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ABSTRACT 

Haemonchus contortus is an important parasitic nematode, both economically and 

pathologically. The emergence of widespread drug resistance requires new drug or 

vaccine targets to be identified . The requirement of aerobic organisms to control 

damage caused by reactive oxygen species and, the increased necessity of parasites to 

overcome the host immune response, has led to the investigation of antioxidant 

systems as potential targets. This work examines the thioredoxin antioxidant system in 

H. contortus, specifically the thioredoxin reductase and peroxiredoxin enzymes, to 

characterise their activity and determine if they are potential targets for parasite 

control. 

H. contortus contains two TrxRs, a cytoplasmic enzyme HcTrxRl with a selenocysteine 

in the active site, similar to the mammalian TrxR, and a mitochondrial enzyme HcTrxR2 

with a nematode unique active site. HcTrxRl showed broad activity with thioredoxins 

from E. coli, sheep, and H. contortus while HcTrxR2 had high activity with only the 

mitochondrial H. contortus thioredoxin 1. Importantly, HcTrxRl was found to be more 

sensitive to the black tea inhibitor theaflavin than the selenocysteine containing 

mammalian TrxR, demonstrating the differences in the enzymes susceptibilities to 

inhibitors. To determine the function of the TrxR enzymes in nematodes, knockout 

(KO) strains of Caenorhabditis elegans were examined. TrxRl -/-KO worms were more 

sensitive to free radical attack and also to the anthelmintic ivermectin; while TrxR2 -/-

KO eggs were highly sensitive to sodium hypochlorite. This demonstrates that 

inhibition of these enzymes would sensitise the nematodes to the host's immune 

attack. 

H. contortus contains two peroxiredoxins, the mitochondrial HcPrxl and the 

cytoplasmic HcPrx2. The activity of both peroxiredoxins was specific for the 

thioredoxin system; however, both peroxiredoxins were also able to be regenerated by 

the glutathione system when coupled to the nematode specific H. contortus 

thioredoxin 5. Both enzymes were stable to high concentrations of hydrogen peroxide 
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which demonstrates different functions to their mammalian counterparts. A specific 

inhibitor of these peroxiredoxins was also identified which has minimal mammalian 

cytotoxicity. HcPrxl was found to be involved in drug resistance while HcPrx2 was 

found to be secreted and highly immunogenic. Analysis of homologous genes in C. 

elegans showed that both peroxiredoxin KO worms were sensitive to free radical 

attack; however, only the cytoplasmic CePrx2 KOC. elegans were sensitive to external 

oxidants. 

Overall, this work adds to the knowledge of H. contortus biology and identifies the 

enzymes of the thioredoxin system as potential drug or vaccine targets for parasite 

control. 
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Chapter 1: Introduction 

1.1. Introduction 

Gastrointestinal diseases are regarded as one of the major health problems infecting 

ruminants throughout the world . Among the gastrointestinal parasites, Haemonchus 

contortus is the most important nematode both economically and pathologically due 

to its prolific nature and blood sucking habits (Getachew et al., 2007). In Australia 

alone, economic losses exceed $370 million per year (Sackett et al., 2006) and are 

expected to rise to $700 million within the decade. These costs can be attributed to 

reduced productivity due to reduced weight gain and wool growth, reduced milk 

production, parasite treatment costs and livestock deaths (Mcleod, 1995). Control of 

these parasites relies heavily on anthelmintic treatment, however the excessive use of 

drugs has lead to the widespread emergence of drug resistance (Getachew et al., 

2007) . This means that alternative methods for control of gastrointestinal parasites, 

such as the identification of new drug targets or vaccine candidates, need to be found. 

Th iol metabolism is emerging as a val id drug target in many parasites. Since little is 

known about the antioxidant systems in nematodes, this work will examine thiol 

metabolism in H. contortus to determin e if this is a potential target for parasite 

control. 

1.2. H. contortus 

H. contortus is an abomasal gastrointestinal parasite that belongs to the class 

Secernentea, subclass Rhabditia, order Strongylida, superfamily Trichostrongyloidea 

and family Trichostrongylidae. The lifecycle of H. contortus, along with other 

gastrointestinal nematodes is multipart, with both free-living and parasitic life cycle 

stages (figure 1.1). The adult worms reside in the 'true stomach' or abomasum of 

ruminants such as sheep and goats. Female worms lay 5000 to 10000 eggs per day. 

These are passed out of the host in the faeces, thereby providing warm and moist 

conditions for egg development (Lee, 2002). The eggs hatch and the first stage larvae 

(Ll) are released onto the pasture . Both Ll and second stage larvae (L2) are free living 

nematodes that feed on bacteria found in the faeces. Upon feeding, the L2 larvae 

undergo an incomplete moult to develop into third stage larvae (L3) where they retain 

the cuticle from their previous larval stage as a protective sheath. This sheath, 
2 
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Figure 1.1: Life cycle of Haemonchus contortus. 

When conditions are favourable, first stage larvae (Ll} hatch from eggs in the faeces 

and moult to become second stage larvae (L2}; both L1 and L2 stage larvae feed on 

bacteria found in the faeces. L2 larvae undergo an incomplete moult to become third 

stage larvae (L3}, which are non-feeding and infective to the host. After ingestion, they 

pass through the rumen and exsheath, and then pass through to the abomasum where 

they moult a fourth time to become fourth stage larvae (L4) . Here they mature into 

adult worms and sexually reproduce, releasing eggs into the faeces. 
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however, means that the L3 larvae are incapable of feeding. When conditions are 

favourable, the L3 larvae crawl up grass blades where they have an increased chance 

of being ingested by vertebrate hosts. Once ingested, the L3 larvae pass through the 

rumen and exsheath, and then pass to the abomasum where they burrow into the 

mucosa. After another moult, the fourth stage larvae (L4) emerge and relocate to the 

paramucosal lumen where they begin to feed. Here the parasites begin to move their 

heads until they lacerate the mucosa and a capillary is pierced (Lee, 2002). Larvae 

undergo a final moult to become adults, after which mating and sexual reproduction 

occurs. 

The symptoms of haemonchosis are a direct result of blood loss, on average 0.05 ml of 

blood is removed by each worm per day. This results in significant blood loss to the 

animal; emaciation, pale gums, conjunctiva, oedema under the jaw (bottle jaw), 

intestinal disturbances causing constipation, anaemia and even death result. The 

severity of haemonchosis is dependent on the age of the animal and the worm burden. 

Young animals that receive acute infections can develop anaemia quickly and die 

without showing any other signs of infection while adult animals develop chronic 

infections and suffer relatively low mortality rates due to acquired immunity (Barger, 

1993). 

1.3. Control of H. contortus infections 

The current control method to combat H.contortus infections is the use of anthelmintic 

drugs. However, due to the rapid emergence of drug resistance, the major classes of 

anthelmintics are becoming increasingly ineffective (Getachew et al., 2007, 

Wolstenholme et al., 2004). There is also a growing public concern over the use of 

chemicals in agriculture. This has led to the use of integrated pasture management 

strategies (O'Connor et al., 2006), which aim to reduce the use of chemicals by 

increasing reliance on farm management, environmental and other non-

chemotherapeutic factors (Waller, 1999). It is also hoped that new vaccines or new 

drug targets will be identified. The knowledge, therefore, of the biology and ecology of 
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the parasite, as well as extrinsic and intrinsic factors affecting the parasite, is essential 

for minimising animal losses. 

1.3.1. Vaccine development 

There are two main strategies for vaccine development. The first is the use of 'hidden' 

antigens and the second is the use of 'natural' antigens. 'Hidden' refers to the use of 

antigens that are not detected by the host's immune system during infection e.g. gut 

antigens such as Hll (HllO kDa}, an aminopeptidase found in the intestinal microvilli 

of the worm (Newton et al., 1995). 'Natural' refers to antigens that are 'seen' by the 

host's immune system during an infection and have been shown to be the target of the 

naturally acquired immunity (Newton and Munn, 1999). Natural antigens are mainly 

worm surface antigens or excretory-secretory (ES) proteins. These natural antigens 

have an advantage over hidden antigens in that boosting by field challenge occurs 

naturally throughout the animal's life (Bethany et al., 2006, Newton, 1995). However 

hidden antigens have the advantage of giving high levels of protection to naive lambs. 

This is believed to be the key issue for an effective vaccine as immunity to H. contortus 

is age related, with lambs remaining susceptible to infection up until 6 months of age 

(Bethany et al., 2006, Tavernor et al., 1992). It has been suggested, therefore, that a 

mixture of a hidden antigen, which is able to achieve high levels of protection in 

susceptible young lambs, as well as a natural antigen, which can provide increasing 

natural immunity as boosting occurs naturally within the field, may make up the 

components of the ideal vaccine (Newton, 1995). Consequently, a rational approach 

for the design of possible vaccine components requires a better understanding of the 

host-parasite interactions (Knox and Redmond, 2006, Yatsuda et al., 2006). 

ES proteins are the prime candidates for use in the 'natural' antigen strategy as studies 

have shown a direct interaction with, as well as the ability to regulate the host's 

immune system (Donnelly et al., 2008). ES proteins are believed to be involved in the 

immune evasion process in nematodes (Hong et al., 1993, Loukas et al., 1999) and 

have been identified as factors that are linked to the transition from free-living worm 

to parasitic worm (Hawdon et al., 1996). In H. contortus, as well as in other parasitic 

organisms, these molecules have been found to trigger strong immune responses in 
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sheep, as well as being highly protective against H. contortus when used in sheep 

vaccination trials (Capron and Dessaint, 1988, Schallig et al., 1997, Verve Ide et al., 

2002). Further studies on the ES proteins have found that thiol-binding proteins, in 

particular cysteine proteases, from these fractions gave protection against challenge 

(Bakker et al., 2004). Consequently, the further discovery of proteins that are secreted 

and also contain thiol binding groups, would therefore aid in the identification of key 

proteins that can be used as 'natural' antigens in vaccine development. 

1.3.2. Drug targets 

In mammalian organisms, two broad drug discovery strategies have evolved; the 

'molecular' approach, which attempts to identify new targets through an 

understanding of the cellular biology of the disease, and the 'systems' approach 

whereby target discovery is through the study of the disease in the whole organism 

(Lindsay, 2003) . These approaches, which apply to mammalian diseases, can be 

difficult to define in parasitic diseases. Therefore many researchers have focussed on a 

different approach known as 'target-based' drug discovery (Doyle et al., 2010, Lindsay, 

2005). There are several requirements that help define rational targets in this target-

based discovery. The first requirement is that the target must play a key role in, or be 

essential to the organism. The second requirement is that the target must be 

'drugable' or different from the host, which may mean it is unique to the parasite or it 

may be evolutionarily diverse and, therefore, it can be targeted without harming the 

host. It is also advantageous to researchers if evidence shows that modulating the 

target will lead to a therapeutic effect. The ability, however, to identify rational targets 

in H. contortus and related parasites is dependent on knowledge of the molecular 

processes governing nematode development and survival (Nikolaou and Gasser, 2006). 

This can be extremely difficult, particularly in parasitic organisms where the genome is 

not complete, culturing is extremely difficult and there is limited success in gene 

silencing (Geldhof et al., 2006). 
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1.4. Resistance to chemotherapy 

The development of resistance to anthelmintics is an increasing problem that 

decreases livestock productivity and threatens the success of treatment in humans. 

Understanding the mechanisms involved in the development of resistance is crucial in 

order to prolong the efficacy of current anthelmintics and develop markers for 

monitoring drug resistance. Mechanisms involved in drug resistance include genetic 

changes in response to the drug, the involvement of transport proteins/drug efflux 

pumps that prevent the drug from reaching the target, and the role of detoxification 

mechanisms that modify the drug (reviewed in James et al., 2009a). The cellular 

antioxidant systems are also involved in the detoxification of toxic compounds {Cvilink 

et al., 2009) and have been shown to be involved in the development of drug 

resistance in diseases, as well as in parasites (table 1.1; James et al., 2009a). In fact, 

many drugs currently on the market cause free radical production as part of their 

cytotoxic activity, for example artemisinin and praziquantel used in the treatment of 

Plasmodium spp. and Schistosoma spp. (Ammar et al., 2002, El-Bassiouni et al., 2007). 

The antioxidant systems are therefore of interest when investigating factors that 

contribute to drug resistance. 

1.5. Antioxidant systems 

Oxidative metabolism in all living cells results in the formation of highly reactive and 

unstable oxygen derived free radicals known as reactive oxygen species {ROS) . 

Increased levels of these ROS cause damage to DNA, proteins and lipid membranes 

{Kim et al., 1985). All aerobic organisms have, therefore, developed protective 

antioxidant systems in order to cope with these dangerous ROS {Schroder and Ponting, 

1998). ROS can be produced as primary oxygen radicals, such as hydrogen peroxide, 

superoxide radicals and the hydroxyl radicals, which are produced as by-products of 

normal metabolism in all aerobic organisms. Mitochondria consume approximately 

85% of the oxygen demand needed by cells due to their oxidative phosphorylation 

process where oxygen is reduced to water, with reactive oxygen species produced as 

by products {Pedrajas et al., 2000) . Secondary products such as alkyl hydroperoxides 
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Table 1.1: Antioxidant enzymes associated with drug resistance in parasites (James et al., 2009a). 

Parasite Gene Response a Resistance References 
Plasmodium spp. Glutathione Increased Chloroquine (Ginsburg and Golenser, 2003) 

Glutathione 5-transferase Increased Chloroquine (Platel et al., 1999) 
y-glutamyl cysteine synthetase Increased Chloroquine (Perez-Rosado et al., 2002) 

Entamoeba histolytica Su peroxide dismutase Increased Metronidazole (Samarawickrema et al., 1997) 
Peroxiredoxin Increased Metronidazole (Wassmann et al., 1999) 

Trichomonus vagina/is Superoxide dismutase Increased Metronidazole (Rasoloson et al., 2001} 
leishmanis spp. Trypanothione Increased Arsenite/antimonial (Hsu et al., 2008) 

Trypanothione peroxidase Increased Arsenite/antimonial (Lin et al., 2005) 
Trypanothione spp. Su peroxide dismutase Increased Benznidazole (Andrade et al., 2008) 
Haemonchus contortus Glutathione 5-transferase Increased Cambendazole (Kawalek et al., 1984) 

Thioredoxin Increased lvermectin (Sotirchos et al., 2008) 
Fascia/a hepatica Glutathione 5-transferase Decreased Rafoxan ide/Closa ntel (Miller et al., 1994) 
amRNA transcript levels in response to drug resistance. 
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and lipid peroxides are generated by the interaction of primary ROS with cellular 

targets (McGonigle et al., 1998). These ROS can also be produced to combat infections 

and may also be used as secondary messengers for cell signalling (Halliwell and 

Gutteridge, 1990). Parasites, such as the blood feeding H. contortus, have to not only 

detoxify their own ROS, which are produced due to their own metabolism and their 

blood feeding nature, but they also have to protect themselves against the ROS 

released by host effector cells as part of their immune response (Callahan et al., 1988, 

Muller et al., 2003). In response to these increased ROS, parasites have developed 

unique antioxidant systems that are important for parasite survival. 

Antioxidant systems control free radicals and maintain intracellular homeostasis. As 

such, they play many roles required for cell viability (Kalinina et al., 2008). The three 

main antioxidant enzymes involved in the primary defence against oxidative stress are 

superoxide dismutase (SOD), catalase, and glutathione-dependent peroxidases (figure 

1.2). Peroxiredoxins have recently emerged as another group of enzymes that are 

involved in the primary defence against oxidative attack, particularly in parasites 

(Jaeger and Flohe, 2006). SOD has the ability to reduce super oxides to hydrogen 

peroxide, which are then reduced further into harmless compounds. The mammalian 

systems predominantly use catalase and the selenium containing glutathione 

peroxidase for the detoxification of hydrogen peroxide, however, due to the frequent 

lack of or low expression of these enzymes in parasites, these organisms appear to 

depend on peroxiredoxins for this detoxification (McGonigle et al., 1998, Nogoceke et 

al., 1997). 

The two major cellular proteins that maintain the redox balance, as well as protecting 

macromolecules against ROS, are the thiol peptides thioredoxin and glutathione. In 

mammalian cells, complete but separate thioredoxin and glutathione systems are 

maintained in both the cytosol and the mitochondria. The activity of these proteins is 

dependent on cysteine thiol groups; the thioredoxin system is involved in maintaining 

the cellular redox homeostasis, while t he glutathione system maintains the tripeptide 

glutathione in its reduced state. While these systems are distinctive, they do share 
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First line of defence against reactive oxygen species 

202 r2e 
20£ 

V-2w 
Superoxide dismutase ! 
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/ j 

Oxygen 

Su peroxide 

Hydrogen peroxide 

Cata lase 

Figure 1.2: First line of defence against reactive oxygen species. 

Highly reactive and dangerous superoxide radicals are produced in cells as a by-

product of respiration or as potent antimicrobials. Su peroxide dismutase catalyses the 

dismutation of superoxide radicals into hydrogen peroxide and oxygen. Hydrogen 

peroxide is further detoxified through either glutathione peroxidase, using glutathione 

(GSH) as an electron donor, peroxiredoxin using thioredoxin (Trx) as an electron donor, 

or catalase, into harmless compounds. Trxred and Trx0 x are the reduced and oxidised 

forms of the enzyme, respectively. 
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similar characteristics. Both systems contain enzymes that are members of the 

pyridine-nucleotide oxidoreductase family; both systems can utilise substrates that are 

small redox-active peptides; and both systems have the ability to undergo thiol-

disulfide exchange. The major differences between the two systems lies in substrate 

specificity and intracellular levels of the redox-active peptides (Mustacich and Powis, 

2000}. 

1.6. The glutathione system 

As the major housekeeping antioxidant system, the glutathione system plays a 

fundamental role in redox homeostasis, as well as protecting macromolecules from 

oxidative damage. Glutathione, a tripeptide made up of y-glutamylcysteine glycine, 

represents the most important non-enzymatic regulator of intracellular redox 

homeostasis. It is ubiquitously expressed in all cell types at very high concentrations 

(Meister and Anderson, 1983} and exists in both the reduced (GSH} and oxidised 

(GSSG} forms. Glutathione functions by the reversible oxidation and reduction of its 

thiol groups, as well as through glutathionylation to regulate protein function 

(Pompella et al., 2003} and directly conjugating to xenobiotics for detoxification and 

removal by efflux pumps (Hayes and Mclellan, 1999}. Glutathione can act 

independently or via glutaredoxin, a small molecular weight protein that contains a 

redox active site 'CXXC' (figure 1.3). Glutaredoxin reduces mixed disulfides or 

glutathionylated proteins, and in the process becomes oxidised (Shelton et al., 2005). 

Reduction of oxidised glutaredoxin is not directly through a reductase but is through 

glutathione and then glutathione reductase (GR}, which acts by transferring electrons 

from NADPH. The glutathione system is also linked directly to the detoxification of 

hydrogen peroxide and organic hydroperoxides through glutathione peroxidase (GPx}. 

GPx is the general name for a family of multiple isoenzymes that catalyse the reduction 

of hydrogen peroxide or organic hydroperoxides to water or the corresponding 

alcohols using glutathione as an electron donor (Margis et al., 2008). Several distinct 

families of enzymes that display GPx activity have evolved and have been classified as 

selenium-dependent or selenium-independent enzymes (Hayes and Mclellan, 1999}. 
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I Glutathione system I Target protevget protein..,, f Target protein., 
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Figure 1.3: The glutathione and thioredoxin systems. 

The glutathione system; glutaredoxin (Grx) and glutathione can both directly reduce 

oxidised target proteins. Oxidised Grx is then reduced by glutathione (GSH). Oxidised 

glutathione (GSSG) is then reduced by glutathione reductase (GR) through the reducing 

equivalents of NADPH (Holmgren, 1989). GSH can directly reduce glutathione 

peroxidase (GPx), which reduces hydrogen peroxide . The thioredoxin system; 

thioredoxin (Trx) reduces an oxidised target protein including peroxiredoxin, which 

reduces hydroperoxides. Oxidised thioredoxin is reduced by thioredoxin reductase 

(TrxR) through the reducing equivalents of NADPH (Holmgren, 1989). 
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These enzymes require glutathione as an electron donor and are thus reduced via the 

glutathione system . 

1. 7. The thioredoxin system 

The thioredoxin system, ubiquitously found in all organisms from bacteria to humans, 

is an antioxidant system which contains three different enzymes, thioredoxin (Trx), 

thioredoxin reductase (TrxR) and peroxiredoxin (Prx) . These enzymes perform many 

important biological functions; these include donating hydrogen to ribonuclease 

reductase for DNA replication, facilitating refolding of denatured proteins in response 

to oxidative stress, regulating signal transduction and apoptosis, and maintaining 

cellular redox homeostasis (Kondo et al., 2006, Yoshioka et al., 2006}. 

The thioredoxin system has also been implicated in the progression of many disease 

states. Decreased thioredoxin levels have been shown to be involved in neurological 

disorders such as Altzheimer's and Parkinson's (Bai et al., 2002, Lovell et al., 2000}. 

Conversely, increased expression of thioredoxin has been associated with many viral 

infections (Sumida et al., 2000, Yodoi and Tursz, 1991), diseases (Shioji et al., 2003} 

and even cancer (Berggren et al., 1996, Fang et al., 2005, Gromer et al., 2004) . There is 

also increasing evidence for the involvement of the thioredoxin system in drug or 

chemotherapy resistance (Baker et al., 2006, Sotirchos et al., 2008}. 

1. 7 .1. Thioredoxin 

Thioredoxin is a small molecular weight dithiol enzyme that acts as a general protein 

disulfide reductase. Its activity is based on its ability to undergo reversible oxidation 

and reduction by forming disulfide bonds within its conserved active site 'WCGPC' 

(Gromer et al., 2004}, similar to glutaredoxins. The active site forms a protrusion on 

the surface of the protein allowing for unproblematic binding to target proteins 

(Holmgren, 1989). Reduction of thioredoxin back to its reduced form is through the 

enzyme TrxR. However, post-translational modifications of the cysteine residues by 
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either oxidation, S-nitrosylation and glutationylation can control the activity and 

function of thioredoxin (Yamawaki and Berk, 200S). 

In contrast to glutathione, intracellular levels of thioredoxin are quite low, however, its 

ability to reduce some substrates is approximately 1000 times higher than glutathione 

(Kern and Kehrer, 200S ). 

1. 7 .2. Thioredoxin reductase 

Thioredoxin reductase, first identified by Thelander (1967), is a member of the pyridine 

nucleotide-disulfide oxidoreductase family, which includes glutathione reductase, 

lipoamide dehydrogenase and mercuric reductase (Arscott et al., 1997). TrxRs are 

homodimeric flavoenzymes where each monomer contains a FAD prosthetic group, an 

NADPH binding site and at least one active site containing a redox-active disulfide 

(figure 1.4). Two major groups of TrxRs have evolved, the low molecular weight TrxRs 

(low Mr TrxRs), approximately 3S kilo Daltons (kDa) in size, found in prokaryotes, and 

the high molecular weight TrxRs (high Mr TrxRs), approximately SS kDa, found in 

eukaryotes. These major groups of TrxRs differ fundamentally and mechanistically in 

the way they catalyse the reduction of their substrates (Williams et al., 2000). The low 

Mr TrxRs have a conserved central redox-active site Cys-Ala -Thr-Cys (CATC) located 

within the NADPH-binding domain. These enzymes need to undergo a large 

conformational change, a domain rotat ion of 66°, for the reduction of the substrate to 

occur. High Mr TrxRs, the best studied being that of the mammalian system, have a 

second redox-active site Gly-Cys-SeCys-Gly (GCUG) located at the (-terminal that 

communicates with the central redox-active catalytic site (Arscott et al., 1997). This 

central redox-active site Cys-Val- Asp-Val-Gly-Cys (CVNVGC) is highly conserved 

throughout higher organisms and is found within the FAD-binding domain. Electrons 

are transferred from NADPH, via FAD, to the central active-site disulphide in one 

subunit and are then shuttled to the C-terminal redox-active site of another subunit, 

thus creating a head-to-tail dimer arrangement (Zhong et al., 2000). The electrons can 

then subsequently reduce the disulfide of the substrate. 
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Figure 1.4: Schematic of thioredoxin reductase and related enzymes. 
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Cys 
orSeCys 

A, glutathione reductase (GR); B, thioredoxin-glutathione reductase (TGR); C, high 

molecular weight TrxR (high Mr); D, low molecular weight thioredoxin reductase (low 

Mr). Common domains are indicated: green, NADPH domain; orange, interface domain 

specific for high Mr TrxR; black, potential N-terminal targeting sequences for 

mitochondrial enzymes; white, glutaredoxin domain; yellow, FAD domain. Broken 

black line between A and B indicates indel differentiating high Mr TrxR (and TGR) from 

GR. Red bars indicate positions of redox-active cysteines. There is some variation in the 

structure of the cysteine (Cys, C) redox centre that occurs at the C-terminus of the 

interface domain of high Mr TrxRs. Human Mr TrxR have GCUG as the final four amino 

acids but the selenocysteine (SeCys, U) is absent from the known Drosophila 

melanogaster enzyme, in which the carboxyl terminus has the sequence SCCS (Kanzok 

et al., 2001). Plasmodium falciparum TrxR has the sequence CGGGKCG (Wang et al., 

1999). (Adapted from Hirt et al., 2002). 
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Thioredoxin reductase enzymes are named for their ability to reduce oxidised 

thioredoxin, in fact the only known mechanism for the reduction of thioredoxin is 

through the NADPH-dependent reduction by TrxR. Thioredoxin is not, however, the 

only substrate of TrxR. Mammalian TrxRs are promiscuous and are capable of reducing 

many different substrates (Mustacich and Powis, 2000). Their ability to reduce a broad 

range of non-specific substrates is proposed to be due to the incorporation of a 

selenocysteine (SeCys) residue into the (-terminal active site. This incorporation is 

encoded by a UGA codon, which is more frequently the signal for termination of 

protein synthesis. Specialised structures called selenocysteine insertion sequence 

(SECIS) elements are required for correct reading of the UGA codon during translation. 

These are found in the 3'untranslated region of mRNA as secondary loop structures 

(Zavacki et al., 2003}. 

The SeCys residue contains a selenium atom that has higher nucleophilicity and a 

lower pKa than the sulfur containing cysteine residue, thus making the enzyme more 

active (Johansson et al., 2005). The additional bond length of 15% between the 

cysteine and selenocysteine residues is also believed to facilitate the formation of the 

selenenyl-sulfide bridge, giving this enzyme its flexibility and, consequently, its broad 

substrate specificity. However, there has been some contention over the advantages 

of selenocysteine residues, Lothrop et al. (2009} believing that it is not the 

selenocysteine residue that gives these enzymes their broad substrate specificity but it 

is rather due to the variability in the types of bonds the central active site will reduce 

with the hypothesis being that substrates reduced by the central active site require a 

certain electrophilic threshold in order to be efficient substrates. The only advantage 

of a selenocysteine according to Lothrop et al. (2009) is, therefore, the superior 

chemical properties conferred by the selenium atom at acidic pH. This theory is 

supported by the fact that other high molecular weight TrxR enzymes, from non-

mammalian organisms, which do not contain the selenocysteine residue, have evolved 

alternative ways of maintaining high activity and flexibility in their (-terminal active-

sites (table 1.2). In Drosophila melanogaster, the conserved (-terminal active site 

contains the motif Ser-Cys-Cys-Ser (SCCS), which gives the enzyme similar activity to 
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the mammalian enzyme, even though it lacks the reactive selenocysteine (Kanzok et 

al., 2001). It is thought the serine residues aid in deprotonating the catalytic cysteine, 

therefore giving high activity without the need for a selenocysteine residue (Gromer et 

al., 2003) . In Plasmodium falciparum, the C-terminal motif contains four residues 

between the C-terminal cysteines Cys-Gly-Gly-Gly-Lys-Cys (CGGGKC) (Wang et al., 

1999), which is believed to give the active site extra length and therefore flexibility. In 

the non-parasitic nematode Caenorhabditis elegans, while the C-terminal active site of 

the first identified TrxR enzyme contains the advantageous selenocysteine residue 

similar to the mammalian system, the second TrxR enzyme contains a cysteine in place 

of the selenocysteine residue, providing a Gly-Cys-Cys-Gly (GCCG) motif unique to 

nematodes (Gladyshev et al., 1999), without loss of activity. 

Table 1.2: C-terminal active sites of TrxR enzymes from different organism 

Organism TrxR 

Human 

D. melanogaster/insects 

P. falciparum 

C.elegans 

1. 7 .3. Peroxiredoxin 

GCSecG 

SCCS 

cxxxxc 
GCSecG/GCCG 

Peroxiredoxins (Prxs) belong to a distinct family of antioxidant proteins with diverse 

biological activities found in all organisms (McGonigle et al., 1998). These activities 

include general cell detoxification, specific signalling cascades leading to cell 

proliferation or differentiation processes (Hofmann et al., 2002), modulating cytokine-

induced hydrogen peroxide levels, regulating DNA synthesis, gene transcription, cell 

growth and apoptosis (lsermann et al., 2004). 

17 



Chapter 1: Introduction 

Three distinct groups of peroxiredoxins exist based on the regions surrounding their 

conserved cysteine residues (figure 1.5). The first group, termed 1-Cys Prxs, contain 

only one conserved cysteine residue within the motif 'VCT'. The second and largest 

group, termed typical 2-Cys Prxs, contains two conserved cysteine residues within the 

motif 'VCP' . The third group is termed atypical 2-Cys Prxs; these contain one conserved 

cysteine residue with the motif 'VCP' at the N-terminal active site, as well as a non-

conserved cysteine near the (-terminal (Lopez et al., 2000). The common catalytic 

ability of these proteins is the reduction of hydroperoxides at the expense of thiols 

(Hofmann et al., 2002), thus preventing formation of dangerous oxygen radicals (Lim et 

al., 1993). These differ from other peroxidases such as catalase and glutathione 

peroxidase as they do not contain any redox cofactors such as metal or prosthetic 

groups (Ped raj as et al., 2000} . 

Peroxiredoxins reduce peroxides by the preferential oxidation of the sulfydryl groups 

on conserved cysteine residues, in a thiol- or thioredoxin dependent manner (Chae et 

al., 1994a, Lim et al., 1993). The sulfydryl groups are regenerated by the transfer of 

reducing equivalents from NADPH by thioredoxin reductase to thioredoxin and finally 

to the disulfide of peroxiredoxin (Chae et ar, 1994b). The basic structure of these 

enzymes is two homodimers of 25kDa subunits linked by two disulfide bonds between 

the conserved cysteine residues at position 47 (Cys47
) and position 170 (Cys170

). The 

oxidation of Cys47 gives rise to cysteine sulfenic acid, which then reacts with the 

cysteine residue at Cys170 of the other subunit to create an intermolecular disulfide 

bond. 

The role of these peroxiredoxins varies depending on the organisms to which they 

belong. In mammalian organisms, where distinct cytoplasmic and mitochondrial 

thioredoxin systems exist, the role of peroxiredoxins as antioxidant enzymes is unlikely 

as the molar efficiency of catalase for hydrogen peroxide is much higher than that of 

the peroxiredoxins (Hofmann et al., 2002). Prx enzymes appear to have evolved to 

function as regulatory enzymes, acting as messengers or modulators of hydrogen 

peroxide for differentiation processes and signalling cascades. This occurs due to 
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VCT 
T 

1-Cys Peroxiredoxins 

VCP VCP 

T T 
Typical 2-Cys Peroxiredoxins 

VCP xcx 
T T 

Atypical 2-Cys Peroxiredoxins 

Figure 1.5: Schematic of peroxiredoxin enzymes. 

Peroxiredoxins are classified into three major groups; 1-Cys peroxiredoxins contain one 

'VCT' redox active site (red); typical 2-Cys peroxiredoxins contain two 'VCP' redox 

active sites; and atypical peroxiredoxins contain two active sites with different motifs, 

one with the motif 'VCP' and the other with the motif 'XCX'. 
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inactivation of the enzymes at high concentrations of hydrogen peroxide (Brigelius-

Flohe et al., 2001, Forman and Cadenas, 1997). Two motifs located near the (-terminal 

of the protein, 'GGLG' and 'YF', appear to be critical for predicting overoxidatation and 

inactivation of the enzyme. The mammalian enzymes contain these two motifs, which 

renders them sensitive to overoxidation thus giving them a regulatory fuction (Wood 

et al., 2003}. A 'flood gate' model has been hypothesised where, in a resting cell, 2-Cys 

peroxiredoxins are present in large amounts, which keeps surrounding levels of 

peroxides very low to ensure no signalling is triggered. When a transient intracellular 

peroxide burst occurs, the peroxide levels would be sufficient to inactivate the 

peroxiredoxins; as a result the peroxides could interact with other proteins and act as 

messengers. When too much peroxiredoxin is present, signalling would be blocked as 

the peroxide burst would not be sufficient to inactivate all of the peroxiredoxin in the 

cell (Wood et al., 2003}. 

In parasites, however, peroxiredoxins appear to play a very different function as they 

are the major hydrogen peroxide reducing enzyme and, therefore, play a crucial role in 

detoxification of ROS for parasite survival (Jaeger and Flohe, 2006). 

1.8. Diversity of parasitic antioxidant systems 

The diversity of the antioxidant systems in parasites has lead to their identification as 

ideal drug targets and as rational vaccine candidates (Jaeger and Flohe, 2006}. In 

mammalian cells, complete but separate thioredoxin and glutathione systems are 

maintained in both the cytosol and the mitochondria. However, in parasites, these 

separate systems are not as simply maintained and many complex and integrated 

systems have emerged. 

1.8.1. Plasmodium spp. 

The thioredoxin system of Plasmodium spp./ the causative agent of malaria, contains a 

distinctive thioredoxin-like enzyme called plasmoredoxin, as well as a non-selenium 

dependent thioredoxin reductase with a unique (-terminal active site (Wang et al., 
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1999). Both of these enzymes are exclusively expressed in Plasmodium spp., and their 

potential as novel drug targets is therefore apparent. Through gene knockout studies, 

the TrxR enzyme was found to be essential for survival (Krnajski et al., 2002} and 

inhibitors are now being investigated for control of malaria {Fidock et al., 2008). 

Plasmodium spp. lack both catalase and glutathione peroxidase, the two major 

hydroperoxide detoxification enzymes, which means the parasites must rely on the 

peroxiredoxin enzymes alone for this detoxification {Nickel et al., 2005). Gene 

knockout studies have again revealed the importance of this enzyme for parasite 

survival; Prx knockout parasites challenged with exogenous hydroperoxides 

demonstrated growth reduction (Komaki-Yasuda et al., 2003} as well as gametocyte 

development defects (Yano et al., 2006). The requirement of these enzymes for 

parasite viability confirms them as valid targets for control. 

1.8.2. Trypanosomatids 

Trypanosomatids are a unique group of protozoan parasites responsible for numerous 

life threatening tropical diseases. These organisms contain their own specific redox 

system differing from other eukaryotes. Their system is based on the thiol-polyamine 

conjugate trypanothione (Try; spermidine conjugated to glutathione) and the NADPH-

dependent flavoenzyme trypanothione reductase {Fairlamb and Cerami, 1992, Krauth-

Siegel et al., 2003}. Trypanothione reductase {TryR) replaces the glutathione reductase 

and the thioredoxin reductase enzymes found within mammalian organisms, and 

therefore represents an excellent target for anti -trypanosomal drugs. TryR has also 

been identified as essential to survival of these parasites as disruption/down 

regulation of TryR in Leishmania spp. resulted in reduced survival, and TryR knockout 

parasites were unable to be generated (Dumas et al., 1997, Tovar et al., 1998}. Many 

different compounds are currently being studied for their ability to inhibit TryR 

{Moreira et al., 2009, Rivera et al., 2009, Soeiro and de Castro, 2009}. 

Try and TryR, together with tryparedoxin, a thioredoxin-like protein, and tryparedoxin 

peroxidase, a peroxiredoxin-like protein, make up the enzymatic cascade for the 

detoxification of hydroperoxides {Nogoceke et al., 1997). This group of parasites lack 
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catalase and the classical selenium-dependent glutathione peroxidase (Henderson et 

al., 1987, Mehlotra, 1996), making the peroxidases extremely important for 

hydroperoxide detoxification. Using RNA interference techniques, a peroxiredoxin was 

identified as being essential for viability of the blood lifecycle stage of the parasite 

(Wilkinson et al., 2003} . Peroxiredoxin enzymes have also been associated with 

virulence in this parasite (Pineyro et al., 2008} as well as drug resistance (Iyer et al., 

2008, Lin et al., 2005}, thus highlighting the significance of the peroxiredoxin enzymes 

in trypanosome survival. 

1.8.3. Platyhelminths 

Metazoan parasites have also developed their own unique detoxification systems. 

While platyhelminths such as Schistosoma spp. and Fascia/a spp., contain both 

thioredoxin and glutathione, a single enzyme, thioredoxin-glutathione reductase 

(TGR}, maintains both thioredoxin and glutathione in their reduced forms (Bonilla et 

al., 2008}. Due to its diversity and its essential role in parasite survival, TGR is now a 

key anti-schistosomal target (Kuntz et al., 2007) with a potential inhibitor, 4-phenyl -

1,2,5-oxadiazole-3-carbonitrile-2-oxide (PFC}, identified, which has minimal 

mammalian toxicity (Sayed et al., 2008). 

Similar to other parasitic organisms, platyhelminths do not contain the major 

hydroperoxide detoxification enzyme catalase (Mkoji et al., 1988} and little glutathione 

peroxidase (Maiorino et al., 1996, Pryor et al., 2006}. Gene silencing experiments 

performed in these parasites identified the peroxiredoxin enzyme as essential for 

parasite survival when exposed to exogenous hydroperoxide (Sayed et al., 2006}. 

These enzymes were also found to be secreted (McGonigle et al., 1997, Williams et al., 

2001}, resilient to overoxidation (Sayed and Williams, 2004} and, similar to the TGR, 

also had the ability to utilise both glutathione and thioredoxin, thus identifying these 

as rational drug or vaccine targets. 

1.8.4. Nematodes 

Little is known about the antioxidant systems in nematodes. Five thioredoxins have 

recently been characterised in H. contortus, which indicate separate mitochondrial and 
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cytoplasmic thioredoxin systems (Sotirchos, 2009, Sotirchos et al., 2008, Sotirchos et 

al., 2009). Two H. contortus thioredoxins contain classical 'WCGPC' active sites, while 

the other three contain variations of the classical active site (figure 1.6). HcTrxl is 

related to the classical human thioredoxins and appears to be conserved throughout 

evolution (Sotirchos et al., 2008). Small thioredoxins, approximately 12 kDa in size like 

HcTrxl, have been found to be the predominant dithiol in most organisms (Alger et al., 

2002, Kanzok et al., 2000, Kondo et al., 2006). However, in nematodes such as Brugia 

malayi/ Onchocerca volvulus and C. elegans/ a larger 16 kDa thioredoxin has been 

identified as the predominant species (Kunchithapautham et al., 2003). In H. contortus/ 

a larger thioredoxin HcTrx3, also approximately 16 kDa, was found to be expressed at 

10-fold higher levels than HcTrxl and was, therefore, identified as the predominant 

species (Sotirchos et al., 2008) . A parasite-unique thioredoxin, HcTrxS, with both 

thioredoxin and glutaredoxin activity was also identified in H. contortus. This protein 

has the activity of a glutaredoxin but the structure of a thioredoxin (Sotirchos et al., 

2009). The ability of HcTrxS to be regenerated by glutathione and glutathione 

reductase, as well as thioredoxin reductase, appears to create an electron transfer 

pathway similar to the linked systems in platyhelminths, where the thioredoxin 

reductase and the glutathione reductase activities reside in the same enzyme (Salinas 

et al., 2004, Sotirchos et al., 2009). The unique activity of this thioredoxin represents a 

potential drug target for the control of/-/. contortus. 

The thioredoxin reductase enzymes of H. contortus have not been characterised 

previously and no work has been reported previously in other parasitic nematodes. 

However, enzymes similar to those found in the closely related non-parasitic 

nematode, C. elegans/ are believed to be present in H. contortus. The identification of 

a nematode-unique (-terminal active site found in the mitochondrial thioredoxin 

reductase from C. elegans (Lacey and Handal, 2006) suggests a similar thioredoxin 

reductase may be identified in H. contortus/ which may represent the diversity needed 

for a rational drug target. 
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Thioredoxin Type 

HcTrxl Mitochondrial 

HcTrx2 Classical 

HcTrx3 Nucleoredoxin 

Active 
site 

WCGPC 

WCGPC 

WCPPC 

HcTrx4 Transmembrane WCPAC 

HcTrxS Mitochondrial WC RSC 

Size Schematic 
(kDa) 

13.2 

30.7 

15.9 

27.5 

20.0 

Figure 1.6: Schematic representation of H. contortus thioredoxins 
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144 

Common domains are indicated; yellow indicates mitochondrial localisation signal; 

black indicates endoplasmic reticulum localisation; green indicates thioredoxin 

domain; orange indicates transmembrane domain; double red lines indicates the 

position of the active site, dashed black lines indicates the position of extra structural 

cysteines outside the active site; underlined numbers above the cysteines indicate the 

amino acid position within the protein; numbers above the (-terminal indicate the 

number of amino acids in the protein. 
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The major hydrogen peroxide reducing enzymes catalase and glutathione peroxidase 

are present in nematodes. However, glutathione peroxidase has been identified as 

having either extremely low activity (Tripp et al., 1998) or no activity at all with 

hydrogen peroxide (Ou et al., 1995, Tang et al., 1995, Vanfleteren, 1993), suggesting 

that it is not responsible for hydrogen peroxide detoxification in these parasites 

(Selkirk et al., 1998). Catalase, on the other hand, appears to act in tandem with 

peroxiredoxins to reduce hydrogen peroxide (Gems and Doonan, 2009, Henkle-

Duhrsen et al., 1998, Ou et al., 1995). The majority of peroxiredoxin enzymes identified 

in nematodes have been classified as typical 2-Cys Prx enzymes. These have been 

found to be excreted by the organisms and, consequently, represent ideal vaccine 

targets (Klimowski et al., 1997, Lu et al., 1998). In the filarial nematodes, 8. malayi and 

0. volvulus, it has been suggested that peroxiredoxin enzymes play major roles in 

counteracting free radicals produced within cells (Ghosh et al., 1998) as well as helping 

to establish infections within the host (Lu et al., 1998). These enzymes were also found 

to be hydroperoxide resilient in B. malayi suggesting they function differently from 

their mammalian counterparts (Ghosh et al., 1998). Vaccine trials incorporating the B. 

malayi peroxiredoxin protein as one of the antigens in a multiple vaccine have given 

high protection efficiencies demonstrating that peroxiredoxins are promising vaccine 

candidates against these nematodes (Vanam et al., 2009). 

In C. elegans, closely related to H. contortus, three independent peroxiredoxin 

enzymes have been identified; two 2-Cys peroxiredoxins and one 1-Cys peroxiredoxin 

(lsermann et al., 2004). Of the two 2-Cys peroxiredoxins, one has a predicted 

mitochondrial localisation sequence (CePrxl), while the other has a cytoplasmic 

location (CePrx2). Using gene silencing techniques, the expression of CePrx2 was found 

to be critical for development; worms with the CePrx2 gene silenced were significantly 

smaller and had reduced brood size in comparison to the wild-type worms (lsermann 

et al., 2004). lsermann et al. (2004) also showed that CePrx2 did not protect worms 

against oxidative stress and it may therefore play a role in cell signalling, similar to the 

role of peroxiredoxin enzymes in mammalian organisms. In opposition to this, recent 

evidence has identified CePrx2 as playing multiple roles in oxidative stress resistance; 
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as a powerful antioxidant, as a chaperone and also as a mechanism for signalling 

(Olahova et al., 2008). It was also stated that CePrx2 was found in the ES fraction from 

C. elegans, again suggesting that t hese peroxiredoxin enzymes would make promising 

vaccine candidates (Chaithirayanon and Sobhon, 2010) . 

Thus far, only one peroxiredoxin has been identified in H.contortus. This enzyme was 

found to be a typical 2-Cys Prx and was termed HcPrx2 due to its significant homology 

with the cytosolic C. elegans peroxiredoxin CePrx2 (Bagnall and Kotze, 2004). In adult 

worms, compared to the free-l iving larvae stage, HcPrx2 was found to be expressed at 

4.3- fold higher levels while catalase remained unchanged and glutathione peroxidase 

levels decreased (Bagnall and Kotze, 2004). These results suggest that HcPrx2 is the 

major hydroperoxide det oxifying enzyme used in H. contortus, and correlates with the 

increased need of adults worms to protect themselves from, not only their own 

metabolically produced ROS, but also again st the ROS released as part of the host's 

immune response. These results highlight the importance of peroxiredoxin enzymes 

for protection against oxidative st ress in H. contortus. 

1.9. C. elegans as a model 

Since the sequencing of its genome in 1998 (C. elegans Sequencing Consortium, 1998), 

and the development of manipulation tools such as transformation, gene silencing 

using RNA interference (RNAi), gene knockouts, microarrays and proteomics, the free 

living non-parasitic nematode C. elegans has become a popular model for multi-

cellular organisms. C. elegans has been especially useful in the investigation of 

anthelmintic drugs (Brown et al., 2006) and their specific modes of action (Coles et al., 

1981, Cully et al., 1994, Ducray et al., 2008), as well as an important model for the 

primary screen of many toxic compounds (Hashmi et al., 2001, Leung et al., 2008). The 

use, however, of C. elegans as a model for certain organisms is questioned as it does 

not address genes that are specific for parasitic nematodes. Many research groups 

believe that C. elegans can be a valuable model for studying the potential function of 

genes of interest, providing orthologu es or homologues exist in both species (Burglin 
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et al., 1998, Hashmi et al., 2001}. However, understanding the relationship between 

the parasitic worm and C. elegans is extremely important; C. elegans will be a more 

appropriate model for those organisms it is more closely related to (Britton and 

Murray, 2006). Nematodes have been placed into five clades according to molecular 

phylogenetics (Blaxter et al., 1998, Burglin et al., 1998). C. elegans is a member of the 

Rhabditida and is placed in clade five with the order Strongylida, which contains the 

parasitic nematode, H. contortus (Blaxter and Liu, 1996}. Careful consideration must 

also be taken when studying the biology of the parasite as adaptations associated with 

parasitism are clearly not found in the free-living nematode and significant species 

differences have already been highlighted . This has therefore lead to the evaluation of 

C. elegans as a model on a case-to-case basis (Geary and Thompson, 2001). Geldhof et 

al. (2007} have demonstrated that using C. elegans as a model would not have resulted 

in the identification of the most established H. contortus vaccine candidates, the gut 

membrane proteins (Knox et al., 2003}, suggesting extensive caution must be taken 

when interpreting C. elegans-based data to identify potential parasitic vaccine targets. 

Nonetheless, C. elegans was believed to be a relevant model for this study due to the 

identification of homologous enzyme systems, and the close phylogenetic relationship 

between it and H. contortus. 

1.10. Thesis objectives 

Due to the emergence of drug resistance to all commonly used anthelmintics, the 

identification of new drug or vaccine targets is essential for new treatment strategies 

for the control of H. contortus. The requirement of aerobic organisms to control the 

damage caused by ROS and the increased necessity of parasites to overcome the host 

immune response, has led to the investigation of cellular antioxidant systems as 

potential targets in drug or vaccine development. These systems, in particular the 

thioredoxin system, have evolved diversely in response to the different requirements 

of the organism, and so are significantly different in parasites compared to their hosts 

(Jaeger and Flohe, 2006). 
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Studying the importance of new drug or vaccine targets in parasitic organisms like H. 

contortus is extremely difficult, however, due to their complex life cycle, the absence 

of in vitro culture techniques, and the inherently large genetic heterogeneity of the 

population. Thus, therefore using a model organism such as C. elegans represents a 

realistic alternative for comparative analysis of the homologous antioxidant systems. 

This work therefore aims to characterise the thioredoxin system of H. contortus, 

specifically the thioredoxin reductase and peroxiredoxin enzymes. Previous studies in 

our lab have characterised the thioredoxins of H. contortus (Sotirchos, 2009}. This, 

therefore, allows for the characterisation of the entire thioredoxin system. 

As little is currently known about the thioredoxin system of H. contortus, 

characterisation would not only enhance our understanding of the basic biological 

processes required for development and survival of this organism but would also aid in 

the understanding of nematode systems and their diversity throughout evolution . This 

would, therefore, enable the differences between the parasite and the host to be 

exploited as possible drug targets or vaccine candidates for parasite control. 
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Chapter 2: Materials and methods 

2.1. Materials 

The chemical, biological and miscellaneous materials listed below are grouped with the 

names of suppliers. 

2.1.1. Chemical reagents 

Ajax Chemical Ltd., NSW, AUS: sod ium hypochlorite; 

Amresco, Solon, Ohio, USA: glycine; 

Asia Pacific Chemicals Ltd, Seven Hills, NSW, AUS: glycerol; 

Astral Scientific Pty Ltd, Caringbah, NSW, AUS: isopropyl-~-thiogalactopyranoside 

{IPTG); 

Biotium Inc., Hayway, CA, USA: Gel red; 

Delta West Laboratories, Sydney, NSW, AUS: cisplatin; 

Mallinckrodt Australia, Clayton, VIC, AUS: methyl alcohol; 

ICN Biomedicals, Irvine, CA, USA: 3-(4,5 Dimethylthiazolyl-2)-2,5-diphenyl tetrazolium 

bromide (MTT); 

Merck Pty Ltd., Kilsyth, VIC, AUS: sodium dihydrogen orthophosphate monohydrate; 

Sigma, St Louis, MO, USA: acetic acid, aminotriazole, ammonium sulphate, ampicillin 

sodium salt, aurothioglucoase (auranofin}, brilliant blue R250, bromophenol blue, 

carbenicillin disodium salt, calcium chloride, 1-chloro-2,4-dinitrobenzene (CDNB}, 

chloroform, coenzyme QlO {Ubiquinone}, curcumin, isoamyl alcohol mixture, 

cholesterol, cumene hydroperoxide, dimethyl sulfoxide {DMSO}, 5, 5'-dithio-bis (2-

nitrobenzoic acid) (DTNB}, DL dithiothreitol (OTT}, ethanol 200 proof {absolute}, 

ethylene diamine tetra acetic acid (EDTA}, Freund's incomplete adjuvant, glucose, 

glutathione (reduced and non-reduced form}, HEPES, hydrogen peroxide solution, 

imidazole, insulin from bovine pancreas, ivermectin (Primary ivermectin B1A}, lactose, 

lysozyme, magnesium chloride, magnesium sulphate heptahydrate, manganese 
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chloride, 2-mercaptoethanol, monosodium glutamate, methyl viologen dichloride 

hydrate (paraquat}, N-lauryl sarcosine, nickel sulphate, ~-nicotinamide adenine 

dinucleotide phosphate reduced form tetrasodium (~-NADPH}, ~-nicotinamide adenine 

dinucleotide (~-NADH}, 3-(N-Morpholino) propanesulfonic acid (MOPS}, penicillin-

streptomycin solution, phenol: chloroform: isoamyl alcohol mixture, 4-phenyl-3-

furoxan carbonitrile (PFC}, phenyl methane sulphonyl fluoride (PMSF}, p-nitrophenyl, 

ponceau S stain, potassium acetate, potassium arsenate monobasic, potassium 

chloride, potassium phosphate monobasic, 2-propanol, propidium iodide, RPMl-1640 

Medium modified (with L-glutatmine, without phenol red and sodium bicarbonate}, 

Sigma Fast BCIP/NBT, sodium acetate, sodium bicarbonate, sodium carbonate, sodium 

chloride, sodium dihydrogen orthophosphate monohydrate, sodium dodecyl sulphate, 

sodium hydroxide, sodium nitrate, sodium phosphate monohydrate, sodium selenite, 

tea extract from black tea, tert-butyl hydroperoxide, tetracycline hydrochloride, 

trichloroacetic acid, tris, triton X-100, tween-20; 

Spectrum Chemicals and Laboratory Products, Gardena, CA, USA: guanidine 

hydrochloride; 

All chemicals used throughout this study were of analytical grade unless otherwise 

stated. 

2.1.2. Biological reagents 

ABgene House, Surrey, UK: Absolute QPCR SYBR green low ROX Mix; 

Amresco, Solon, OH, USA: agarose; 

Bonlac Foods, AUS: diploma skim milk powder; 

BD sciences - Clontech, Mountain View, CA, USA: Advantage 2 Polymerase Mix, 

Marathon cDNA Amplication Kit; 

Dynal Biotech, Oslo, Norway: Dynabeads mRNA DIRECT Kit; 
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Fisher Biotech Australia, Wembley, WA, AUS: Taq DNA polymerase, 25 mM 

magnesium chloride, Ready-to use dNTP mix, Taq DNA polymerase lOx Reaction 

Buffer; 

lnvitrogen Life Technologies: 100 bp DNA ladder, 1 Kb DNA ladder, DNase 1 

Amplification Grade Kit, Bench Mark Pre-stained Protein ladder, pTrcHis B expression 

vector, TRlzol Reagent; 

New England Biolabs Inc., Ipswich, MA, USA: 100 bp DNA ladder, 1 Kb DNA ladder, 

Hind///; 

Oxoid, Hampshire, UK: Bacteriological peptone, Luria broth base {Millers) (LB}, Oxoid 

agar (bacteriological agar number l}, tryptone, yeast extract; 

Pierce, Rockford, Illinois, USA: Snakeskin Dialysis tubing, lOK MWCO; 

Promega, Madison, WI, USA: 6x blue/orange DNA loading dye, MULTICORE buffer 

pack, pGEM T-EASY Vector System 1, restriction enzymes (BamH/, EcoRI, Pst/, Sac/}, T4 

DNA ligase, T4 DNA ligase lOx buffer, X-gal; 

Qiagen, Valencia, CA, USA: Ni-NTA agarose, Omniscript RT kit, Penta-His Antibody, 

QIAprep Spin Miniprep Kit, QIAquick gel extraction kit; 

Sigma: Anti-mouse lgG (whole molecule} alkaline phophatase antibody developed in 

goat, anti-Rabbit lgG (whole molecule)-alkaline phosphatase antibody produced in 

goat, anti -sheep lgG (whole molecule) alkaline phophatase antibody developed in 

donkey, glutathione reductase from 5. cerevisiae, glycogen from Oyster, insulin from 

bovine pancreas, sheep serum, thioredoxin from E. coli, thioredoxin reductase from rat 

liver. 

2.1.3. Miscellaneous Reagents 

Axygen Scientific, Union Coty, CA, USA: PCR Microplates, 96 well half skit microplate 

clear single notch, ultra clear pressure sensitive sealing films; 

Baxter Healthcare Pty Ltd., Old Toongabbie, NSW, AUS: Water for irrigation; 
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Biorad, Hercules, CA, USA: Bio-Scale Desalting columns (10 ml}, Bio-Scale Mini IMAC 

columns (1 ml}, Experian Pro260 Analysis Kit, Experian RNA Std Sens chips, Experian 

RNA Std Sens reagents, Native IMAC Purification Kit (1 ml}, nitrocellulose membrane 

(0.45 µm, 30 cm x 3.5 m); 

lnterpath, Heidelberg West, VIC, AUSTRALIA: UV Star Plates; 

lnvitrogen Life Technologies: Nu PAGE Novex 4-12% Bis-Tris Gels 1 mm (10 well}, 

Nu PAGE MES SOS Running Buffer (20x}; 

Nunc, Kampstrupvej, Denmark: Maxisorb 96-well microtitre plates, Nuclon TM~ 

Surface 96-well and 6-well microtitre plates; 

NuSep, Lawrenceville, GA, USA: 4-20% igels; 

Pall Life Sciences, Ann Arbor, Ml, USA: acroCap filter unit 0.2µm membrane; 

Sigma-Genosys, Castle Hill, NSW, AUS: oligonucleotide primers; 

Terumo, Somerset, NJ, USA: lml syringe without needle, 18/19/21 G needles; 

Sarstedt Inc., Newton, NC, USA: disposable cell scrappers 39 cm; 

Techno-plas Pty Ltd., St. Mary's, SA, AUS: SO x 14mm full plate petri dishes, 90 X 14 

mm full plate petri dishes; 

2.1.4. Bacteria strains 

lnvitrogen: E. coli, OHS-a: genotype F- CD80/acZL'.1M lS L'.1(/acZYA-argF} U169 recAl 

endAl hsdRl 7 (rK-, mK+) phoA supE44 A.- thi-l gyrA96 re/Al for general propagation 

of recombinant plasmid; E. coli, ToplO: genotype F- mcrA L'.1(mrr-hsdRMS-mcrBC) 

CD801acZL'.1M15 L'.11acX74 recAl araD139 L'.1(ara leu) 7697 galU galK rpsl (StrR) endAl 

nupG for propagation of the expression vectors; 

Australian National University, ACT, AUS (gift from Dr C. Behm): E. coli, HT115: 

Genotype F- mcrA mcrB IN{rrnD-rrnE}l rcn14::Tn10 (DES lysogen: lavUVS promotor-T7 

polymerase) (IPTG-inducible T7 polymerase) (RNase Ill minus); propagation of RNAi 
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constructs; E.coli, OPSO: uracil auxotroph of E. coli feeding bacteria for RNAi 

experiments; 

2.1.5. Caenorhabditis elegans strains 

Australian National University: Bristol N2 wild type; 

Caenorhabditis Genetics Centre, University of Minnesota, Minneapolis, MN, USA: 

RBl 764 -thioredoxin reductase 2 null strain (TrxR2-/-), RB1961 - thioredoxin reductase 

1 null strain (TrxRl-/-), VC1151 - peroxiredoxin 1 null strain (Prxl-/-) and VC289-

peroxiredoxin 2 null strain (Prx2-/-); gene knockout strains derived from Bristol N2 wild 

type; 

2.1.6. Haemonchus contortus strains 

CSIRO Livestock Industries FD McMasters Laboratory, Armidale, NSW, AUS: HAECO 

Kirby1985, HAECO Wallangra2003 (field strains); 

Institute Of Parasitology, McGill University, Montreal, Canada (gift from Dr R. 

Prichard): HAECO PF23, IVF23 and MOF23 (lab strains); 

University of Sydney, NSW, AUS: HAECO McMasters1931 (field strains); 

2.1.7. Animal strains 

Royal North Shore Hospital/University of Technology, Sydney (RNSH/UTS) Animal 

Care Facility: Quackenbush (QS) female mice were used for antibody production. 

Animals were housed in accordance with the UTS animal ethics standards at 21°C with 

a 12 hr light/dark cycle and free access to food and water; 
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2.1.8. Cloning vectors 

Australian National University: pl4440 (pPD129.36) cloning vector: contains two 

convergent T7 polymerase promoters in opposite orientations separated by a multiple 

cloning site; 

lnvitrogen: pGEM T-Easy Vector System: contains a 3' overhang thymidine residue and 

was used throughout this study for the routine subcloning of DNA fragments 

generated by PCR amplification; pTrcHis B expression vector: contains a 5' 

polyhistidine tag to facilitate downstream purification and was used throughout this 

study for the expression of recombinant plasmids; 

2.1.9. Solutions 

Alkaline hypochloride solution (AHS): 1.6 M NaOH, 60% bleach. 

Blocking buffer: 5% skim milk powder made in PBS/tween. 

Formaldehyde agarose gel buffer lOx (FA gel buffer lOx): 200 mM MOPS, 50 mM 

sodium acetate, 10 mM EDTA; pH 7.0. 

Formaldehyde agarose gel: 1.2% agarose, 10 ml lOx formaldehyde agarose buffer 

Formaldehyde agarose gel running buffer lx (FA gel running buffer lx): 100 ml FA gel 

buffer 10x. 

Coomassie blue stain: 0.05% Brilliant Blue R250, 50% methanol, 10% glacial acetic 

acid. 

Coupling assay solution: 5 mM potassium phosphate pH 7, 1 mM EDTA. 

Destaining solution: 7% glacial acetic acid, 5% methanol. 

DNA Nicking assay buffer: 25 mM HEPES, pH 7. 

ELISA buffer 1: 0.59% NaHC03, 0.31% Na 2HC03, 0.02% NaN3; pH 9.6. 

ELISA buffer 2: 0.05% tween-20, 5% skim milk powder in phosphate buffered saline lx 

(PBS); pH 7.2. 
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ELISA buffer 3: 0.49% NaHC03, 0.45% Na2C03, 0.04% MgC'2.6H20; pH 9.8. 

Luria Broth media (LB media): 2.5% luria broth base. 

Luria Broth plates (LB plates): 2.5% luria broth base, 1.5% agar. 

Luria Broth plates with ampicillin: LB plates, 100 µg/ml ampicillin . 

Nematode Growth Medium (NGM): 0.3% NaCl, 1.2% agar, 0.25% peptone, 0.1% 

cholesterol in 5% ethanol, 1 mM CaCl2, 1 mM MgS04, 25 mM KH 2P04. 

Phosphate buffered saline lx (PBS): 137 mM NaCl, 2.7 mM KCI, 4.3 mM Na2HP04, 1.4 

mM KH2P04; pH 7.4. 

PBS/tween: 0.05% tween-20, PBS lx. 

Protein stabiliser (Sx): 15% lactose, 5% monosodium glutamate {MSG). 

RNA loading buffer (Sx): 0.16% saturated aqueous bromophenol blue solution, 4 mM 

EDTA pH 8.0, 2.88% formaldehyde, 20% glycerol, 30% formamide, 40% FA gel buffer 

lOx. 

RNAi plates: NGM plates, 0.025% carbenicillin, 1 mM IPTG. 

SOS reducing sample buffer 2x: 62 mM Tris-HCI pH 6.8, 20% glycerol, 2% SOS, 0.025% 

bromophenol blue, 2% 2-mercaptoethanol. 

SOB media: 0.05% NaCl, 2% tryptone, 0.5% yeast extract; 1.25 mM KCI, pH 7 

SOC media: SOB with 20 mM glucose, 10 mM MgC'2, 10 mM MgS04. 

TBE electrophoresis buffer: 0.089 M Tris-HCI, 0.089 M borate, 0.002 M EDTA. 

TE buffer: 10 mM Tris-Cl pH 8, 1 mM EDTA. 

Thioredoxin reductase assay solution: 50 mM Tris-HCI pH 7.5, 2 mM EDTA. 

Thioredoxin reductase insulin reduction assay stop solution: 1 mM DTNB in 6 M 

guanidine hydrochloride which was prepared in 0.2 M Tris-HCI, pH 8. 
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Transfer buffer: 0.025 M Tris-HCI, 0.19 M glycine, 2% methanol, pH 8.3. 

Transformation buffer I (TFBI): 30 mM KOAc, 50 mM MnC'2.4H 20, 100 mM KCI, 10 mM 

CaCl 2, 15 % glycerol, pH 5.8. 

Transformation buffer II (TFBll): 10 mM MOPS pH 7, 75 mM CaCb, 10 mM KCI, 15 % 

glycerol. 

2.2. Methods 

2.2.1. RNA methods 

2.2.1.1. mRNA extraction 

Messenger RNA was extracted for Random Amplification cDNA Ends (RACE) PCR using 

Dynal beads. Tissue samples were lysed by grinding in liquid nitrogen with a mortar 

and pestle. Poly (A)+ RNA was purified from total RNA using the Dynal Beads mRNA 

direct kit, according to the manufacturer's instructions. 

2.2.1.2. TRlzol RNA extraction 

Total RNA was extracted from tissue samples by grinding tissue in liquid nitrogen with 

a mortar and pestle and then extracting with 1 ml of the TRlzol reagent, according to 

the manufacturer's instructions. 

2.2.1.3. Quantification of nucleic acids 

For the quantification of DNA/RNA, 2 µL of sample was analysed 

spectrophotometrically against the diluents blank with the Nanodrop ND-1000 

(Nanodrop Technologies, Montchanin, DE, USA) spectrophotometer, at 260 nm for 

DNA and 280 nm for RNA. RNA quality was assessed from the 260/280 and 260/230 

ratios, only accepting samples with ratios between 1.6-2.0. 
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2.2.1.4. Determination of RNA quality 

RNA samples were mixed with Sx RNA loading buffer and separated on a 1.2% 

formaldehyde agarose (FA) gel. Gel red was added to the gel prior to casting for 

visualisation of samples with UV light following electrophoresis. A secondary analysis 

of RNA quality was also performed using the Biorad Experian system. RNA samples 

were prepared and 1 µL analysed using Std Sens RNA chips, according to the 

manufacturer's instructions. 

2.2.1.5. DNase I treatment 

RNA (2 µg) was incubated at room temperature for 15 min with lU of DNase I, 1 µL lOx 

DNase I reaction buffer and ddH 20 to 10 µL. The DNase I was inactivated by the 

addition of 1 µL 25mM EDTA and the reaction mixture heated at 65°C for 10 min. 

2.2.1.6. Reverse transcriptase PCR (RT-PCR) using oligo d(T) 

Reverse transcription of RNA was performed with the Qiagen Omniscript Reverse 

transcriptase Kit. A master mix was prepared for up to 2 µg RNA with lOx Buffer RT (2 

µL), 2 µL 5 mM dNTP mix, 2 µL 10 µM oligo-d(T) primer (T25VN), 1 µL Omniscript 

Reverse transcriptase, template and ddH 20 to 20 µL. Samples were incubated for 1 hr 

at 37°C in the Genworks DNA engine gradient cycler (MJ Research Waltham, MA, USA). 

2.2.1.7. Marathon cDNA amplification 

The Marathon cDNA amplification kit was used to generate cDNA from 2 µg of mRNA 

following the manufacturer's instructions. 

2.2.2. DNA methods 

2.2.2.1. Touchdown PCR 

For the amplification of gene-specific products, a master mix containing lOx Advantage 

2 PCR Mix buffer (5 µL), 2 mM dNTPs (5µ1), sense and antisense primers (1µ1 of each) 
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and ddH 20 to a final volume of 50 µL was added to cDNA. Reactions were cycled in a 

Geneworks DNA engine gradient cycler with a heated lid using the following 

conditions: 94°C 1 min; 94°C 30 secs, 65°C 30 secs, 72°C 3 min for 5 cycles; 94°C 30 

secs, 60°C 30 secs, 72°C 3 min for 5 cycles; 94°C 30 secs, 55°C 30 secs, 72°C 3 min for 

35 cycles. 

2.2.2.2. Random amplification cDNA ends (RACE) PCR 

For the amplification of RACE PCR products, a master mix containing 10x Advantage 2 

PCR Mix buffer (5 µL}, 2 mM dNTPs (5 µL}, gene specific primer and Marathon Adaptor 

primer 1 (1 µL of each) and ddH 20 to 50 µL was added to cDNA. Reactions were cycled 

in a Geneworks DNA engine gradient cycler with a heated lid using the conditions for 

touchdown PCR (2.2 .2.1). 

2.2.2.3. DNA sequencing 

DNA sequencing was performed by the Australian Genomic Research Facility (AGRF, St 

Lucia, QLD, AUS) using DNA Big Dye Terminator labelling and capillary sequencing on 

an AB 3730xl. Standard reaction mixtures were made up to a final volume of 10 µL 

with ddH 20 and contained 1000 ng of double-stranded plasmid DNA and 3.2 pmol of 

appropriate forward or reverse primer. 

2.2.2.4. DNA sequence analyses 

DNA similarity searchers of public domain databases were performed using BLAST 

(Altschul et al., 1997) accessed through the National Centre for Biotechnology 

Information (NCBI; http://www.ncbi .nlm.gov/blast/Blast.cgi ) and wormbase 

(http://www.wormbase.org/db/searches/blast). DNA similarity alignments were 

performed using CLUSTAL W 1.83 (Thompson et al., 1994) through the European 

Bioinformatics Institute (EBI; http ://www.ebi.ac.uk/Tools/clustalw2/index.html 

(Chenna et al., 2003) using default parameters. 
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2.2.3. Gene Cloning 

2.2.3.1. Nucleic acid electrophoresis 

DNA samples and DNA molecular weight markers were mixed with Promega 6x loading 

buffer, and electrophoresed through 1% agarose gels containing gel red in TBE 

electrophoresis buffer using a Bio-Rad minisub electrophoresis chamber at 90 V for 30-

50 min. Gels were visualised using a UV light transilluminator {Ultralum, Inc., USA) 

using the Kodak Digital Science Electrophoresis Documentation and Analysis System 

290. 

2.2.3.2. DNA gel extraction 

DNA samples electrophoresed on 1% agarose gels were extracted using the Qiagen 

QIAquick Gel Extraction Kit, according to the manufacturer's instructions. The final 

elute was stored at -20°C. 

2.2.3.3. Restriction digestions 

Single restriction digestion reactions were made for both insert and vector 

preparations. Digestions were performed using ten units of restriction enzyme for 

every microgram of DNA. Standard reaction mixtures contained 1 µg of DNA, 10 units 

of restriction enzyme, 5 µL enzyme buffer and ddH 20 to a final volume of 50 µL. 

Samples were incubated in a 37°C water bath for 2 hr, and if necessary, EtOH 

precipitated and stored at -20°C. 

2.2.3.4. Ethanol precipitation of nucleic acids 

0.1 volumes of 3 M sodium acetate pH 5.2 and 2.5 volumes of ethanol (EtOH) were 

added to nucleic acid solutions, mixed by inversion and incubated for 30 min on ice. 

Samples were centrifuged 13 000 g for 45 min at 4°C and the supernatant removed. 

The pellet was washed with 70% EtOH and centrifuged at 13 000 g for 5 min at 4°C. 

Pellets were air dried and resuspended in a suitable volume of ddH 20. 
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2.2.3.5. Ligation reactions 

For the ligation of insert and vector {pGEM-T easy, pl4440 or pTrcHis B}, the insert was 

added to the vector to obtain a 3:1 vector to insert molar ratio: 

Amount of insert[ngJ = 3(Vector[ngJ x Insert length[KbJ/Vector length[KbJ ) 

T4 DNA ligase (1 µL) and 2.5 µL of 2x T4 buffer from the pGEM-T easy Vector System 1 

Kit was added in a final volume with ddH 20 of 25 µL. The reaction was incubated at 4°C 

overnight . 

2.2.3.6. Preparation of competent cells 

LB media {100 ml) was inoculated with 1 ml overnight culture of DH5a/HT115/TOP10 

cells and 40 mM MgS04 and then incubated at 37°C at 200 rpm in a shaking incubator 

(Bioline, UK} till the OD600 reached 0.6. Cultures were centrifuged at 900 g for 10 min 

at 4°C. The pellet was resuspended in 20 ml TFBI. Samples were incubated on ice for 10 

min then centrifuged at 900 g for 10 min at 4°C. The pellet was resuspended in 2 ml 

TFBll. Aliquots {90 µI) were placed into pre-cooled 1.5 ml microfuge tubes and stored 

at -80°C. 

2.2.3.7. Transformation of competent cells 

For the transformation of competent cells, 10 µL DNA ligation mixture was added to 90 

µL of competent DH5a/HT115/TOP10 cell lines. The solution was mixed by gently 

flicking the tube and then incubated on ice for 20 min. Solutions were then heat 

shocked for 90 secs at 42°C and returned to ice for 1 min. SOC media {900 µL) was 

added and the mixtures were incubated at 37°C in a shaking incubator at 200 rpm for 1 

hr. Appropriate aliquots were then added to LB spread plates (with ampicillin to 100 

µg/ml, 0.5 mM IPTG, 80 µL X-Gal) and incubated overnight at 37°C. 

2.2.3.8. Colony PCR 

Transformed bacterial colonies were screened for inserts by colony PCR with vector 

specific primers. Single colonies were picked with a sterile toothpick and swirled in a 
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master mix containing 10x reaction buffer {5 µL), 25 mM MgCl 2 (3 µL}, 2 mM dNTPs (4 

µL}, Taq polymerase (0.2 µL), sense and antisense primers (1 µLeach) and ddH 20 to 50 

µL. Reactions were cycled in a Geneworks DNA engine gradient machine with a heated 

lid using the following conditions: 94°C 1 min for 1 cycle, 94°C for 30 secs, 55°C for 1 

min, 72°C 3 min for 27 cycles. 

2.2.3.9. Plasmid preparations 

Single plate colonies were inoculated into 3 ml LB media with ampicillin (100 µg/ml) 

and the cultures incubated overnight at 37°C with agitation {200 rpm). Plasmid 

preparations were performed using the Qiagen Miniprep Kit. Samples were processed 

according to the manufacturer's instructions and the final elution of 50 µL was stored 

at -20°C. 

2.2.3.10. Glycerol stocks 

LB media (3 ml) with ampicillin (100 µg/ml) was inoculated with a single transformed 

bacterial colony and grown overnight at 37°C with agitation (200 rpm). Culture (800 

µL} and glycerol (200 µL) were combined and transferred to a cryotube and frozen in 

an isopropanol bath at -80°C. 

2.2.4. Real-time quantitative reverse transcriptase (qRT) PCR 

2.2.4.1. qRT-PCR reaction conditions 

PCR master mixes were optimised for 13 µL reaction volumes using the Abgene 

ABsolute QPCR SYBR Green Low ROX Mix. A master mix containing 2x SYBR mix (7.5 

µL}, 10 µM sense and antisense primer {0.25 µLeach) and ddH 20 (4 µL) was added to 

cDNA {l µL). Reactions were assayed in the Applied Biosystems 7500 Real Time PCR 

System (Applied Biosystems, Foster City, CA, USA} using the following hot-start PCR 

cycling conditions: 95°C for 15 min for 1 cycle, 94°C for 40 secs, 65°C for 40 secs, 72°C 

for 40 secs for 45 cycles. Data was collected at the 72°C extension step and a 

dissociation step was performed at the end of the PCR using default parameters for 

melt curve analysis of the products. 
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2.2.4.2. Primer Efficiency Analysis: Pfaffl (2001) method 

Products for each primer set were amplified from adult H. contortus cDNA and cloned 

into the pGEM-T easy vector system and positive clones sequenced. Plasmid 

preparations were adjusted to 100 ng plasmid/µL and 10- fold serially diluted to 

0.00001 ng/µL. Each 5-point standard curve and negative control was run as described 

in section 2.2.4.1, each plate also containing a 5-point standard curve of the calibrator 

gene, act-4 for direct comparison. The individual reaction efficiencies (E) were 

determined by the method of Pfaffl (2001} . Firstly, mean CT values were regressed 

against the template quantity (log) and the reaction efficiencies for all amplicons 

calculated according to the formula [E=(lff1/slope}-1]. Fold changes were calculated 

using the following equation (Pfaffl, 2001) : 

Fold change = 
l::!.CT Target (control - sample) 

( Etargei} 

(E ) 
l::!.CT Reference (control - sample) 

reference 

2.2.5. Protein methods 

2.2.5.1. Protein extracts 

H. contortus adults and L3 stage larvae were subjected to differential centrifugation to 

separate cell extracts . Tissue samples were lysed by grinding in liquid nitrogen with a 

mortar and pestle, then homogenised using 10 stokes of a mechanical homogeniser 

(Heidolph DIAX 600} in 50 mM Tris-HCI pH 7.5. The homogenised material was then 

centrifuged at 1 000 g for 10 mins at 4°C to separate nucleic and unbroken cells. The 

supernatant was transferred to a fresh tube and centrifuged at 20 000 g for 20 mins at 

4°C to provide a mitochondrial pellet. The supernatant was then centrifuged again at 

100 000 g for 1 hr at 4°C to provide a clear cytosolic supernatant and a microsomal 

pellet . All pellets were washed twice in 50 mM Tris-HCI pH 7.5 and stored at -20°C. 
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For total protein extracts, H. contortus adults were lysed by grinding in liquid nitrogen 

with a mortar and pestle. PBS {2 ml) was added to samples and these were then 

centrifuged at 3000 g for 10 min at 4°C. The resulting supernatant was stored at -20°C. 

The Eppendorf Concentrator 5301 was used to concentrate protein samples to 

volumes suitable for SOS-PAGE. 

2.2.5.2. Excreted-secreted (ES) fractions 

Upon harvesting, H. contortus adults were incubated in RPMI media or RPMI media 

containing 0.8 mM hydrogen peroxide for 3 hrs to collect excreted-secreted proteins. 

The media was then filtered through 0.2 µm filters and stored at -80°C. To concentrate 

samples, saturated ammonium sulphate was added at a final concentration of 70% to 

samples incubating at 4°C w ith gentle agitation . Samples were incubated for 2 hrs and 

then centrifuged at 13 000 rpm for 15 mins at 4°C. The resulting pellet was 

resuspending in an appropriate volume of PBS. 

2.2.5.3. Protein sequence analysis 

Protein similarity searchers of public domain databases were performed as for DNA 

{section 2.2.2.3} . 

2.2.5.4. Protein Quantification 

The Nanodrop ND-1000 spectrophotometer at 280nm was used for the crude 

estimation of protein concentrations. For more accurate measurements, protein 

concentration was determined using a 96-well based Bradford assay {Bradford, 1976} 

using Bovine serum albumin standards. 

2.2.5.5. Recombinant protein expression 

For pilot expression, a stab from glycerol stocks or single colonies were picked and 

used to inoculate 3 ml LB containing 100 µg/ml ampicillin. This was incubated 

overnight at 37°C at 200 rpms. 800 µL of the overnight culture was used to inoculate 

16 ml of LB containing 100 µg/ml ampicillin. This was incubated at 37°C with agitation 

at 200 rpms till an 00600 of 0.6 was reached. Cultures were then induced with a final 
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concentration of 1 mM IPTG and returned to the incubator. Aliquots (1 ml) were taken 

at 0, 1, 2, 3, 5 and 24 hrs. These were then centrifuged at 13 000 rpm, the supernatant 

was discarded and the pellets stored at -20°C. Pellets were resuspended in 200 µL PBS 

and sonicated three times on ice for 5 secs at 60% output. After centrifugation at 4°C 

for 10 mins at 10 000 g, supernatants were mixed with sample buffer and analysed by 

western blot (section 2.2.5.10). 

For mass production of protein, a stab from glycerol stocks or single colonies were 

picked and used to inoculate 50 ml LB containing 100 µg/ml ampicillin, and incubated 

overnight at 37°C at 200 rpms. The overnight culture (SO ml) was used to inoculate 1 L 

of LB containing 100 µg/ml ampicillin, and the incubation was continued till an 00600 of 

0.6 was reached . Cultures were then induced with IPTG (a final concentration of 1 mM} 

and incubated for varying times depending on the optimal time for maximum protein 

expression (identified through the pilot expression experiment). Cultures were 

centrifuged at 12 000 rpm for 10 mins. The supernatant was discarded and pellets 

were stored at -80°C until purified. 

2.2.5.6. Recombinant protein purification 

Recombinant proteins were purified from induced cultures by using the His tag on the 

expressed protein. Pellets were resuspended in the Native IMAC lysis buffer (Bio-rad) 

containing 1 mg/ml lysozyme and 10% N-lauryl sarcosine. Samples were incubated on 

ice for 1 hr, then sonicated on ice 10 times with 10 secs pulses at 80% output. Samples 

were centrifuged at 12 000 g for 1 hr and the supernatant was filtered through a 0.2 

µm filter membrane. The resulting supernatant was purified using the Bio-rad Profinia 

system and the Native IMAC Purification Kit according to manufacturer's instructions. 

2.2.5. 7. Antiserum Production 

The thioredoxin reductase 1 (TrxRl} antibody was produced in mice. Purified 

recombinant protein samples were diluted in protein stabiliser (final concentration of 

3% lactose/1% MSG} in PBS. Samples were lyophilised overnight using the DYNAVAC 

freeze drier. Lyophilised proteins were resuspended in water to a final concentration 

of 100 ng/µL and an equal volume of Freund's Incomplete Adjuvant was added. The 
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mixture was emulsified by repeated pipetting through a 1 ml pipette. QS mice were 

subcutaneously injected at the base of the neck with 5 µg of protein (SO µL) at weeks 

0, 3, and 6. Blood was collected by tail bleed at weeks 2, 5 and 7. Mice were 

euthanased at week 7 as per animal ethics requirements (Protocol number 0506-

020A) . 

The TrxR2 and Peroxiredoxin 1 (Prxl) antibodies were purchased from GenScript 

Corporation (Piscataway, NJ, USA) . Purified recombinant protein samples (3 mg) were 

lyophilised as above using protein stabiliser for antibody production. The immunisation 

protocol consisted of subcutaneous injections of 250 µg/ml/rabbit on days 0, 14 and 

28. Blood was taken on days 0, 21, 35 and the final bleed was taken on day 36. 

The Prx2 antibody was produced in sheep immunised with an intramuscular injection 

of 100 µg of protein in 0.5 ml PBS mixed with an equal volume of Quil A adjuvant. 

Sheep were then challenged with 5000 H. contortus L4-stage larvae four weeks later. 

Blood was collected and animals were euthanased at week 18. 

The Prx2 antibody was partially purified by adding saturated ammonium sulphate at a 

final concentration of 40% to samples incubating at 4°C with gentle agitation. Samples 

were incubated for 2 hrs and then centrifuged at 13 000 rpm for 15 mins at 4°C. The 

resulting pellet was resuspending in an appropriate volume of PBS. 

2.2.5.8. ELISA 

Recombinant protein (antigen) was diluted in ELISA buffer 1 to a final concentration of 

1 ng/µL. 100 ng aliquots of the antigen was allowed to absorb into a 96-well plate over 

night at 4°C. Plates were then blocked using 200 µL of blocking buffer per well for 1 hr 

at RT with gentle agitation. The plates were then washed three times in PBS/tween 

and 100 µL aliquots of primary antibody (dilutions from 1:500 to 1:32000) in ELISA 

buffer 2 was added and incubated for 1 hr with gentle agitation. The plates were 

washed as above and 100 µL aliquots of secondary antibody (diluted 1:5000 in ELISA 

buffer 2) was added and incubated for a further hour. Plates were washed again and 

developed using 100 µL per well of 1 mg/ml p-nitrophenyl made up in ELISA buffer 3. 
46 



Chapter 2: Materials and methods 

The reaction was allowed to develop for 20 mins at 37°C and was then read at 405 nm 

using the BioTek PowedWave™ Microplate Spectrophotometer. 

2.2.5.9. Polyacrylamide Gel Electrophoresis 

Protein samples were mixed with sample buffer, incubated at 100°C for 2-5 mins, returned 

to ice for 1 min and then loaded onto Nu PAGE Novex 4-12% Bis-Tris gels and 

electrophoresed using a XCell SureLock Novex Mini-Cell SOS-PAGE electrophoresis unit, and 

lx MES-SOS running buffer at 150 V. After electrophoresis, gels were soaked in destain for 

30 mins and then stained with Coomassie blue stain for 1 hr. Gels were then destained until 

the background was clear. 

2.2.5.10. Western blotting and detection 

After electrophoresis, proteins were transferred to nitrocellulose membranes using the 

BIO RAD TM apparatus and transfer buffer at 100 V for 1.2 hrs. The membrane was stained 

with Ponceau S stain to confirm protein transfer, and then destained using H20 . Membranes 

were blocked in blocking buffer for 1 hr to overnight. Primary antibodies were diluted in 

blocking buffer and incubated for 1 hr at RT with gentle agitation. Membranes were then 

washed three times with PBS/tween and incubated with the secondary antibodies (diluted 

in blocking buffer) for another 1 hr. Membranes were washed three more times with 

PBS/tween and then developed using SIGMAFast BCIP/NBT tablets following the 

manufacturer's instructions. 

2.2.6. Enzyme Assays 

All assays were performed at 37°C in a 96-well plate and read in a BioTek 

PowerWave™ Microplate Spectrophotometer. Kinetic analyses used Graph Pad Prism 

version 5.02. All analyses were repeated at least 3 times. 

2.2.6.1. Peroxiredoxin coupling assay 

The coupling assay was used to measure the reduction of hydroperoxides by 

peroxiredoxin {Sekiya et al., 2006) in a final concentration of 200 µL. The reaction 

mixture contained 250 µM NADPH, 5 µM thioredoxin, 0 - 2 µM thioredoxin reductase 

and 1 µM - 4 µM recombinant peroxiredoxin in 5 mM potassium phosphate buffer pH 
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7, 1 mM EDTA. The reaction was initiated by the addition of 250 µM hydroperoxide 

(hydrogen peroxide, tert-butyl hydroperoxide or cumene hydroperoxide) and the 

consumption of NADPH was followed at 340 nm for 20 mins at 30°C. For determining 

the kinetic constants, varying concentrations of hydroperoxide were used ranging from 

0 -10 mM. Nonenzymatic reduction of NADPH was monitored in the absence of 

peroxiredoxin. 

For inhibition studies assays were performed with the addition of varying 

concentrations of inhibitors; aminotriazole 20 mM and 4-phenyl-3-furoxan carbonitrile 

(PFC) 0 - 50 µM. 

2.2.6.2. Insulin disulphide reduction kinetic assay 

The insulin disulphide reduction assay was used to measure thioredoxin activity in a 

final volume of 200 µL (Holmgren, 1979). The reaction mixture contained 0.33 mM OTT 

and 5 µM thioredoxin in 50 mM Tris-HCl/2 mM EDTA pH7.5. The reaction was initiated 

at 37 °C by the addition of 0.17 mM insulin and was monitored at 650 nm for 20 min, 

measuring the turbidity resulting from the precipitation of free insulin~ chains 

(Holmgren, 1979). Nonenzymatic reduction of insulin was monitored in the absence of 

thioredoxin. 

2.2.6.3. Thioredoxin reductase DTNB activity 

The thioredoxin reductase 5,5'-dithiobis(2-nitrobenzoate) (DTNB) assay was used to 

measure thioredoxin reductase activity in a final volume of 100µL (Holmgren and 

Bjornstedt, 1995). The reaction mixture contained 2 µM HcTrxRl, 500 nM HcTrxR2 or 

100 nM rat TrxR (Sigma, Australia) in 50 mM Tris-HCl/2 mM EDTA pH7.5. The reaction 

was initiated by the addition of 1 mM DTNB and 400 µM NADPH and monitored for 3 

mins at 412 nm. For determining the kinetic constants, varying concentrations of DTNB 

were used ranging from 0 - 25mM. 

For inhibitor studies, assays were performed with the addition of varying 

concentrations of inhibitor; auranofin 0 - 10 µM, cisplatin 0 - 330 µM, CDNB 0 - 5 mM, 

curcumin 0 - 1 mM and theaflavin (TF) 0 - 2 mg/ml. Ki values were calculated 
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(http://botdb.abcc.ncifcrf.gov/toxin/kiCalES.jsp} using standard equations (Brandt et 

al., 1987, Cheng and Prusoff, 1973, Munson and Rodbard, 1988). 

2.2.6.4. Thioredoxin reductase insulin reduction assay 

The insulin reduction assay was used to measure thioredoxin reductase activity with 

thioredoxin as a substrate (Arner et al., 1999}. The reaction mixture (110 µL) contained 

S µM thioredoxin, 0.13 µM insulin and 200 µM NADPH in SO mM Tris-HCl/2 mM EDTA 

pH 7.5. The assay was initiated by the addition of thioredoxin reductase (2 µM 

HcTrxRl, SOO nM HcTrxR2, 100 nM rat TrxR). The reactions were monitored at 340 nm 

for 20 mins and stopped by the addition of 200 µL 6 M guanidine hydrochloride in 0.2 

M Tris-HCI pH 8 containing 0.4 mg/ml DTNB. Endpoint readings were taken at 412 nm. 

For determining the kinetic constant of thioredoxin, thioredoxin reductase was used at 

2 µM for HcTrxRl, 200 nM for HcTrxR2 and 400 nM for rat TrxR, and varying 

concentrations of HcTrxl were used ranging from 0 - 40 µM. 

All thioredoxin reductase enzymes were tested for their ability to reduce hydrogen 

peroxide, insulin, oxidised glutathione, lipoic acid, coenzyme QlO and sodium selenite 

using a modification of the method from Calberg et al. (198S}. The reaction mixture 

(100 µL) contained thioredoxin reductase (2 µM HcTrxRl, SOO nM HcTrxR2, 100 nM rat 

TrxR) and substrate (hydrogen peroxide 2 mM, insulin 0.13 mM, oxidised glutathione 1 

mM, lipoic acid 1 mM, coenzyme QlO 100 µM, sodium selenite 2 mM} in SO mM Tris-

HCl/2 mM EDTA pH 7.S. Reactions were initiated by the addition of 0.4 mM NADPH 

and monitored at 340 nm for 3 mins. 

2.2.7. DNA Nicking assay 

This assay was adapted from Wang et al. (2007} which examines the antioxidant 

capabilities of the recombinant enzymes to protect DNA from oxidative damage 

caused by free radical production in a mixed function oxidase (MFO} system. The 

reaction mixture contained 1 mM DTT and 1 mM ferric chloride in 2S mM HEPES pH 7. 

0, 1, S or 10 µg of recombinant enzyme was added and reactions were incubated at 

37°C for 10 mins to allow hydroxyl and thiol radicals to be generated. 300 ng of pGem 
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T-Easy plasmid was then added and the reaction was incubated for a further 2 hrs. 

Reactions were analysed by electrophoresis in a 0.8% agarose gel. Protection was 

determined relative to the control containing no OTT. 

2.2.8. C. elegans 

2.2.8.1. Solid NGM worm culture 

An overnight culture of E. coli OP50 in LB media (70 µL) was spread onto NGM plates 

and incubated at 37°C overnight. A triangle of agar was cut from a plate of worms 

using a sterile scalpel blade and placed top-side down onto the fresh NGM plate. 

Worms were incubated at 20°C for up to 1 week, after which the process was 

repeated. 

2.2.8.2. Harvesting C. elegans cultures 

NGM plates were flooded with 5 ml M9 buffer and worms were dislodged from the 

agar surface by gentle agitation with a cell scraper. The worm suspension was 

transferred to a 15 ml falcon tube, filled with M9 buffer and centrifuged at 900 g for 3 

min at RT. The pellet was resuspended in M9 buffer, and the washing process was 

repeated a further five times, with the final pellet resuspended in 2 ml M9 buffer. 

2.2.8.3. Worm glycerol stocks 

NGM plates (2-3) with starved Ll-L2 animals were washed with 5 ml M9 buffer and 

centrifuged at 900 g to pellet worms. Worm pellets were resuspended in 1 ml M9 

containing 30% glycerol and mixed. The solution was transferred to cryovials and 

frozen using an isopropanol bath at -80°C. To recover C. elegans/ vials were allowed to 

thaw at room temperature and the contents was then poured onto an NGM plate 

seeded with OP50 E. coli. 

2.2.8.4. Synchronous C. elegans cultures 

A plate of eggs was harvested as described in section 2.2.8 .2. Fresh alkaline 

hypochlorite solution (2 ml) was added to the worm suspension and the mixture 

agitated for 90 seconds. The 15 ml Falcon tube was filled with M9 buffer and 
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centrifuged at 900 g for 3 min. The alkaline hypochlorite treatment was repeated, and 

the supernatant was removed and the worms washed a further six times with M9 

buffer till the bleach odour was eliminated. Following the final centrifugation, the 

supernatant was removed and penicillin/streptomycin solution (80 µL) and M9 buffer 

was added (8 ml). Tubes were placed horizontally on a shaker and left overnight. Eggs 

hatched and development arrested at the L1 stage. 

2.2.8.5. C. elegans viability assays 

Survival assays were performed using the wild type Bristol N2 and the knockout C. 

e/egans worms. Worms were harvested and alkaline hypochlorite treated as described 

in section 2.2.8.4. Eggs were then added to replicate wells of a 96-well micro-titre 

plate at approximately 20 eggs/SO µL per well. Eggs were incubated overnight at RT 

with gentle agitation to hatch. The number of hatched eggs and the number of dead 

and alive larvae were counted for each well. 

2.2.8.6. Cytotoxic compound exposure 

C. elegans worms were harvested as described in section 2.2.8.2 . Worms were then 

exposure to hydrogen peroxide (250 µM), ivermectin (6 ng/ml} or M9 buffer for 2-24 

hrs with gentle agitation. Worms were centrifuged at 900 g for 3 mins and stored for 

analysis using real-time PCR at -80°C. 

2.2.8. 7. MTT assay 

An aliquot (in 25 µL of M9 buffer) of synchronised Ll-stage worm suspension was 

added to a 96-well microtitre plate. MTT (50 µL of 10 mg/ml dissolved in PBS and filter 

sterilised) was added to all wells, including worm-free controls. The plates were 

incubated at 20°C for 3 hrs with gentle agitation then centrifuged to pellet worms at 

900 rpm for 10 min and the supernatant aspirated. Formazan production was 

determined 3 hrs after the addition of 100 µL DMSO by reading in a BioTek 

PowerWave TM Microplate Spectrophotometer at 575 nm. 
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2.2.8.8. Worm cytotoxicity assay 

All assays were performed in replicates of 3 wells in a final volume of SO µI. For each 

well, 2S µL synchronous Ll-stage larvae (1000 worms) were added to a 96-well 

microtitre plate, followed by the addition of drug in a final volume of SO µL. Worms 

were incubated for 72 hrs at 20°C after which viability was tested using the Mn assay 

(2.2.11). Worm viability was calculated as a percentage of control absorbance values: 

Mean A575 of duplicate wells 
Worm viability (%control) = x 100 

Mean A575 of control wells 

The SO% inhibitory concentration (IC50) was defined as the concentration which 

produced a SO% decrease in cell viability. Fold resistance of worms was determined by 

the following equation: 

IC50 of resistant worms 
Fold resistance = 

ICso of control worms 

2.2.9. RNA interference {RNAi) 

2.2.9.1. RNAi controls 

To evaluate RNAi effectiveness and efficiency, appropriate controls must be 

performed. Two negative controls for the RNAi feeding method were used. The first, E. 

coli HTllS (DES) with the empty pl4440 vector was used to observe effects caused by 

the presence of the plasmid itself. The second negative control was the pl4440 

plasmid containing an Arabidopsis thaliana chlorophyll binding protein gene (LHCB4.3; 

pcb19) to observe effects of expressing random dsRNA which are not predicted to 

target any worm mRNA transcripts. Figure 2.1 shows a BLASTN analysis of the pcb19 

insert, which demonstrates no similarity to any C. elegans genes. 
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A positive control for RNAi was also incorporated for confirmation of successful dsRNA 

del ivery. The C.elegans ATP synthase B homolog family member (asb-1) has a known 

phenotype of being embryonic lethal (emb; Kawasaki {2007}}. This was cloned into the 

pl4440 vector. The asb-1 positive RNAi construct shows 36% specificity for the asb-1 

gene {F35G12.10} using an on line program, E-RNAi Design of RNAi constructs 

(http://www.dkfz.de/signaling/e-rnai3//}; which is useful in determining the specificity 

and off-target effects of dsRNAs {Reynolds et al., 2004}. The result indicates there are 

two secondary targets, F02E8.1.1 and F02E8.l .2 (both asb-2, the ATP Synthase B 

homolog) with a very low specificity, only 0.79% each. Overall, the efficiency of the 400 

bp probe is 27% with 102/380 possible siRNAs efficiently targeting the correct 

sequence . 

The asb-1 control probe was amplified from wild type Bristol N2 cDNA {2 .2.1.7} with 

primers flanked with Hindi II restriction sites for cloning into the feeding vector pl4440 

(asb-1 sense: TAA GCT TGC GCG TGG AGC TGC AAC AGG ACA TGC; asb-1 antisense:TAA 

GCT TGG AAT CCT TGA GAG AAG TIG GCA TGC C). Am pl icons were gel purified, 

restriction digested, ligated into t he pl4440 vector and transformed into the RNase-111 

deficient f . coli strain HTllS (DE3) as described in sections 2.2.3.2-5 and 2.2 .3.7. 

Transformants were screened using colony PCR {2.2.3 .8} with the gene-specific primers 

and positive clones sequenced for correct insert identification {2 .2.2.3}. 

2.2.9.1.RNAi 

Overnight cultures of RNAi constructs in LB/ampicillin {100 µg/ml)/tetracycline {SO 

µg/ml) were diluted 100-fold in 2 ml fresh LB media and incubated at 37°C until 00600 

was 0.4-0.8 {2.5 hours). IPTG was added to a final concentration of 0.4 mM and 

incubated for a further 1 hr to induce dsRNA production. RNAi plates were 

supplemented with 100 µL of 1 M IPTG and 100 µL aliquots of the cultures were then 

spread onto the RNAi plates, leaving a region on one side with no bacteria. Plates were 

left to dry overnight at RT. 

Ll-stage C. elegans suspensions {10 µL containing 100 worms) were transferred to the 

bacteria-free region of the feeder plates and were incubated at 20°C overnight. The 
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bacteria-free region of agar was cut away and plates incubated a further 24 hrs. Two 

pre-gravid adult worms were picked onto freshly prepared RNAi plates and incubated 

at 20°C overnight. At 24, 48 and 72 hrs the number of larvae and worms were counted 

and phenotypes scored. Worms were harvested as described in section 2.2.8.2 and 

stored at -80°C for qRT-PCR conformation of target mRNA knockdown. 

2.2.10. Statistical analyses 

All experiments were repeated at least twice, and statistical analysis performed using 

Student's T-test. 
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Chapter 3: Thioredoxin reductases of H. contortus 

3.1. Introduction 

Thioredoxin reductase (TrxR), together with the electron donor NADPH, creates an 

electron-transfer pathway for the reduction of oxidised thioredoxin (Trx). In mammals 

and higher eukaryotes, the conserved (-terminal redox-active site of TrxR enzymes 

contains the rare amino acid selenocysteine with the motif Gly-Cys-SeCys-Gly (GCUG). 

This amino acid is essential for enzyme function and gives these enzymes broad 

substrate specificity (Zhong et al., 2000). In nematodes, however, little is known about 

the thioredoxin system. Having the five thioredoxins of H. contortus (Sotirchos et al., 

2008, Sotirchos et al., 2009) provides the opportunity to examine the activity of the 

thioredoxin reductase enzymes using the homologous system. 

H. contortus contains two thioredoxin reductase enzymes; HcTrxRl, which contains the 

motif 'GCUG' in the (-terminal active site where 'U' encodes a selenocysteine, and 

HcTrxR2, which contains the motif 'GCCG' in the (-terminal active site. HcTrxRl, with 

significant alignment with the C.elegans TrxRl (figure 3.1), was cloned and expressed 

in a previous project. The 'U' in the (-terminal active site of HcTrxRl encodes a stop 

signal, which truncates the protein prematurely. Expression of selenoproteins requires 

highly species-specific translation machinery that is not present inf. coli. Studies 

trialling the incorporation of species-specific translation machinery in E. coli to allow 

expression of selenoproteins have resulted in only 50% selenocysteine incorporation 

(Rengby et al., 2004). This also coincided with a large decrease in specific activity 

compared to the native protein (Bar-Noy et al., 2001), indicating the inefficiency of 

selenoprotein expression in E. coli. The (-terminal active site of HcTrxRl was therefore 

mutated to 'GCCG' (Sec624Cys) and resulted in expression of a full length, protein (625 

amino acids) at approximately 2 mg per litre of culture. HcTrxRl has a predicted pl of 

6.69 and a predicted molecular weight of 68.7 kDa. The anti-penta His antibody 

detected a protein band migrating at approximately 82 kDa (figure 3.2). 

This chapter identifies the second thioredoxin reductase from H. contortus (HcTrxR2) 

and characterises the activity and function of both H. contortus TrxR enzymes, and 

compares their activity to a native selenocysteine containing mammalian TrxR enzyme 
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MKSLTELFGCFKRQPRQQEASSPANPHVSDTLSMGVAASGMPPPKRPAPAESPTLPGETL 60 

VDAPGIPLKEALKEAANSKIVIFYNSSDEEKQLVEFETYLNSLKEPADAEKPLEIPEIKK 120 

---------------------------DAVGGLDELRKLADTKVLPEWLKDHNYDLIVVG 33 
LQVSRASQKVIQYLTLHTSWPLMYIKGNAVGGLKELKALKQD-YLKEWLRDHTYDLIVIG 179 

:*****·**: * : * ***:**·*****:* 

GGSGGLAAAKMAALHGKKVAVLDFVKPSPLGSTWGLGGTCVNVGCIPKKLMHQAAILGHS 93 
GGSGGLAAAKEASRLGKKVACLDFVKPSPQGTSWGLGGTCVNVGCIPKKLMHQASLLGHS 239 
********** *: ***** ******** *::*********************::**** 

IKDAKMFGWKIPEGEINHNWENLRDAVQDHISSLNWGYRVQLREKQVTYINSYGRFTGPF 153 
IHDAKKYGWKLPEGKVEHQWNHLRDSVQDHIASLNWGYRVQLREKTVTYINSYGEFTGPF 299 
*:*** :* ** :** *:::*:*::***:***** :************* ********·***** 

EISATNKKGEVEKLTADRFLIATGLRPRYPPDVPGVREYCVTGDDLF------------- 200 
EISATNKKKKVEKLTADRFLISTGLRPKYP-EIPGVKEYTITSDDLFQLPYSPGKTLCVG 358 
******** : ***********:***** :** ::* ** :** :* .**** 

ASYVSLECAGFLHGFGFDVTVMVRSILLRGFDQDMAERIRKHMIAYGMKFEAGVPTRIEQ 418 

IDEKTDEKAGKYRVFWPKKNEETGEMQEVSEEYNTILMAIGREAVTDDVGLTTIGVERAK 478 

SKKVLGRREQSTTIPWVYAIGDVLEGTPELTPVAIQAGRVLMRRIFDGANELTEYDQIPT 538 

TVFTPLEYGCCGLSEEDAMMKYGKDNIIIYHNVFNPLEYTISERMDKDHCYLKMICLRNE 598 

EEKVVGFHILTPNAGEVTQGFGIA.LKLAAKKADFDRLIGIHPTVAENFTTLTLEI<KEGDE 658 

ELQASGCUG 667 

Figure 3.1: Amino acid alignment of the HCC04397 contig with C. elegans TrxRl. 

A ClustalW2 alignment of HCC04397 and C. e/egans TrxRl (NP _501085) using default 

parameters. The N-terminal active site is highlighted in yellow and the (-terminal 

active site is highlighted in turquoise,'*' represents homologous amino acid residues 

while ':'and '.' represent similar amino acid residues. 
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A; Western blot of expressed HcTrxRl. Lane 1, molecular weight marker. Lane 2, total 

cell extract of expressed HcTrxRl developed with an anti -penta His antibody (1:1000 

dilution). B; Coomassie blue stained polyacrylamide gel of purified recombinant 

HcTrxRl protein . Lane 1, molecula r weight marker. Lane 2, unbound/flow through 

fraction . Lane 3, wash fraction A. Lane 4, wash fraction B. Lane 5, eluted HcTrxRl 

protein (approximately 82 kDa) . 
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from rat liver. 

3.2. H. contortus thioredoxin reductase 2 

The C. elegans sequence for thioredoxin reductase 2 (accession number NP_ 498971) 

was used to perform a tblastn search of the H. contortus EST NEMBASE database using 

default settings (http://www.nematodes.org/nembase3/index.shtml ). The results 

revealed 14 ESTs with varying degrees of homology. The EST with the greatest 

homology (accession number CB064883) was called a glutathione reductase (GR). 

However, a ClustalW alignment using this EST, the C. elegans TrxR2 (NP_ 498971) and 

the C. elegans GR (accession number CAB03763) demonstrated that CB064883 is more 

homologous to C. elegans TrxR2 (62% homology) than to C. e/egans GR (29% 

homology, figure 3.3). 

The corresponding DNA sequences for the CB064883 EST and the C. elegans TrxR2 

were aligned and gene specific primers were designed . RACE PCR was performed to 

amplify the 5' and 3' ends of the gene, which was then cloned and sequenced. The 

resulting sequence was used to design additional primers in order to obtain more of 

the gene. This process, known as primer walking, was continued until the full length 

gene was identified. New gene specific primers were designed to amplify the 1530 

base pair open reading frame (ORF) with the forward primer 3' -

AGGTAATCGTCCGAGCTCCATGCGG-5' containing a Sacl restriction site (italised) and a 

start codon (underlined); and the reverse primer 3' -

CGTCTCAAGCTnCATCCACAACATCC-5'containing a Hind/// restriction site (italised) and 

a stop codon (underlined). Once cloned into the pGem T-Easy vector for propagation, 

restriction digestion was performed and the full length gene was ligated into the 

pTrcHis B vector for expression . This was sequenced to ensure it was correct and in 

frame . 

HcTrxR2 was expressed as a 509 amino acid protein with a predicted mitochondrial 

localisation signal (cleavage site at Val 18
), a predicted pl of 8.63 and a predicted 

molecular mass of 55.1 kDa, at approximately 1 mg per litre of culture. Unlike other 
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CeTrxR2 
CB0648 8 3 
CeGR 
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CB064883 
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CeTrxR2 
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CeTrxR2 
CB064883 
CeGR 

CeTrxR2 
CB064883 
CeGR 

CeTrxR2 
CB064883 
CeGR 

CeTrxR2 
CB064883 
CeGR 

MLLSTFKRHLPIRRLFSSNKFDLIVIGAGSGGLSCSKRAADLGANVALIDAVEPTPHGHS 60 
- -- - -- --- -- --- - -SALDYDLVVIGGGSGGLSCSKAAREYGARVALVDGVVPNPHGTI 44 
MLRFRCILSTSRSIMSGVKEFDYLVIGGGSGGIASARRAREFGVSVGLIESGR-- - ---- 5 3 

.:* :***·**** ::.: : *: * *.* ::. 

WG IGGTCANVGC IPKKLMHQAAIVGKELKHADKYGWNGI DQEK I KHDWNVLSKNVNDRVK 120 
WGI GGTCANVGCIPKKLMHHAAIVGKEVQHASMYGWQNVVKG--QHSWQTLIKVVNDRI K 102 
--LGGTCVNVGCVPKKVMYNCSLHAEFIRDHADYGFDVTLNK---FDWKVI KKS RDEY I K 108 

: ****·**** : *** : *: :. :: . : : : . * *: : .. *: .: * : : : * 

ANNWI YRVQLNQKKINYFNAYAEFVDKDKIVITGTDKNKTKNFLSAPNVVI STGLRPKY P 180 
ANNWIYRVQLNEKG I KLYTAFASF I DNHTIKTVSTDKKKTEH I LHAKKAVI ATGLRPRYP 162 
RLNGLYESGLKGSSVEYIRGRATFAEDGTVEVNGAKYR----- - - GKNTLIAVGGKPTI P 161 

* : * . * : . : : * * : . . : . : . : * :. * : * * 

NI PGAELGITSDDLFTLASVPGKTLIVGGGYVALECAGFLSAFNQNVEVLVR-SIPLKGF 239 
DVPGSEYGITSDDLVSLAKSSGKTLV- - -- - - - - -- - - - --------- - - - - -- - - - -- - 188 
NI KGAEHGIDSDGFFDLEDLPSRTVVVGAGYIAVEIAGVLANLGSDTHLLIRYDKVLRTF 221 
:: *:* ** ** . :. * . . . :* : : 

DRDCVHFVMEHLKTTG--VKVKEHVEVERVEAVGSKKKVTFTGNGGVEEYDTVIWAAGRV 297 

DKMLSDELTADMDEETNPLHLHKNTQVTEVIKGDDGLLTIKTTTGVIEKVQTLIWAIGRD 28 1 

PNLKSLNLDNAGVRTDKRSGKILADEFDRASCNGVYAVGDIVQDRQELTPLAIQSGKLLA 357 

PLTKELNLERVGVKTDK-SGHIIVDEYQNTSAPGILSVGDDTG-KFLLTPVAIAAGRRLS 339 

DRLFS-NSKQIVRFDGVATTVFTPLELSTVGLTEEEAIQKHGEDSIEVFHSHFTPFEYVV 416 

HRLFNGETDNKLTYENIATVVFSHPLIGTVGLTEAEAVEKYGKDEVTLYKSRFNPMLFAV 399 

PQNKDSGFCYVKAVCTRDESQKILGLHFVGPNAAEVIQGYAVAFRVGISMSDLQNTIAIH 476 

TKHKEKAAMKLVCVG---KDEKVVGVHVFGVGSDEMLQGFAVAVTMGATKKQFDQTVAIH 456 

PCSSEEFVKLHITKRSGQDPRTQGCC 5 03 

PTSAEELVTMRGGVKPE----- - - - - - 473 

Figure 3.3: Amino acid alignment of the CB064883 EST with C. elegans TrxR2 and C. 

elegans GR. 

A ClustalW2 alignment of CB064883, C. elegans TrxR2 {NP_ 498971} and C. e/egans GR 

{CAB03763} using default paramet ers. The N-terminal active site is highlighted in 

yellow and the (-terminal TrxR act ive site is highlighted in turquoise,'*' represents 

homologous amino acid residues while ':' and ' .' represent similar amino acid residues . 
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TrxR enzymes, HcTrxR2 contains the central redox-active site Cys-Ala-Asn-Val-Gly-Cys 

(CANVGC) instead of the conserved Cys-Val-Asp-Val-Gly-Cys (CVNVGC). HcTrxR2 also 

contains the nematode specific (-terminal active site 'Gly-Cys-Cys-Gly' (GCCG). 

Analysis by SOS-PAGE and the anti-Penta His antibody revealed a doublet protein that 

migrated at approximately 62 kDa (figure 3.4). 

3.3. Phylogenetic analysis of H. contortus thioredoxin reductases 

H. contortus contains two different TrxR proteins, which differ in both active sites. The 

HcTrxRl protein contains a conserved central redox active site 'CVNVGC', and a 

selenocysteine residue in the (-terminal active site 'GCUG', common to higher 

eukaryotes such as mammals. HcTrxR2 in contrast, contains a different central redox 

active site 'CANVGC' as well as a unique (-terminal active site with the sequence 

'GCCG' (figure 3.5). A protein blast search (blastp), using the NCBI website 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi ) against both H. contortus thioredoxin 

reductase proteins, revealed two conserved putative domains, both belonging to the 

pyridine nucleotide-disulfide oxidoreductase superfamily, with the second one 

containing a dimerisation domain. 

Phylogenetic studies using the TrxR sequences from different organisms demonstrate 

an interesting pattern of divergence for the two H. contortus TrxR proteins. Bootstrap 

support values were calculated using 500 replicates and resulted in two major groups 

forming with strong branch support (figure 3.6). Group 1 includes proteins from a 

diverse cluster of organisms including humans, parasites and insects. HcTrxRl clades 

with TrxRl proteins from other nematodes C. elegans, Caenorhabditis briggsae and B. 

malayi. Surprisingly, HcTrxRl also clades closely with two human proteins, Homo 

sapiens TrxRl and H. sapiens TrxR3, the latter being a thioredoxin-glutathione 

reductase (TGR). Other TGR proteins from the platyhelminths, Enchinococcus 

granulosus, Schistosoma mansoni and Fascia/a hepatica, also clade closely with the 

human proteins. Although there is lower branch support, the TrxR proteins from the 

insect, 0. melanogaster, and the protozoan parasite, P. falciparum, also clade together 

to complete group 1. Group 2, which is very distinct from group 1, contains nematode-
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Figure 3.4: Cloning and expression of HcTrxR2. 

Chapter 3: Thioredoxin reductases of H. contortus 

A; Gel electrophoresis of the HcTrxR2 ORF amplified from adult H. contortus cDNA and 

gene specific primers. Lane 1, 1 Kb DNA ladder. Lane 2, PCR product (approximately 

1500 Bp). B; Western blot of expressed HcTrxR2 protein. Lane 1, molecular weight 

marker. Lane 2, total cell extract of expressed HcTrxR2 developed with an anti-penta 

His antibody (1:1000 dilution). C; Coomassie blue stained polyacrylamide gel of 

purified recombinant HcTrxR2 protein. Lane 1, molecular weight marker. Lane 2, 

unbound/flow through fraction. Lane 3, wash fraction A. Lane 4, wash fraction B. Lane 

5, eluted HcTrxR2 protein (approximately 62 kDa). 
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- ---------------- -- -------- - --- - - MGAVASAMPAARR - RDEKSSSSPDRTR 26 
MKS LTELFGCFKRQPRQQEASSPANPHVSDTLSMGVAASGMPPPKRPAPAESPTLPGETL 60 

AK LDEN - AESILHTVATSKVAILYSGYESN----- IQKYLSIIKSCESDENHIDV- --VR 77 
VDAPGIPLKEALKEAANSKIVIFYNSSDEEKQLVE FETYLNSLKEPADAEKPLEIP EIKK 120 

- - -- - - ---- MRWWLWPRQSFLMGRR'IVSSA-- - - - - -- - -- - -- - - -- - -LDYDLVVIG 30 
-- - --- - --- MLLSTFKRH---LPIRRLFSS-- - ---- - ------ - -----NKFDL IVIG 27 
LCVNDKVKDRIQLITLRNQWPLIFIKGDAVGGLDELRKLADTKVLPEWLKDHNYDLIVVG 137 
LQVSRASQKVIQYLTLHTSWPLMYIKGNAVGGLKELKALKQD- YLKEWLRDHTYDLIVIG 179 

GGSGGLSCSKAARECGARVALVDGVVPSPHGTIWGIGGTCANVGC IPKKLMHHAGIVGKE 90 
AGSGGLSCSKRAADLGANVALIDAVEPTPHGHSWGIGGTCANVGC IPKKLMHQAAIVGKE 87 
GGSGGLAAAKMAALHGKKVAVLDFVKPSPQGSTWGLGGTCVNVGC IPKKLMHQAAILGHS 197 
GGSGGLAAAKEASRLGKKVACLDFVKPSPQGTSWGLGGTCVNVGC IPKKLMHQASLLGHS 239 

** : * * * : * : * ** •**** *********** • * . •* · . . .. .. . . 
VQYASMYGWQNVVKG - -QHSWQTLVKVVNDRIKANNWIYRVQLNEKGI KLYTAFAS F IDS 148 
LKHADKYGWNGIDQEKIKHDWNVLSKNVNDRVKANNWIYRVQLNQKKINYFNAYAEFVDK 147 
IKDAKMFGWK - IPEGEINHNWENLRNAVQDH I SSLNWGYRVQLREKQVTYI NS YGRFTG- 255 
IHDAKKYGWK - LPEGKVEHQWNHLRDSVQDHIASLNWGYRVQLREKTVTYINSYGEFTG- 2 9 7 
. . * . : * * : : : * : *: :: ** ***** . : * : . 

HTIKTVSADKKKTEHILHAKKVVIATGLRPRYP - DVPGS-EYGITSDDLFS LSKSPGKTL 206 
DKIVITGTDKNKTKNFLSAPNVVISTGLRPKYP - NIPGA- ELGITSDDLFTLASVPGKTL 205 
- PFEISATNKKGEVEKLTADRFLIATGLRPRYPPDVPGVREYCVTSDDLFSLPYPPGKTL 314 
- PFEISATNKKKKVEKLTADRFLISTGLRPKYP - EIPGVKEYTITSDDLFQLPYSPGKTL 355 

.. :*:*****:** : :** 

VVGASYVALECAGLLAGVGFPVDLLIRSKPLKSFDQDCVKLVMANLQEQGVNVIYAKEVA 266 
IVGGGYVALECAGFLSAFNQNVEVLVRSIPLKGFDRDCVHFVMEHLKTTGVKVKEHVEVE 265 
CVGASYVSLECAGFLQGLGYDVTVMVRSILLRGFDQDMAERIRAHMKECGVKFENAVPTR 374 
CVGASYVSLECAGFLHGFGFDVTVMVRSILLRGFDQDMAERIRKHMIAYGMKFEAGVPTR 415 

* :::** * • **•* *: : . 

SVQLDGNKKKVS---------FKDSAATQSSTNETYDTIVWAIGRNPQHGDLNLAGAGVK 317 
RVEAVGSKKKVT---------FTGNGG-----VEEYDTVIWAAGRVPNLKSLNLDNAGVR 311 
IEEIEPKTKKQAGRLRVFFARKISDT-ETEEHSEEFNTVVIAIGRDAMTKDIGLDVVGVE 433 
IEQIDEKTDEKAGKYRVFWPKKN EETGEMQEVSEEYNTILMAIGREAVTDDVGLTTIGVE 475 

IDKSSGKIIVGNDDQTSAEGIYAIGDVVQGRPELTPTAIRAGQLLARRIFAGASQTMNYD 377 
TDKRSGKILADEFDRASCNGVYAVGDIVQDRQELTPLAIQSGKLLADRLFSNSKQIVRFD 371 
TAS - NGKVKGRREQSLTCPYVYAIGDVPANTPELTPVAIQAGKVLMNRLYYGSDLLTEYD 492 
RAK-SKKVLGRREQSTTIPWVYAIGDVLEGTPELTPVAIQAGRVLMRRIFDGANELTEYD 534 

**** **: : *: :* *• . . 

NVPTTVFTPLELGTVGLTEEEATRKFGSENIEVFHSHFTPFEYIIPQDPSSAHCYAKVIC 437 
GVATTVFTPLELSTVGLTEEEAIQKHGEDSIEVFHSHFTPFEYVVPQNKDSGFCYVKAVC 431 
EVPTTVFTPLEYGCCGLTEENAKQRYGEDNVIVYHAVFIPLEYTVAERMDKDHCYCKLIC 552 
QIPTTVFTPLEYGCCGLSEEDAMMKYGKDNIIIYHNVFNPLEYTISERMDKDHCYL¥.MIC 594 

** • ** • * : .* . :.: : : * * *•** . . 

LRNPPRKI LGMHIVSPNAAE II QGYAVAFNAGITFEQLT DTI AI HPCSS EEF IKLQ ITKR 4 9 7 
TRDE SQKI LGLHFVGPNAAEVIQGYAVAFRVGISMSDLQNTIA IH PCSSE EFVKLH I TKR 49 1 
LASDNERVIGFHILAPNAGEITQGFGIALKLGGTKADFDRLIG I HPTVAES FTTLFLVKV 6 1 2 
LRNEEEKVVGFHILTPNAGEVTQGFGIALKLAAKKAD FDRL I GI HPTVP..ENF TTLTLEKK 6 5 4 

. : :: * : * :: *** . *: 

SG- LSPKVQGCCG 509 
SG- QDPRTQGCCG 503 
PGGEELKATGCUG 625 
EGDEELQASGCUG 667 

* * . . * . .. . . ... 

Figure 3.5: Alignment of thioredoxin reductase enzymes from H. contortus and C. 

elegans. 

A ClustalW2 alignment of H. contortus TrxRl, H. contortus TrxR2, C. elegans TrxRl 

(NP _501085) and C.elegans TrxR2 (NP_ 498971} using default parameters. The N-

terminal active site is highlighted in yellow, the (-terminal active site is highlighted in 

turquoise and the mitochondria l localisation sequence is italisied. '*'represents 

homologous amino acid residu es while': ' and'. ' represent similar amino acid residues. 
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100 C. elegans TrxR1 

C. briggsae TrxR1 

__ 1_00 .... ---- H. contortus TrxR1 
65 ---- B. malayi TrxR 

--- H. sapiens TrxR1 

---- H. sapiens TrxR3 

------ E. granulosus TGR Group 1 

98 

24 

94 

4 

----- S. mansoni TGR 

----- F. hepatica TGR 

------- D. melanogaster TrxR1 

P. falciparum TrxR1 _________________ .... 
100 P. falciparum TrxR2 

------ H. sapiens TrxR2 

------ H. contortus TrxR2 

99 ---- C. elegans TrxR2 ---- ] Group 2 
100 ----c. briggsae TrxR2 

----------- H. sapiens GR 

----------------------E. coli TrxR 

0.2 

Figure 3.6: Neighbour-joining phylogenetic tree of thioredoxin reductase-like 

oxidoreductase protein sequences from 11 different species. 

Bootstrap supports values were calculated using MEGA 4.1 (500 replicates) with 

mitochondrial localisation sequences removed. C. elegans TrxRl (NP _501085}, C. 

briggsae TrxRl (XP _001670548}, B. malayi (XP _001898729), H. sapiens TrxRl 

(NP _003321}, H. sapiens TrxR3 (Q86VQ6}, E. granulosus thioredoxin glutathione 

reductase (TGR, AAN63052}, S.mansoni TGR (AAK85233}, F. hepatica TGR (CAM96615}, 

D. melanogaster TrxRl (NP _511082}, P. falciparum TrxRl (CAA60574}, P. falciparum 

TrxR2 (AAQ07981}, H. sapiens TrxR2 (NP _006431}, C. e/egans TrxR2 (NP_ 498971), C. 

briggsae TrxR2 (XP _001666058}, H. sapiens glutathione reductase (GR, NP _000628} 

and E. coli TrxR (NP _286765). 
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specific enzymes. This group contains only three TrxR proteins, HcTrxR2 and the TrxR2 

proteins from C. elegans and C. briggsae. The H. sapiens GR is distinct from the other 

proteins within the tree, as is the low molecular weight TrxR protein from the 

prokaryote Escherichia coli. This shows the unique identity of the HcTrxR2 enzyme. 

Supporting the results from the phylogenetic tree, the TrxRs from H. contortus are only 

52% homologous (table 3.1) . Although HcTrxRl shows 75% homology to the TrxRl 

proteins from C. elegans, C. briggsae and B. malayi, it is less than 50% homologous to 

the TrxR2 proteins from these nematodes. Conversely, the HcTrxR2 is 73% homologous 

to the C. elegans and C. briggsae TrxR2, but less than 50% homologous to the TrxRl 

proteins. All three proteins from H. sapiens are similarly related to HcTrxRl and 

HcTrxR2 (45-65% homology; figure 3.7). The TGR proteins from the platyhelminths are 

also closely related with f . granulosus, S. mansoni and F. hepatica being 63%-65% 

homologous to HcTrxRl and 55-56% homologous to HcTrxR2. HcTrxR2 is 66% 

homologous to 0. melangaster TrxRl. Homology with the low molecular weight TrxR 

from E. coli is only 30%. 

The results from the different analyses highlight the fact that, even though these 

proteins are ubiquitous, they are also highly diverse. These differences may, therefore, 

lead to their use as targets for drugs or vaccines in nematode control. 

3.4. Activity of thioredoxin reductase enzymes 

3.4.1. Thioredoxin reductase DTNB assay 

The activity of the recombinant thioredoxin reductase enzymes was measured using 

the NADPH dependent reduction of 5,5'-dithiobis(2-nitrobenzoate) (DTNB} based on 

the following reaction: 

TrxR 
DTNB + NADPH + H+ ._ 1111 2 TNB + NADP+ 
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Table 3.1: Percentage similarities of thioredoxin reductase-like oxidoreductase protein sequences from different species. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
1. H. contortus TrxRl 36.8 61.7 35.5 51.8 42 .2 42.1 39.1 29.4 18.7 60.2 46.8 47.2 45.8 63.1 34.9 
2. H. contortus TrxR2 52.1 34.9 57 .9 42.1 47.3 31.5 47.3 32.7 17.4 35 38.9 38.3 37.8 34.7 57.3 
3. C. elegans TrxRl 75.4 48.3~ 33.8 47.1 39.2 43 38.4 28.9 14.4 57.9 44.9 44.5 42.8 86.1 33.8 
4. C. elegans TrxR2 51.1 72.5 48.5 41.5 46.1 31.2 46.5 33.7 16.1 34.4 38 36.6 37.2 33 68.5 
5. H. sapiens TrxR l 65.4 62.4 60.8 62.9 51.7 51.4 50.2 32.5 16.7 47 52 52.1 50.1 47.4 41.1 
6. H. sapiens TrxR2 56.9 66.7 55.4 64.8 66.'9 39.1 52.4 36.9 17.9 41.1 45.4 44.8 44.4 38.7 46.9 
7. H. sapiens TrxR3 58.2 45.6 60 45 61.,6 50.5 35 .6 26.5 14.1 43 .4 42.3 42.3 42.9 43.3 30.3 
8. 0. melanogsater TrxR l 52.9 66 50.6 0 64 63.,3 67.3 45.6' 32.3 19.4 37.8 42 .8 41.1 43 38.9 45.3 
9. H. sapiens GR 46.2 54.4 43.8 ~6.5 51:6 57.4 40.4 51.3 17.7 30.3 32.1 32.1 30.5 29 32.6 
10. E. coli TrxR 28.2 30.1 25.1 28.8 30 2!}.8 24 32.6 29.1 16.3 15.9 16 14.3 15.1 17.5 
11. B. malayi TrxR 75.3 49.8 74 50.3 62:6 56.4 58 52.2 46:2 ,25.6 45.5 45 43.8 58.1 32.2 
12. 5. mansoni TGR 64.6 56.6 62.3 a 58 68~5 62 57.1 57.1 50.4 0 27.8 63.4 62.2 57 .8 44.6 39.6 
13. F. hepatica TGR 63.3 55.4 62~2 55.3 67~3 60 56.6 55.6 49.7 0 27.1 61.8 78.4 57.4 45.8 36.8 
14. f . granulosus TGR 63.3 55.4 61 53.5 65;6 6i.1 57 56.9 51.2 '1 27.3 62.9 74.2 75 42.8 36.4 
15. C. Briggsae TrxRl 75.4 49.2° 93.4 49.2 Gl 55.8 59.6 51 43.6 24 74.1 62.4 62.7 60.3 34.1 
16. C. Briggsae TrxR2 52.4 7~ 50.2 83.1 61,..,5 65.8 43.3~ 63.5 54.

0

8 '1 31.1 51.1 58.1 54.9 53.2 50.5 

Matrix Global Alignment Tool {MatGat) version 2.02 {Campan el la et al., 2003) using defa ult settings was used to identify percentage similarities 
(highlighted in blue) and percentage identit ies (highlighted in yel low) between prot ein sequences. Accession numbers for sequences are the 

same as those used in figure 3.6. 
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HcTrxR2 
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HsTrxRl 
HsTrxR2 
HcTrxR2 
CeTrxR2 

HcTrxRl 
CeTrxRl 
HsTrxRl 
HsTrxR2 
HcTrxR2 
CeTrxR2 

HcTrxR 1 
CeTrxRl 
HsTrxRl 
HsTrxR2 
HcTrxR2 
CeTrxR2 

HC'rrxRl 
CeTrxRl 
HsTrxRl 
HsTrxR2 
HcTrxR2 
CeTrxR2 

HcTrxRl 
CeTrxRl 
HsTrxRl 
Hs'J'rxR2 
HcTrxR2 
CeTrxR2 

HcTrxRl 
CeTrxRl 
HsTrxRl 
HsTrxR2 
HcTn::R2 
CeTrxR2 

HcTrxRl 
CeTrxRl 
HsTrxRl 
HsTrxR2 
HcTrxR2 
Ce'rrxR2 

-- -- - - - - -- - - -- --- - - - - - - - -- -- -- - - - MGAVASAMPAARR-RDEKSSSSPDRTR 2 6 
MKSLTELFGCFKRQPRQQEASSPA~PHVSDTLSMGVAASGMPPPKRPAPAESPTLPGETL 60 
-- -- -- -- -- -- -- -- -- -- -- - - --- - -- - - - -- -- -- - - - - - - -- - - ---- -- - - --M l 

AKLDEN-AES ILHTVATSKVAILYSGYESN- ---- IQKYLS I I KSC£SDENHIDV---VR 77 
VDAPG I PLKEALKEAANSKIVI fY)lSSDEEKQL VE FETYLNSLKE PADAEKPLEI PE I KK 12 0 
SCEDGRALEGTLSELA---- - - - - - - -- -- - -- - - -- -- - - -- - - - - -AETDLPVVFVl<Q 2 9 
NAAMA VALRGLGGRFR-- -- - - - - - - -- - - - -- - - -- -- -- ---- - - -- -- -- - - --WRT 19 
-- - - - -MRWWLWPRQS -- ---- - - -- - - - - - -- - - - - - - -- ---- - - - - - - -- - -FLMGR 1 5 
-- ----MLLSTFKRH- ---- ------ -------------------------------LP I 12 

LCVNOKVKOR IQLI TLRNQWPL IF IKGDAVGGLDELRKLADTKVLPEWLKDHNYOLIWG 13 7 
LQVSRASQKV IQYL TLHTSWPLMY IKG:-.IAVGGLKELKALKQD- YLKEWLRDHTYDLIVIG l / 9 
RKIGGHGPT----------- ----LKAYQEGRLQKLLKMNGP---EDLPKSYDYDLI I IG 7 l 
QA VAGGVRG--- -- - - - - - - -- -AARGAAAG-- - - - - - - -- -- - - - - - - -QRDYDLLVVG 4 6 
RTVSS- - -A- -- -- - - -- -- -- - - - - - - - - - -- - - -- - - - - - - -- - - - - --LDYDLVVIG 3 0 
RRLFS- - -5- -- -- -- - - - - -- -- -- -- - - - -- - - - - - - - - - - -- - - -- --NKFDLI VIG 2 7 

GGSGGLAAAKMAALHGKKVA VLDFVKPSPQGSTWGLGGTCVNVGC I PKKLMHQAAILGHS 19 7 
GGSGGLAAAKEASRLGKKVACLDFVl<PSPQGTSWGLGGTCVNVGC I PKKLMHQASLLGHS 2 3 9 
GGSGGLAAAKEAAQYGKKVMVLDFVTPTPLGTRWGLGGTCVNVGC IPKKLMHQAALLGQA 131 
GGSGGLACAKEAAQLGRKVAVVDYVEPSPQGTRWGLGGTCVNVGC IPKKLMHQAALLGGL 106 
GGSGGLSCSKAARECGARVALVDGVVPSPHGTIWGIGGTCANVGC IPKKLMHHAGIVGKE 90 
AGSGGLSCSKRAADLGA~VALI DA VEPTPHGHSWG IGGTCANVGC IPKKLMHQAAIVGKE 8 7 

IKDAK.MFGWK-IPEGEINHNWENLRNAVQDHISSLNWGYRVQLREKQVTYINSYGRFTGP 256 
IHDAKKYGWK-LPEGKVEHQWNHLRDSVQOHIASLNWCYRVQLREKTVTYINSYGEFTGP 298 
LQDSRNYGWK-VEET-Vl<HDWDRMIEAVQNHIGSLNWGYRVALREKKVVYENAYGQFIGP 189 
IQDAPNYGWE-VAQP-VPHDWRKMAEAVQNHVKSLNWGHRVQLQDRKVKYFNIKASFVDE 164 
VQYASMYGWQNVVl<G--QHSWQTLVl<VVNDR IKANNW IYRVQL~EKGIKLYTAFASFIDS 14 8 
LKHADKYGWNGIDQEKIKHDWNVLSKWNORVKAN'NWIYRVQLNQKKINYFNAYAEFVDK 14 7 

FE !SAT- -NKKGEVEKLTADRFLI ATGLRPR YPPDVPCVREYCVTSDDLFSLPYPPGKTL 314 
FE ISAT--NKKKKVEKLTADRFLI STGLRPK YP-E IPCVKEYTITSDDLFQLPYS PGKTL 35 5 
HR I KAT- -NNKGKEKI YSAERFLIATGERPR YL-C I PCDKEYC I SSDDLFSLPYCPGKTL 2 4 6 
HTVCGV--AKGGKE I LLSADHI I IATGGRPR YPTH I EGALEYG ITSDDI FWLKES PGKTL 2 2 2 
HT IKTVSADKKKTEHI LHAKKVVI ATGLRPR YP-DVPGS-EYG ITSDDLFSLSKSPGKTL 2 0 6 
DK IVITGTDKNKTKNFLSAPNVVI STGLRPKYP-N I PGA-ELC ITSDDLFTLASVPGKTL 2 0 5 

CVGASYVSLECAGFLQCLGYDVTVMVRS ILLRG F'DQDMAERI RAHM.KECGVKFENA-VPT 3 7 3 
CVCAS YVSLECAGFLHGFCFDVTVMVRS ILLRGFDQDMAERI RKHMIAYGMKFEAC-VPT 4 14 
WCAS YVALECAGFLAGI GLDVTVMVRS ILL RC FDQDHANKIGEHMEEHGI KFIRQFVP I 30 6 
VVGAS YVALECAGFL TGIGLDTTIMMRS I PLRGFDQQMSSMVI EHMASHGTRFLRGCAPS 2 8 2 
WGASYVALECAGLLAGVGf PVDLLI RSKPLKS FDQDCVKLVMANLQEQGVNVI YAK EVA 2 6 6 
IVGCGYVALECACFLSAFNQNVEVLVRS I PLKGFDRDCVHFVM.EHLKTTGVKVKEHVEVE 2 6 5 

RI EE IEPKTKKQAGRLRVFF ARK! SOT- ETEEHSEEFNTWIAIGRDAMTKDIGLDVVCV 4 3 2 
RI EQIDEKTOEKAGKYRVFWPKKNEETGEMQEVSEEYNT ILM.AIGREAVTDDVGLTTIGV 4 7 4 
KVEQIEAGT- - - PGRLRVVAQSTNSEE--- - I I EGEYNTVMLAIGRDACTRKIGLETVGV 3 5 9 
RVRRLPDGQ------LQVTWEDSTTGK----EDTGTfDTVLWAIGRVPDTRSLNLEKAGV 332 
SVQLDGNKK- - - - ---KVSF KDSAATQ- --SSTNETY OT IVWAIGRNPQHCDLNLAGAGV 3 16 
RVEAVCSKK- - - - --- KVTFTGNGG- - - -- - - -VEEYDTVIWAAGRVPNLKSLNLDNAGV 3 l 0 

ET-ASNGKV'KGRREQSLTCPYVYAIGDVPANTPELTPVAIQAGKVLMNRLYYGSDLLTEY 49 l 
ER-AKSKKVLCRREQSTTIPWVYAIGDVLEGTPELTPVAIQAGRVI.MRRIFOGANELTEY 53 3 
KINEKTGKIPVTDEEQTNVPYIYAIGDILEDKVELTPV/\IQ/\GRLLAQRLY /\GSTVl<CDY 419 
DTSPDTQK I LVDSREATSVPHI Y /\IGDVVEGRPELTP IAIMAGRLLVQRLFGGSSDLMDY 3 9 2 
KI DKSSGK I IVGNDDQTSAEG I Y/IIGDVVQGRPELTPTAIRAGQLL/IRR I FAGASQTMNY 3 7 6 
RTDKRSGK ILADEFDRASCNGVYAVGDI VQDRQELTPLAIQSGKLL/IDRLFSNSKQIVRF 3 7 0 

DEVPTTVFTPLEYGCCGLTEENAJ<QRYGEDNVIVYHAVFIPLEYTVAERMDKDHCYCKLI 55 l 
DQI PT'rVFTPLEYGCCGLSEEDAMMKYGKDNI 1 IYHNVFNPLE YTISERMDKDHC'lLKMI 5 9 3 
ENVPTTVFTPLEYGACGLSEEKAVEKFGEENIEVYHSYFWPLEWTIPSR-DNNKCYAKI I 4 7 8 
ONVPTTVFTPLEYGCVGLSEEEAV ARHC.QEHVEVYHJI HYKP!.EFTV/IGR-OASQCYVKMV 4 5 l 
DNVPTTVFTPLELGTVGLTEEEATRKFGSENI EVFHS HFTPFEY I I PQDPSS/\HCYAKVI 4 3 6 
DGVATTVFTPLELSTVGLTEEE/\IQKHGEDS IEVF HSHfTPFEYVVPQNKDSGFCYVKAV 4 3 0 

CLASDNERVIGFH I LAPNAGEI TQCFGIALKLCGTKADFDRL IGI HPTV AESFTTLFLVK 611 
CLRNEEEKVVGFHILTPNAGEVTQGFGIALKLAAKKADFDRLIGIHPTVAEN!'TTL1'LEK 653 
CNTKDNERVVGFHVLGPNAGEVTQGF AAALKCGLTKKQLDST IGI HPVCAEVFTTLSVTK 5 3 8 
CLRE PPQLVLGLllFLGPNAGEVTQGF Al.GI KC GAS YAQVMRTVGI HPTCSEEVVKLRI SK 511 
CLRNPPRKILGMH IVSPNAAEI IQGYAV AF NAG ITFEQLTDT I/II HPCSSEEF IKLQITK 4 9 6 
CTRDESQK ILGLHFVGPNAAEVIQGY AVAfRVG I SMSDLQNTIAI HPCSSEEFVl<LH ITK 4 9 0 

VPGGEELKATGCOG 625 
KEGDEELQASGCUG 6 6 7 
RS GAS I LQA-GCUG 5 51 
RSG-LDPTVTGCUG 524 
RSG-LSPKVQGCCd 509 
RSG-QDPRTQGCCG 503 

Figure 3. 7: Multiple sequence alignment of thioredoxin reductases. 

Multiple sequence alignment of thioredoxin reductases from H. contortus {HcTrxRl 

and HcTrxR2), C.elegans (CeTrxRl and CeTrxR2) and human {HsTrxRl and HsTrxR2). 

The predicted mitochondrial localisation signals are in italics, the N-terminal active site 

is highlighted in yellow and ( -te rminal active site is highlighted in turquoise . '*' 

represents homologous amino acid residues while ':' and '.' represent similar amino 

acid residues . Accession numbers for sequences are the same as those used in figure 

3.6. 
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DTNB readily undergoes a thiol-disulfide interchange reaction in the presence of free 

thiols to form 2-nitro-5-thiobenzoate (TNB), a yellow colour that has a maximum 

absorbance at 412 nm (Holmgren and Bjornstedt, 1995). 

The activity of HcTrxRl and HcTrxR2 were both measured and compared to the activity 

of a commercial available purified rat TrxR enzyme. This rat TrxR is the native enzyme 

purified from rat tissue, it contains the selenocysteine residue in the (-terminal active 

site and its activity, therefore, most likely reflects the activity of the native HcTrxRl 

enzyme from H. contortus, which also contains the selenocysteine residue. Figure 3.8A 

shows that both the TrxR enzymes from H. contortus are able to effectively reduce 

DTNB (Km HcTrxRl 62.9 ± 9.5 µM; HcTrxR2 1159 ± 200 µM; rat TrxR 125.6 ± 18.2 µM), 

and the Keat for HcTrxR2 (824.5 ± 70.0 min -l ) is similar to that of the rat TrxR (1561.1 ± 

69.7 min -1), even though HcTrxR2 does not contain a selenocysteine . HcTrxRl, with a 

cysteine replacing the selenocystein e and, so, is similar to the ( -term inal redox site of 

HcTrxR2, had a Keat approximately 100- fold lower than that for the rat TrxR (20 .0 ± 0.8 

min -1). This is similar to studies performed in mammalian TrxR enzymes with cysteine 

replacing the selenocysteine (Zhong et al., 2000). The high activity of HcTrxR2 

demonstrates that it is not simply the selenocysteine that is required for activity; thus 

high activity may be achieved with DTNB without selenocysteine in the enzyme. 

3.4.2. Thioredoxin reductase insulin reduction assay 

In vivo, thioredoxin reductase, with electrons from NADPH, maintains thioredoxin in 

the reduced state. Once reduced, thioredoxin is then able to reduce protein disulfides. 

Substrates such as insulin can be reduced and this can be measured by the reduction 

of NADPH over time. Alternatively, the reduction of insulin by thioredoxin regenerated 

by TrxR and NADPH, can also be measured by an endpoint assay that determines the 

amount of free thiols produced over a fixed time period using DTNB (Holmgren, 1977). 

The thioredoxin system catalyses the reduction of insulin by NADPH as shown below 

(Holmgren, 1979). 
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Figure 3.8: Velocity of TrxR enzymes using the substrate DTNB (A) and HcTrxl (B). 

A; HcTrxRl (2 µM, red circles), HcTrxR2 (500 nM, orange triangles) or rat TrxR (100 nM, 

400 nM; black squares) was incubated in 50 mM Tris/2 mM EDTA pH 7.5. Reactions 

were started by the addition of 200 µM NADPH and serial two fold dilutions of DTNB. 

Reactions were monitored at 412 nm for 3 mins. B; Thioredoxin (HcTrxl, 5 µM) was 

incubated with 0.13 mM insulin and 200 µM NADPH in 50 mM Tris/2 mM EDTA pH 7.5. 

Reactions were initiated by the addition of HcTrxRl (2 µM, red circles), HcTrxR2 (200 

nM, orange triangles) or rat TrxR (400 nM, black squares) and monitored at 340 nm for 

20 mins. Kinetic constants were calculated using Graph Pad Prism version 5.02. 
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Trx-(SHh + insulin-52 .. Trx-52 +insulin-SH 

TrxR 
Trx-52 + NADPH + H+ ~ Trx-(SHh + NADP+ 

The activity of this system is dependent on the ability of thioredoxin reductase to 

reduce thioredoxin. Many studies have used f. coli or mammalian thioredoxins to 

compare the activities of TrxR from different species (Holmgren, 1977, Lundstrom and 

Holmgren, 1990, Tamura and Stadtman, 1996). However, the activity of TrxR enzymes 

with thioredoxin is dependent on the species of the thioredoxin, and activity with the 

cognate thioredoxin is usually higher than for other thioredoxins. The two TrxRs from 

H. contortus showed only low activity with f . coli thioredoxin (km> 50 µM) and sheep 

thioredoxin, although the rat selenocysteine containing enzyme had high activity 

(figure 3.9). In contrast to this, the affinity (Km) of all the TrxR enzymes for H. contortus 

thioredoxin 1 (HcTrxl) was similar (figure 3.88). The kinetic data is summarised in table 

3.2 and unlike the Km values, the activities (Keat/Km) of these enzymes for HcTrxl differ 

greatly. The predicted m itochondrial enzyme HcTrxR2 has the highest activity with 

HcTrxl , which also has a mitochondrial localisation signal (Sotirchos et al., 2008). 

Table 3.2: Kinetic constants for the TrxRs with HcTrxl. 

Enzyme Km (µM) Keat (min-1) Keat/Km (min -lM-1) 

HcTrxRl 2.1±0.6 4.23 ± 0.3 2.0 x 106 

HcTrxR2 1.21 ± 0.6 300 ± 64 250 x 106 

Rat TrxR 3.5 ± 0.2 342 .3 ± 34 97.8 x 106 

However, H. contortus contains five proteins with the active site 'CXXC', which 

identifies them as thioredoxin-like proteins (section 1.8.4). HcTrx2 is a thioredoxin-like 

protein similar to one identified in humans (Miranda-Vizuete et al., 1998), and is active 

with rat TrxR and HcTrxRl but not wi t h HcTrxR2. HcTrx3 is the predominant 

thioredoxin expressed specifically in nematodes with the active site 'CPPC' (Sotirchos 

et al., 2008). While this thioredoxin was highly active with rat TrxR and also a substrate 
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Figure 3.9: Activity of TrxR enzymes measuring the reduction of thioredoxins. 

The assay mixture contained 5 µM thioredoxin, 0.13 mM insulin, 200 µM NADPH in 50 

mM Tris/2 mM EDTA pH 7.5 and was started by the addition of thioredoxin reductase; 

HcTrxRl (2 µM), HcTrxR2 (500 nM) or rat TrxR (100 nM). After a 20 min incubation, the 

reaction was stopped by the addition of 6 M guanidine hydrochloride containing 0.4 

mg/ml DTNB in 0.2 M Tris pH 8. Error bars show the standard error of at least three 

independent experiments. 
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for HcTrxRl, again HcTrxR2 showed no activity with this thioredoxin. Neither TrxR from 

H. contortus nor the rat TrxR could utilise HcTrx4 as a substrate . It is possible that 

HcTrx4 reacts similarly to protein disulfide isomerise proteins, which do not need to be 

in the reduced state to be active, and with which it shares significant homology 

(Sotirchos, 2009) . HcTrxS, similar to HcTrxl, also has a mitochondrial localisation 

signal, but neither of the H. contortus TrxRs were active with this thioredoxin. 

However, it was reduced by the rat selenocysteine containing TrxR enzyme. HcTrxS is a 

thioredoxin that is reduced by glutathione and glutathione reductase (Sotirchos et al., 

2009). Overall, these results demonstrate that, while the activity of HcTrxRl is lower 

than the rat TrxR, it is similar in specificity. HcTrxR2 is much more limited in its 

specificity, having only high activity with the mitochondrial H. contortus thioredoxin 1. 

As well as being able to reduce thioredoxin, the well characterised mammalian TrxR 

enzymes are also capable of reducing a plethora of substrates, which helps to 

characterise these proteins . Th e two H. contortus TrxRs were tested for their ability to 

reduce a number of other substrates. Unlike mammalian TrxR enzymes, neither H. 

contortus TrxR was able to reduce hydrogen peroxide, lipoic acid, oxidised glutathione 

(GSSG), coenzyme QlO or the cysteine bridge in insulin. However, both were able to 

reduce the small molecular weight substrate sodium selenite (figure 3.10). 

3.4.3. Inhibitor studies 

There are many known inhibitors of mammalian TrxR enzymes, with the majority of 

them targeting the penultimate carboxyterminal selenocysteine residue. In order to 

characterise the TrxR enzymes from H. contortus, inhibitor studies were performed 

(figure 3.11). Auranofin, a potent inhibitor of mammalian thioredoxin reductase 

enzymes (Rigobello et al. , 2002), was able to inhibit both HcTrxRl and HcTrxR2, 

although with Ki values at least 20- fold higher than that for the rat TrxR (table 3.3). 1-

chloro-2,4-dinitrobenzene (CDNB), also an inhibitor of human TrxR enzymes, similarly 

inhibited both the H. contortus enzymes, demonstrating that these inhibitors are not 

specific to the selenocysteine. Cisplatin, a successful chemotherapeutic for cancer 

treatment and an inhibitor of human TrxRs, was not able to inhibit the nematode 

enzymes at concentrations that could be achieved. Natural product drugs have also 
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Figure 3.10: Activity of recombinant H. contortus TrxR enzymes with different 

substrates. 

The reaction mixture {100 µL) contained HcTrxRl (2 µM} or HcTrxR2 {SOOnM) and 

substrate (hydrogen peroxide 2 mM, insulin 0.13 mM, oxidised glutathione {GSSG} 1 

mM, lipoic acid 1 mM, coenzyme QlO 100 µM, sodium selenite 2 mM} in SOmM 

Tris/2mM EDTA pH 7.5. The reduction of 0.4 mM NADPH was measured at 340 nm for 

2 mins. 

74 



Chapter 3: Thioredoxin reductases of H. contortus 

-2 -1 0 
log [auranofin] µM 

c 

O._~-.-~---~---~M 

0 1 2 3 4 

log [CDNB] µM 

2 3 
log [theaflavin] µg/ml 

0 2 
log [cisplatin] µM 

2 3 
log [curcumin] µM 

3 

D 

Figure 3.11: Activity of TrxR enzymes in the presence of known mammalian 

inhibitors. 

TrxR enzyme, HcTrxRl (2 µM, red circles), HcTrxR2 (500 nM, orange triangles) or rat 

TrxR (100 nM, black squares}, was incubated in serial two-fold dilutions of inhibitor, 

auranofin (A), cisplatin (B), CDNB (C}, curcumin (D} or theaflavin (E) in 50 mM Tris/2 

mM EDTA pH 7.5. Reactions were started by the addition of 1 mM DTNB and 200 µM 

NADPH, and were monitored at 412 nm for 3 mins. K; values were calculated for each 

inhibitor (table 3.3). 
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been identified as inh ibitors of mammalian TrxR enzymes (Du et al., 2009, Fang et al., 

2005}. Table 3.3 gives the K; values for these compounds compared to the 

selenocysteine-containing rat TrxR. Curcumin, a plant derivative used as a spice in 

curry, and theaflavin, a polyphenol from black tea, were also inhibitors of the H. 

contortus TrxRs. Interestingly, HcTrxRl was more sensitive to theaflavin than the 

mammalian enzyme. This suggests the potential for natural product additives to be 

investigated for the control of this parasite. 

Table 3.3: K; values for inhibitors of thioredoxin reductase enzymes. 

K; values Auranofin Cisplatin (µM) CDNB (µM) Curcumin Theaflavin (µg/ml) 

(µM) Tight Competitive (µM) Competitive 

Tight non- competit ive Competitive 

competitive 

HcTrxRl 0.48 * 116 * 2.33 

HcTrxR2 0.89 * 1626 228 296 

Rat TrxR 0.02 4.33 6.69 65.9 17.6 

*the highest concentrations of inhibitor available was not able to completely inhibit 

the reaction. K; values were calculated using standard equations (section 2.2.6.3}. 

3.4.4. DNA nicking assay 

Antioxidants have the ability to protect biomolecules from oxidative attack. In order to 

identify whether the TrxR enzymes from H. contortus have antioxidant properties, they 

were exposed to free radicals generated using the mixed function oxidase (MFO} 

system (Kunchithapautham et al., 2003). This MFO system is a thiol metal-catalysed 

oxidation system which measures the antioxidant protective effects of proteins. 

Hydroxyl and thiol radicals are generated which are capable of creating single-strand 

breaks in plasmid DNA (Kwon et al., 1993}. The damage caused to the plasmid DNA can 

then be assessed by a shift in mobility from supercoiled forms to nicked forms. The 

protection of antioxidants has been shown in a number of different organisms 
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(Chandrashekar et al., 1998, Chandrashekar et al., 2000, Kawazu et al., 2000, Kim et al., 

1988, Klimowski et al., 1997, Sauri et al., 1995, Sekiya et al., 2006), however, to my 

knowledge, there have been no reports on the protective antioxidant effect of TrxR 

enzymes using this system. Figure 3.12 shows the protective capabilities of the TrxR 

enzymes from H. contortus in a concentration dependent manner, with 10 µg of 

HcTrxRl and HcTrxR2 being able to protect DNA from damage at 98% and 69% 

respectively, while using 1 µg only protected DNA 21% and 6.5% respectively. Controls 

of bovine serum albumin (BSA) or no protein were used to demonstrate that the 

protection was not simply due to the presence of a protein, and that the free radicals 

produced were able to nick the plasmid DNA. 

3.5. Discussion 

In organisms, TrxR enzymes have been characterised and belong to two distinct 

groups; the high molecular weight enzymes found in eukaryotes and the low molecular 

weight enzymes found in prokaryotes. H. contortus contains two different TrxR 

enzymes, HcTrxRl and HcTrxR2, both belonging to the high molecular weight group. In 

higher eukaryotes, the redox-active sites of TrxR enzymes are conserved, the central 

redox-active site contains the motif 'Cys-Val-Asp-Val-Gly-Cys' (CVNVGC) and the (-

terminal redox-active site contains the rare amino acid selenocysteine with the motif 

Gly-Cys-SeCys-Gly (GCUG) . This selenocysteine residue is essential for enzyme function 

and gives these enzymes broad substrate specificity (Zhong et al., 2000). Similar to the 

TrxR from higher eukaryotes, HcTrxRl contains the two conserved redox-active sites, 

the central active site 'CVNVGC' and the C-terminal active site 'GCUG'. However, the 

HcTrxRl enzyme used in this study was expressed with a cysteine replacing the 

selenocysteine. The affinity of HcTrxRl for the substrate DTNB was approximately 100-

fold lower than that of the rat TrxR, which is similar to that reported for mammalian 

TrxR enzymes with a selenocysteine to cysteine mutation (Gromer et al., 2003, Zhong 

and Holmgren, 2000). This implies that the selenocysteine residue is important for 

activity. 
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Figure 3.12: Antioxidant protection of plasmid DNA by HcTrxRl and HcTrxR2. 

Nicking of plasmid DNA was assessed by electrophoresis on agarose gels (A), and is 

expressed as percentage protection of the untreated plasmid (B) . Protein or control 

samples were incubated with plasmid DNA for 2 hrs in the presence of the mixed 

function oxidase (MFO) system to produce free radicals. Controls included the absence 

of DTT and the absence of iron (Fe2+). Error bars show the standard error of three 

independent experiments.** Indicates P<0.01 and *** indicates P<0.001 compared to 

0% protection. 
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HcTrxR2 contains two different redox-active sites. The central redox-active site 

contains a substitution of valine to alanine, both non-polar amino acids, resulting in 

the motif 'CANVGC'. The C-terminal active site of this enzyme contains a substitution 

of selenocysteine to cysteine, resulting in the motif 'GCCG' . HcTrxR2 is as active as rat 

TrxR with the substrates DTN Band the homologous HcTrxl indicating that it is not 

simply the selenocysteine residue that gives TrxR enzymes their high activity. Similar 

activities in TrxRs without the selenocysteine have been reported for P. falciparum 

(Gilberger et al., 1997) and 0. melanogaster {Kanzok et al., 2001), supporting the 

evidence that selenocysteine is not the only determinant of enzyme activity. The 

amino acid changes seen in the two redox-active sites of HcTrxR2 have only been 

identified in one other TrxR enzyme, the mitochondrial TrxR of C. elegans {Gladyshev 

et al., 1999) and, thus, are nematode exclusive . Although the importance of these 

substitutions is unclear, it is possible that the activity of these enzymes is dependent 

on having both substitutions in both active sites. These nematode exclusive active sites 

may provide a target that could be exploited to control nematode infections. 

Although some TrxR enzymes do not require selenocysteine for high activity, 

incorporation of this rare amino acid residue is important to native TrxRs and is 

believed to be part of their evolution (Sandalova et al., 2001). This incorporation into 

proteins however requ ires specific SECIS elements. Unlike what has been reported for 

mammalian selenoproteins, the predicted SECIS core in HcTrxRl was found to be 

'GUGA' (figure 3.13). This is an unusual form of the SECIS element and has also only 

been identified previously in CeTrxRl from C. elegans (Buettner et al., 1999). 

The number of selenoproteins in different organisms varies from 25 in humans 

(Kryukov et al., 2003), three in Drosophilia spp. {Martin-Romero et al., 2001), to only 

one in C. elegans {Gladyshev et al., 1999). The enzymes that comprise the largest 

group of selenoproteins in mammalian organisms, the glutathione peroxidase enzymes 

(Kryukov et al., 2003), have been identified in H. contortus as being selenium-

independent (Bagnall and Kotze, 2004). It is interesting to speculate that, like CeTrxRl, 

HcTrxRl may also be the only selenoprotein in H. contortus; however this has not been 
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Figure 3.13: Selenocysteine insertion (SECIS) element of HcTrxRl. 

The SECIS element of HcTrxRl was identified using the program SECISearch 

(http://genome.unl.edu/SECISearch.html) using default parameters (cove score of 

20.71). The 'AA' (bold) in the apical loop and the 'UGA_G' (bold) in the quartet 

structure are conserved in mammal as well as in nematodes. The 'G' residue 

immediately upstream of the quartet is nematode specific (Taskov et al., 2005). 
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determined. It is also of interest that C. elegans has evolved to contain the complex 

selenocysteine insertion machinery to insert only one residue into one enzyme even 

though high activity can be achieved without it. Thus the importance of this 

selenocysteine residue is obviously something that is still not fully understood. 

The ability of TrxR enzymes to reduce thioredoxin is dependent on the species of the 

thioredoxin used. The resulting kinetic constants are generally higher when using a 

cognate thioredoxin than for other thioredoxins (Tamura and Stadtman, 1996). H. 

contortus contains five different thioredoxin-like proteins. Although HcTrxRl has very 

low catalytic activity relative to the rat TrxR, is still has the ability to reduce a number 

of different species specific thioredoxins, including HcTrxl, 2 and 3, as well as the 

thioredoxins from sheep and from E. coli. This indicates a broad substrate specificity 

that is evidently not only due to the presence of a selenocysteine. While the low 

activity of HcTrxRl could be directly due to changes in the structure of the enzyme, the 

broad substrate specificity seen by its ability to utilise a wide range of thioredoxins, as 

well as the phylogenetic studies, suggests that the low activity is due to the 

selenocysteine to cysteine substitution. HcTrxR2 is more limited in its substrate 

specificity as it is only able to reduce one thioredoxin from H. contortus.1 HcTrxl, which 

also contains a predicted mitochondrial localisation signal (Sotirchos et al., 2008). It 

also has low activity with thioredoxins from sheep and f. coli, both of which contain 

classical 'CGPC' active site sequences, unlike the other thioredoxins of H. contortus 

(figure 1.6). 

Neither TrxR enzyme from H. contortus could utilise HcTrx4 or HcTrxS as a substrate. 

HcTrx4 shares high homology with the human transmembrane protein disulfide 

isomerase (POI; Sotirchos, 2009). These proteins are members of a multi-domain, 

multi-functional thioredoxin superfamily that catalyses thiol-disulfide oxidation, 

reduction and isomerisation (Ellgaard and Ruddock, 2005, Schwaller et al., 2003). 

Rather than functioning through their reducing activities, POis function through their 

oxidative activities, thus they do not need to be maintained in the reduced state. 
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HcTrxS is a unique mitochondrial thioredoxin with glutaredoxin activity. As well as 

being reduced by mammalian TrxR, it can also utilise glutathione and glutathione 

reductase for regeneration, a role reserved for glutaredoxin enzymes. The failure of 

either H. contortus TrxR enzyme to reduce HcTrxS, especially HcTrxR2, which also 

contains a predicted mitochondrial localisation signal, suggests that HcTrxS may be 

involved in cellular activities where it is reduced by alternative means (Sotirchos et al., 

2009}. 

While there have been five reported thioredoxins from H. contortus.1 the cognate 

thioredoxin for both H. contortus TrxR enzymes appears to be HcTrxl, the substrate 

with the highest activity, even though HcTrx3 has been identified as the predominant 

thioredoxin in this parasite (Sotirchos et al., 2008}. 

HcTrxRl and HcTrxR2 were unable to utilise the substrates hydrogen peroxide, lipoic 

acid or coenzyme QlO unlike their mammalian counterparts but consistent with 

studies using CeTrxR2 from C. elegans (Lacey and Honda I, 2006). It is believed that the 

lack of hydrogen peroxide activity is due to the requirement for selenium to catalyse 

this reaction and reflects the poorer nucleophilicity towards peroxide bonds by sulfur 

compared to selenium (Lacey and Honda I, 2006}. The lack of a selenocysteine residue 

does, therefore, explain these results, and has been reported previously for 

mammalian TrxR enzymes without selenocysteine (Xia et al., 2003, Zhong and 

Holmgren, 2000}. Similar to the mammalian TrxRs, both H. contortus enzymes were 

able to efficiently reduce sodium selenite but neither could utilise glutathione as a 

substrate despite the presence of the same central redox-active site as found in 

glutathione reductase enzymes (Zhong and Holmgren, 2000; figure 3.3}. While the TrxR 

enzymes of H. contortus were unable to utilise peroxide and other substrates like the 

mammalian enzymes, they were able to give high levels of protection to plasmid DNA 

against free radical attack demonstrating antioxidant activity (figure 3.12}. These 

results demonstrate the antioxidant function of the H. contortus TrxR enzymes which 

has not been shown before. This antioxidant activity has only been reported in 

peroxiredoxin enzymes (Chandrashekar et al., 1998, Chandrashekar et al., 2000, 
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Kawazu et al., 2000, Kim et al., 1988, Klimowski et al., 1997, Sauri et al., 1995, Sekiya et 

al., 2006), however Sotirchos et al. (2008, 2009) has reported recently the same 

protective antioxidant activity in the thioredoxins from H. contortus. The only common 

characteristic that these enzymes share is a thioredoxin fold. It is possible, therefore, 

that this structure allows for this antioxidant activity and, hence, would suggest that 

the thioredoxin system of H. contortus does function as a powerful antioxidant system. 

In order to further characterise the TrxRs from H. contortus, known mammalian 

inhibitors were used. The inhibition constant (or Ki values) enabled a direct comparison 

between the enzymes since the calculations take into account the different 

concentration of enzyme used. Many biochemical and pharmacological studies have 

suggested that auranofin inhibition is due to interaction with the selenocysteine 

residue in TrxR enzymes (Gromer et al., 1998). However it has been recently proposed 

that auranofin is a 'thiol reactive species' and also interacts with non-selenol thiol 

groups, as has been shown by auranofin inhibition of P. falciparum TrxR, which does 

not contain a selenocysteine residue (Sannella et al., 2008). Both H. contortus TrxR 

enzymes were inhibited by auranofin, although to much lower extent than the rat 

TrxR. A similar result for auranofin inhibition was reported in a study using a 

mammalian TrxR enzyme with a selenocysteine to cysteine mutation in the (-terminal 

active site. Lothrop et al. (2009) showed that the IC50 value for auranofin increased 4-

fold compared to the native enzyme. The changes in the (-terminal active site are the 

only common structural difference in these enzymes. Thus, while auranofin may not be 

specifically targeting the selenocysteine residue, it is most likely still interacting with 

part of the (-terminal active site. This would also explain why the Ki value for HcTrxR2 

is so much higher than that for the rat TrxR. However in the H. contortus TrxR 

enzymes, changes in their structure and their catalytic mechanism may also contribute 

to the decreased inhibition by auranofin. In fact, Lacey et al. (2008) have demonstrated 

changes in the way the catalytic cycle functions in TrxR enzymes with selenocysteine 

containing (-terminal active sites in comparison to TrxR enzymes with cysteine 

containing (-terminal active sites. 
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Cisplatin is a widely used effective anticancer agent that inhibits mammalian TrxR 

enzymes (Arner et al., 2001) . Cisplatin could not effectively inhibit either of the H. 

contortus enzymes, which may be due to its believed mode of action, which is to 

modify the reduced selenocysteine containing active site (Arner et al., 2001). CDNB is 

an alkylation agent that irreversibly inhibits mammalian TrxR enzymes due to the 

alkylation of the cysteine and selenocysteine residues in the (-terminal active site 

(Arner et al., 1995, Nordberg et al., 1998). The H. contortus TrxR enzymes have 

significantly higher K; values for CDNB in comparison to the rat TrxR and again, the lack 

of the selenocysteine residue may also contribute to these differences. 

While these inhibitors characterise the H. contortus TrxRs relative to the mammalian 

enzyme, they are of little interest for the treatment of H. contortus. However, many 

natural product drugs have also been identified as inhibitors of TrxR enzymes. 

Curcumin, a medicinal natural lipid soluble polyphenol, irreversibly inhibits mammalian 

TrxR enzymes by alkylation of both the cysteine and the selenocysteine residues in the 

( -terminal active site (Fang et al., 2005) . This was also able to inhibit both TrxR 

enzymes from H. contortus but at very high concentrations. In fact, HcTrxRl was not 

able to be completely inhibited at t he concentrations available to use. This may be 

simply due to the selenocysteine to cysteine substitution at the (-terminal active site 

thereby reducing the inhibitory action. However, another polyphenoi, theaflavin, 

recently found to have antioxidant effects and also the ability to inhibit mammalian 

TrxR enzymes (Du et al., 2009), was a more potent inhibitor of HcTrxRl than of the rat 

TrxR. Theaflavin did not have the same inhibitory effect on HcTrxR2 and resulted in a 

very high K; value. The mode of action of theaflavin is not yet known but, once 

identified, may provide some insight into the catalytic mechanism of both H. contortus 

TrxR enzymes in relation to the rat TrxR enzyme. This variation in the inhibitory effect 

suggests that inhibitors that are specific for H. contortus TrxR enzymes but have little 

effect on the host may be identified. 

In conclusion, these results characterise the TrxR enzymes of H. contortus and 

demonstrate that activity is highly dependent on the thioredoxin that is used in the 
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assay. While f. coli or mammalian thioredoxins are frequently used in these assays, the 

activity is species specific and the cognate thioredoxin should be used for activity 

studies. Even though HcTrxRl was expressed with a Sec624Cys mutation in the (-

terminal active site, the inhibitor studies strongly suggest that differential inhibitors 

will be able to be identified. Although HcTrxR2 does not contain a selenocysteine, it is 

as active as the mammalian TrxR with the specific H. contortus thioredoxin. This 

enzyme is also nematode-unique and, therefore, represents a potential drug target, 

which may help in the control of H. contortus infections. 
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Chapter 4: Peroxiredoxins of H. contortus 

4.1. Introduction 

The ability of parasites to detoxify harmful hydroperoxides is limited as they have little 

glutathione peroxidase and catalase (Henderson et al., 1987, Mehlotra, 1996, Mkoji et 

al., 1988, Nickel et al., 2005, Pryor et al., 2006), the major hydrogen peroxide 

detoxification enzymes in most organisms. Instead, peroxiredoxins emerge as the 

cornerstone of antioxidant defence and are the major enzymes that reduce hydrogen 

peroxide in parasites. Due to their importance, these peroxiredoxin enzymes offer new 

targets for anthelmintic development or vaccine candidates. 

This chapter reports on the identification and biochemical characterisation of the 

peroxiredoxin enzymes identified in H. contortus; HcPrxl, a predicted mitochondrial 

two-cysteine (2-Cys) peroxiredoxin, and HcPrx2, a predicted cytoplasmic 2-Cys 

peroxiredoxin. 

4.2. H. contortus peroxiredoxin 1 

The C. elegans amino acid sequence for Prxl (accession number CAA83619} was used 

to perform a search of the H. contortus EST NEMBASE database. The HCC04714 Contig 

1 (containing three sequences with accession numbers CA956986, CA957107, 

CB021253} produced high alignment with the C. elegans Prxl sequence, with 

significant homologous regions of the protein including the two conserved active sites 

(figure 4.1). 

The corresponding DNA sequence for the homologous regions of both HCC04714 and 

C. elegans Prxl were aligned and gene specific primers designed. 5' and 3' RACE PCR 

was performed to amplify the HcPrxl gene from adult H. contortus cDNA. Sequencing 

and primer walking was used until the full length gene sequence was obtained. The 

open reading frame was isolated by PCR from cDNA using the forward primer 5'-

GTGTTGGATCCAATGCTCCGTAACGC -3', containing a BamHl recognition sequence 

(italised) and a start codon (underlined); and the reverse primer 5' -

GACTATCTGCAGCTAATCACTGGGG-3', containing a Pstl recognition sequence 
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HCC04714 
CePrxl 

HCC04714 
CePrxl 

HCC04714 
CePrxl 

HCC04 714 
CePrxl 

- - SLQQPELYR--PCFA- - -LSVSPILQTVRPLGPMCKLPEFKGTAVVDGDFKVI SSND Y 53 
MFSSAVRALCRTVPTVATRQLSTSRALLSLRPLGPKNTVPAF KGTAVVDGDFKVI SDQDY 60 

* * * * * ** · * * : : ***** . : * *** ************· : ** 

NGKWLIIFFYPLDFTFVCPTEIIAFGDRAKEFRDLGCEVVACSCDSHFSHLAWVQTPRKE 113 
KGKWLVMFFYPLDFTFVCPTEIIAYGDRANEFRSLGAEVVACSCDS HFS HLAWVNTPRKD 120 
:**** : :***************** : **** : *** · ** · ***************** : ** **: 

GGLGDMNIPVLSDFNKKIARNFGVLDEETGLSYRGLFLIDPNGNVRHTTCNDLPVGRSVD 173 
GGLGDMDIPLLADFNKKIADSFGVLDKESGLSYRGLFLIDPSGTVRHTTCNDLPVGRSVD 180 
****** : **:*:******* *****:*:************ * **************** 

EALRVLKAFQFVEKHGEVCPADWHDDSPTIKPGVKDSKEYFSKVNK 219 
ETLRVLKAFQFSDKHGEVCPADWHEDSPTIKPGVATSKEYFNKVNK 226 
*:********* :***********:********* ***** · **** 

Figure 4.1: Amino acid alignment of the HCC04714 Contig with C. elegans Prxl. 

A ClustalW2 alignment of the HCC04714 Cont ig with C. elegans Prxl (CAA83619} using 

default parameters. The mitochon drial localisation sequence is italised and bold, the 

two act ive sites are highlighted in yellow, ' *' represents homologous amino acid 

residues while ':' and '.' represent simila r amino acid residues . 
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(italised). Once cloned into the pGem T-Easy Vector for propagation, restriction 

digestion was performed and the full length gene was ligated into the pTrcHis B vector 

for expression. The fragment was sequenced to ensure it was correct and in frame. The 

HcPrxl containing pTrcHis B plasmid was then transformed into competent ToplO E. 

coli cells. Expression produced approximately 6.5 mg of protein per litre of culture. The 

expressed protein is 227 amino acids in length and has a predicted mitochondrial 

localisation signal, a predicted pl of 7.24, and a predicted molecular weight of 25.2 

kDa. The anti-penta His antibody detected a protein band migrating at approximately 

37 kDa, as well as dimers of the protein at approximately 74 kDa (figure 4.2). 

4.3. H. contortus peroxiredoxin 2 

The mRNA sequence for the HcPrx2 gene was found in the NCBI data base 

(http://www.ncbi.nlm.nih .gov/; accession number AY603336), which corresponds to 

the protein sequence for HcPrx2 (accession number AAT28331). GeneArt AG 

(Regensburg, Germany) manufactured a plasmid containing the HcPrx2 gene, with the 

recognition sequences for Kpnl and Hind3 restriction enzymes. After restriction digest, 

the plasmid was ligated into the pTrcHis B vector, and transformed into competent 

ToplO E. coli cells for expression . The plasmid was sequenced to ensure it was correct 

and in frame . Expression produced approximately 7 mg of protein per litre of culture. 

The expressed protein is 196 amino acids in length with a predicted cytosolic location, 

a predicted pl of 6.74, and a predicted molecular weight of 22 kDa. The anti-penta His 

antibody detected a protein band migrating at approximately 32 kDa (figure 4.3). 

4.4. Phylogenetic analysis of H. contortus peroxiredoxins 

H. contortus contains two typical 2-Cys peroxiredoxin enzymes with conserved 'VCP' 

active sites; HcPrxl, which contains a predicted mitochondrial localisation signal, and 

HcPrx2, which is a predicted cytosolic enzyme (figure 4.4). Both HcPrxl and HcPrx2 

also contain two additional conserved motifs 'GGLG' and 'VF' that have been 

associated with overoxidation and stability to peroxides in peroxiredoxin enzymes 

{Wood et al., 2003). A protein blast search (blastp) using the NCBI website 
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Figure 4.2: Cloning and expression of HcPrxl. 
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A; Gel electrophoresis of the HcPrx1 ORF amplified from adult H. contortus cDNA and 

gene specific primers. Lane 1, 100 Bp DNA ladder. Lane 2, PCR product of HcPrx1 

(approximately 700 Bp). B; Western blot of expressed HcPrxl. Lane 1,. molecular 

weight marker. Lane 2, total cell extract of expressed HcPrxl developed with an anti-

penta His antibody (1:1000 dilution) . C; Coomassie blue stained polyacrylamide gel of 

purified recombinant HcPrxl protein . Lane 1, molecular weight marker. Lane 2, 

unbound/flow through fraction . Lane 3, wash fraction A. Lane 4, wash fraction B. Lane 

5, eluted HcPrxl protein (approximately 37 kDa and a dimer at approximately 74 kDa). 
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A: Gel electrophoresis of HcPrx2 amplified from the HcPrx2 containing pTrcHis B 

plasmid and vector specific primers. Lane 1, 1 Kb DNA ladder. Lane 2, PCR product of 

HcPrx2 (approximately 600 Bp). B; Western blot of expressed HcPrx2. Lane 1, 

molecular weight marker. Lane 2, total cell extract of expressed HcPrx2 developed with 

an anti-penta His antibody (1:1000 dilution). C; Coomassie blue stained polyacrylamide 

gel of purified recombinant HcPrx2 protein. Lane 1, molecular weight marker. Lane 2, 

unbound/flow through fraction. Lane 3, wash fraction A. Lane 4, wash fraction B. Lane 

5, eluted HcPrx2 protein (approximately 32 kDa). 
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HcPrx2 
CePrx2 
HcPrxl 
CePrxl 

HcPrx2 
CePrx2 
HcPrxl 
CePrxl 

HcPrx2 
CePrx2 
HcPrxl 
CePrxl 

HcPrx2 
CePrx2 
HcPrxl 
CePrxl 

-----------------------MSKAFIGKP-------APDFATKAVYNGDFIDVKLSD 30 
-------------------- - --MSKAFIGKP---- -- - APQFKTQAVVDGEFVDVSLSD 30 
MLRNAIRAVSRTAGAVQAVRGLSMSPILQTVRPLGPMCKLPEFKGTAVVDGD FKVISSND 60 
MFSSAVRALCRTVPTV-ATRQLSTSRALLSLRPLGPKNTVPAFKGTAVVDGDFKVISDQD 59 

* * * ** : *: * . . . * 

YKGKYTVLFFYPLDFTFVCPTEIIAFSDRVEEFKKIDAAVLACSTDSVFSHLAWINTPRK 90 
YKGKYVVLFFYPLDFTFVCPTEIIAFSDRAEEFKAINTVVLAASTDSVFSHLAWINQPRK 90 
YNGKWLIIFFYPLDFTFVCPTEIIAFGDRAKEFRDLGCEVVACSCDSHFSHLAWVQTPRK 120 
YKGKWLVMFFYPLDFTFVCPTEIIAYGDRANEFRSLGAEVVACSCDSHFSHLAWVNTPRK 119 
*:**: : :*****************:.**.:**: : . *:* . * ** ******:: *** 

DMKIPVLADTNHQISKDYGVLKDDEGIAYRGLFIIDPKGILRQITINDLPVGRSV 150 
MNIPVLADTNHQISRDYGVLKEDEGIAFRGLFIIDPSQNLRQITINDLPVGRSV 150 
MNIPVLSDFNKKIARNFGVLDEETGLSYRGLFLIDPNGNVRHTTCNDLPVGRSV 180 

DMDIPLLADFNKKIADSFGVLDKESGLSYRGLFLIDPSGTVRHTTCNDLPVGRSV 179 
****•* **•*•* * :: *: .:***··: *:::****:*** 

DETLRLVQAFQYVDKHGEVCPAGWTPGKETIKPRVKESQE 
DETLRLVQAFQFVEKHGEVCPAGWTPGSDTIKPGVKESQE 
DEALRVLKAFQFVEKHGEVCPADWHDDSPTIKPGVKDSKE 
DETLRVLKAFQFSDKHGEVCPADWHEDSPTIKPGVATSKE 

: *: * ********* 

196 
19 5 
227 

KVNK 226 
** : **•••***: : ******** · * **** * *:***·* 

Figure 4.4: Amino acid alignment of peroxiredoxin proteins from H. contortus and C. 

elegans. 

A ClustalW2 alignment of H. contortus Prxl, H. contortus Prx2 {AAT28331), C. elegans 

Prxl {CAA83619) and C. elegans Prx2 (AAN63412) using default parameters. The two 

active sites are highlighted in yellow and the two conserved motifs associated with 

enzyme overoxidation and stability to peroxide are highlighted in green. The 

mitochondrial localisation sequences are italised and bold, '*' represents homologous 

amino acid residues while ' :' and '.' represent similar amino acid residues. 
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(http://blast.ncbi.nlm.nih.gov/Blast.cgi ) against both H. contortus peroxiredoxin 

proteins revealed they are both putative members of the thioredoxin-like superfamily. 

Phylogenetic studies using peroxiredoxin sequences from a number of different 

organisms demonstrate a strong phylum linkage (figure 4.5) with the eukaryotes 

sharing a high degree of homology (table 4.1). Bootstrap support values were 

calculated using 500 replicates and resulted in peroxiredoxin enzymes from eukaryotes 

forming a large group. Within this large eukaryotic group, two smaller groups arise, 

one encompassing nematodes and the other containing platyhelminths. The predicted 

cytosolic peroxiredoxin enzymes from nematodes clade together (C. e/egans Prx2, C. 

briggsae Prx2, H. contortus Prx2, 0. volvulus Prx, B. malayi Prx2 and Dirofi/aria immitis 

Prx) and share above 75% homology. These clade separately from the predicted 

mitochondrial peroxiredoxins from nematodes (B. malayi Prxl, H. contortus Prxl, C. 

e/egans Prxl and C. briggsae Prxl), which share between 63-85% homology. The 

peroxiredoxin enzymes from the Phylum Platyhelminths clade together with strong 

branch support, and share 50-63% homology with the H. contortus enzymes. The 

peroxiredoxin enzymes from H. sapiens and 0. melanogaster clade closely together. 

These share a similar level of homology with both H. contortus peroxiredoxin enzymes 

(between 42-70%). Peroxiredoxin enzymes from Entamoeba histolytica and P. 

fa/ciparum clade together to complete the large eukaryotic group with lower 

homology to the H. contortus enzymes (30-42%). The enzymes from the prokaryote, 

E. coli, are distinct from the large eukaryotic group and share only 35% homology with 

the H. contortus peroxiredoxin enzymes. The H. contortus catalase and glutathione 

peroxidase (GPx) are distinct from all other enzymes in the tree, and share low 

homology (11-22%) with the H. contortus peroxiredoxin enzymes. 

4.5. H. contortus peroxiredoxin assay 

The activity of peroxiredoxins can be measured by using their ability to reduce 

hydrogen peroxide, and then be regenerated by coupling with the thioredoxin system 

via NADPH (figure 1.3). The reduction of NADPH is then measured at 340 nm and is 

directly proportional to the reduction of hydrogen peroxide by peroxiredoxin enzymes 
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Figure 4.5: Neighbour-joining phylogenetic tree of typical 2-Cys peroxiredoxins from 

different species. 

Bootstrap supports values were calculated using MEGA 4.1 {500 replicates) and tree 

condensed {20% cut off value) with mitochondrial sequences removed. Accession 

numbers: C. elegans Prx2 (AAN63412}, C. briggsae Prx2 (CAP24127}, H. contortus Prx2 

(AAT28331}, 0. volvulus Prx (AAC48312}, B. malayi Prx2 (AAB67873}, 0. immitis Prx 

(AAB68798}, B. malayi Prxl (XP _001898992}, C. e/egans Prxl (CAA83619}, C. briggsae 

Prxl (CAP35594}, Trypanosoma cruzi trypanothione peroxidase 2 (TXNPx2, EAN81357}, 

E. granulosus Prx (AAL84833}, Taenia solium Prx (AAV91322}, 5. mansoni Prxl 

(AAG15507}, F. hepatica Prx (AAB71727}, 0. viverrin Prx (ACB13822}, 5. mansoni Prx2 

(AAG15508}, 5. mansoni Prx3 (AAG15506}, 0. melanogaster Prx2 (AAF42986}, 0. 

me/anogaster Prxl (AAF42985}, H. sapiens Prxl (Q06830}, H. sapiens Prx2 (P32119}, H. 

sapiens Prx3 (P30048}, 0 . melanogaster Prx3 (AAG41976}, E. histolytica Prx {Pl9476}, 

P. fa/ciparum Prxl (BAA97121}, P. falciparum Prx2 (AAK20024}, E. coli AhpCl (POAOB7}, 

E. coli AhpC2 (POAE08}, H. contortus glutathione peroxidase (GPx, AAT28332}, H. 

contortus catalase (AAT28330}. 
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Table 4.1: Percentage similarities of peroxiredoxin protein sequences from different species. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 
1 . H. contortus Prx l 58.4 14.5 12.1 84.9 60.9 84.4 60.4 59.2 50.2 63 60.2 60.2 54.9 53 .6 54.9 60.6 60 58.8 56 .3 57.5 55 .1 54.8 56 .9 42 50 31.5 39 .9 38.7 34.3 34.2 
2 . H. contortus Prx2 75 21.5 11.7 60.4 83.7 60.4 81.1 76 .5 53 .3 51 75.5 75 55.6 61.7 56 .6 62 .2 70.4 73 .2 55.4 63 .8 63 .8 63 .8 66.3 55.4 55.6 38.9 41.4 41.8 34.2 36.5 
3 . H. contortus GPx 38.2 43.5 14.1 19.5 19.4 18.6 18.9 16.9 20.3 13.7 18.3 17.3 18.3 19.2 18.3 15.6 18.4 19.6 18.3 19 .5 17.9 18.8 17 18.4 16.3 17.3 18.5 17.9 14.7 14.2 
4 . H. con tortus cata lase 20.2 19.8 22 .2 11.8 11.9 11.6 12 .3 13.4 11 11.7 12 11.4 12 .6 LU 11.9 10.9 12.1 13 13.1 12.3 12 .1 11.9 13.6 15.4 12.4 13.6 11.3 11.9 12.9 12.2 
5 . C. elegans Prxl 92.5 73.5 39.1 19.2 59.4 97 .3 58.4 59.2 46 .9 58 .4 60.2 60.2 52 .3 53 .8 51.3 61.2 60.5 58.3 55 .8 54 .5 52 52 .3 58 .5 42 .8 48 .9 32.8 39.4 38.2 33 .3 33 .2 
6. C. elegans Prx2 77.9 90.3 43 19.2 75.4 59.9 95.4 74 .4 55 .2 50.8 75 .4 76 .4 57 .7 63 .1 59 .7 60.2 72 .9 72.2 58 63 .3 66.7 65 .6 65 .8 55 56 .5 39 .9 42 .1 40.3 34.8 35 .7 
7. C. briggsae Prx l 91.4 73.5 38 .6 19.2 98.9 74.9 58.9 59 .2 46.9 58.4 59 .7 59.7 52 .8 53.8 51.3 61.2 61 59 .3 55.4 55 52 5 2 .3 59 42 .8 47 .8 33.2 39.9 39 .3 33 .3 33 .7 
8. C. briggsae Prx2 75.4 89.8 44 .9 19.2 73 .8 97.4 73 .3 72 .4 54.2 49.2 73 .9 74 .9 57 .1 64 . l 60.7 60.7 71.9 70.2 57 .6 66 .3 65 .6 65 .6 67 .3 54.1 55 .6 39 .9 4 2. 9 39 .3 34 .3 35 .2 
9. 0 . vo/vu/us Prx 72 .9 85 .4 40.6 20.6 72.9 84.4 72.4 85.9 54.7 48 .3 89.9 90.5 56 60 .3 60.5 60 70.6 69.5 56 .7 62 .2 61.3 60.3 61 52 .9 54 .3 39 .5 41.8 40 .7 34.5 39 .5 
10. 0 . viverrini Prx 66 70.8 38.7 21.4 65.1 71.2 65.1 71.2 70.8 37.7 55.2 55 .7 64 .6 58 67 .9 49.1 55 .4 52 .8 51.6 53.5 53 .8 53 .8 57 .5 47 .9 49 .8 41.5 43 .3 37 28 .6 30.5 
11 . B. malayi Prxl 73.7 64.8 36.7 17.2 72.6 65.6 72.6 63.6 61.3 51.9 49 .8 50 .7 4 3 .1 44.9 4 5 .7 46.3 46 .8 46 .3 42 .9 48 42.4 42 .6 44.7 37.6 41.2 28 .3 34.5 35 .6 29 28 .3 
12. B. m alayi Prx2 73 .4 85.4 39 .6 19.6 73.4 85.4 72.4 84.9 93.5 70.8 63 .3 94.5 58 61.8 61.5 60 68.2 67 56 .7 61.2 62 .3 61.8 61 52 .9 54 .7 39 .5 41.3 39.9 35 36 .5 
13. 0 . immitis Prx 73 .4 84.9 40.1 20.6 73.4 85.9 72 .4 85.4 94 71.2 63 .3 96.5 58 62 .3 61.5 60.5 68 .7 68 .5 58 61.7 61.8 62 .3 62 53.3 55 .2 39.1 42 .8 41.2 35 37 .5 
14. F. hepatica Prx 67.5 73.5 35 .3 19.8 65.5 70.8 65.5 70.8 71.4 76.9 55.7 71.9 71.9 60 67 50 54 .8 58.1 48.2 55 .8 56.9 57 . l 59 .8 43 45 .7 40.2 43 .1 39 .7 33 31.3 
15. 5. m ansoni Prxl 73 .7 74 42.5 22.4 74.2 75.9 74.2 73.8 72.4 71.7 62 .7 73.4 73.9 72.2 62 .6 53.3 59 .3 56.6 51.6 57 .8 59.1 60.5 60 46 .3 48.4 38 .6 40.8 39.5 35.8 37.7 
16. 5. mansoni Prx2 73 .2 70.9 39.6 19.4 71.6 72.8 72.2 74.4 74.4 79.7 57.7 a74 .9 74.4 82 76.8 52 .6 59 .3 57 .6 50 58.5 59.5 58.7 58.2 47 .5 49 .3 37.2 41.6 38.4 29.4 32.3 
17. 5. mansoni Prx3 77.5 74 34.8 18.6 78.1 72.8 77 72.3 72.9 66 63.6 71.9 72.4 65.5 74.3 69.1 59.8 63 .6 55 .4 55 .3 55 .9 55 .1 63.4 48 .3 52 .9 33.8 41.1 40 .1 35 34.9 
18. H.sap iens Prx l 74.4 81.9 44 19.8 72.9 83.4 73.4 83.4 84.4 69.3 60.3 82.4 82 .9 69 .8 71.4 71.9 75.9 77.4 55.1 62 .3 60.8 59.8 68.3 53.5 53.6 44.9 45 .5 39 .9 34.3 36 
19 . H.sapiens Prx2 76.8 82.8 39.1 20.4 75.3 81.3 76.3 80.8 81.4 68.9 61.6 79.9 79 .9 68.7 70.2 72.2 76.8 92 57 .1 62.3 63 .6 62.6 68.2 56.2 57 43 .2 47 40.6 34 .3 36 .7 
20 . H. sapiens Prx3 69.6 67.9 38.8 20.2 70.1 71 70.l 70. l 71 67.9 55.8 a70.5 71 60.7 65.6 65.2 67 72.3 72.3 54.7 49 .1 48.2 54.9 53 .9 59 37 .4 42 37 .9 30.2 33 .8 
21. T.cruzi TXNPx2 71.9 74.4 40.1 19.6 67.8 75.4 67.8 76.9 79.4 72.2 58.3 78.4 78.4 72.4 72.4 75.4 69.3 79.4 79.9 67.4 58.3 59.8 63.3 46.5 51.3 37.2 39.5 39 .9 33.3 35 
22 . f. granulosus Prx 71.5 78.6 38.2 19.6 71.5 77.4 71 76.4 75 .9 69.8 56 75.4 75.4 73.7 75.1 75.8 72.5 77.9 78.3 65.6 70.9 90.8 59 .5 46.3 49.8 36.5 43 .4 42 .5 33 .7 33 .5 
23. T. so lium Prx 71.3 77.6 36.2 20.4 69.2 77.4 69.2 77.4 75.4 70.3 56.4 a 74_4 75.4 71.8 74.4 75.4 70.3 76.9 77.3 64.7 72 .4 94.9 58 .7 47.5 48 .4 35 .2 41.6 42.8 32 .8 31.6 
24 . 0 . m elanogast er Prxl 74.7 80.1 34.8 21.6 74.2 79.5 74.7 80 77.4 72 .2 60.8 a 76.4 76.4 73.2 72.2 73.7 74.7 79.9 80.3 67.9 76.4 76.8 76.9 53 .3 49 .8 40.2 41.1 38.4 32 .5 31.3 
25 . 0 . m elanogaster Prx2 58.3 63.2 34.7 24.4 57 64 57 64 65.3 59.9 49.6 64 64.5 54.5 58.3 59.5 59.9 65.7 t;i7.8 68.6 58.7 59.9 59.5 63.6 51.8 40 .7 36.2 36 .2 28.8 27 .6 
26 . D. m e la noga st e r Prx3 65.5 67.3 38.1 22.2 64.6 68.6 63.2 68.6 66.8 69.1 56.5 67.7 67.7 61.9 67.3 63.7 66.8 70 71.7 75.4 67.3 63.2 63.2 65 66.1 39 .4 40.9 37 .9 31.3 30.4 
27 . f . histolytica Prx 51.1 57.1 36.5 21.4 50.6 56.2 51.1 56.2 56.7 57.5 45.5 1111 55.8 55.8 55.8 52.4 54.5 52.4 61.8 60.9 58.8 57.5 56.7 55.4 57.5 57.9 59.7 35.9 31.9 28.1 26.5 
28 . P. f a /cip arum Prxl 63.1 68.9 37.2 19.4 61 64.6 61.5 66.2 65.8 60.8 56.4 63.3 65.3 61.5 65.1 61 65.1 68.3 69.7 59.4 62.3 67.2 66.7 67.2 55.8 59.6 57.1 48 .2 30 .8 32.5 
29 . P. f a /cip arum Prx2 60 63.3 37.2 20.4 58.9 59.5 58.9 57.9 56.3 55.2 54.2 55.3 56.3 58.2 63.2 60.3 63.2 59.3 58.1 56.3 57.8 62 .2 61.5 60.3 52.9 55.2 47.2 70.3 26 .9 26 
30. E. coli Ah pCl 55 56.1 38.6 19.6 54 56.9 54 55.9 57.3 49.5 50.3 55.3 56.3 52.6 56.1 51.5 54 54.8 54.5 50.9 53.3 60.1 56.9 49 44.2 52.5 45.1 53 .8 56.3 64.6 
31. f . coli AhpC2 53 .5 59.7 34.3 18.6 54 57.4 54 57.4 61.3 50 48.1 1 57.3 58.3 52.l 58.3 51 57.2 56.8 58.6 51.3 57.3 59.1 56.9 53 .1 45.5 50.7 47.6 57.4 53.7 78.3 

Matrix Global Alignment Tool (MatGat) version 2.02 (Campanel la et al., 2003) using defau lt settings was used to identify percentage similarities 

(highlighted in blue) and percentage identities (highlight ed in yel low) between prot ein seq uences. Accession numbers for sequences are the 

same as those used in figure 4.5. 
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Chapter 4: Peroxiredoxins of H. contortus 

(Sekiya et al., 2006) . 

4.5.1. Enzyme concentrations 

Several thioredoxin and thioredoxin reductase (TrxR) concentrations were assessed to 

establish the assay (figure 4.6). The concentrations of 5 µM thioredoxin and 37.5 nM 

rat TrxR gave measureable activity in a microtitre plate assay. Regeneration of the 

thioredoxin system requires NADPH, the concentration of this is essential and must 

always be in excess. NADPH was therefore titrated (figure 4.7), however, high 

concentrations of NAPDH inhibited the reaction (figure 4.7). Kinetic constants were 

calculated (Km 35.21 ± 1.864} and the optimal concentration of NADPH used was 250 

µM (approximately 10 times higher than the Km). 

4.5.2. Peroxiredoxin activity with the thioredoxin system 

The ability of H. contortus peroxiredoxin enzymes to detoxify hydrogen peroxide is 

dependent on coupling with thioredoxin, which is then regenerated by thioredoxin 

reductase via NADPH. The commercially available rat TrxR, a seleno-enzyme, was used 

as a control and a comparison for the assay when testing the ability of the different 

thioredoxins to reduce the H. contortus peroxiredoxins (figure 4.8}. H. contortus 

contains five different thioredoxin-like proteins. Both H. contortus peroxiredoxin 

enzymes were able to be reduced by the species specific thioredoxins HcTrxl and 

HcTrx3, although the thioredoxins had significantly higher activity with the cytoplasmic 

HcPrx2. 

Both peroxiredoxins enzymes were also able to be reduced by thioredoxins from 

different species, E. coli and sheep. Interestingly, the activity using the species specific 

thioredoxins, HcTrxl and HcTrx3, was lower than when using the thioredoxins from E. 

coli and sheep. This is not a result of a low interaction between rat TrxR and the H. 

contortus thioredoxins as H. contortus thioredoxins are highly active with rat TrxR 

whereas the f. coli thioredoxin in comparison showed reduced activity (figure 3.9}. No 

activity was detected when using the species specific thioredoxins HcTrx2, HcTrx4 or 

HcTrx5, even though HcTrx2 and HcTrx5 have activity with rat TrxR (figure 3.9}. 
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HcTrx1 titration 
0.0 ..... OµM ..... 1 µM - ..... 3µM 

E c: 5µM 
0 -0.2 
oi::t" - 7 µM 
~ ..... 9 µM Q) 
0 c: ca .c 
"- TrxR titration 0 
CJ) .c 
<t 

0 nMTR <l ..... ..... 18.75 nM 

-0.2 ..... 37.5 nM 
75 nM - 150 nM 

-0.4 

0 200 400 600 
Time (secs) 

Figure 4.6: Effect of thioredoxin (HcTrxl) and thioredoxin reductase (rat TrxR) 

concentrations on peroxiredoxin activity. 

A; Serial dilutions of HcTrxl were incubated with rat TrxR (37.5 nM), NADPH (250 µM) 

and HcPrx2 (1 µM) in 5 mM potassium phosphate pH 7 /1 mM EDTA for 10 mins to 

allow the reaction to stabilise. Hydrogen peroxide (250 µM) was then added to initiate 

the reaction, which was monitored for 20 mins at 30°C. B; Serial dilutions of rat TrxR 

were incubated with H. contortus Trxl (5 µM), NADPH (250 µM) and HcPrx2 (1 µM) in 

5 mM potassium phosphate pH 7 /1 mM EDTA for 10 mins to allow the reaction to 

stabilise. Hydrogen peroxide (250 µM) was then added to initiate the reaction which 

was monitored for 20 mins at 30°C. 
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E NADPH titration 
c: ..... 0 µM 
~ 0.0 ...... 62.5 µM ~ 
Cl) ...... 125 µM 
(,) 
c: 250 ~LUM <O 
.0 - 500 µuM :i.. 

~ -0.2 ..... 1000 µM .0 
<t ...... 2000 µM 
<l 

0 200 400 600 
Time (secs) 

Figure 4. 7: Effect of NADPH concentrations on peroxiredoxin activity. 

H. contortus Trxl (5 µM), rat TrxR {37.5 nM), HcPrx2 {1 µM} and serial dilutions of 

NADPH were incubated in 5 mM potassium phosphate pH 7 /1 mM EDTA for 10 mins to 

allow the reaction to stabilise. Hydrogen peroxide {250 µM} was added to initiate the 

reaction, which was monitored for 20 mins at 30°C. 
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HcPrx1 

-0.2 

e ... HcTrx1 

c: ...... HcTrx2 
0 HcTrx3 
""' ~ ..... HcTrx4 
Cl> -0.4 c: 

HcPrx2 -+- HcTrx5 ca .c 
"- 0 E.coli Trx 
0 0.0 rJ'J ..... sheep Trx .c < ....... -ve Trx 
<'.] 

-0.2 

-0.4~---------------t 

0 200 400 600 
Time (secs) 

Figure 4.8: Activity of HcPrxl and HcPrx2 using different thioredoxins. 

5 µM thioredoxin was incubated with 37.5 nM rat TrxR, 250 µM NADPH and 1 µM of 

HcPrxl or HcPrx2 in 5 mM potassium phosphate pH 7 /1 mM EDTA for 10 mins to allow 

the reaction to stabilise. 250 µM hydrogen peroxide was added to initiate the reaction, 

which was monitored for 20 mins at 30°C. 
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H. contortus also contains two different TrxR enzymes that show high activity reducing 

HcTrxl (figure 3.9). The cytoplasmic HcTrxRl showed a broad range of activity, being 

active with a number of species-specific thioredoxins HcTrxl and HcTrx3, as well as 

thioredoxins from E. coli and sheep. The mitochondrial HcTrxR2, on the other hand, 

was only active with HcTrxl. Although HcTrxRl has broad substrate specificity and is 

active with HcTrxl, no activity was detected with either HcPrxl or HcPrx2 (figure 4.9). 

In contrast to this, HcTrxR2, which has more limited substrate specificity, was active 

with both HcPrxl and HcPrx2. While both peroxiredoxins showed similar activity with 

HcTrxR2, the activity of the cytoplasmic HcPrx2 was significantly higher than the 

mitochondrial HcPrxl when coupled with the rat TrxR. 

4.5.3. Peroxiredoxin activity with the glutathione system 

Peroxiredoxins and most glutathione peroxidase share similar characteristics in that 

they both have the ability to detoxify hydrogen peroxide at the expense of either the 

thioredoxin system or the glutathione system, respectively. In fact, peroxiredoxins 

identified from the platyhelminth, 5. mansoni, were able to utilise both thioredoxin 

and glutathione for reduction (Sayed and Williams, 2004). It is, therefore, necessary to 

examine whether the peroxiredoxins from H. contortus can utilise the glutathione 

system for regeneration. Neither HcPrxl nor HcPrx2 were able to directly utilise the 

glutathione system for regeneration. However, both H. contortus peroxiredoxin 

enzymes were able to utilise the glutathione system for regeneration when coupled 

with glutathione and H. contortus thioredoxin 5 (HcTrxS), a thioredoxin with 

glutaredoxin activity (figure 4.10). 

4.5.4. Reduction of hydroperoxides 

The ability of peroxiredoxins to reduce different hydroperoxide compounds, and the 

relative activity with different substrates, sheds light on the in vivo function of these 

enzymes. Overoxidation of peroxiredoxin enzymes is a common characteristic among 

peroxiredoxin enzymes that do not function specifically as antioxidants. Instead, these 

enzymes have a regulatory function within the cell (Hofmann et al., 2002). The 'GGLG' 

motif, together with the 'YF' motif found in peroxiredoxins, are thought to be critical 

for predicting overoxidation (Wood et al., 2003). Both H. contortus peroxiredoxin 

100 



Chapter 4: Peroxiredoxins of H. contortus 

HcPrx1 

0.0· 

E' c: 
0 
~ -0.2 ..... HcTrxR1 -Q) .... HcTrxR2 c: 
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0 200 400 600 
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Figure 4.9: Activity of H. contortus peroxiredoxin enzymes with thioredoxin 

reductase enzymes. 

5 µM HcTrxl, 250 µM NADPH, 1 µM of HcPrxl or HcPrx2 was incubated with 2 µM 

HcTrxRl (red circles}, 110 nM HcTrxR2 (orange squares) or 37 .5 nM rat TrxR (black 

triangles) in 5 mM potassium phosphate pH 7 /1 mM EDTA for 10 mins to allow the 

reaction to stabilise . 250 µM hydrogen peroxide was added to initiate the reaction, 

which was monitored for 20 mins at 30°C. 
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HcPrx1 
...- HcPrx2. 
-.c- -ve Prx 

-0.6 .... -----------------. 
0 200 400 600 

Time (secs) 

Figure 4.10: Activity of HcPrxl and HcPrx2 coupled with the glutathione (GSH) system 

or the GSH system with the addition of HcTrxS. 

Glutathione (1 mM) and 50 nM glutathione reductase (GSH system) or GSH system 

with 5 µM HcTrx5, 250 µM NADPH and 4 µM of HcPrxl or HcPrx2 was incubated in 5 

mM potassium phosphate pH 7 /1 mM EDTA for 10 mins to allow the reaction to 

stabilise. 250 µM hydrogen peroxide was added to initiate the reaction, which was 

monitored for 20 mins at 30°C. 
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enzymes contains these two motif's (figure 4.4}, however, even at concentrations of 20 

mM hydrogen peroxide, both enzymes were still active (figure 4.11). When using the 

homologous HcTrxR2 as the reducing enzyme in the assay, the rate of HcPrxl is higher 

than HcPrx2 even though the Km values are sim ilar. However, when using the rat TrxR 

as the reductant, the maximum rates of both HcPrxl and HcPrx2 are similar even 

though the Km values are almost 10- fold different. 

Peroxiredox ins can have broad substrate specificity, reducing small peroxides such as 

hydrogen peroxide, as well as larger compounds such as tert-butyl hydroperoxide and 

cumene hydroperoxide. Not only were HcPrxl and HcPrx2 able to effectively reduce 

hydrogen peroxide but they were also able to reduce the larger compounds tert-butyl 

hydroperoxide and cumene hydroperoxide (figure 4.12; table 4.2) . The highest activity 

when using HcPrxl was seen w ith hydrogen peroxide (Keat/Km = 0.43 x 106
} whereas the 

highest activity when using HcPrx2 was with the larger compound cumene 

hydroperoxide (Keat/Km= 0.15 x 106
) . 

Table 4.2: Kinetic constants for the H. contortus peroxiredoxin enzymes using 

different substrates. 

Enzyme* 

HcPrxl 

Hydrogen peroxide 

Tert-butyl hydroperoxide 

Cumene hydroperoxide 

HcPrx2 

Hydrogen peroxide 

Tert-butyl hydroperoxide 

Cumene hydroperoxide 

Km (µM) 

64.95 ± 1.42 

68 .31±1.39 

47.09 ± 1.33 

601. 7 ± 1.55 

65.99 ± 1.01 

113.6 ± 1.05 

27 .89 ± 1.11 

23.15 ± 4.48 

16.01 ± 2.28 

35.96 ± 3.38 

1.99 ± 0.01 

16.69 ± 1.94 

0.43 x 106 

0.34 x 106 

0.34 x 106 

0.06 x 106 

0.03 x 106 

0.15 x 106 

*Activity was measured using 37.S nM rat TrxR, 5 µM HcTrxl, 250 µM NADPH and 1 

µM H. contortus peroxiredoxin. 
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Figure 4.11: Effect of hydrogen peroxide concentration on peroxiredoxin activity. 

HcTrxR2 (110 nM} or rat TrxR (37.5 nM} was incubated with HcTrxl (5 µM}, NADPH 

(250 µM) and 1 µM HcPrxl (light blue squares) or 1 µM HcPrx2 (royal blue triangles) in 

5 mM potassium phosphate pH 7 /1 mM EDTA for 10 mins to allow the reaction to 

stabilise. Serial dilutions of hydrogen peroxide were added to initiate the reactions, 

which were monitored for 20 mins at 30°C. Kinetic constants were calculated using 

GraphPad Prism version 5.02. 
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Figure 4.12: The ability of HcPrxl and HcPrx2 to reduce other substrates. 

Thioredoxin (5 µM HcTrxl}, rat TrxR (37.5 nM}, NADPH (250 µM} and peroxiredoxin (1 

µM} were incubated in 5 mM potassium phosphate pH 7 /1 mM EDTA for 10 mins to 

allow the reaction to stabilise . Serial dilutions of hydroperoxides (tert-butyl 

hydroperoxide, blue circles; cumene hydroperoxide, red triangles) were added to 

initiate the reactions, which were monitored for 20 mins at 30°C. Kinetic constants 

were calculated using Graph Pad Prism version 5.02. 
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4.5.5. Inhibitor studies 

Unlike the thioredoxin reductases, there have been no identified inhibitors of 

peroxiredoxin enzymes, making characterisation of their mechanism of action difficult. 

The well established catalase inhibitor, aminotriazole, had no effect on the activity of 

either HcPrxl or HcPrx2, showing that this inhibitor does not target the thiol groups of 

the peroxiredoxins (figure 4.13). 

Oxadiazole compounds are known to be nitric oxide donors in the presence of thiols. 

One compound, 4-phenyl-3-furoxan carbonitrile (PFC), already proven as an inhibitor 

of the thioredoxin glutathione reductase in 5. mansoni (Sayed et al., 2008), was tested 

for its ability to inhibit the H. contortus peroxiredoxin enzymes. PFC was able to 

completely inhibit both HcPrxl and HcPrx2 with IC50 values of 17.12 µMand 25.86 µM, 

respectively (figure 4.14). PFC had no effect on the activity of HcTrxl in reducing 

insulin (figure 4.lSA) or on the activity of the TrxR in the assay since it did not inhibit 

the ability of TrxR to reduce DTNB (figure 4.lSB) . This confirms the specificity of PFC 

for the peroxiredoxin enzymes. 

4.6. Antioxidant activity 

Peroxiredoxins are multifunctional proteins that protect cells from oxidative stress. 

This ability to protect biomolecules from oxidative damage was examined using the 

MFO system (section 3.4.4). Figure 4.16 shows that there is a concentration dependent 

protection of plasmid DNA by the peroxiredoxin enzymes from H. contortus, with 10 µg 

of HcPrxl and HcPrx2 being able to protect DNA from damage at 79% and 80%, 

respectively, while using 1 µg did not protect the DNA from damage. The non-specific 

protein, bovine serum albumin (BSA), gave no protection, similar to the absence of 

protein. This demonstrates that the protection seen was not simply due to the 

presence of a protein and confirms the antioxidant activity of these peroxiredoxins. 
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Figure 4.13: Activity of H. contortus peroxiredoxin enzymes with the catalase 

inhibitor aminotriazole. 

Thioredoxin {5 µM HcTrxl), rat TrxR {37 .5 nM), NADPH {250 µM) and 1 µM HcPrxl or 1 

µM HcPrx2 were incubated with 20 mM aminotriazole in 5 mM potassium phosphate 

pH 7 /1 mM EDTA for 10 mins to allow the reaction to stabilise. 250 µM hydrogen 

peroxide was added to initiate the reaction, which was monitored for 20 mins at 30°C. 
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Figure 4.14: Inhibition of peroxiredoxin activity in the presence of 4-Phenyl-3-

furoxancarbonitrile (PFC). 

Thioredoxin (5 µM HcTrxl}, rat TrxR (37.5 nM}, NADPH (250 µM} and 1 µM 

peroxiredoxin (HcPrxl, light blue squares; HcPrx2, blue triangles) were incubated with 

serial dilutions of PFC in 5 mM potassium phosphate pH 7 /1 mM EDTA for 10 mins to 

allow the reaction to stabilise. 250 µM hydrogen peroxide was added to initiate the 

reactions, which were monitored for 20 mins at 30°C. A; Changes in absorbance. B; 

Kinetic constants calculated using Graph Pad Prism version 5.02 . 
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Figure 4.15: Effect of 4-phenyl-3-furoxancarbonitrile (PFC) on the activity of HcTrxl 

and rat TrxR. 

The activity of HcTrxl was monitored by the thioredoxin-catalysed reduction of insulin 

by dithiothreitol with PFC (green squares) or without PFC (open triangles). The reaction 

mixture contained 0.17 mM insulin, 0.33 mM on and 30 µM PFC in 50 mM tris pH 

7.5/2 mM EDTA. The reaction was initiated by the addition of 5 µM HcTrxl and 

followed for 10 mins at 650 nm. The activity of rat TrxR was determined using its ability 

to reduce DTNB in the presence of PFC (green squares) or absence of PFC (open 

triangles) . The reaction mixture contained 37.5 nM rat TrxR in 50 mM Tris/2 mM EDTA 

pH7.5 . The reaction was initiated by the addition of 1 mM DTNB and 400 µM NADPH 

and was monitored for 3 mins at 412 nm. 
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Figure 4.16: Antioxidant activity of HcPrxl and HcPrx2. 

Nicking of plasmid DNA was assessed by electrophoresis on agarose gels {A), and is 

expressed as percentage protection of the untreated plasmid (B}. The indicated 

amount of protein was incubated with plasmid DNA for 2 hrs in the presence of the 

mixed function oxidase {MFO} system to produce free radicals. Nicking of the 

supercoiled plasmid DNA was demonstrated by the decreased motility of the DNA 

band by electrophoresis on 0.8% agarose gels. Controls included the absence of OTT 

and the absence of iron (Fe2+). Error bars show the standard error of at least three 

independent experiments. * Indicates P<0.05 and * * indicates P<0.01 compared to 0% 

protection. 
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4. 7. Discussion 

Peroxiredoxin enzymes, in many parasites, perform a different function to those found 

in mammalian organisms. The peroxiredoxin enzymes of H. contortus, as well as for 

many parasites, are believed to be one of the major detoxification enzymes and play 

significant roles in enabling the organisms to detoxifying hydroperoxides encountered 

in the parasitic environment (Bagnall and Kotze, 2004, Henderson et al., 1987, 

Maiorino et al., 1996, Mkoji et al., 1988, Nickel et al. , 2005}. These peroxiredoxin 

enzymes are classified based on their conserved active sites as being 1-Cys or 2-Cys 

enzymes, the latter being broken down further into two more groups based on having 

typical or atypical active sites. H. contortus contains two different peroxiredoxin 

enzymes, both containing two conserved cysteine active sites with the motif 'VCP', 

thus classifying them both as typical 2-Cys peroxiredoxin enzymes; HcPrxl, a predicted 

mitochondrial protein, and HcPrx2, a predicted cytosolic protein (Bagnall and Kotze, 

2004}. 

The ability of H. contortus peroxiredoxin enzymes to detoxify hydroperoxides is 

dependent on coupling with the thioredoxin system. H. contortus contains five 

different thioredoxins as well as two different thioredoxin reductase enzymes. The 

reduction of, and therefore the interaction with, thioredoxin and thioredoxin 

reductase, is an important contributing factor that influences the kinetic data of the 

peroxiredoxin assay. The resulting activity may be dependent on this interaction as 

well as on the direct coupling of peroxiredoxin with thioredoxin. The two 

peroxiredoxins from H. contortus were able to utilise only two thioredoxins from 

H.contortus, HcTrxl and HcTrx3. The predicted mitochondrial HcPrxl had similar 

activity with both thioredoxins, even though HcTrxl also has a mitochondrial 

localisation signal (Sotirchos et al., 2008). Interestingly, HcPrx2 has higher activity with 

HcTrxl than with HcTrx3, even though HcTrx3 has been identified as the predominant 

thioredoxin in this parasite (Sotirchos et al., 2008}. This may be an effect caused by the 

interaction of the H. contortus thioredoxins with the rat thioredoxin reductase as 

HcTrxl has slightly higher activity with rat thioredoxin reductase than HcTrx3 (figure 

3.9). However, this does not explain why HcTrx2 or HcTrxS show no activity, as these 
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are active with rat TrxR (figure 3.9). This suggests that neither thioredoxin HcTrx2 or 

HcTrxS are able to reduce the oxidised peroxiredoxin enzymes of H. contortus. 

The thioredoxin system is not the only known system that peroxiredoxin enzymes can 

utilise to be regenerated. Peroxiredoxins have also been shown to be able to couple 

directly with the glutathione system for regeneration. In 5. mansoni, two 2-Cys 

peroxiredoxin enzymes have been identified that can utilise both thioredoxin and 

glutathione (Sayed and Williams, 2004). In P. falciparum, a peroxiredoxin has also been 

identified as having the ability to react with both the glutathione and the thioredoxin 

system (Sztajer et al., 2001). The H. contortus peroxiredoxin enzymes were unable to 

directly utilise the glutathione system for regeneration. However, when also linked 

with HcTrxS, a unique parasite thioredoxin from H. contortus, both peroxiredoxins 

were able to be regenerated by the glutathione system. This reduction of hydrogen 

peroxide by peroxiredoxin and thioredoxin coupled to the glutathione system is 

unique. The ability of HcTrxS to be coupled with glutathione and glutathione 

reductase, as well as being able to be regenerated by thioredoxin reductase (Sotirchos 

et al., 2009), appears to create an electron transfer pathway similar to the linked 

system in platyhelminths where the thioredoxin reductase and the glutathione 

reductase activities reside in one enzyme, a thioredoxin glutathione reductase (Salinas 

et al., 2004). 

The mutated thioredoxin reductase enzyme, HcTrxRl, was not able to reduce oxidised 

peroxiredoxin even though it was shown to be active with HcTrxl (figure 3.9). The 

interaction of peroxiredoxin with thioredoxin may cause a conformational change that 

decreases the accessibility of the thioredoxin reductase enzyme thus resulting in a 

reduced ability to detoxify hydrogen peroxide. In contrast to HcTrxRl, the predicted 

mitochondrial HcTrxR2 was able to successfully regenerate the oxidised peroxiredoxin 

enzymes, resulting in similar kinetic constants as the rat TrxR. The complexity of the 

interaction shows that the complete homologous system should be used in the 

analysis of these enzymes as it is clear that there are interactions involved that have 

not yet being identified. 
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Further characterisation of these H. contortus peroxiredoxin enzymes was achieved by 

using various hydroperoxides that differ in their size and structure surrounding the 

free radical group. Peroxiredoxin enzymes are thought to be broad in their substrate 

specificity (Dietz, 2003, Hofmann et al., 2002). Tert-butyl hydroperoxide and cumene 

hydroperoxide are both larger than hydrogen peroxide and have often been used as 

mimics for lipid hydroperoxides (Parsonage et al., 2008). The substrate that resulted in 

the highest activity when using HcPrxl was hydrogen peroxide. In contrast to this, 

HcPrx2 gave highest activity when using the larger compound cumene hydroperoxide, 

although all compounds were similar in activity. Although they differ in their preferred 

substrates, both H. contortus peroxiredoxin enzymes were able to utilise all the 

hydroperoxides as substrates indicating fairly broad substrate specificity. 

Messengers or modulators of hydrogen peroxide, for differentiation processes and 

signalling cascades, have been demonstrated in mammalian enzymes, particularly at 

low hydrogen peroxide concentrations (Brigelius-Flohe et al., 2001, Forman and 

Cadenas, 1997, Goth, 2006). The resulting kinetic constants for peroxiredoxin enzymes 

to reduce substrates appear to correlate with the enzymes function, with evidence 

suggesting that the higher the Km for a substrate, the less likely it is to be effected or 

inactivated at high concentrations (Parsonage et al., 2008}, thus the less likely it is to 

act as a messenger or in cell signalling. HcPrxl may be involved in cell signalling as the 

Km for hydrogen peroxide is approximately the same as physiological levels found 

within the cell, which are approximately 50 µM (Gautam et al., 2006}. However, the 

HcPrxl Km value for hydrogen peroxide is relatively high in comparison to other 

reported peroxiredoxin enzymes, which function as cell signalling molecules and have 

Km values of less than 20 µM for hydrogen peroxide (Chae et al., 1999, Rhee et al., 

2005a, Rhee et al., 2005b}. The Km value for HcPrx2, with the substrate hydrogen 

peroxide, is 10- fold higher than physiological levels found within the cell. This strongly 

suggests that HcPrx2 does not function as a signalling or regulatory molecule but, 

rather, it is used as a major detoxification mechanism, an idea supported by its 

protective antioxidant activity (figure 4.16}. These results correlate with previous work 
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of Bagnall and Kotze {2004), who suggested that the peroxiredoxin of H. contortus 

{HcPrx2} was the major hydroperoxide detoxifying enzyme. 

Recent evidence for mammalian peroxiredoxin enzymes has supported a regulatory 

role, being involved in redox balance and signalling, phosphorylation, transcriptional 

regulation and apoptosis {Hofmann et al., 2002}. The regulatory role of peroxiredoxin 

enzymes is associated with an evolutionary change, with the mammalian enzymes 

having increased instability to the substrate and signalling molecule hydrogen 

peroxide. This instability of peroxiredoxins to hydrogen peroxide is through 

inactivation or overoxidation by the substrate. Conserved motifs have been identified 

within peroxiredoxin sequences that are believed to be essential for predicting 

inactivation and overoxidation (Wood et al., 2003}. The results presented demonstrate 

that, unlike mammalian enzymes, both the mitochondrial {HcPrxl} and the cytoplasmic 

{HcPrx2} enzymes are stable to hydrogen peroxide (figure 4.11), although containing 

the motifs 'GGLG' and 'VF' (figure 4.4). This demonstrates that it is not simply these 

motifs that contribute to the instability of peroxiredoxins. This adds to the evidence 

that these enzymes do not function as cell signalling molecules, but rather as 

protective antioxidants within the parasite. 

Unlike many other enzymes, there are currently no reported inhibitors of the 

peroxiredoxins. The identification of such compounds would not only be of interest in 

studies of the mechanism of action, but would also be highly advantageous in the 

treatment of many diseases such as mammalian cancers as well as parasitic diseases, 

where these enzymes have been identified as key drug targets {Chang et al., 2004, Lee 

et al., 2003, Neumann et al., 2003, Sayed et al., 2006, Wang et al., 2003}. Many 

chemotherapeutic drugs currently on the market cause free radical production as part 

of their cytotoxic activity, for example artemisinin and praziquantel used to treat 

Plasmodium spp. and Schistosoma spp. (Ammar et al., 2002, El-Bassiouni et al., 2007). 

Increased detoxification of these free radical-producing drugs by up-regulation of 

antioxidant enzymes decreases their cytotoxic activity and has been associated with 

drug resistance (table 1.1). The administration of an inhibitor of these antioxidant 
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enzymes could potentially re-sensitise parasites to chemotherapeutic drugs, to which 

the parasite has become resistant. Oxadiazoles are a group of inhibitory compounds 

that act via the production of free radicals and are known to be nitric oxide donors in 

the presence of physiological levels of thiols (Feelisch et al., 1992). They have recently 

been identified as prime candidates for the treatment of schistosomasis infections 

(Sayed et al., 2008). The primary target of the most active compound tested by Sayed 

et al. (2008), 4-phenyl-3-furoxan carbonitrile (PFC), was found to be thioredoxin 

glutathione reductase. When tested in mice with schistosomiasis, PFC showed low 

cytotoxicity as well as high bioactivity, which supports a role for its use as a highly 

effective lead compound for schistosomiasis treatment (Sayed et al., 2008). PFC was 

able to completely inhibit both H. contortus peroxiredoxin enzymes, with higher 

potency for the mitochondrial HcPrxl than for cytoplasmic HcPrx2. This inhibitor was 

also specific for the peroxiredoxins as it was unable to inhibit either H. contortus Trxl 

or rat thioredoxin reductase, both of which are required for the assay to function. 

Thus, a potential inhibitor has been identified, which has minimal mammalian toxicity, 

and may aid in the control of nematode infections, as well as platyhelminth infections. 

The development of a functional peroxiredoxin coupling assay, using the recombinant 

enzymes from H. contortus, provides a valuable tool that will enable the identification 

of new drugs that inhibit the peroxiredoxin enzymes. The assay can also be used to 

access the similarities and differences between the parasite enzymes and those of the 

host, in order to identify differential inhibitors, which may help lead to the control of 

H. contortus infections. 
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Chapter 5: C. elegans as a model organism 

5.1. Introduction 

The identification of new drug or vaccine targets can be extremely difficult, particularly 

in parasitic organisms where the genome is not complete, culturing is problematic and 

there is limited success in gene silencing (Geldhof et al., 2006, Geldhof et al., 2007). 

The use, therefore, of a model organism represents a feasible alternative (Hemphill et 

al., 2010) and may provide insight into the effects that inhibiting the function of a 

target may have in similar organisms. However, this approach is obviously limited and 

it does not address genes that are specific for the lifestyle of parasitic nematodes. 

Nevertheless, phylogenetic studies have revealed a close relationship between C. 

elegans and H. contortus (Blaxter et al., 1998) and, due to this close relationship, a 

completed genome, and the ease of in vitro cultural techniques and gene 

manipulation, C. elegans represents a useful model for the study of H. contortus, 

particularly when the genes of interest are conserved in both species (Zawadzki et al., 

2006). 

This chapter uses C. elegans to identify the role that peroxiredoxins and thioredoxin 

reductases play in normal nematode development, function and survival. 

5.2. Gene expression of peroxiredoxin and thioredoxin reductase by 

qRT-PCR 

Similar to H. contortus, C. elegans contains several peroxiredoxins and thioredoxin 

reductase genes. Gene expression of the two typical 2-Cys peroxiredoxin genes (CePrx1 

and CePrx2) and the two thioredoxin reductase (CeTrxR1 and CeTrxR2) genes, which 

are homologues to those identified in H. contortus, was examined in C. elegans in 

order to determine changes relative to control samples. 

5.2.1. Oligonuleotide design 

In order to examine the expression of peroxiredoxin and thioredoxin reductase genes 

in C. elegans, qRT-PCR was used. Primers were designed for use with SYBR green I 

technology to produce single amplicons with minimal secondary structure or self 
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dimerisation for the two peroxiredoxin (CePrxl and CePrx2) and two thioredoxin 

reductase (CeTrxRl and CeTrxR2) genes, as well as the reference gene act-4 (table 5.1). 

The mRNA sequences for the C. e/egans genes were used as templates for the design 

of real-time PCR primers. Primers were manually designed to ensure maximal 

efficiency and sensitivity, and were assessed for self-complementarity, primer length 

and melting temperature using the on line Oligo Calculator on the Sigma Genosys 

website (http://row.sigma-genosys.eu.com; Sigma-Aldrich, Castle Hills, NSW, AUS). 

Each primer was also accessed for its complementarity to other C. elegans genes using 

the BLASTN nucleotide-nucleotide feature on the NCBI website. Primers that had 

BLASTN hits to regions other than the target gene were rejected . Each primer set was 

used to amplify gene products from wild type Bristol N2 cDNA (section 2.2 .2.1). The 

products were cloned into the pGEM T-Easy vector (section 2.2.3) and the sequences 

verified (section 2.2 .2.3) . Plasmids were then used to determine primer efficiencies 

and as positive controls t o ensure that all subsequent qRT-PCR assays functioned 

effectively. 

Table 5.1: Primers for quantitative real-time PCR for C. elegans. 

Gene* Primer Sequence 5' 7 3' Tm (0 C) Amplicon (Bp) 

act-4 Sense GGTGTGATGGTCGGTATGGGACAGAAG 74.3 274 

(M03F4.2a) Antisense GAG ACC TTC AAC ACC CCA GCC ATG AC 74.0 

Prxl Sense CTG GA T CCG TTC GAG CTC TTT GCC 74.2 293 

(Z32683) Antisense GAC AAC TTC AGC TCC AAG AGA ACG G 69.9 

Prx2 Sense AGG AAT TCT CGG AAA GCC AGC TCC 71.9 230 

(U37429) Antisense AGA AGA CAG AGT CGG TGG AAG CGG 72.4 

TrxRl Sense AGA AGC TTC GTC TCC GGC AAA CCC 74.4 163 

(NM_068684) Anti sense TAG TGC TTC TTT CAG CGG AAT TCC TGG C 74.9 

TrxR2 Sense GCA GCT GAT en GGA GCA AAC GTG GC 77.3 330 

(NM_066570) Antisense GTC TTT ATC CAC AAA CTC GGC ATA GGC 70.5 

*Genbank accession numbers for each sequence are indicated in brackets; Tm: melting 

temperature; Bp: base pairs. 
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5.2.2. Validation of the qRT-PCR assay 

Relative quantification describes the change in expression of a target gene relative to a 

reference group as an untreated control (Livak and Schmittgen, 2001) . This method of 

qRT-PCR is not used for absolute quantification but, rather, 'relative' quantification 

compared to a control sample and a reference gene. Rigorous experimental 

preparations are crucial in order to obtain accurate results. Samples to be co-analysed 

were extracted and reverse transcribed at the same time under the same experimental 

conditions in order to minimise the variability that may occur during sample 

preparation. 

The individual reaction efficiencies (E) for each primer set were calculated using the 

method determined by Pfaffl (2001) in order to take into account any efficiency 

differences between the primers and the genes. Cycle threshold (CT) values were 

regressed aga inst the log of template concentration and calculated using the formula : 

E = lff1/slope (figure 5.1) . The reaction efficiencies were calculated using the slope of the 

lines in figure 5.1 and are summarised in table 5.2. These efficiency values were then 

used to determine changes in gene expression in C. elegans samples re lative to control 

samples (section 2.2.4.2). 

Table 5.2: C. elegans qRT-PCR primer efficiencies. 

Gene Slope of Cr vs. log (template) Reaction efficiency (E) 

C. e/egans 

act-4 -2.76 2.3 

Prxl -2.92 2.2 

Prx2 -2 .94 2.2 

TrxRl -2.83 2.3 
TrxR2 -2.89 2.2 

119 



20 

I- 15 (.) 

10 

Chapter 5: C. elegans as a model organism 

«· Actin 
Prx1 

JJ· Prx2 
4· TrxR1 
... T rxR2 

-3 -2 -1 0 
log ng plasmid 

Figure 5.1: Linear regression of Cr versus template concentration of C. elegans in 

qRT-PCR reactions. 

The CT values of the qRT-PCR reactions were plotted versus the log ng of plasmid for 

act-4, Prx1, Prx2, TrxR1 and TrxR2 to determine the slope (m) of the 5-point standard 

curve (calculated using Graph Pad Prism version 5.02). 
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5.2.3. Expression of antioxidant genes in C. elegans 

Changes in gene expression in response to drugs or xenobiotics have been used to 

identify genes involved in oxidative stress (Menzel et al., 2001, Reichert and Menzel, 

2005). To determine the response of drug treatment on gene expression in C. e/egans, 

worms were exposed to hydrogen peroxide or ivermectin for 2 hrs or 24 hrs, 

respectively (section 2.2.8.6). 

RNA was then extracted and relative gene expression levels were determined by qRT-

PCR using the untreated worms as controls . Figure 5.2 shows the relative expression of 

the genes in the wild type Bristol N2 C. elegans exposed to the compounds. There is a 

tendency for increased gene expression in response to hydrogen peroxide, however, 

only the results for the CeTrxRl gene are significant (P<0.05). The mitochondrial gene 

CeTrxR2 could not be detected in response to hydrogen peroxide exposure. There was 

no statistically significant variation in expression for any of the genes in response to 

ivermectin (P>0.05) . These results suggest that the antioxidant genes examined may 

not simply be stress-induced response genes. 

5.3. Gene function 

In an attempt to define the function of the peroxiredoxin and thioredoxin reductase 

genes in nematodes, both gene knockout (KO) C. elegans and RNA interference (RNAi) 

were used. The KO C. e/egans give an indication of the role of these genes in 

development and viability while RNAi indicates the potential for control using drugs 

that decrease or inhibit the expression or activity of these enzymes. 

5.3.1. Gene KO C. elegans 

The gene KO C. elegans worms were obtained from the Caenorhabditis Genetics 

Centre. This enabled the assessment of the effects of gene knockout on nematode 

phenotype, survival and viability. 
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Figure 5.2: Expression of antioxidant genes in C.elegans worms treated with 

cytotoxic compounds. 

The expression of Prxl, Prx2, TrxRl and TrxR2 genes was examined in C. elegans 

exposed to 250 µM hydrogen peroxide (H 20 2) for 2 hrs or 6 ng/ml ivermectin (IVM) for 

24 hrs. RNA was reverse transcribed and genes were amplified from cDNA using gene 

specific primers. Fold changes in gene expression relative to control samples (broken 

line) were calculated using the Pfaffl (2001) method. Bars show the mean and the error 

bars show the standard error from at least three independent experiments. * Indicates 

P<0.05 relative to wild type Bristol N2 worms. 
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5.3.1.1. Phenotypic changes 

The morphology of the KO C. elegans was compared to wild type Bristol N2 C. elegans 

for differences in their phenotypes (figure 5.3). In comparison to wild type Bristol N2 

worms, the TrxRl -/- KOC. elegans were significantly longer {l.23 ± 0.003- fold, 

P<0.001) and wider {1.46 ± 0.01- fold, P<0.001), and the Prxl -/-KO worms were 

significantly longer {1.17 ± 0.05- fold, P<0.05). The other KOC. elegans {Prx2 -/-and 

TrxR2 -/-)showed no significant morphological changes. These results demonstrate an 

increase in size compared to the wild type worms, indicating that knocking out either 

the cytoplasmic TrxRl or mitochondrial Prxl genes does change normal body 

morphology. 

5.3.1.2. Survival 

In harvesting C. elegans to synchronise a population, eggs are washed with alkaline 

hypochlorite. For the wild type Bristol N2 C. elegans, Prxl -/-and TrxRl -/-KO worms, 

this has little effect on viability {95 - 97% viable) . However, figure 5.4 shows that the 

Prx2 -/-KO worms had 10% reduced viability {P<0.05) while only 9% of the TrxR2 -/-KO 

worms survived {P<0.001), showing their increased sensitivity to hypochlorite. This 

also means that the TrxR2 -/- KO worms were not able to be used in other related 

experiments as sufficient numbers of synchronised worms could not be produced . 

5.3.1.3. Drug sensitivity 

To determine the survival of C. elegans after drug treatment, the MTT assay was used 

(James and Davey, 2007). This assay is commonly used in mammalian cell culture 

systems to evaluate cellular viability in vitro and has been adapted to be used in the 

model organism C. elegans. Figure 5.5 shows a linear relationship between the number 

of viable worms and formazan production in C. e/egans {R2 = 0.9534, P<0.0001). 

As the synchronisation process (section 2.2.8.4) had little effect on the Prxl -/-, Prx2 -/-

and TrxRl -/- KO worms, their sensitivity to cytotoxic compounds was tested. Worm 

viability was assessed using the MTT assay 72 hrs after drug treatment. Paraquat, a 

widely used herbicide which acts through the production of free radicals, and 

hydrogen peroxide were both tested (figures 5.6 and 5.7). Compared to the wild type 
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Figure 5.3: Comparison of adult C. elegans worms. 

Eggs were harvested and allowed to hatch overnight at RT. Egg laying adult wild type 

Bristol N2 C. elegans worms were compared to egg laying adults of the gene knockout 

worms Prxl -/-, Prx2 -/-, TrxRl ··/-and TrxR2 -/-.A; Representative microscopic images 

of adult worms using 40x and 90x magnification. B; Adult worms were measured using 

the Motic Image Plus 2.0 software and expressed as a percentage of the wild type 

control worms. Bars show the mean and error bars show the standard error of 10 

replicate samples.* Indicates P<0.05 and *** indicates P<0.001 relative to wild type 

Bristol N2 worms (n=3}. 
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Figure 5.4: Survival of C.elegans after alkaline hypochlorite treatment. 

C. elegans L1 stage larvae were washed with alkaline hypochlorite solution then 

washed in M9 solution and allowed to hatch overnight in M9 medium. The number of 

eggs hatched (A) and viable larvae (B) were counted; wild type Bristol N2 (white 

hatched bars), Prxl -/-(light blue bars), Prx2 -/-(royal blue bars) TrxRl -/-(red bars) 

and TrxR2 -/-(orange bars) knockout C. elegans. Bars show the mean and the error 

bars show the standard error of replicate wells (n=24). *Indicates P<0.05 and*** 

indicates P<0.001 relative to wild type Bristol N2 worms. 
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Figure 5.5: Linearity of formazan production in Ll larvae of C. elegans. 

L1 stage C. elegans were serially diluted and MTT was added to a final concentration of 

5 mg/ml. Plates were incubated at 20°C for 3 hrs with gentle agitation then centrifuged 

at 900 g and the supernatant aspirated. Formazan production was determined 1 hr 

after the addition of 100 µL DMSO. Points are the mean and the error bars show the 

standard deviation of three replicates from three independent experiments. The 

straight line plotted is the best-fit line calculated using Graph Pad Prism version 5.02. 
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.... Wild type Bristol N2 
Prx1 -/-

-+- Prx2-/-

- TrxR1 -/-

Figure 5.6: Viability of C. elegans following paraquat treatment. 

L1 stage C. e/egans in M9 buffer were incubated in serial two-fold dilutions of 

paraquat. Viability was determined using MTT following a 72 hr incubation for wild 

type Bristol N2 (black squares), Prxl -/-(light blue triangles), Prx2 -/-(royal blue 

diamonds) and TrxRl -/- (red circles) KO worms. Points show the mean and the error 

bars show the standard error of triplicate wells. The curves are representative of more 

than three experiments. 
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Figure 5. 7: Viability of C. elegans following hydrogen peroxide treatment. 

L1 stage C. elegans in M9 buffer were incubated in serial two-fold dilutions of 

hydrogen peroxide . Viability was determined using MTT following a 72 hr incubation 

for wild type Bristol N2 (black squares), Prxl -/-(light blue triangles}, Prx2 -/-(royal 

blue diamonds) and TrxRl -/-(red circles) KO worms . Points show the mean and the 

error bars show the standard error of triplicate wells. The curves are representative of 

more than three experiments. 
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Bristol N2 strain, the Prxl -/- KO worms were 12.1±1.3- fold and the Prx2 -/- KO 

worms were 12.0 ± 0.8- fold more sensitive to paraquat (P<0.01). The TrxRl -/-KO 

worms were also sensitive to paraquat but to a lesser extent, only 2.1 ± 0.02- fold 

(P<0.01). In respect to their sensitivity to hydrogen peroxide, only the Prx2 -/-KO 

worms were sensitive (4.9 ± 0.2- fold, P<0.001) compared to the wild type Bristol N2 

worms. The TrxRl -/- KO worms were 2.3 ± 0.08- fold more resistance to hydrogen 

peroxide than the wild type worms (P<0.05 ). 

The viability of the KO C. e/egans worms to ivermectin, a commonly used anthelmintic 

was also examined (figure 5.8). There was no significant difference between the wild 

type and the peroxiredoxin KO worms in respect to their sensitivity to ivermectin. 

However, the TrxRl -/-KO worms were 4.1 ± 0.2- fold more sensitive to ivermectin 

than the wild type Bristol N2 worms (P<0.05). 

5.3.2. RNAi in C. elegans 

While gene KO worms are useful to identify the function of a gene, in reality drug 

treatment alone does not result in complete inhibition of the enzyme. In order to 

examine a more realistic model of the effects of drug treatment, RNAi was used . RNAi 

was performed in C. elegans to predict the affect that reduced expression of the 

peroxiredoxin and thioredoxin reductase genes may have in the parasitic nematode H. 

contortus. 

In order to evaluate the efficiency of the RNAi experiments, two negative controls and 

a positive control were used (section 2.2.9.1). The first negative control, the feeding 

bacteria E. coli HT115 (DES) with the empty pl4440 vector, was used to observe effects 

caused by the presence of the plasmid itself. The second negative control, the pl4440 

vector containing an Arabidopsis thaliana chlorophyll binding protein gene (pCB19), 

was used to observe the effects of expressing random double stranded RNA (dsRNA) 

that are not predicted to target any worm mRNA transcripts. The C. elegans ATP 

synthase B homolog family member (asb-1), with a known phenotype of being 

embryonic lethal (Kawasaki et al., 2007), was also cloned into the pl4440 vector and 
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Figure 5.8: Viability of C. elegans following ivermectin treatment. 

L1 stage C. e/egans in M9 buffer were incubated in serial two-fold dilutions of 

ivermectin (IVM} . Viability was determined using MTT following a 72 hr incubation for 

Bristol N2 (black squares}, Prxl -/-(light blue triangles}, Prx2 -/-(royal blue diamonds) 

and TrxRl -/- (red circles) KO worms. Points show the mean and the error bars show 

the standard error of triplicate wells. The curves are representative of more than three 

experiments. 
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used as the positive control to confirm successful delivery of double stranded RNA 

(dsRNA}. 

5.3.2.1. Probe design 

The specificity of the target probes is essential to reduce the risks of cross-interference 

and off-target effects. The probes used for RNAi were designed manually and 

evaluated using the on line E-RNAi tool (section 2.2.9.1}. Gene specificity is calculated 

as the percent probability that the probe is specific for each individual gene of interest 

and will not bind to another mRNA transcript found within the C. elegans Wormbase. 

All probes show specificity of greater than 99% for the specific gene and little (<1%} 

specificity to similar genes indicating that off target effects should not occur. Table 5.3 

shows the specificity of the RNAi probes and their potential to cause cross-interference 

and off target interference with similar genes. 

Table 5.3: Specificity of RNAi probes determined using E-RNAi. 

Probe Accession Length (Bp) Target mRNA accession Gene specificity (%)1 

number* number . . . . . . . . . . . . . . . . . . 

CePrxl R07E5.2 615 R07E5.2 (CePrxl) 100.00 

F09E5.15 (CePrx2) 0.84 

CePrx2 F09E5.15 536 F09E5.15 (CePrx2) 100.00 

R07E5.2 (CePrxl) 0.97 

CeTrxRl C06G3.7 569 C06G3. 7 ( CeTrxRl) 100.00 

ZK637.10 (CeTrxR2) 0.00 

CeTrxR2 ZK637.10 506 ZK637.10 (CeTrxR2) 99.80 

C06G3. 7 ( CeTrxRl) 0.00 

*Worm bank accession numbers corresponding to the genes; 1Probe specificity 

determined using E-RNAi ( htt~:LLwww.dkfz.deLsignalingLe-rnai3LL} . 

Table 5.4 shows the primers flanked with restriction sites for the amplification of the 

specific probes for RNAi by feeding (section 2.2.9.l}. All primer pairs were designed to 
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have minimal secondary structures and similar and high melting temperatures in order 

to amplify the specific products. 

Table 5.4: Primers for the amplification of peroxiredoxin and thioredoxin reductase 

RNAi probes from cDNA. 

Gene *Primer sequence 5' 7 3' Tm (0 C) 

CePrx1 S - CTg gat ccG TTC GAG CTC TTT GCC 74.2 

A - GAg gat ccT CAT GCC AAT CAG CTG GG 76.4 

CePrx2 S - AGg aat tcT CGG AAA GCC AGC TCC 71.9 

A-TGg aat toT CGG ATC CTG GAG TCC 72.0 

CeTrxR1 5-TAT gga tee ATG GGA GTA GCA GCG AGT GG 77.1 

A - TAT gga tee CCG ACA TTC ACA CAA GTT CC 75.4 

CeTrxR2 S -TAT gga tee CGA CAT CTA CCA ATC AGG CG 76.7 

A-TAT gga tee CGG AGT CCT GTT GAG ATG AC 75.2 

*S: sense primer; A: antisense primer. Lowercase letters show recognition sequences 

(BamHI in yellow; EcoRI in blue); Tm: melting temperature. 

The overall efficiency of the individual probes was also evaluated using the online 

program and this percentage indicates how effective the probe was at knocking down 

the specific gene of interest. An efficiency score of approximately 60% is considered a 

potent probe (Reynolds et al., 2004, Shah et al., 2007). The CePrxl, CePrx2, CeTrxRl 

and CeTrxR2 probes have overall efficiency scores of 58%, 37%, 30% and 100% 

respectively. This suggests that both the CePrxl and CeTrxR2 probes will produce high 

levels of gene knockdown . The CePrx2 and CeTrxRl probes have lower overall 

efficiency scores in comparison to 'potent' probes which means that higher doses may 

be required to produce similar knockdown affects. 

5.3.2.2. Knockdown of genes 

The relative knockdown phenotypic effect of the RNAi probes was compared to the 

pl4440 empty vector negative control. Individual RNAi experiments are shown in 
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figure 5.9. These experiments were performed a number of times, however, this 

technique can be variable and result in different outcomes (Rua I et al., 2004, Simmer 

et al., 2003). The negative controls used in the experiments, the pl4440 empty vector 

(-ve A) and the non-specific dsRNA from A. thaliana (-ve B), showed no affect. 

However, the positive control (+ve) should result in a decrease in larval numbers, and 

this trend can be seen in two out of the three experiments indicating successful dsRNA 

delivery. A significant decrease in larval numbers is seen with the CePrxl probe (figure 

5.9A, P<0.01). Unfortunately, due to the variability in the technique, experiments B 

and C did not result in a significant outcome; however, similar trends were seen with a 

decrease in larval numbers when using the CePrxl probe. In contrast to this, the 

CeTrxRl probe gave a significant increase in larval numbers (figure 5.10, P<0.05). As 

this is different to the results obtained using the TrxRl -/-KOC. elegans worms in the 

survival assay (figure 5.2), this may be an 'off-target' effect. The probe also showed 

low efficiency and was, therefore, not further used. 

The free radical producer, paraquat, was added to the RNAi plates in order to further 

examine the affect of knocking down the peroxiredoxin genes on the survival of the 

nematode when exposed to free radicals . Similar experiments have been performed in 

5. mansoni and have resulted in 100% mortality when the parasites were exogenously 

exposed to hydrogen peroxide (Sayed et al., 2006) . Figure 5.11 shows the RNAi results 

on NGM with the addition of 0.1 M paraquat. The CePrxl probe used alone, as well as 

when used in combination with the CePrx2 probe, resulted in a significant reduction in 

larval numbers (P<0.05). In contrast to this, the CePrx2 probe resulted in a significant 

increase in larval numbers (P<0.01), which may be a result of off-target effects of this 

less efficient probe. 

The efficiency of the gene knockdown in the apparently successful RNAi experiments 

(figures 5.9A and 5.11) was determined by quantification of gene expression using 

real-time qRT-PCR (section 2.2.4). The relative fold change in gene expression is 

summarised in table 5.5 with a fold change of one representing no change in 

comparison to the pl4440 empty vector control. 
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Controls Prxs 

-ve A -ve B +ve 

Controls Prxs 

-ve A -ve B +ve 1/2 

Controls Prxs 

Figure 5.9: RNAi of peroxiredoxin genes in wild type Bristol N2 C. elegans. 

L1 larvae were seeded onto bacterial lawns containing the target constructs. Worms 

were incubated at 20°C for 48 hrs, and then transferred to fresh plates with bacterial 

lawns expressing the target constructs. The number of surviving larvae were counted 

at 72 hrs relative to the pl4440 vector only treated worms (-ve A) for Prxl (1), Prx2 (2) 

and a combination of both Prxl and Prx2 (1/2). The A. tha/iana construct (-ve B) and 

the lethal asbl construct (+ve) were used as additional controls and are presented. A, 

Band C represent individual experiments. Bars show the mean and error bars show 

the standard error of triplicate samples. ** Indicates P<0.01. 
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250-----------------
* 

-ve A -ve B +ve 2 1/2 

Controls TrxRs 

Figure 5.10: RNAi of the thioredoxin reductase in wild type Bristol N2 C. elegans. 

Ll larvae were seeded onto bacterial lawns containing the target constructs. Worms 

were incubated at 20°C for 48 hrs, and then transferred to fresh plates with bacterial 

lawns expressing the target constructs. The number of surviving larvae were counted 

at 72 hrs relative to the pl4440 vector only treated worms (-ve A) for TrxRl (1), TrxR2 

(2) and a combination of both TrxRl and TrxR2 {1/2). The A. tha/iana construct (-ve B) 

and the lethal asbl construct (+ve) were used as additional controls and are presented. 

Bars show the mean and error bars show the standard error of triplicate samples. 

* Indicates P<0.05. 
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Figure 5.11: RNAi of peroxiredoxin genes in Bristol N2 C. elegans on 0.1 M paraquat 

NGM plates. 

L1 larvae were seeded onto bacterial lawns containing the target constructs. Worms 

were incubated at 20°C for 48 hrs, and then transferred to fresh plates with bacterial 

lawns expressing the target constructs. The number of surviving larvae were counted 

after 72 hrs on NGM plates containing 0.1 M paraquat, relative to the pl4440 vector 

only treated worms (-ve A) for Prxl (1), Prx2 (2) and a combination of both Prxl and 

Prx2 (1/2). The A. thaliana construct (-ve B) and the lethal asbl construct (+ve) were 

used as additional controls and are presented. Bars show the mean and error bars 

show the standard error of triplicate samples. * Indicates P<0.05 and ** indicates 

P<0.01. 
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Table 5.5: Relative fold change in gene expression levels in RNAi treated worms 

determined by qRT-PCR. 

RNAi probes achange in gene expression 
NGM bParaquat/NGM 

Prxl 55.72 0.24 

Prx2 0.44 1.37 

Double Prx 
- Prxl 2.20 2.29 
- Prx2 0.47 44.19 

TrxRl 0.06 ndc 

TrxR2 84.14 nd 

Double TrxR 
- TrxRl 0.09 nd 
- TrxR2 253.6 nd 

aFold change in gene expression relative to the pl4440 empty vector treated control 

worms where a fold change of one indicates zero change (n=3}, bO.l M paraquat added 

to NGM plates, ndc experiments not determined . 

On NGM plates alone, there was an unexpected increase in CePrx1 gene expression 

which coincided with the significant decrease in larval numbers. However, RNAi with 

the CePrx2 probe resulted in an approximately 50% decrease in gene expression when 

used individually or in combinat ion with the CePrxl probe. 

The CeTrxRl probe was very efficient and resulted in an approximately 90% decrease 

in gene expression. However, corresponding with this efficient knockdown there was 

an increase in larval numbers, which is not a desirable outcome. The CeTrxR2 probe, as 

with the CePrxl probe, resulted in a large increase in gene expression. It is interesting 

that both these probes target mitochondrial proteins and, so, may reflect a 

mitochondrial response to the treatment . The worms treated with a combination of 

both probes also showed a decrease in expression of CeTrxR1 and an increase in the 

expression of CeTrxR2. 
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Since the CePrxl probe resulted in a significant decrease in larval numbers, the effect 

of RNAi was also examined in worms growing in the presence of paraquat (figure 5.11). 

In contrast to the increase seen without paraquat, there was a 76% decrease in gene 

expression, which coincided with the significant decrease in larval numbers seen . 

However, when using the cytoplasmic CePrx2 probe, there was no significant change in 

gene expression. The combination of both probes showed an increase in CePrx2 

expression and little change in the expression of CePrxl. The use of two probes is 

difficult to assess as uptake and expression within the same cell may interfere with 

each probe. Alternatively, different probes may be translated in different cell types 

leading to reduced efficiency when used in combination with another probe (Karnath 

et al., 2001). 

5.4. Discussion 

In the present study, C. elegans was used as a model organism to evaluate the function 

of the peroxiredoxin and thioredoxin reductase genes in nematode biology, 

development and survival. The relevance of using this non-parasitic nematode as a 

model organism for the study of parasitic nematodes is controversial and caution must 

be taken when interpreting results that may be specific for the lifestyle of parasitic 

nematodes. However, several studies have shown functional compensation of the loss 

of C. elegans genes by transgenic expression of the H. contortus homologue (Britton 

and Murray, 2002, Kwa et al., 1995). C. elegans was, therefore, an appropriate model 

since homologous enzyme systems exist in both H. contortus and C. elegans and there 

is a close phylogenetic relationship between the two organisms. 

Body size in C. elegans is thought to be controlled by a transforming growth factor 

beta (TGF~)-related signalling pathway, which regulates the composition of the 

exoskeleton cuticle. Mutations in genes involved in this pathway have resulted in size 

altering phenotypes (Suzuki et al., 2002). The Prxl -/-and the TrxRl -/-KOC. elegans 

are significantly larger than the wild type Bristol N2 C. elegans. The increased size of 

the Prxl -/-KO worms may be related to cuticle formation as cross-linking of the 

extracellular matrix that forms the cuticle has been found to be catalysed by an 
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enzyme with peroxidase activity called Duox (Edens et al., 2001), however, it is 

possible that there is more than one peroxidase with this function. Peroxiredoxin 

enzymes are also involved in cellular signalling and heat resistant chaperone activities 

related to stress resistance in C. elegans (Olahova et al., 2008). These enzymes may 

also have other signalling functions that impact the formation of the exoskeleton or 

cuticle in C. elegans. As CePrxl is a mitochondrial enzyme it is more likely that the 

effects are due to changes in cellular function than direct activity on the extracellular 

matrix. 

The increase in length seen in the TrxRl -/-KO worms, is a phenotype termed Lon 

(longer) characterised previously (Brenner, 1974) with the causative genes identified 

as collagens or other proteins that are involved in cuticle formation and normal body 

shape (Soete et al., 2007, Suzuki et al., 2002). Contrary to this, a dumpy (dpy, shorter 

and thicker) phenotype has been reported for the knockout of a membrane associated 

thioredoxin -like gene, dpy-11 (Ko and Chow, 2002) . The catalytic activity of this gene 

was found to be essential for establish ing normal body shape in C. elegans worms and 

it was hypothesised that dpy-11 modulates developmental or signalling processes in 

the body of the worm by modifying collagen molecules (Ko and Chow, 2002, Nishiwaki 

and Miwa, 1998). Interestingly, Soete et al. (2007) demonstrated that the genes 

causing the Lon and the dpy phenotypes interact strongly. The increased length in the 

TrxRl -/- KO worms supports a role for the thioredoxin system in body size and 

possible cuticle formation. The cytoplasmic CeTrxRl may be required to maintain 

reduced thioredoxin involved in disulfide bridging during cuticle formation. Protein 

disulfide isomerases, also thioredoxin-like proteins, are also involved in the formation 

of the exoskeleton in C. elegans (Winter et al., 2007). This evidence, along with the 

data presented in figure 5.3 supports a role for thioredoxin, thioredoxin reductase and 

peroxiredoxin, thus the entire thioredoxin system, in body size, cuticle formation and 

development, in C. elegans. 

In contrast to the data presented in figure 5.3, lsermann et al. (2004) reported that 

knockouts of the cytoplasmic peroxiredoxin, CePrx2, resulted in significantly smaller 
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worms than the wide type Bristol N2 worms. While the Prx2 -/-KO worms used in this 

study are not significantly smaller than the wild type worms, they are slightly smaller 

and simple differences in measuring techniques and samples size may be the reason 

for this different result. Nonetheless, the cytoplasmic CePrx2 was found to be required 

for normal growth and development in C. elegans by lsermann et al. (2004). 

The exoskeleton and cuticle formation is extremely important in protecting nematodes 

and their eggs from harsh environmental conditions. The results in figure 5.4 show the 

reduced survival rate of Prx2 -/-and TrxR2 -/-KO worms. This suggests a significant 

role for these enzymes in the formation of the protective cuticle in the egg and, 

therefore, overall nematode survival, and identifies these enzymes as ideal drug 

targets (Doyle et al., 2010). 

Treatment of C. elegans with hydrogen peroxide resulted in increased expression of 

the peroxiredoxins, although not significant. Hu et al. (2010) showed a similar increase 

of 1.6-1.8- fold in peroxiredoxin expression in response to hydrogen peroxide in the 

insect Bombus ignitis. In this case, the increase in mRNA peaked 1 hour after injection. 

The response of the worms to the external treatment would be expected to take 

longer than injection and, therefore, analysing samples just 2 hrs after exposure may 

have been too early to obtain significant changes. The Prx2 -/-KO worms were found 

to be significantly sensitive to hydrogen peroxide. In contrast to this, lsermenn et al. 

(2004) reported that Prx2 -/- KOC. elegans were not more sensitive to hydrogen 

peroxide; however, only short term exposure to the oxidant was investigated. More 

recently, Olahova et al. (2008) showed increased sensitivity of the Prx2 -/-KO worms 

to hydrogen peroxide supporting the results seen here. 

Peroxiredoxin was reported to be secreted from C. elegans (Chaithirayanon and 

Sobhon, 2010) and, therefore, potentially involved in protection against external 

oxidative attack. The ability of peroxiredoxins to protect against external hydrogen 

peroxide is supported by the fact that the cytoplasmic CePrx2 KO worms were 

sensitive to hydrogen peroxide while the mitochondrial CePrxl KO worms were not. 
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However, both of the peroxiredoxin gene knockout C. elegans were sensitive to the 

free radical producer paraquat (summarised in table 5.6), even though both enzymes 

showed antioxidant activity by protecting plasmid DNA against attack by free radicals 

{lsermann et al., 2004). These results suggest that the sensitivity to free radicals and 

the sensitivity to hydrogen peroxide are separate activities that reside in different 

parts of the worm. 

In contrast to the effect of hydrogen peroxide on the peroxiredoxins, exposure to 

hydrogen peroxide resulted in an increase in CeTrxR1 expression. However, treatment 

with hydrogen peroxide resulted in the CeTrxRl KO worms being resistant to the 

peroxide. Expression of CePrx2 in C. elegans was reported to be tissue specific with 

expression in the intestine causing resistance to arsenite while expression in other 

tissues reduced sensitivity {Olahova et al., 2008). This suggests that the response to 

oxidative stress may be tissue specific, making correlation of expression and response 

difficult. 

Table 5.6: Sensitivity of gene KO C. elegans to cytotoxic compounds. 

KO worms Locationa Hydrogen peroxide Paraquat lvermectin 

CePrxl Mitochondrial nsb Sensitive (12- fold) ns 

CePrx2 Cytoplasmic Sensitive (4.9- fold) Sensitive (12- fold) ns 

CeTrxRl Cytoplasmic Resistant (2.8- fold) Sensitive (2- fold) Sensitive (4.1- fold) 

CeTrxR2 Mitochondrial ndc nd nd 

a cellular location; b ns indicates no significant change compared to wild type Bristol N2 
C. elegans; c nd indicates worms did not survive the harvesting process so were unable 
to be used for sensitivity experiments. 
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Interestingly the TrxRl -/- KO worms were 2- fold more sensitive to the commonly 

used anthelmintic ivermectin (table 5.6), indicating a possible role for thioredoxin 

reductase in drug resistance . This correlates with the increase in HcTrxl and HcTrx3 

reported in ivermectin resistant H. contortus in a study performed by Sotirchos et al., 

{2008). There were, however, no significant differences seen in the mRNA expression 

of the TrxR genes in C. elegans worms exposed to ivermectin. This does not mean that 

thioredoxin reductase is not involved in the development of drug resistance since 

mRNA expression does not always correlate with enzymes activity, as has been 

documented by Bagnall and Kotze {2004), who reported that transcript level was not 

predictive of enzyme activity in catalase, a similar antioxidant enzyme. The possible 

role of thioredoxin reductase in drug resistance is consistent with increased free 

radical production as a part of, or a by-product of, the activity of many of the anti-

parasitic drugs used currently (Ammar et al., 2002, El -Bassiouni et al., 2007) as 

reported in section 4.7 . It has also been documented that many parasitic organisms 

have increased antioxidant detoxification systems as a mechanism involved in drug 

resistance (reviewed in James et al. 2009, and summarised in table 1.1). These 

antioxidant systems not only detoxify harmful compounds {Cvilink et al., 2009), they 

are also involved in many other important biological functions such as regulating signal 

transduction and apoptosis, which have also been implicated in the development of 

drug resistance (Coles, 2006, Fojo,. 2007, Hotez et al., 2008) . 

RNAi was used to examine the effects of knocking down the genes of interest. This has 

a physiological advantage over using knockout models as it more realistically mimics 

the effects of drug treatment in the field . However figure 5.9 demonstrates the 

difficulty in obtaining reproducible results from these experiments. Similar problems 

have been noted by others {Rua I et al., 2004, Simmer et al., 2003). The results of the 

RNAi experiments are summarised in table 5.7. 
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Table 5. 7: Summary of RNAi results 

Probe Efficiency NGM NGM + paraquat 

(%} Larval numbersa mRNA responseb Larval numbers mRNA response 

Prxl (me) 58 Decreased Increased Decreased Decreased 

Decreased Increased ns 

TrxRl (c) 30 Increased Decreased nd 

TrxR2 (m) 100 ns Increased nd nd 

a indicates change in larval numbers in comparison to the empty vector negative 
control; b indicates change in mRNA transcript levels in comparison to the empty 
vector negative control; c indicates mitochondrial location; d indicates cytoplasmic 
location; ens indicates no significant change compared to empty vector negative 
control; f nd indicates experiments not performed. 

Significant decreases in larval numbers using the CePrxl knockdown indicate how 

important this mitochondrial gene is to brood number and survival. The addition of 

paraquat to the NGM plates to mimic free radical attack on knockdown worms also 

produced a significant decl ine in larval numbers when using the CePrxl probe alone or 

in combination with the CePrx2 probe. Once again, this suggests that the peroxiredoxin 

enzymes may be potential drug targets for the control of nematodes. However the 

expression of the CePrxl gene increased rather than decreased in the knockdown 

worms. This may be a direct result of harvesting the worms after the knockdown effect 

had already occurred and, thus, the large increase seen may be a compensatory 

mechanism to return levels to normal. A similar phenomenon was identified by Li et al. 

(2006) where dsRNAs were found to activate gene expression rather than suppressing 

it by targeting non-coding regulatory regions in the gene promoter. There is also the 

possibility that off-target effects are occurring as the dsRNA are fragmented into 

smaller interfering RNAs (siRNAs). Unfortunately, due to the variability in the RNAi 

technique (Grishok, 2005, Rua I et al., 2004, Simmer et al., 2003) further experiments 

did not produce the same significant results, although similar patterns were observed . 

This lack of reproducibility in RNAi experiments has been reported previously and may 

be due to the inability to control the amount of dsRNA that the worms are exposed to 
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(Rual et al., 2004) or may be due to the differences in the efficiencies of the RNAi 

probes or in the delivery method used (Simmer et al., 2003) . Alternatively, although 

RNAi in C. elegans is systemic, the rate of tissue penetration may vary and this could 

lead to different expression in different tissues. As noted before, this could result in a 

different response and gene expression. Also, loss of expression of one enzyme may be 

compensated by increased expression of another enzyme, as noted for the 

peroxiredoxins of B. ignitis (Hu et al., 2010). The resulting decrease in larval numbers is 

nevertheless significant (P<0.01) and indicates a role for the mitochondrial CePrx1 

gene in either being directly or indirectly involved in this reduced viability. 

The experiments conducted in this chapter attempted to demonstrate the critical roles 

of the peroxiredoxin and thioredoxin reductase enzymes in nematode development, 

susceptibility and survival. The data presented indicate that targeting these enzymes 

could provide a means to decrease the viability of H. contortus and therefore lead to a 

method of control. 

Is C. elegans an appropriate model for parasitic nematodes? In the absence of cell 

culture techniques, a completed genome and limited success in gene silencing 

techniques in H. contortus, using the model nematode C. elegans is a feasible, and I 

believe, acceptable method for the initial stages of understanding gene function in the 

related parasitic nematode H. contortus. Overall, the results demonstrate the 

importance of these enzymes to nematode development and survival. Although both 

peroxiredoxin and the thioredoxin reductase enzymes have paralogues, these appear 

to be specific and not overlapping in function, which does not therefore decrease the 

validation of these enzymes as essential; thus they are potential drug targets for the 

control of nematodes. 
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Chapter 6: Function in H. contortus 

6.1. Introduction 

The many roles that the thioredoxin system plays in cellular functions, development 

and survival have helped identify the enzymes of this system as key drug targets or 

vaccine candidates for control of many diseases or parasitic infections. In organisms 

such as Plasmodium spp., trypanosomatids, 5. mansoni, as well as in mammalian 

malignancies, these enzymes have already been demonstrated as successful drug 

targets. Thioredoxin reductase and the related enzymes trypanothione reductase and 

thioredoxin-glutathione reductase, are validated drug targets in the control of 

Plasmodium spp. (Krnajski et al., 2002), trypanosomatids (Dumas et al., 1997, Tovar et 

al., 1998) and 5. mansoni (Kuntz et al., 2007). The peroxiredoxin enzymes have also 

been identified as key drug targets in schistosomiasis control {Sayed et al., 2006) and 

are essential in the development of mammalian organisms (Lee et al., 2003, Neumann 

et al., 2003, Wang et al., 2003). 

Having characterised the peroxiredoxin and thioredoxin reductase enzymes in H. 

contortus, and having looked at th e role these enzymes play in nematode development 

and survival , the function of these enzymes was examined in H. contortus. This chapter 

attempts to identify a role for the peroxiredoxin and thioredoxin reductase enzymes in 

the parasitic nematode H. contortus in development, cellular location and drug 

resistance, as well as their potential for use as vaccine candidates. 

6.2. Gene expression in H. contortus 

Gene expression of the peroxiredoxin and thioredoxin reductase genes in H. contortus 

was examined. RNA was extracted and reversed transcribed and qRT-PCR was 

performed to determine the relative changes in gene expression in comparison to 

control samples. 

6.2.1. Oligonucleotide design 

As with the qRT-PCR analysis for C.elegans, primers for the amplification of the two 

peroxiredoxin (HcPrxl and HcPrx2}, the two thioredoxin reductase (HcTrxRl and 
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HcTrxR2) genes and the reference gene (act-4) were manually designed for use with 

SYBR green I technology (table 6.1). These were designed to produce single amplicons 

with minimal secondary structure or self dimerisation as determined using the on line 

Oligo Calculator on the Sigma Genosys website (http://row.sigma-genosys.eu.com; 

Sigma-Aldrich) . Each primer set was used to amplify gene products from H. contortus 

cDNA (section 2.2.2.1). The products were cloned into the pGEM T-Easy vector (section 

2.2.3) and sequences were verified (section 2.2.2.3). Plasmids were used to determine 

primer efficiencies and as positive controls to ensure that all subsequent qRT-PCR 

assays functioned effectively. 

Table 6.1: Primers for quantitative real-time PCR for H. contortus. 

Gene* Primer Sequence 5' 7 3' Tm (°C) Amplicon (Bp) 

act-4 Sense GGT GTC GTG TTG GAT TCC GGA GAT GGT G 78.0 203 

(py09e04.yl) Anti sense GGT GTC GTG TTG GAT TCC GGA GAT GGT G 83.0 

Prxl Sense CCG TGG TCT GTI CCT CAT TGA TCC 71.5 189 

Antisense TCC TTG ACA CCT GGC TTG A TT GTT GGC 76.4 

Prx2 Sense CGA CGT GAA ACT ATC TGA CTA CAA GGG C 70.7 259 

(AY603336) Antisense CGAA ATC TGG TGA TIT GTG TCA GCG 72 .1 

TrxRl Sense TCA TCG TCT CCT GAT CGC ACT CGT GC 77.6 280 

Antisense CAT CCA ATC CAC CTA CTG CAT CCC 71.1 

TrxR2 Sense GTA CCA AGT CCA CAT GGA ACC ATA TGG GG 74.6 183 

Anti sense GAC CAC TIT GAC CAA CGT CTG CCA GG 75.6 

*Genbank accession numbers for each sequence are indicated in brackets; Tm: melting 

temperature; Bp: base pairs. 

6.2.2. Validation of the qRT-PCR assay 

As with the qRT-PCR for C. e/egans, samples to be co-analysed were extracted and 

reverse transcribed at the same time under the same experimental conditions in order 

to minimise the variability that can occur during sample preparation. The individual 

reaction efficiencies (E) for each primer set were calculated using the method 
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determined by Pfaffl (2001) in order to take into account any efficiency differences 

between the primers and the genes. Cycle threshold (CT) values were regressed against 

the log of template concentration (figure 6.1) and calculated using the formula: 

E = 10-l/sl ope. The reaction efficiencies were calculated using the slope of the lines in 

figure 6.1 and are given in table 6.2. These efficiency values were then used in the 

relative quantification as described in section 2.2.4.2. 

Table 6.2: H. contortus qRT-PCR primer efficiencies. 

Gene Slope of CT vs. log (template) Reaction efficiency (E) 

H. contortus 

act-4 -3.13 2.0 
Prxl -3.33 2.0 
Prx2 -3.35 1.99 
TrxR1 -3.42 1.96 
TrxR2 -3.69 1.99 

6.2.3. Gene expression in the life cycle stages of H. contortus 

To help elucidate the role the peroxiredoxin and thioredoxin reductase enzymes play 

in the development of H. contortus, gene expression was examined in the L1 and L3 

larval stages, and compared with the adult worms. 

Relative to adult McMasters H. contortus, the expression of the mitochondrial gene 

HcPrx1 was significantly different in all life cycle stages (figure 6.2). In the L1 larval 

stage, expression was significantly reduced (P<0.05) while, in the L3 larval stage, 

expression was significantly increased (P<0.001). The expression of the cytoplasmic 

HcPrx2 was also significantly reduced in the L1 larval stage (P<0.01), however, 

expression in the L3 larval stage was similar to adult worms. Expression of both 

thioredoxin reductase genes was variable. There was no significant difference in 

expression of the cytoplasmic HcTrxR1 in Ll or L3 larval stages in comparison to the 

adults. However, the mitochondrial HcTrxR2 was not detected in the L1 larval stage, 
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Figure 6.1: Linear regression of Cr versus template concentration of H. contortus qRT-

PCR reactions. 

The CT values of the qRT-PCR reactions were plotted versus the log ng of plasmid for 

act-4, Prxl, Prx2, TrxRl and TrxR2 to determine the slope (m) of the 5-point standard 

curve (calculated using Graph Pad Prism version 5.02). 
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Figure 6.2: Expression of the peroxiredoxin and thioredoxin reductase genes in 

through the life cycle of H. contortus. 

The expression of HcPrxl (light blue), HcPrx2 (royal blue}, HcTrxRl (red} and HcTrxR2 

(orange} genes was examined in L1 and L3 larval stages relative to adult McMasters H. 

contortus worms (broken line}. RNA was reverse transcribed and genes were amplified 

from cDNA using gene specific primers. Fold changes in gene expression relative to 

adult worms were calculated using the Pfaffl (2001} method. Bars show the mean and 

the error bars show the standard error from at least three independent experiments. 

* Indicates P<0.05 and ** indicates P<0.01 relative to adult McMasters H. contortus 

worms. 
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and in the L3 larval stage was not significantly different from that in adult worms. 

Overall, the expression of all enzymes was low in the L1 larval stage. The high 

expression of HcPrxl in the L3 larvae may reflect the increased requirement for 

mitochondrial detoxification in this non-feeding life cycle stage. 

6.2.4. Gene expression in drug resistant worms 

To assess whether the peroxiredoxin and thioredoxin reductase enzymes play a role in 

drug resistance, gene expression was measured in drug resistant laboratory strains in 

comparison to a non drug resistant laboratory strain of H. contortus (figure 6.3). The 

expression of only HcPrxl changed significantly in the ivermectin and moxidectin 

resistant H. contortus. While HcPrx1 decreased significantly in the ivermectin resistant 

worms (P<0.05}, in the moxidectin resistant worms HcPrx1 significantly increased 

(P<0.01), relative to the non-resistant parental strain . This may indicate a role for 

HcPrxl in drug resistance. The other antioxidant genes examined did not change 

significantly and are, therefore, potentially not involved in maintaining stable 

resistance to either ivermectin or moxidectin, which were used to generate the 

resistant worms. 

While the laboratory developed strains provide a more consistent genetic background, 

this does not reflect the H. contortus strains found in the field, which are genetically 

diverse. Therefore, the role of the peroxiredoxin and thioredoxin reductase enzymes 

was also examined in the field strains, Kirby1981 and Wallangra2003. Kirby1981 is a 

drug sensitive strain whereas Wallangra2003 is a multidrug resistant strain that has 

documented resistance to both eprinomectin and moxidectin 

(http://vbc.med.monash.edu .au/cars/cars.py /lsolate/2}. 

H. contortus worm populations are extremely heterogeneous, as is the host and their 

immune responses; therefore, measuring changes in gene expression can be extremely 

difficult. For each strain, duplicate worm populations were taken from three different 

sheep. While duplicate samples from the same sheep gave reproducible results, worm 

populations from different sheep gave variable results (figure 6.4). 
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Figure 6.3: Expression of antioxidant genes in drug resistant H. contortus strains. 

The expression of HcPrxl (light blue}, HcPrx2 (royal blue}, HcTrxR1 (red) and HcTrxR2 

(orange) genes was examined in ivermectin resistant (IVF) and moxidectin resistant 

(MOF) H. contortus adults relative to the parental PF strain (broken line) . RNA was 

reverse transcribed and genes were amplified from cDNA using gene specific primers. 

Fold changes in gene expression relative to control samples were calculated using the 

Pfaffl {2001) method . Bars show the mean and the error bars show the standard error 

from at least three independent experiments. * Indicates P<0.05 and ** indicates 

P<0.01 relative to the parental PF strain . 
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Figure 6.4: Expression of antioxidant genes in H. contortus strains from different 

sheep. 

The expression of HcPrxl/ HcPrx2/ HcTrxRl and HcTrxR2 genes was examined in H. 

contortus worms taken from different sheep and is compared to worms taken from 

sheep 1 (broken line). RNA was reverse transcribed and genes were amplified from 

cDNA using gene specific primers. Fold changes in gene expression relative to sheep 1 

were calculated using the Pfaffl (2001) method. Bars show the mean and the error bars 

show the standard error from at least three independent experiments. 
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Results from the Kirby1981 strain show that the mitochondrial genes HcPrxl and 

HcTrxR2 gave consistent results (gene expression levels are approximately one) 

whereas the cytoplasmic genes HcPrx2 and HcTrxRl were more irregular. The results 

from the Wallangra2003 strain were more inconsistent, suggesting greater individual 

diversity in this population. There is a decrease in expression of both peroxiredoxin 

genes in worm samples taken from sheep 2 and 3 when compared to sheep 1. The 

expression of HcTrxRl is variable in all samples, with increased expression in sheep 2 

and reduced expression in sheep 3. While the expression of HcTrxR2 is similar in sheep 

1 and 2, there is a decrease in expression in sheep 3. This variability in worm samples 

makes examining results difficult, but not impossible. 

Rather than all samples giving the same level of gene expression, the most likely and 

possibly most favourable outcome is a result that shows a trend when looking at all 

nine samples from the three sheep (figure 6.5). When examining gene expression 

levels in the drug resistant Wallangra2003 strain relative to the drug sensitive 

Kirby1981 strain, a trend can be seen with some of the genes. The expression of 

HcPrxl is up-regulated in six out of nine samples supporting its role in drug resistance. 

There does not appear to be much correlation with HcPrx2/ two out of nine samples 

result in up-regulation, four out of nine do not change, and three out of nine samples 

result in down-regulation. HcTrxRl is down-regulated in six out of nine samples. Five 

out of nine samples for HcTrxR2 do not change significantly, while the remaining 

samples are down-regulated. 

6.2.4.1. Gene expression in H. contortus in response to 

hydrogen peroxide 

To determine the changes in expression of the antioxidant genes in response to an 

external oxidant attack, worms were exposed to hydrogen peroxide (section 2.2.5.2; 

figure 6.6). Relative gene expression in the Kirby1981 and Wallangra2003 strains was 

determined in comparison to a non-treated control sample. Expression of HcPrxl, 

HcTrxR1 and HcTrxR2 all changed significantly in the Kirby1981 strain whereas none of 

the genes examined in the Wallangra2003 strain changed significantly. These results 

suggest that the drug sensitive Kirby1981 strain is more responsive than the resistant 
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Figure 6.5: Expression of antioxidant genes in drug resistant H. contortus strains. 

The expression of HcPrxl, HcPrx2, HcTrxRl and HcTrxR2 genes was examined in the multiple drug resistant H. contortus adult females 

(Wallangra2003) relative to the drug sensitive H. contortus adult fema les (Kirby1981; broken line). For each strain, adult worms were harvested 

from three different sheep. The Wallangra2003 strain from each sheep are compared to the Kirby1981 strain from each sheep. RNA was reverse 

transcribed and genes were amplified from cDNA using gene specific primers. Fold changes in gene expression relative to control samples were 

calculated using the Pfaffl (2001) method. Bars show the mean and the error bars show the standard error from at least three independent 

experiments. 
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Figure 6.6: Response of HcPrxl, HcPrx2, HcTrxRl and HcTrxR2 genes to hydrogen 

peroxide treatment in drug sensitive (Kirby1981) and multidrug resistant 

(Wallangra2003) H. contortus strains. 

The expression of the genes was examined in H. contortus exposed to 0.8 mM H20 2 for 

2 hrs and compared to adults incubated in RPMI media (control; broken line). RNA was 

reverse transcribed and genes were amplified from cDNA using gene specific primers. 

Fold changes in gene expression relative to control samples were calculated using the 

Pfaffl (2001} method. Bars show the mean and the error bars show the standard error 

from at least three independent experiments. * Indicates P<0.05 and ** indicates 

P<0.01 relative to control samples. 
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Wallangra2003 strain, which is more stable and less responsive, to an external attack, 

such as one from the host's immune system. 

6.3. Native expression and localisation of peroxiredoxin and 

thioredoxin reductase proteins 

6.3.1. Antibodies and cross-reactivity to related antioxidants 

Antiserum was produced using the recombinant proteins and was tested for antibody 

titre and cross-reactivity to related proteins (figure 6.7). All antiserums produced high 

antibody titres except anti-HcTrxRl, which resulted in limited reactivity. Not all 

antiserums were specific to for each individual protein however. Antiserum for HcPrxl, 

HcTrxRl and HcTrxR2 produced minimal cross reactivity to the other proteins while 

antiserum for HcPrx2 produced considerable cross reactivity with all proteins 

examined (HcPrxl, HcTrxRl and HcTrxR2). All antiserums were used in western 

blotting and detection; however, the results seen for anti-HcPrx2 required careful 

interpretation . 

To use the antiserum to determine the relative amounts of protein expressed in H. 

contortus, the range over which this was linear was determined (figure 6.8). Due to the 

limited reactivity of the HcTrxRl antiserum, the linear range could not be determined. 

The anti-HcTrxR2 serum had the largest linear range, from 0 - 0.5 µg protein (R2 0.99, 

P<0.001), whereas both anti-HcPrxl and anti-HcPrx2 were only linear from 0 - 0.25 µg 

protein (R2 0.94, 0.97 respectively; P<0.05). 

6.3.2. Cellular protein expression in H. contortus 

Protein expression for the peroxiredoxin and thioredoxin reductase enzymes was 

determined in the life cycle stages of H. contortus. Samples were prepared as 

described in section 2.2.5.1 and equal concentrations of protein was used so relative 

expression could be determined. 

Consistent with their predicted cellular localisation, HcPrxl and HcTrxR2 were both 
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Figure 6. 7: Cross-reactivity using antisera with recombinant H.contortus proteins. 

ELISA cross reactivity using antisera against HcPrxl (A), HcPrx2 (B), HcTrxRl (C), and HcTrxR2 (D). The negative control contains no 

primary antibody. Wells of a 96-well plate were absorbed with recombinant proteins (100 ng) then probed with serial dilutions of 

polyclonal antibodies. The reactions were developed and absorbance readings at 405 nm were plotted. Bars represent the mean and 

error bars represent the standard error of triplicate wells. 
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Figure 6.8: Linearity of polyclonal antibodies against recombinant proteins. 

Recombinant proteins were serially diluted and separated using SDS-PAGE. Proteins 

were then transferred to a membrane and probed with anti-Prxl antibody {light blue 

circles; 1:4000), anti-Prx2 antibody (royal blue triangles; 1:4000) or anti-TrxR2 (orange 

squares; 1:500). The R2 and P values were calculated using Graph Pad prism version 

5.02. 
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identified in the mitochondrial fraction of the H. contortus protein extracts whereas 

HcPrx2 and HcTrxRl were both identified in the cytosolic fraction of the H. contortus 

protein extracts (figures 6.9 and 6.10). 

HcPrxl and HcPrx2 are both expressed throughout the life cycle of H. contortus as they 

are found in the adult and L3 larval stages of the parasite (figure 6.9). HcPrxl is a 

predicted mitochondrial protein and was found in the mitochondrial fraction of the L3 

larval stage as a large tetramer approximately 100 kDa. This protein was not detected 

in the mitochondrial fraction of the adult worms. A smaller protein (< 20 kDa) was 

detected by the antiserum. These results show that the protein expression of HcPrxl is 

relatively low, but higher in the L3 larval stage compared to the adult worm, which is 

consistent with gene expression (figure 6.2). HcPrx2 is a predicted cytosolic protein, 

and was abundantly expressed in the cytosolic fraction, but was also found in the 

nuclear fraction and was also found in the mitochondrial fraction, albeit with low 

expression. The protein expression of HcPrx2 was similar in the L3 larval stage and the 

adult worms, as shown for the gene expression (figure 6.2). 

As the antiserum for HcTrxRl and HcTrxR2 were significantly less reactive than the 

HcPrxl and HcPrx2 antiserum, detection was not as clear. HcTrxRl, a predicted 

cytosolic protein, was only identified in the adult cytosolic and nuclear fraction, 

although there is a large amount of background (figure 6.10). The protein expression of 

HcTrxRl is, however, difficult to determine due to the low sensitivity of the antiserum. 

The expression of HcTrxR2 was very low but similar in the L3 larval stages and adult 

worms, which is consistent with the qRT-PCR results (figure 6.2). HcTrxR2 is a predicted 

mitochondrial protein and, thus, should be identified in the mitochondrial fractions of 

both life cycle stages; however, it was only detected in the adult mitochondrial 

fraction . 

6.3.3. Relative protein expression in drug sensitive and drug resistant 

H. contortus strains 

The relative expression of the two peroxiredoxin proteins and HcTrxR2 was 
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Figure 6.9: Identification of HcPrxl and HcPrx2 in H. contortus extracts. 

Recombinant proteins (5 µg) and extracts (50 µg) from subcellular fractionation of H. 

contortus adults and L3 stage larvae were separated using SOS-PAGE. Western blots 

were developed using anti-HcPrxl (1:4000 dilution) or anti-HcPrx2 (1:8000 dilution) 

polyclonal antibodies. Protein ladder (L); recombinant HcPrxl or HcPrx2 (+); nucleic 

fraction (N); mitochondrial fraction (M}; cytosolic fraction (C); plasma membrane 

fraction (P). 
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Figure 6.10: Identification of HcTrxRl and HcTrxR2 in H. contortus extracts. 

Recombinant proteins (5 µg) and extracts (SO µg) from subcellular fractionation of H. 

contortus adults and L3 stage larvae were separated using SDS-PAGE. Western blots 

were developed using anti-HcTrxR1 (1 :100 dilution) and anti-HcTrxR2 (1:500 dilution) 

polyclonal antibodies. Protein ladder (L); recombinant HcPrxl or HcPrx2 (+); nucleic 

fraction (N); mitochondrial fraction (M); cytosolic fraction (C); plasma membrane 

fraction (P). 

162 



Chapter 6: Function in H. contortus 

determined in the drug sensitive Kirby1981 strain and the multidrug resistant 

Wallangra2003 strain . Due to the low sensitivity of the HcTrxRl antiserum, the 

expression of HcTrxRl could not be determined. The densities of the protein bands 

were all in the linear range of the antibodies detection parameters. Figure 6.11 shows 

that although there is a trend for lower levels in the drug resistant worms, there was 

no significant difference in protein expression in drug sensitive or drug resistant 

worms. These enzymes could, however, still be involved in drug resistance via increase 

enzyme activity or could be secreted into the external environment by the parasite. 

The excretory-secretory (ES) proteins were, therefore, examined (figure 6.12). HcPrx2 

was found to be secreted by both the drug sensitive Kirby1981 strain and the drug 

resistant Wallangra2003 strain, with significantly higher amounts of protein seen in the 

drug sensitive strain (P<0.05) . There was no evidence of secretion of HcPrxl, HcTrxRl 

or HcTrxR2, which verifies that there was no parasite debris contaminating the 

samples. 

6.3.4. Identification of HcPrx2 by H. contortus infected sheep serum 

To examine the response of the host to the secreted proteins, serum from sheep 

infected with H. contortus was used to develop western blots of the recombinant 

proteins. Figure 6.13 shows that HcPrx2, the secreted and cytoplasm ic peroxiredoxin, 

was detected by the serum indicating an antibody response by the sheep to this 

protein. HcPrx2 is, therefore, highly immunogenic and may be a good vaccine 

candidate. 

6.4. Discussion 

The role or function of the peroxiredoxin and thioredoxin reductase enzymes in many 

organisms has been studied in detail, with these proteins being identified as essential 

in mammalian organisms as well as in parasitic organisms (Conrad et al., 2004, 

Jakupoglu et al., 2005, Krnajski et al., 2002). The importance of functional antioxidant 

systems in survival has uncovered their potential as novel drug targets. Thus, the 

expression of these enzymes was examined in the life cycle of H. contortus. Expression 
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Figure 6.11: Band intensities of HcPrxl, HcPrx2 and HcTrxR2 identified in H. contortus 

total protein extracts. 

Total protein extracts (SO µg) from drug sensitive H. contortus Kirby1981 (solid bars) 

and multidrug resistant H. contortus Wallangra2003 (lined bars) were separated using 

SOS-PAGE. Western blots were developed using anti-HcPrxl (1:4000), anti-HcPrx2 

(1:4000) and anti-HcTrxR2 (1 :500) polyclonal antibodies. Densitometry of bands was 

determined using the Kodak Digital Science Electrophoresis Documentation and 

Analysis System 290. Bars represent the mean and the error bars represent the 

standard error of at least three independent experiments. 
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Figure 6.12: Identification of HcPrx2 in the excretory-secretory (ES} fraction of H. 

contortus. 

ES prote in (50 µg) from drug sensit ive H. contortus Kirby1981 strain and multidrug 

resistant Wallangra2003 strain was separated using SOS-PAGE. Western blots were 

developed using anti-HcPrxl (1:2000 dilution), anti-HcPrx2 (1:8000 dilution), anti-

HcTrxRl (1 :100 dilution) and anti-HcTrxR2 (1 :500) polyclonal antibodies. Protein ladder 

(L); Kirby1981 ES (K); Wallangra2003 ES (W). 
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1 2 3 

Figure 6.13: Identification of HcPrx2 by H. contortus infected sheep serum. 

Recombinant Prx2 protein (5 µg) and adult H. contortus cytosolic extract (100 µg) were 

separated using SOS-PAGE. Western blots were developed using H. contortus infected 

sheep serum (1:100 dilution) . Lane 1, protein ladder; lane 2, recombinant HcPrx2; lane 

3, cytosolic fraction. 
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was also examined in drug resistant worms to identify any potential involvement of 

these enzymes in drug resistance. However, it is clear from the results that the 

variability in dealing with field strains of H. contortus results in difficulties when 

examining the role of these enzymes in drug resistance. 

In the H. contortus life cycle, the peroxiredoxin and thioredoxin reductase genes were 

differentially expressed with the lowest abundance in the L1 larval stages and 

generally the highest levels in the adult stages. The mitochondrial HcPrxl, however, 

was significantly up-regulated in the L3 larval stage compared to the adult suggesting a 

role in nematode development. The significant increase in gene expression of the 

cytosolic, and secreted HcPrx2 as the nematode matures (from the Ll to the L3 larval 

stages), may be involved in allowing the nematode to survive the parasitic 

environment, or may play a possible role in the conversion from free-living nematode 

to infective invasive parasite. However, similar studies by Bagnall {2004) showed 

conflicting results with expression levels for the HcPrx2 gene being significantly higher 

in the adult worms in comparison to the L3 larval stage. With regard to this study, 

however, the host animals were given steroids in order to suppress the host's immune 

response, which could be the reason for the different results. 

Increased expression of the antioxidant enzymes has been identified as a factor 

contributing to chemotherapeutic resistance in many organisms (table 1.1; James et 

al., 2009a). As mentioned in section 4.7, increased free radical production is frequently 

a part of, or a by-product of many of the anti-parasitic drugs currently used (Ammar et 

al., 2002, El-Bassiouni et al., 2007). This increase in free radicals leads to up-regulation 

of detoxification systems, which are crucial for environmental adaptations. Due to the 

inherently heterogeneous nature of parasite populations {Grant, 1994, Roos et al., 

1998, Roos et al., 2004), and the diversity of the host's immune response, determining 

changes in gene expression can be difficult and trends are often seen rather than 

unanimous results. Interestingly, the mitochondrial HcPrxl gene was significantly 

increased in the majority of the drug resistant H. contortus strains examined (figures 
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6.3 and 6.5). This may be an oxidative stress response that contributes to the 

development of drug resistance. 

In support of the oxidative stress response of HcPrx1, the expression of HcPrxl was 

significantly increased in the sensitive Kirby1981 strain of H. contortus when exposed 

to the oxidant hydrogen peroxide. This increase is most likely a stress induced 

response in order to maintain cellular redox homeostasis. However, there was no 

change in the drug resistant Wallangra2003 strain in response to hydrogen peroxide. 

These changes in gene expression in response to initial exposure to an external oxidant 

are similar to those reported in drug resistant cancer cells, where it was demonstrated 

that stable drug and radiation resistance were caused by the constitutive expression of 

genes transiently expressed by sensitive cells in response to an initial treatment. It was 

proposed that repeated treatments may promote the change from a transient to a 

constitutive pattern of gene expression (Henness et al., 2004). These results indicate a 

possible role for HcPrx1 in contributing directly or indirectly to drug resistance in H. 

contortus. While many more drug resistant strains need to be examined, it is possible 

that this peroxiredoxin gene could be useful in the screening of field strains to identify 

the emergence of drug resistan ce. Although there is high variability in gene expression 

in the drug resistant H. contortus strain, overall the expression of HcPrx1 increased 

relative to the sensitive strain. It would also be of interest to examine the expression of 

the mitochondrial peroxiredoxin in other parasitic nematodes as the identification of 

the emergence of drug resistance is of the utmost importance. 

The protein expression levels of the peroxiredoxin and thioredoxin reductase enzymes 

in the drug sensitive and drug resistant strains did not reflect the gene expression 

results. Previous studies have reported that protein expression does not correlate with 

gene expression. Bagnall et al., (2004) showed no change in gene expression levels in 

the hydrogen peroxide detoxifying enzyme catalase even though enzyme activity 

increased 8- fold. These results show the non-predictive correlation between gene 

expression and protein activity/expression (Futcher et al., 1999, Gygi et al., 1999). 

However, proteins may also be excreted or secreted by the parasite into the 
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surrounding environment, which would, therefore decrease the amount detected in 

the whole worm preparations. These excretory-secretory (ES) proteins are candidates 

for vaccine development as they interact directly with the host's immune system and 

have already been shown to be highly protective in vaccination trials (Capron and 

Dessaint, 1988, Schallig et al. , 1997, Vervelde et al., 2002). 

HcPrx2 was found to be secreted by H. contortus, with an antigenic response in the 

host, and, as such, represents a potential vaccine candidate. Interestingly, there was 

more HcPrx2 detected in the drug sensitive Kirbyl981 strain than in the drug resistant 

Wallangra2003 strain . This, again, suggests limited responsiveness by the stably drug 

resistant Wallangra2003 strain . However, the role of the ES proteins in H. contortus is 

unknown. The direct interaction of ES proteins with the immune system of the host 

suggests that the secretion of HcPrx2 may be a survival adaptation . As an antioxidant, 

HcPrx2 may be able to protect the worm from the external oxidative attack produced 

by the host's immune system, or it may play a role in immune regulation, altering the 

host's immune response to favour the survival of the parasite as has been documented 

in F. hepatica (Donnelly et al., 2005). 

The secretion of HcPrx2 may also be related to virulence in H. contortus as has been 

demonstrated with another parasite, Entamoeba histolytica, where the presence of 

peroxiredoxin on the surface of the parasite was directly linked to virulent strains of 

the organism (Reed et al., 1992). There have been limited studies performed on strain 

virulence in H. contortus. It has been proposed that, in nematodes, where mature 

adults cause pathology, which is the case for H. contortus, there is a direct relationship 

between virulence and parasite transmission suggesting that high virulence is related 

to parasite fitness and numbers (Medica and Sukhdeo, 2001). However, a study 

performed by Hunt et al. (2008) has demonstrated that virulence in H. contortus is 

much more complicated, and cannot be defined simply as 'parasite burden'. The drug 

sensitive Kirby1981 strain was found to have a lower establishment rate than the drug 

resistant Wallangra2003 strain. This could be related to the higher secretion of HcPrx2 

in the Kirby1981 strain. However, even with a lower parasite burden, the Kirby1981 
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strain produced equivalent morbidity in the host when compared to the 

Wallangra2003 strain . This suggests that, on a per worm basis, the Kirby1981 strain is 

much more virulent than the Wallangra2003 strain. However, the Wallangra2003 

strain had a greater establishment rate than the Kirby1981 strain and, therefore, on a 

per dose basis, the Wallangra2003 strain would be considered more virulent. Future 

studies in H. contortus may help to uncover any link between the secretion of HcPrx2 

and virulence. 

The experiments presented in this chapter examined the role of the peroxiredoxin and 

thioredoxin reductase enzymes in the life cycle of H. contortus and in drug resistance. 

The mitochondrial HcPrxl is up-regulated in drug resistant worms and, therefore, may 

have a potential role as a screen to study the emergence of drug resistance in 

nematodes. As well as being highly immunogenic, HcPrx2 is also secreted and, thus, 

represents a feasible vaccine candidate that may help in the control of H. contortus. 

170 



Chapter 7 

CONCLUSIONS AND 

FUTURE DIRECTIONS 



Chapter 7: Conclusions and future directions 

7.1. Conclusions 

Antioxidant systems control free radicals and maintain intracellular homeostasis and, 

so, play many vital roles within the cell (Kalinina et al., 2008). These systems have 

evolved diversely in response to the different requirements of the organism and, thus, 

are significantly different in parasites compared to their hosts (Jaeger and Flohe, 

2006). Parasites have a high requirement for efficient removal of free radicals as they 

must detoxify their own ROS produced by their own metabolism and, in addition, they 

also have to protect themselves against the ROS released by the host effector cells as 

part of the immune response to infection. The dependency of parasites on these 

cellular antioxidant redox systems has lead to their investigation as novel drug or 

vaccine targets . 

H. contortus is an important parasitic nematode both economically and pathologically, 

due to its prolific nature and its blood sucking habits (Getachew et al., 2007). Current 

control methods rely heavily on anthelmintic treatment; however the excessive use of 

these drugs has lead to the widespread emergence of drug resistance (Getachew et al., 

2007). Alternative methods for control, such as the identification of new drug or 

vaccine targets, therefore need to be found . Previous studies have characterised the 

five thioredoxins of H. contortus as potential targets for control (Sotirchos et al., 2008, 

Sotirchos et al., 2009). The aim of this project was to characterise and identify the 

thioredoxin reductase and peroxiredoxin enzymes - thus, the complete thioredoxin 

system - as potential targets for the control of H. contortus. 

The drug discovery processe and the 'rational choice' of an essential target for parasite 

control have been debated. Initial thoughts were that parasite exclusive proteins 

would be the best targets. However, studies have shown that conservation between 

genomes is itself a predictive feature of essential genes (Doyle et al., 2010). Genes that 

have essential orthologues have an increased probability of essentiality with the 

largest proportion of essential genes being enzymes. The exclusion of genes with 
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mammalian orthologues leads to sets of genes that are much less likely to be essential 

(Doyle et al., 2010}. 

The question, therefore, remains whether or not the peroxiredoxin and thioredoxin 

reductase enzymes are rational drug or vaccine targets. 

Thioredoxin reductase (TrxR) is an evolutionarily diverse enzyme that has been 

identified as an essential cellular enzyme as part of the thiol regulating system 

required for many cellular functions (Becker et al., 2000}, and is also a key drug target 

for the control of cancer as well as many parasitic diseases. The inactivation of either 

thioredoxin reductase 1 or 2 in mice resulted in embryonic lethality (Conrad et al., 

2004, Jakupoglu et al., 2005} and TrxR knockout (KO) P. falciparum were unable to be 

generated (Krnajski et al., 2002). These results confirm the essentiality of the TrxR 

enzymes for survival. 

Two TrxR enzymes were identified in H. contortus; a cytoplasmic enzyme HcTrxRl with 

a selenocysteine in the active site (Gly-Cys-SeCys-Gly}, similar to the mammalian TrxR; 

and a mitochondrial enzyme HcTrxR2 with a Gly-Cys-Cys-Gly active site that is unique 

to nematodes. HcTrxRl showed broad activity with thioredoxins from E. coli, sheep 

and H. contortus while HcTrxR2 had high activity with only the mitochondrial H. 

contortus thioredoxin 1. Both enzymes were active with the commonly used substrate 

5,5'-dithiobis(2-nitrobenzoate) (DTNB} and sodium selenite and both were inhibited by 

auranofin. Importantly, HcTrxRl was more sensitive to the black tea inhibitor 

theaflavin than the selenocysteine containing mammalian TrxR, demonstrating the 

differences in the enzymes susceptibilities to inhibitors. Both TrxR enzymes also 

showed protective antioxidant properties which is, to my knowledge, the first report of 

these enzymes functioning in this way. TrxR KO C. elegans were used to demonstrate 

the function of these enzymes in nematodes. TrxRl -/- KO worms were more sensitive 

to free radical attack and also the commonly used anthelmintic ivermectin; while TrxR2 

-/-KO eggs were highly sensitive to sodium hypochlorite. This demonstrates that 

inhibition of these enzymes would sensitise nematodes to the host's immune attack or 
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may re-sensitise the parasite to the anthelmintic to which it has become resistant. The 

difference between the TrxR enzymes of H. contortus and those of the host, and the 

importance of these enzymes for parasite survival, validates them as rational drug 

targets in the control of H. contortus. 

Peroxiredoxins are a large family of peroxidases that reduce hydroperoxides when 

linked to thioredoxin and thioredoxin reductase. These are secreted by parasites to 

defend against the immunological attack of the host and, so, play an essential role in 

protecting pathogenic organisms against the oxidative burst of the host's innate 

immune response (Hofmann et al., 2002). They are, therefore, necessary to maintain 

the host-parasite relationship. Many reports support the hypothesis that suppression 

of the activity of antioxidant enzymes, which directly protect against external oxidative 

stress, is effective in eliminating the parasite (Mourao Mde et al., 2009). For this 

reason, peroxiredoxins have been identified as potential vaccine and drug targets for 

parasite control (reviewed in Flohe and Harris, 2007). Peroxiredoxin knockout 

experiments performed in mice have demonstrated that the lack of these enzymes 

leads to increases in malignancies, haemolytic anaemia and lower survival rates (Chang 

et al., 2004, Lee et al. , 2003, Neumann et al., 2003, Wang et al., 2003). Silencing of the 

peroxiredoxin enzymes in the parasitic worm, 5. mansoni, resulted in 100% mortality 

when exogenously exposed to hydrogen peroxide (Sayed et al., 2006). This sensitivity 

is analogous to the sensitivity of the CePrx2 KOC. elegans to hydrogen peroxide 

(Olahova et al., 2008).Thus, the peroxiredoxin enzymes are a rational choice as drug 

targets. 

Two peroxiredoxins were identified in H. contortus; the mitochondrial HcPrxl and the 

cytoplasmic HcPrx2. The activity of both peroxiredoxins was specific for the 

thioredoxin and also the thioredoxin reductase; however, both peroxiredoxins were 

also able to be regenerated by the glutathione system when coupled to the nematode 

specific H. contortus thioredoxin 5. This coupling to the glutathione system is unique to 

nematodes (Sotirchos et al., 2009) but provides a similar coupling as the linked 

thioredoxin and glutathione systems in platyhelminths. Although both enzymes 
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contain the conserved eukaryotic motifs 'GGLG' and 'YF' identified as critical for 

hydrogen peroxide instability, both enzymes were stable to high concentrations of 

hydrogen peroxide, demonstrating different functions to their mammalian 

counterparts. A specific inhibitor for these peroxiredoxins, 4-phenyl-3-furoxan 

carbonitrile {PFC) that has minimal mammalian cytotoxicity has also been identified. 

The mitochondrial HcPrxl was increased in drug resistant nematodes suggesting that it 

may be involved in the development of drug resistance. The cytoplasmic enzyme 

HcPrx2 was also found to be secreted and elicits a strong antibody immune response 

indicating it is highly immunogenic and, therefore, represents a potential vaccine 

candidate. Analysis of homologous genes using peroxiredoxin KO C. elegans showed 

that only the cytoplasmic peroxiredoxin, CePrx2, was sensitive to the external oxidant 

hydrogen peroxide. However, both peroxiredoxin enzymes were able to protect DNA 

from free radicals and both peroxiredoxin KOC. elegans were sensitive to the free 

radical producing compound paraquat . RNAi was also used to examine the effects of 

knocking down the genes of interest, as this has a physiological advantage over using 

knockout models since it more realistically mimics the effects of drug treatment in the 

field. Significant decreases in larval numbers were seen when using the CePrxl 

knockdown. These results demonstrate the different function of the two peroxiredoxin 

enzymes in nematodes and identifies several unique characteristics, which validates 

these also as rational drug or vaccine targets . 

The H. contortus thioredoxin system, while apparently a simplified system similar to 

the mammalian system with separate cytoplasmic and mitochondrial sets of enzymes, 

is in fact, more complex and apparently specific to nematodes. 

The work presented here identifies the uniqueness of the peroxiredoxin and 

thioredoxin reductase enzymes of H. contortus, and also the importance of these 

enzymes to development and survival in C. e/egans and, therefore, suggests they are 

ideal targets for control of, not only H. contortus but potentially other parasitic 

nematodes. 
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7 .2. Future directions 

Having characterised the thioredoxin system of H. contortus, it is now apparent that 

many questions are still unanswered. First, can these enzymes be targeted for disease 

control? Having established the assay, this could now be used to screen for inhibitors 

using the species specific components with a full understanding of the activity of each 

of the enzymes. Alternatively the Prx2 -/- KO C. elegans may also be used to screen for 

potential drugs that could be used to help control H. contortus infections. 

Using gene KOC. elegans, the thioredoxin system was found to be involved in body 

size and development. Body size and development is believed to be controlled through 

a TGF~-related pathway in C. elegans. It would be of interest, therefore, to examine 

the interaction between the thioredoxin system and the TGF~ pathway in H. contortus. 

Homologous TGF~ proteins have recently been identified in H. contortus which would 

aid in this study (Mcsorley et al., 2010). 

While gene KO worms are useful, the use of RNAi provides a more realistic model as 

drug treatment alone does not result in complete inhibition of the enzyme. However, 

RNAi can be variable (Rua I et al., 2004, Simmer et al., 2003) . Thus, the design of 

additional probes for RNAi experiments in C. elegans, that have greater efficiency 

while still retaining their specificity, would help to conclusively prove the importance 

of the mitochondrial peroxiredoxin to nematode survival. While RNAi experiments in C. 

elegans can help uncover the function of homologous genes, performing these 

experiments directly in H. contortus would be ideal; however, RNAi experiments 

performed in H. contortus have resulted in limited success (Geldhof et al., 2006, 

Geldhof et al., 2007). 

The tissue specificity of the peroxiredoxin and thioredoxin reductase enzymes is also 

important for their activity since different activity and, therefore, functions of the C. 

elegans peroxiredoxin were reported in different tissues (Olahova et al., 2008). 

Unfortunately, the HcPrx2 antiserum was not sufficiently specific to identify only 

HcPrx2 and both H. contortus thioredoxin reductase antiserums had weak reactivity. 
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Therefore, localisation experiments were not able to be undertaken. Identifying the 

specific tissue locations may help in determining the numerous functions that these 

enzymes play in the antioxidant protection of H. contortus. These functions may also 

suggest new and similar functions in mammalian cells. 

One important aim in the study of nematodes is to be able to identify the emergence 

of drug resistance. HcPrxl may be useful for this. This enzyme, while having variable 

gene expression in the drug resistant strains examined, was still significantly higher in 

the resistant H. contortus strains than in the sensitive worms. The use of HcPrxl as a 

marker for the emergence of drug resistance may be worth examining further. Many 

additional drug sensitive and drug resistant field strains of H. contortus, as well as 

possibly other parasitic nematodes, would need to be examined because although 

these results demonstrated that protein expression levels did not correlate with the 

increase in gene expression, measuring the peroxiredoxin enzyme activity in these field 

strains may correlate with the increased gene expression and, therefore, show a 

conclusive role for peroxiredoxin enzymes in the development of drug resistance in 

parasitic nematodes. 

Being an ES protein, which is also highly immunogenic, HcPrx2 represents a prime 

candidate as a vaccine component. Previous studies using ES proteins as vaccine 

components against H. contortus infections in sheep have shown high levels of 

protection against this nematode (Capron and Dessaint, 1988, Schallig, 2000, Vervelde 

et al., 2002). The use, therefore, of the HcPrx2 protein, by itself or, most likely, in 

conjunction with a 'hidden' antigen which, has been suggested to result in the most 

effective vaccine (Newton, 1995), may give high protection against H. contortus 

infections. Preliminary vaccine trials using the HcPrx2 protein alone are currently 

underway. 

In conclusion, the characterisation of the two thioredoxin reductase enzymes and the 

two peroxiredoxin enzymes of H. contortus not only contributes to our understanding 

of the thiol networks and, therefore, the biology of parasitic nematodes, but also 
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identifies these enzymes as rational drug and vaccine targets that may help in the 

control of H. contortus infections. Similar studies in other parasitic nematodes may 

support the targeting of the thioredoxin system in the control of nematode diseases. 
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