential for parasite development were confirmed to resolve 

into stable G4 structures in silico (observed through circular dichroism spectroscopy). 

In Chapter 4, it was established that DNA G4 loci could be observed within S. mansoni 

adult worms through immunofluorescent detection of the G4 binding scFv antibody 

BG4.  Hence, it can be hypothesised here that the anti-schistosomal effects of QF and 

CX5461 observed on S. mansoni life cycle stages (schistosomula, juvenile and adult 

worms) are due to the stabilisation of G4 structures.  

In this chapter, G4 binding agents have been shown to exhibit potential as 

chemotherapeutic agents against the parasite S. mansoni; albeit a variance in efficacy 

against the parasite was displayed by the two compounds. CX5461 and QF both 

displayed anthelmintic capabilities, with QF showing efficacy across all life cycle 

stages, and CX5461 ineffective against adult worms.  QF displayed a narrow window 

of toxicity, displaying greater activity against HepG2 cells than adult male worms. QF 

was selected for assessment over other G4 stabilising candidates due to its 

localisation within erythrocytes presenting a novel delivery mechanism that would 

avoid issues with host-parasite specificity that may arise with non-specific G4 

stabilisers. CX5461, a related molecule that is orally administered, was selected for 

comparison. 
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5.4.2 Anthelmintic ability of G4 stabilising structures on larval parasite 

stages 

Both G4 stabilisers were effective against schistosomula at low micromolar 

EC50. This is already a promising step in drug repositioning as one of the faults of PZQ 

is its reduced activity against larval stages of the parasite. Initial high throughput 

screens performed using the high throughput platform are initially screened at 10 

μM to select for hits that are then titrated further. The low titratable nature of both 

QF and CX5461 made excellent candidates for continuing further screening.  

Regarding juvenile assessment, it was observed that for each control and 

titration point there was a variance of scores for the worms. In Fig. 5.8A, variance in 

motility scores was observed within titration groups, ranging from fully motile 

(scoring 4) to non-motile (scoring a zero). This was also observed in the titrations of 

2.5 µM and below- exhibiting a broad range of scores with some scoring a 4 and some 

either hypo-motile or completely non-motile (scoring between 0-2). This variation is 

likely associated with the different developmental stages the larvae were in at the 

time of screening, as light microscope images clearly demonstrate worms varying 

considerably in length and development. However, the data collated was found to 

be significant compared to the media control and therefore all subsequent 

compound titrations are valid results.   

Both QF and CX5461 were more active against larval and juvenile stages than 

the adult, in contrast to PZQ (Vale et al., 2017). This has been observed for several 

compounds tested for anti-schistosomal activity – artemisinin is more active against 

schistosomula and juveniles, and mefloquine is more active against juvenile worms 

than adults (Holtfreter et al., 2011; Xiao, 2013; Vale et al., 2017; Gouveia et al., 2018). 
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There could be several reasons to explain this phenomenon; in some cases, it may 

only be due to the increase in the size of the parasite. Adult worms have more cells 

and greater biomass than their juvenile counterparts. S. mansoni parasites display 

stage specific gene expression profiles between life cycle forms which may affect 

drug efficacy, as targets could be differentially expressed between parasite stages.    

 

5.4.3 Anthelmintic ability of G4 stabilising structures on adult parasite 

stages 

While QF was active against both male and female worm motility, CX5461 did 

not show selective activity against adult worms and so was not prioritised for further 

investigation. QF and CX5461 are related structures that exhibit a similar mechanism 

of action yet displayed a large discrepancy in activity against adults and to lesser 

extent juveniles. In addition to disrupting rRNA synthesis, QF has been shown to be 

pro-apoptotic and has broad cell proliferation inhibition activity within tumour cell 

lines (Drygin et al., 2008). Conversely, CX5461 causes autophagy rather than 

apoptosis and is more selective for cancer cells over normal cells (Drygin et al., 2011). 

Additionally, CX5461 disrupts pol I transcription by interfering with SL1-rDNA G4 

complexes rather than nucleolin-rDNA G4 complexes. SL1 is a transcription factor 

that recruits pol 1 (Drygin et al., 2011; Whitten et al., 2008; Friedrich et al., 2005; 

Kerry et al., 2017).  

Adult females were less susceptible to QF (and from the limited data also 

CX5461) than males. This is in contrast to PZQ, where females are more susceptible 

(Coeli et al., 2013). However, this may not be unsurprising considering differential 

gene expression profiles between males and females: 1,645 sex-biased genes have 
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been identified in adult worms by RNAseq (Picard et al., 2016). If some of the 1,043 

genes that are expressed more in males (602 were female-biased) contain G4 within 

their DNA, then there could be numerous targets for either QF or CX5461. Further 

work utilising RNAseq to analyse QF dependent changes to gene expression in the 

male and female transcriptome against a QF naïve control could explore if this 

hypothesis has merit.  

Despite the higher tolerance for QF, female fecundity appeared significantly 

compromised at sub-lethal concentrations despite no significant phenotypic 

changes. This was recorded in female worms treated with phytol, a diterpene 

alcohol: 12.5 μg/mL had no effect on parasite motility after 120 hrs, but significantly 

reduced oviposition at 24 hr (de Moraes et al., 2014). When assessing egg 

morphology, eggshell tanning did not appear altered (evidenced by no difference in 

autofluorescence to controls) whereas vitellocyte numbers were reduced (deWalick 

et al., 2011). In Chapter 4 we demonstrated in females that most cells, including 

those within the vitellaria contained G4 structures detectable by BG4. The vitellarium 

organ is located in the posterior two-thirds of the female and produces specialised 

S1 cells that differentiate to produce S4 vitellocytes that are then packaged within 

eggshells (Wang & Collins, 2016).  It is possible that the vitellaria could be affected 

by QF stabilisation of G4. However, this dismisses the ovaries which are also a major 

site of oogenesis and fecundity for the parasite. In Chapter 4, permeabilisation issues 

meant we were unable to confirm if G4 structures are present within the dense 

oocytes of the ovary. Further optimisation of BG4 staining in females could assess if 

ovaries contain G4 and therefore could also be affected by G4 stabilisation during QF 

treatment.  
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The effect of QF on mesenchymal neoblasts was investigated to see if QF 

treatment impacted actively proliferating cells within the parasite. Anterior regions 

of worms were imaged to guarantee only mesenchymal neoblasts were measured.  

The midsection and posterior of the worm contain the vitellaria, which have active 

proliferating cells also that cannot be distinguished from neoblasts by EdU staining 

alone. Therefore, the rationale was to focus on mesenchymal neoblasts as it is a 

simpler way to record the effect of QF on a single cell population. In-situ hybridisation 

could be performed to assess proliferation of dividing gonadal cells to see if there is 

any difference from neoblasts. 

Indeed, sub-lethal doses were enough to reduce proliferating neoblasts in 

both males and females. Females were assessed at an increased concentration than 

males due to the differences in EC50 for each gender to account for decreased female 

susceptibility.  It can be debated whether the data show a direct result of QF 

treatment or merely nonspecific phenotype consistent with parasite death. DNA 

replication offers a chance for G4 to fold, which can lead to polymerase stalling at 

the replication fork (Harris et al., 2018). If G4 were being stabilised during this 

process, this could lead to a reduction in actively proliferating cells. However, our 

data found that for females at 5 μM, both somatic and proliferating cells were 

reduced, which implies that the neoblasts were not being specifically targeted.  

 When toxicity on human cell lines was assessed, QF was found to have a 

relatively high cytotoxic activity against human HepG2 cells. Although it still had a 

window of selectivity for larval and juvenile stages of the parasite, this was not the 

case compared to adult worms. The CC50 values obtained from HepG2 MTT 

assessments seem to fit within the current literature. Kerry et al. obtained similar 
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CC50 values when QF was tested on human MCF10A epithelial and BJ3 fibroblast cells 

in an Alamar blue assay, another cell viability assay comparable with MTT assays used 

in this study (Hamid et al., 2004; Kerry et al., 2017). The CC50 for CX5461 on HepG2 

cells appears quite high compared to other cell lines that have been tested against 

the compound, but data shown here still fit with trends observed that CX5461 has 

higher CC50 values than QF and forms a poor dose response curve (Kerry et al., 2017; 

Harris et al., 2018). 

MTT assays were performed for 24 hr in comparison to parasite co-cultivation 

for 72 hr for several reasons. Firstly, the number of cells that must be seeded to avoid 

over-confluency at 72 hr would be incredibly low due to the quick doubling rate of 

HepG2 and replicates are less likely to be uniform at small densities (Reynolds et al., 

2018).  Additionally, as part of the Tox21 screening programme, over 10,000 

compounds were screened on HepG2 cells for periods ranging between 0 – 40 hr 

(Hsieh et al., 2017). A cell viability glo assay comparable to MTT was performed, and 

data found that only 1.8% of compounds tested in HepG2 glo assays required <40 hr 

to reach maximum cytotoxic effect, and 91.3 % of compounds achieved maximum 

cytotoxic effect < 24 hr (Hsieh et al., 2017). Previous authors have published with 

discordant MTT and parasite screening lengths (Crusco et al., 2018; Whiteland et al., 

2018) and therefore, there is little practicality of performing MTT assays for greater 

than 24 hrs. 

 

5.4.4 Anthelmintic activity of QF on F. hepatica NEJs 

With analysis of QF and CX5461 complete against all stages of the S. mansoni 

lifecycle, it was pertinent to evaluate whether these compounds can be used as a 
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potential treatment against another platyhelminth. F. hepatica, also known as the 

common liver fluke, is the aetiology of the disease Fascioliasis, which causes 

worldwide losses of US $3 billion due to infection in ruminants (Cwiklinski et al., 

2016). Global management, as with schistosomiasis, is through single-agent 

chemotherapy, in this instance with Triclabendazole (TBZ)  

Fascioliasis, while primarily affecting sheep and other ruminants, is also a 

zoonotic NTD with 50 million estimated to be affected worldwide with a further 180 

million at risk of infection (Kincaid-Smith et al., 2019; Cwiklinski et al., 2016; Nyindo 

& Lukambagire, 2015).  F. hepatica and S. mansoni are often co-endemic with one 

another; a treatment that targets dual parasites is desirable (Osman et al., 2011; 

Krauth et al., 2015). Several compounds that have been demonstrated to exhibit anti-

schistosomal profiles also have activity against F. hepatica larval and adult stages 

(Edwards et al., 2015; Whiteland et al., 2018; Crusco et al., 2018).   

Considering G4 structures are evolutionarily conserved across higher and 

lower order species, it is likely that their presence in S. mansoni also means that they 

are present in F. hepatica. NEJs are the larval stage of the parasites (analogous in 

some ways to schistosomula) and are more obtainable than adult flukes, which 

require infection of lambs and an 8-week incubation time. Clear next steps to assess 

QF profile as an anti-flukicide would be to test its efficacy against adult F. hepatica 

fluke. 

Cytotoxic analysis of QF on bovine-derived epithelial cells found a similar 

toxicology profile to that of HepG2, and when tested on NEJs still gave a low, but not 

wholly undesirable selectivity index. As with schistosomula, motility and phenotype 

both appeared similarly affected when exposed to QF. These low SI values are not 
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ideal when considering drug candidates for further development. Nevertheless, 

further testing could be undertaken to explore if this activity is reduced in adult 

Fasciola parasites, as observed in S. mansoni. 

At first evaluation, the oral formulation of CX5461 and the narrow therapeutic 

range of QF would indicate the latter as a bad choice for further development. 

However, this disregards the in vivo localisation of QF within host erythrocytes which 

provides a novel delivery mechanism to the parasite (Brooks & Hurley, 2010). Indeed,  

it should also be noted that the SI generated are merely guides, as are the CC50 values 

that are used to calculate them. SI do not account for inter-individual variability, 

compound bioavailability and half life, or exposure based toxicities.   Indeed, while 

QF has inferior SI values compared to CX5461, its activity against adult worms makes 

it a more viable candidate than CX5461.    

 

5.4.5 QF on other parasites 

QF has been studied on several other parasites, including T. brucei and P. 

falciparum, and CX5461 has also been tested on T. brucei. While both QF and CX5461 

are effective against T. brucei cell proliferation and are active at nanomolar ranges, 

QF showed higher activity than CX5461 (Kerry et al., 2017), which mirrors the results 

shown here in S. mansoni. The much lower IC50 likely owes to T. brucei being a much 

smaller parasite in comparison to an extracellular helminth such as S mansoni.  In P. 

falciparum, QF was found to be effective against ring, trophozoite and schizont 

stages (the asexual stages found within human erythrocytes) and again showed 

lethality at nanomolar levels (Harris et al., 2018). The high levels of potency are likely 

directly linked to the small intracellular parasite life cycle and so given the size of 
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adult Schistosoma worms, the EC50 values achieved are still well within a range that 

favours further investigation as an anthelmintic. QF in particular is an attractive 

option for all three parasites due to their haematophagous nature and the 

localisation of QF within host erythrocytes. 

 

5.4.6 QF mechanism of action within S. mansoni adults 

 Analysis of QF led pol I inhibition through precursor rRNA transcripts 

demonstrated that a general decrease in relative expression of pre-rRNA were 

observed in both males and females but was not consistently significant. Further 

optimisation of the experiment may be required, or the inclusion of other assays to 

confirm the mechanism of action of QF within schistosomes, such as IF observation 

of nucleolin dispersal within cell nuclei (Drygin et al., 2009). Prior to nucleic acid 

extraction, cultures were left for 24 hr to account for an increase in size of the test 

subject: large multicellular organisms relative to monolayer cell cultures (Kerry et al., 

2017; Harris et al., 2018). Indeed, within the monolayer culture assays data were 

collected from a range between 15 mins to 4 hrs.  Therefore, to allow enough time 

for the compound to localise within the much larger parasite, 24 hr was chosen as 

the time point.   

Quadparser analysis of rDNA sequences deposited in GenBank found PQS in 

the 18s and ETS regions, which indicate the potential for QF to bind to rDNA G4 to 

disrupt pol I. Indeed, the increase seen in GST expression may indicate there are off 

target effects of QF on pol II transcribed genes.  

This is supported by work on  P. falciparum, which did not show QF driven pol 

I transcription inhibition (Harris et al., 2018; Dumetz & Merrick, 2019). Despite no 
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predicted PQS within the transcriptional rDNA array, QF still displayed impressive 

antimalarial activity and thus it may be other G4 are being targeted specifically within 

P. falciparum. T. brucei showed striking reaction to QF incubation, but the study did 

not explore the relationship with the Pol I inhibitors used in the study (QF and 

CX5461) with presence of G4 within the parasite, merely stating that T. brucei 

contained some guanine rich regions (Kerry et al., 2017). However, recent work by 

other researchers has already explored G4 in T. brucei and confirm that a highly 

repeated structure, EBR1, forms a stable G4 under biophysical conditions (Belmonte-

Reche et al., 2018).  

The non-canonical effect of QF on P. falciparum gave us rationale to test QF 

on transcription regulation of G4 containing genes previously explored in Chapter 3.  

Smp_139480 (fzd) was selected due to its nature as a developmental gene in an 

important parasite pathway. The gene contains a 5’- UTR G4, confirmed to stably fold 

by CD spectroscopy in Chapter 3 of this thesis. Analysis by qRT-PCR found fzd 

expression increased relative to controls in the presence of QF. Transcription of fzd 

is pol II driven, but it could be hypothesised that QF binding to the G4 present in the 

5’- UTR acts to stabilise the G4.   

Within humans, G4s were found enriched in mRNA UTRs. It has been 

demonstrated that G4 coded within 5’- UTRs can form in mRNAs and repress 

translation due to their high stability (Kwok et al., 2016; Jodoin & Perreault, 2018). 

However, examples of 5’- UTR G4s as translational enhancers do exist, including in 

human TGFβ2 wherein removal of the G4 from the 5’- UTR decreased TGFβ2 

expression (Agarwala et al., 2013). Likewise, G4 in the 5’-UTR of human VEGF was 

required for initiation of translation (Morris et al., 2010). It is plausible that if the G4 
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within Fzd 5- ‘UTR is required for translation, stabilisation by a G4 binding molecule 

could lead to increased expression. Ideally, a more thorough profile of affected 

expression could be obtained by performing either RNAseq on parasites treated with 

QF to monitor changes in expression.  

 

5.4.7 Concluding statements 

This research sets up fundamental groundwork for further investigation into 

the potential of repositioning G4 stabilisers as anthelmintics. This is the first instance 

where G4 stabilisers have been explored as therapeutic options against parasitic 

flatworms and show there is capacity for compounds to negatively affect the parasite 

at all stages of the life cycle present in the human host. In addition, there is indication 

that QF may interfere with fecundity of female parasites, a crucial aspect when 

considering oogenesis is the source of pathology during (Pearce & MacDonald, 2002). 

Given a single sexually mature S. mansoni female can lay around 300 eggs per day in 

a human host (Pearce & Huang, 2015), there is a clear need to prioritise fecundity 

disruption agents when developing novel drug candidates. There are many different 

families of G4 stabilisers, and more are in development as G4 targeting becomes ever 

more popular (Li et al., 2013). As more becomes known about how G4 structures 

contribute to S. mansoni biology, it could open the window for new therapeutic 

targets. 
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Chapter 6 Conclusions  
 

Schistosomes are parasitic Platyhelminthes with a sophisticated, dioecious 

life cycle. Three main species are causative for the neglected tropical disease 

schistosomiasis, which affects some 200 million people globally (WHO 2016). The 

most common and prevalent intestinal schistosomiasis and the most studied is S. 

mansoni which alone affects 83 million people worldwide  (Chitsulo et al., 2000; 

MORGAN et al., 2001, WHO 2016).  While initiatives such as WASH (Water, Sanitation 

and Hygiene) and molluscide efforts aid with transmission minimisation, PZQ is 

crucial for global disease management and has been the gold standard for decades 

(Secor, 2015). With no vaccine available, the dependency on sustained use of the 

single-agent chemotherapy is incredible. PZQ’s inefficacy against 3 wk worms, bitter 

taste, and constant use as a single agent therapy in MDAs mean its longevity is 

potentially limited (Vale et al., 2017; Melman et al., 2009b). There is an urgent need 

to find new targets that can help the burden of disease caused by Schistosoma.  

 The work contained in this thesis represents a contribution to the 

development of schistosome drug repositioning and development by interfering with 

the essential activities of non-canonical DNA structures such as G-Quadruplexes.  G-

quadruplexes are four stranded non canonical DNA structures that fold in instances 

of single-stranded transience: in telomeres, at the replication fork, during gene 

translation (Rhodes & Lipps, 2015). Extensive research has been conducted in a vast 

number of cancers over recent years evaluating the importance and presence of G-

quadruplexes in the genome (Brooks & Hurley, 2010; Balasubramanian, Hurley & 

Neidle, 2011; Bidzinska et al., 2013).  Extensive work has begun in recent years on 

the presence and targetability of G4s in a range of parasites, and G4 have been found 
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in the virulence genes of malaria-causing agent P. falciparum, and are associated with 

VSG in T. brucei and L. major,  suggesting a potential role within  immune evasion 

(Capra et al., 2010; Harris & Merrick, 2015; Rawal et al., 2006; Smargiasso et al., 

2009). To date, no studies has been performed into the presence of G4 in 

Schistosoma species. This thesis is the first exploration of such structures within S. 

mansoni and the first discovery of the drug targeting potential of G4 within the 

parasite.  

Indeed, this thesis is the first of its kind to report upon the presence of G4 in 

S. mansoni genome. Following computational analysis in chapter 3, PQS were found 

throughout the genome, within telomeres and inter- and intragenic spaces. Both 

classical PQS with short loop structures were identified in addition to nonclassical G4 

with longer intermediate loop lengths of up to 20 nt. Analysis of intragenic PQS found 

an enrichment in density of PQS within the 3҅’ UTR (and to a lesser extent the 5’ UTR) 

of protein coding genes (Smps). Higher organisms such as humans have been shown 

to contain enrichment of G4 sequences within 5’ UTR mRNAs, where they were 

demonstrated to be functionally relevant for transcription (Huppert & 

Balasubramanian, 2007; Chambers et al., 2015) 

 Enrichment analysis of GO terms found PQS presence overrepresented 

within Smps related to the wnt signalling pathway, a key pathway crucial for 

establishing axial polarity within flatworms (Riddiford & Olson, 2011), and this 

presents an opportunity to explore if G4 have an important role in affecting this 

pathway.  

Several PQS predicted to fold computationally were validated biophysical to 

resolve into a stable G4 structure through circular dichroism spectroscopy and G4 of 
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both parallel and hybrid conformations were observed. Again, this chapter was able 

to demonstrate that K+ ions are required for successful folding of these 

conformations, and particularly parallel folded G4 were extremely stable.  

 Following confirmation of G4 folding ability, attempts to express and purify a 

recombinant antibody capable of detecting G4 (called BG4) were outlined in chapter 

4. Despite optimisation efforts including regulation of IPTG concentration, 

temperature changes, and moving to autoinduction expression methods, we were 

unable to purify a satisfactory rBG4 product. Western blots and MS/MS displayed 

that rBG4 was being expressed, however yield was an issue and IF experiments on 

NIH 3T3 cells showed the antibody was not functional. Therefore, a commercially 

available BG4 antibody was purchased utilised for all other downstream applications. 

After initial optimisation of the BG4 antibody on NIH 3T3 fibroblast lines 

which demonstrated the presence of BG4 antibody within the nuclei of the cells as 

expected, experimentation subsequently further progressed into adult worm. After 

much optimisation on the multi cellular adult worm, using confocal microscopy, we 

were able to show definitively that G4 structures are indeed present within the nuclei 

of adult S. mansoni worms which corroborates with the in silico data observed in 

chapter 3. Treatment of the worms with DNase resulted in a complete loss of DAPI 

and BG4 signal which indicated DNA G4 being detected, with no signal lost after 

RNase A incubation. However, this may link with fixation method used, as Byrd et al 

showed organic solvent fixation led to a pressure of DNA G4 over RNA G4 (2016). 

With confirmation of both in silico data (chapter 3) and in vitro confirmation (chapter 

4) of the presence of G4s in S. mansoni, the next stage of progression was to utilise a 

quadruplex targeting compound against these G4 structures. 
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 In chapter 5 two G4 targeting compounds (Quarfloxin and CX5461) were test 

on schistosomula, 3 wk juvenile worms and 7 wk adult worms. The two compounds 

demonstrated preferential binding to G4 structures over other DNA structures and 

inhibit Pol I transcription of the rDNA complex (Balasubramanian, Hurley & Neidle, 

2011; Xu et al., 2017). QF inhibits pol I transcription by disrupting nucleolin:rDNA 

complexes and CX5461 interferes with binding of the SL1 complex to the rDNA 

(Drygin et al., 2009, 2008; Haddach et al., 2012; Drygin et al., 2011). QF is a 

particularly interesting candidate for targeting S. mansoni due to a potentially novel 

delivery mechanism. In clinical trials, QF accrued within erythrocytes – hence an 

attractive model to naturally dose haematophagous parasites (Balasubramanian, 

Hurley & Neidle, 2011; Papadopoulos et al., 2007a; Harris et al., 2018). However, QF 

may have limitations in its current form as an antischistosomoidal due to its 

formulation requiring IV administration; CX5461 is better suited here due to its oral 

bioavailability (Drygin et al., 2011).  

QF was found to have greater activity against all parasite stages tested, 

however CX5461 had more favourable selectivity indices but was ineffective against 

7 wk worms. Both compounds showed greatest activity against juvenile 3 wk worms. 

QF was also shown to effect fecundity in females at single digit micromolar 

concentrations and vitellocyte number in eggs was significantly reduced. However, 

the eggshell volume and natural autofluorescence was not affected, indicating no 

issues with eggshell formation or tanning (Waite, 1995). Analysis of vitellaria 

proliferation was not undertaken due to requiring in situ hybridisation to 

differentiate S4 vitellocytes from mesenchymal neoblasts but could be an attractive 

future experiment to determine effect of QF. While neoblasts were monitored and 
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found to reduce in the presence of QF, it is unclear if this is a simple causality of the 

parasite naturally dying from exposure to the compound or indeed as a direct result 

of them being a specific QF target. It has also been demonstrated that, although no 

in silico proof of their existence due to a poor genome assembly, G4 targeting 

compounds also have an affect against F. hepatica NEJs and suggest that G4 may be 

conserved across trematodes.   

The use of qPCR to validate QFs mechanism of action was found to indicate a 

trend in the downregulation of precursor rRNA after cocultivation with QF. There was 

not a striking difference observed, as was the case within T. brucei (Kerry et al., 2017), 

however the study used Trypanosoma cell lines, which have less variance than whole 

organisms. An increase in pol ii expression was observed, and when fzd expression 

was measured (which contains a 5’ UTR G4), increased expression was again 

observed. Therefore, QF may have some secondary stabilising effect on other G4 

containing genes within the parasite. This could be further validated and explore by 

RNA-seq of the parasite transcriptome in the presence and absence of QF to try and 

determine the true mechanism of action that is being displayed by QF. P. falciparum 

displayed sensitivity to QF, but the compound was not found to affect pol I 

transcription levels, indicating off target effects may occur (Harris et al, 2018).  

 

Future work 

Although this thesis sets up the fundamental groundwork for investigating G4 within 

S. mansoni and contextualises the findings against other known instances of G4 

within genomes, there is great scope that can be taken to broaden our 
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understandings of these structures within the parasite. Summarised below are the 

recommendations of future research direction: 

• High throughput G4 sequencing of the genome will provide more accurate 

information of G4 localisation and enrichment with the parasite genome, and 

will likely increase the number of PQS found within the genome, as is the case 

with multiple other genomes (Marsico et al., 2019) 

• As G4 structures have shown to be present within the parasite, it follows that 

there may be machinery to resolve the structure such as helicases.  Helicases 

such as Pif, Blm, RecQ and RHAU have been shown to unwind G4 in other 

organisms (Van Wietmarschen et al., 2018; Sun et al., 1998a; King et al., 2011; 

Mendoza et al., 2016; Byrd, Bell & Raney, 2018; Gao et al., 2015). 

•  If S. mansoni contains orthologues of helicases known to unwind G4 in other 

organisms, and so this provides another avenue to characterise the relevance 

of G4 within the parasite 

• Further optimisation of BG4 staining to ensure thorough permeabilisation of 

the parasite will help to analyse if organs such as ovaries containing G4. 

Additionally, IF can be utilised to assess for the increase of G4 in the presence 

of stabilising compounds. 

• There are wide panels of G4 stabilising compounds and ligands with different 

mechanisms of actions (Li et al., 2013; Ruggiero & Richter, 2018; Sun et al., 

2019), and these could be assessed using the high throughput in house 

platform RoboWorm to search for novel candidates with anthelmintic 

capabilities and their subsequent downstream analysis.  
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This thesis has conclusively demonstrated in the first instance that DNA G4 

structures are present in the S. mansoni genome, can be detect in vitro and can be 

utilised as a novel target to disrupt the parasite in multiple life cycle stages.  
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S3.1 All PQS  and PQS densities.   

Tables indicate all PQS and the regions they were detected in by QP and G4H at high 
and low stringencies, and PQS overlapping between both. Intra = sum of exon, 5’, 3’ 
and intron categories. Densities were calculated (right) by dividing the total PQS for 
each feature by the length of that feature in kilobase. A baseline was calculated by 
dividing the total number of each feature by the total length of features (for all 
genome PQS, this was the length of all 8 chromosomes, for intragenic features, it was 
by the length of all intragenic features). 
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S3.2 All PQS containing Smps found in both QP and G4H at high stringency. Smps were extracted from .gff annotation. Gene descritions were 
exported from WormBase Parasite using the Biomart function. Blank spaces indicate no gene description outside of hypothetical’ given. 

Gene stable ID Gene description Gene stable ID Gene description 

Smp_001900 
 

Smp_161680 Putative phosphorylase B kinase 
beta, kpbb 

Smp_030710 Serine/threonine-protein 
phosphatase 

Smp_162900 Tyrosine kinase 

Smp_031680 
 

Smp_162910 Related to multifunctional cyclin-
dependent kinase-related 

Smp_031770 Tropomyosin-2 Smp_163000 
 

Smp_048080 
 

Smp_163240 Putative T-box transcription factor 
tbx2 

Smp_056260 Putative beta-1,4-
galactosyltransferase 

Smp_164020 phosphatase and actin regulator 3 

Smp_059570 
 

Smp_166610 calcium activated potassium 
channel subunit 

Smp_063090 Aconitate hydratase Smp_167140 WNT 

Smp_065210 hypothetical Smp_169430 Cell polarity protein 

Smp_068530 Putative syntenin Smp_170930 Putative intermediate filament 
proteins 

Smp_069770 Putative nadh-ubiquinone 
oxidoreductase 24 kD subunit 

Smp_171580 Aromatic-L-amino-acid 
decarboxylase (EC 4.1.1.28) (AADC) 

(DOPA decarboxylase) (DDC), 
putative 

Smp_070310 Putative ecotropic viral integration 
site 

Smp_171780 SPARC protein 

Smp_074400 Ubiquitin-specific peptidase 22 (C19 
family) 

Smp_173760 
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Smp_082300 
 

Smp_176070 ralA binding protein 1 

Smp_102240 Upf3 regulator of nonsense 
transcripts-like protein 

Smp_196840 collagen alpha 1(II) chain 

Smp_105910 CREB-binding protein Smp_199800 coiled coil domain containing 
protein 111 

Smp_123120 
 

Smp_212760 kinesin, putative 

Smp_124060 Venom allergen-like (VAL) 13 
protein 

Smp_212780 Tubulin polymerization-promoting 
protein (TPPP), putative 

Smp_125630 Pangolin, putative Smp_150650 
 

Smp_127060 Serine/threonine kinase Smp_213290 V-type ATP synthase subunit E 3 

Smp_127680 Rabconnectin-related Smp_213290 
 

Smp_127710 
 

Smp_213900 type IV collagen alpha 1 chain 

Smp_127840 Dipeptidyl-peptidase 9 (S09 family) Smp_242860 trafficking protein particle complex 
subunit 

Smp_130280 Cell polarity protein Smp_243900 innexin 

Smp_131150 Polymyositis/scleroderma 
autoantigen-related 

Smp_244100 UBX domain containing protein 

Smp_131640 Rna-binding protein musashi-
related 

Smp_244820 calpain 7 protein/Androglobin 

Smp_137990 Putative complexin (Synaphin) Smp_244820 calpain 7 protein 

Smp_138770 Histone deacetylase, putative Smp_245540 histidine kinase 

Smp_139180 Frizzled, putative Smp_246050 vinculin conserved domain 
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Smp_142560 Putative insulin protein enhancer 
protein isl 

Smp_246790 transient receptor potential cation 
channel 

Smp_143240 trafficking protein particle complex 
subunit 11 

Smp_247260 transcription factor collier 

Smp_145140 Protein Wnt Smp_247930 frizzled 

Smp_145680 
 

Smp_248100 Ecdysone-induced protein 78C 

Smp_147750 protein QN1 Smp_300580 Lachesin 

Smp_148910 
 

Smp_303000 Protocadherin-9 

Smp_149460 Tyrosine kinase Smp_306120 Titin 

Smp_150640 
 

Smp_310500 Homeobox protein Hox-D9 
(Fragment) 

Smp_151570 tetratricopeptide repeat protein 29 Smp_310500 Homeobox protein Hox-D12a 

Smp_152290 Putative beta-arrestin 1 Smp_319480 Myb-like protein V 

Smp_153690 Ubiquitin-specific peptidase 9X (C19 
family) 

Smp_324310 Prolactin regulatory element-
binding protein 

Smp_154730 Rna-binding protein musashi-
related 

Smp_325640 Aspartate--tRNA ligase 

Smp_154840 
 

Smp_333370 Lysosomal-trafficking regulator 

Smp_156150 Calcium-activated potassium 
channel 

Smp_333480 Liprin-beta-2 
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S3.3: Output from GOAtools analysis for all GO terms that were identified to contain G4 enrichment.  
   

 
A range of selection criteria were used in a concurrent manner to select appropriate Smps that contained PQS identified by both QP and G4H 
software.  These Smps were then subjected to Gene Ontology (GO) analysis (using GOAtools) to identify if there was an enrichment in PQS 

GO NS enrichment name ratio_in_study ratio_in_pop p_uncorrected p_bonferroni p_sidak p_holm p_fdr

GO:0016055 BP e Wnt signaling pathway 4/105 16/10131 1.80E-05 0.0498 0.0486 0.0498 0.002 GO:0016055 1.80E-05

GO:0006355 BP e regulation of transcription, DNA-templated 8/105 272/10131 0.00719 1 1 1 0.74 GO:0006355 0.00719

GO:0007275 BP e multicellular organism development 2/105 14/10131 0.00893 1 1 1 0.804 GO:0007275 0.00893

GO:0007528 BP e neuromuscular junction development 1/105 1/10131 0.0104 1 1 1 0.842 GO:0007528 0.0104

GO:0045165 BP e cell fate commitment 1/105 1/10131 0.0104 1 1 1 0.842 GO:0045165 0.0104

GO:0030182 BP e neuron differentiation 1/105 1/10131 0.0104 1 1 1 0.842 GO:0030182 0.0104

GO:0006470 BP e protein dephosphorylation 3/105 49/10131 0.0141 1 1 1 1 GO:0006470 0.0141

GO:0046475 BP e glycerophospholipid catabolic process 1/105 2/10131 0.0206 1 1 1 1 GO:0046475 0.0206

GO:0007166 BP e cell surface receptor signaling pathway 2/105 22/10131 0.0215 1 1 1 1 GO:0007166 0.0215

GO:0016579 BP e protein deubiquitination 2/105 25/10131 0.0273 1 1 1 1 GO:0016579 0.0273

GO:0006434 BP e seryl-tRNA aminoacylation 1/105 3/10131 0.0308 1 1 1 1 GO:0006434 0.0308

GO:0005977 BP e glycogen metabolic process 1/105 3/10131 0.0308 1 1 1 1 GO:0005977 0.0308

GO:0016578 BP e histone deubiquitination 1/105 3/10131 0.0308 1 1 1 1 GO:0016578 0.0308

GO:0007155 BP e cell adhesion 3/105 70/10131 0.0359 1 1 1 1 GO:0007155 0.0359

GO:0006120 BP e mitochondrial electron transport, NADH to ubiquinone 1/105 4/10131 0.0408 1 1 1 1 GO:0006120 0.0408

GO:0005576 CC e extracellular region 3/105 22/10131 0.00144 1 1 1 0.312 GO:0005576 0.00144

GO:0045272 CC e plasma membrane respiratory chain complex I 1/105 1/10131 0.0104 1 1 1 0.842 GO:0045272 0.0104

GO:0048786 CC e presynaptic active zone 1/105 1/10131 0.0104 1 1 1 0.842 GO:0048786 0.0104

GO:0005581 CC e collagen trimer 1/105 4/10131 0.0408 1 1 1 1 GO:0005581 0.0408

GO:0031012 CC e extracellular matrix 1/105 4/10131 0.0408 1 1 1 1 GO:0031012 0.0408

GO:0000176 CC e nuclear exosome (RNase complex) 1/105 4/10131 0.0408 1 1 1 1 GO:0000176 0.0408

GO:0062023 CC e collagen-containing extracellular matrix 1/105 4/10131 0.0408 1 1 1 1 GO:0062023 0.0408

GO:0005201 MF e extracellular matrix structural constituent 3/105 10/10131 0.000123 0.341 0.332 0.34 0.056 GO:0005201 0.000123

GO:0005102 MF e signaling receptor binding 2/105 6/10131 0.00155 1 1 1 0.326 GO:0005102 0.00155

GO:0005515 MF e protein binding 22/105 1090/10131 0.00214 1 1 1 0.384 GO:0005515 0.00214

GO:0005516 MF e calmodulin binding 2/105 11/10131 0.00551 1 1 1 0.672 GO:0005516 0.00551

GO:0043565 MF e sequence-specific DNA binding 5/105 126/10131 0.00987 1 1 1 0.816 GO:0043565 0.00987

GO:0005109 MF e frizzled binding 1/105 1/10131 0.0104 1 1 1 0.842 GO:0005109 0.0104

GO:0003994 MF e aconitate hydratase activity 1/105 1/10131 0.0104 1 1 1 0.842 GO:0003994 0.0104

GO:0005518 MF e collagen binding 1/105 1/10131 0.0104 1 1 1 0.842 GO:0005518 0.0104

GO:0036459 MF e thiol-dependent ubiquitinyl hydrolase activity 2/105 20/10131 0.0179 1 1 1 1 GO:0036459 0.0179

GO:0047389 MF e glycerophosphocholine phosphodiesterase activity 1/105 2/10131 0.0206 1 1 1 1 GO:0047389 0.0206

GO:0042813 MF e Wnt-activated receptor activity 1/105 2/10131 0.0206 1 1 1 1 GO:0042813 0.0206

GO:0005198 MF e structural molecule activity 2/105 23/10131 0.0234 1 1 1 1 GO:0005198 0.0234

GO:0016286 MF e small conductance calcium-activated potassium channel activity 1/105 3/10131 0.0308 1 1 1 1 GO:0016286 0.0308

GO:0004828 MF e serine-tRNA ligase activity 1/105 3/10131 0.0308 1 1 1 1 GO:0004828 0.0308

GO:0004888 MF e transmembrane signaling receptor activity 2/105 30/10131 0.0383 1 1 1 1 GO:0004888 0.0383

GO:0060072 MF e large conductance calcium-activated potassium channel activity 1/105 4/10131 0.0408 1 1 1 1 GO:0060072 0.0408

GO:0004713 MF e protein tyrosine kinase activity 2/105 33/10131 0.0456 1 1 1 1 GO:0004713 0.0456

GO:0004725 MF e protein tyrosine phosphatase activity 2/105 33/10131 0.0456 1 1 1 1 GO:0004725 0.0456

GO NS enrichment name ratio_in_study ratio_in_pop p_uncorrected p_bonferroni p_sidak p_holm p_fdr

GO:0016055 BP e Wnt signaling pathway 4/105 16/10131 1.80E-05 0.0498 0.0486 0.0498 0.002 GO:0016055 1.80E-05

GO:0006355 BP e regulation of transcription, DNA-templated 8/105 272/10131 0.00719 1 1 1 0.74 GO:0006355 0.00719

GO:0007275 BP e multicellular organism development 2/105 14/10131 0.00893 1 1 1 0.804 GO:0007275 0.00893

GO:0007528 BP e neuromuscular junction development 1/105 1/10131 0.0104 1 1 1 0.842 GO:0007528 0.0104

GO:0045165 BP e cell fate commitment 1/105 1/10131 0.0104 1 1 1 0.842 GO:0045165 0.0104

GO:0030182 BP e neuron differentiation 1/105 1/10131 0.0104 1 1 1 0.842 GO:0030182 0.0104

GO:0006470 BP e protein dephosphorylation 3/105 49/10131 0.0141 1 1 1 1 GO:0006470 0.0141

GO:0046475 BP e glycerophospholipid catabolic process 1/105 2/10131 0.0206 1 1 1 1 GO:0046475 0.0206

GO:0007166 BP e cell surface receptor signaling pathway 2/105 22/10131 0.0215 1 1 1 1 GO:0007166 0.0215

GO:0016579 BP e protein deubiquitination 2/105 25/10131 0.0273 1 1 1 1 GO:0016579 0.0273

GO:0006434 BP e seryl-tRNA aminoacylation 1/105 3/10131 0.0308 1 1 1 1 GO:0006434 0.0308

GO:0005977 BP e glycogen metabolic process 1/105 3/10131 0.0308 1 1 1 1 GO:0005977 0.0308

GO:0016578 BP e histone deubiquitination 1/105 3/10131 0.0308 1 1 1 1 GO:0016578 0.0308

GO:0007155 BP e cell adhesion 3/105 70/10131 0.0359 1 1 1 1 GO:0007155 0.0359

GO:0006120 BP e mitochondrial electron transport, NADH to ubiquinone 1/105 4/10131 0.0408 1 1 1 1 GO:0006120 0.0408

GO:0005576 CC e extracellular region 3/105 22/10131 0.00144 1 1 1 0.312 GO:0005576 0.00144

GO:0045272 CC e plasma membrane respiratory chain complex I 1/105 1/10131 0.0104 1 1 1 0.842 GO:0045272 0.0104

GO:0048786 CC e presynaptic active zone 1/105 1/10131 0.0104 1 1 1 0.842 GO:0048786 0.0104

GO:0005581 CC e collagen trimer 1/105 4/10131 0.0408 1 1 1 1 GO:0005581 0.0408

GO:0031012 CC e extracellular matrix 1/105 4/10131 0.0408 1 1 1 1 GO:0031012 0.0408

GO:0000176 CC e nuclear exosome (RNase complex) 1/105 4/10131 0.0408 1 1 1 1 GO:0000176 0.0408

GO:0062023 CC e collagen-containing extracellular matrix 1/105 4/10131 0.0408 1 1 1 1 GO:0062023 0.0408

GO:0005201 MF e extracellular matrix structural constituent 3/105 10/10131 0.000123 0.341 0.332 0.34 0.056 GO:0005201 0.000123

GO:0005102 MF e signaling receptor binding 2/105 6/10131 0.00155 1 1 1 0.326 GO:0005102 0.00155

GO:0005515 MF e protein binding 22/105 1090/10131 0.00214 1 1 1 0.384 GO:0005515 0.00214

GO:0005516 MF e calmodulin binding 2/105 11/10131 0.00551 1 1 1 0.672 GO:0005516 0.00551

GO:0043565 MF e sequence-specific DNA binding 5/105 126/10131 0.00987 1 1 1 0.816 GO:0043565 0.00987

GO:0005109 MF e frizzled binding 1/105 1/10131 0.0104 1 1 1 0.842 GO:0005109 0.0104

GO:0003994 MF e aconitate hydratase activity 1/105 1/10131 0.0104 1 1 1 0.842 GO:0003994 0.0104

GO:0005518 MF e collagen binding 1/105 1/10131 0.0104 1 1 1 0.842 GO:0005518 0.0104

GO:0036459 MF e thiol-dependent ubiquitinyl hydrolase activity 2/105 20/10131 0.0179 1 1 1 1 GO:0036459 0.0179

GO:0047389 MF e glycerophosphocholine phosphodiesterase activity 1/105 2/10131 0.0206 1 1 1 1 GO:0047389 0.0206

GO:0042813 MF e Wnt-activated receptor activity 1/105 2/10131 0.0206 1 1 1 1 GO:0042813 0.0206

GO:0005198 MF e structural molecule activity 2/105 23/10131 0.0234 1 1 1 1 GO:0005198 0.0234

GO:0016286 MF e small conductance calcium-activated potassium channel activity 1/105 3/10131 0.0308 1 1 1 1 GO:0016286 0.0308

GO:0004828 MF e serine-tRNA ligase activity 1/105 3/10131 0.0308 1 1 1 1 GO:0004828 0.0308

GO:0004888 MF e transmembrane signaling receptor activity 2/105 30/10131 0.0383 1 1 1 1 GO:0004888 0.0383

GO:0060072 MF e large conductance calcium-activated potassium channel activity 1/105 4/10131 0.0408 1 1 1 1 GO:0060072 0.0408

GO:0004713 MF e protein tyrosine kinase activity 2/105 33/10131 0.0456 1 1 1 1 GO:0004713 0.0456

GO:0004725 MF e protein tyrosine phosphatase activity 2/105 33/10131 0.0456 1 1 1 1 GO:0004725 0.0456
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signal within Smps across molecular function, biological process or cellular component categories. A total of 40 GO terms resulted spanning 
across a variety of functions and processes Ratio_in_pop denotes number of Smps with that go term out of total number of Smps used in 
study. P_fdr = P value corrected after false discovery rate of 95% was applied.
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Smp_139180 Smp_196840 

Smp_145140 Smp_319480 

Smp_127680 Smp_163240 
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S3.4 CD melting curves from thermal denaturation assays.  Data generated from 
thermal denaturation CD assays was normalised and plotted, and regression analysis 
performed. Tm values were generated and R2 value indicates goodness of fit. 
 

smTelo 



 

325 

 

S4.1 Further examples of BG4 detection in adult worms. Anterior middle and posterior z stacks of male and female worms treated 
BG4 for 1 hour before blocking. Images taken at 20x and 100x objective 
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 Anterior middle and posterior z stacks of male and female worms incubated with secondary goat anti human in the absence of BG4. Images 
taken at 20x and 100x objective  
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Male and Female worms treated with RNase A for 1 hour before blocking. Images taken at 20x objective 
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Male and Female worms treated with DNase 1 for 1 hour before blocking. Images taken at 20x objective 
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S4.2 Fluorescence of recombinantly expressed BG4 on NIH 3t3 Cells. NIH 3T3 cells were 

incubated with purified rBG4 and 1:2000 Goat anti-Human IgG and visualised by confocal 

microscopy. Samples indicate absence of nuclear staining and fluorescent debris, indicating 

incorrect folding of the antibody. 

 
S4.3 BG4 does not fully localise within the ovary of female worms. A snapshot taken from 

the midsection of a female worm imaged during S4.1 stained with G4-detecting BG4 (green) 
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and counterstained with DNA detecting DAPI (blue). Image shows weak localisation of BG4 

within the ovary (structure indicated by white arrow). Scale bar = 50 µm.  

 
S5.1: Raw Absorbance Values For each of the MTT assays performed for the calculation of 
CC50 data  
 

Quarfloxin- HepG2 cells  
Absorbance Values 

Concentration (µM) Replicate 1 Replicate 2 Replicate 3 

200 0.02 0.15 0.12 

150 0.02 0.154 0.129 

100 0.029 0.161 0.119 

50 0.026 0.153 0.14 

25 0.029 0.16 0.138 

10 0.136 0.172 0.168 

7.5 0.146 0.268 0.252 

5 0.223 0.39 0.322 

2.5 0.407 0.474 0.5 

1 0.441 0.509 0.524 

0.1 0.52 0.519 0.591 

 
 

Quarfloxin- MDBK cells 

  Absorbance Values 

Concentration (µM) Replicate 1 Replicate 2 Replicate 3 

200 0.054 0.02 0.013 

150 0.043 0.018 0.08 

100 0.018 0.005 0.153 

50 0.008 0.007 0.087 

25 0.007 0.002 0.081 

10 0.108 0.022 0.152 

7.5 0.11 0.082 0.137 

5 0.109 0.141 0.144 

2.5 0.251 0.21 0.138 

1 0.366 0.278 0.264 

0.1 0.452 0.369 0.217 
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CX5461- HepG2 cells 

  Absorbance Values 

Concentration (µM) Replicate 1 Replicate 2 

200 0.063 0.04 

150 0.022 0.017 

100 0.314 0.261 

50 0.579 0.741 

25 0.773 0.94 

10 0.813 0.882 

7.5 0.864 0.892 

5 1.02 0.932 

2.5 0.632 1.134 

1 0.943 1.014 

0.1 1.045 1.049 
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S5.2: R2 slope values for each primer set demonstrating Primer Efficiency  
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S5.3: Raw Ct Values for qPCR screens (For chapter 4). 
 

      Raw Ct values for analysis of Pol I and Pol II transcription targets when treated 
with Quarfloxin 

 

  

Females 

 Treatment ITS1 ITS2 α-Tubulin GST 

0µM 

18.10 17.17 18.90 17.84 

16.45 16.28 20.58 18.58 

19.04 16.63 19.33 19.79 

5µM 

18.84 18.58 20.38 19.96 

16.50 16.59 21.10 18.40 

20.46 17.10 20.46 20.44 

10µM 

18.19 17.74 19.92 19.98 

17.76 17.84 21.50 19.73 

22.74 19.50 21.24 21.40 

Males 

 Treatment ITS1 ITS2 α-Tubulin GST 

0µM 

16.71 16.42 16.26 14.70 

16.89 17.47 16.38 17.39 

17.89 16.17 18.15 16.80 

5µM 

16.31 17.03 16.75 13.52 

17.64 18.47 18.57 17.45 

17.48 15.67 18.26 16.57 

10µM 

16.55 17.23 16.41 14.06 

17.99 19.06 17.58 18.42 

17.99 14.53 17.73 16.91 
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   Raw Ct Values for Frizzled 
 

Females 

 Treatment α-Tubulin Frizzled 

0µM 

19.09 24.85 

19.09 24.34 

18.40 24.34 

5µM 

19.72 25.21 

19.75 23.96 

19.75 23.96 

10µM 

19.34 25.32 

19.98 25.04 

19.98 25.04 

Males 

 Treatment α-Tubulin Frizzled 

0µM 

15.77 25.91 

15.15 23.04 

18.74 26.47 

5µM 

16.68 27.11 

17.96 21.79 

16.45 26.58 

10µM 

16.91 27.38 

19.36 23.23 

16.84 26.96 


