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Abstract 

The aim of the experiments was to investigate some key areas of 

n itrogen metabolism in adult and third-stage larval Ostertagia (Teladorsagia) 

circumcincta, to seek enzymes e ither not present i n  mammals or with 

d istinctive kinetic properties, which clearly d ifferentiated the nematode and 

host metabol ic systems. The study encompassed excretion and uptake in 

intact worms and determin ing the kinetic properties of e leven enzymes 

i nvolved i n  the metabol ism of arg in ine, urea , alanine aspartate and g lutamate. 

The metabolism of O. circumcincta was d ifferent from that in mammals 

and more l ike that of microorganisms and plants . Ammonia was the main 

excretory product, with a l ittle urea ,  both apparently crossing the cuticle 

through specific permeases. The excretion rate increased with temperature, 

but decreased as the externa l  ammonia concentration i ncreased , suggesting 

that ammonia may be a source of nitrogen additional  to amino acids , which 

were taken up by adult worms.  Ammonia could be incorporated d irectly into 

g lutamate and other amino acids through the g lutamine synthetase-g l utamate 

synthase pathway, which was more active in  adult worms. Glutamate 

dehydrogenase was able to use either NADH or NADP i n  the deaminating 

d i rection ,  which would be the predominant d i rection because of the low affinity 

of GDH for ammonia. I n  the aminating d irection, there was g reater activity with 

NADH than NADPH. 

Creatinase and arg inase were probably the sources of excreted urea. 

There was no urease activity to convert urea to ammon ia .  No  role could be 

assigned to creatinase other than to degrade host creati ne ,  perhaps to supply 

sarcosine for metabol ism. The unusual feature of aspartate metabol ism was 

aspartase activity in add ition to aspartate aminotransferase,  which, in larvae, 

had the h ighest activity of all enzymes studied . In adu l t  worms, which are 



xii i  

bel ieved to have a more anaerobic metabolism than larvae, aspartase would 

a l low aspartate to be formed directly from fumarate in  association with only a 

partial TeA cycle. 

Perhaps the most important find ing was the identification in the 

parasites of three enzymes, creatinase, aspartase and g lutamate synthase, 

which are not believed to be expressed in the sheep h ost or other mammals, 

making them possible cand idates for developing novel anthelmintic therapies. 
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Introd uction 

Parasitism of farmed animals reduces the weight gain o f  young animals, 

wool qua l ity may be poor and reproductive performance and mi lk production 

may be l ower in chronica l ly infected animals .  Mortal ity can occur in severe 

cases. Farmers depend heavi ly on anti-parasitic d rugs to control internal 

parasites, however, many of these anthelmintics are losing their efficacy as the 

parasites acqu i re resistance to them . Novel methods of control l i ng nematode 

parasites of sheep and cattle are urgently needed to augment current chemical  

anthelmintics and perhaps s low the rate at which drench resistance is 

developing .  Alternative strategies to d renching include breeding for resistent 

and resi l ient animals, stock management to m inim ise larval intake, the use of 

plants contain ing natural anthelmintics as fodder, trapping the free-l iving 

stages of nematodes by fungi and the development of vaccines against the 

parasites . 

Nematode parasites are a major health problem affecting sheep in New 

Zealand , particularly the abomasal parasite Ostertagia (Teladorsagia) 

circumcincta and the intestinal parasite Trichostrongylus colubriformis. 

Haemonchus contortus can cause severe d isease in sheep in warmer areas . 

A goal of the Laboratory for Biochemica l  Parasitology at Massey University, 

supported by funding from Meat and Wool New Zealand , is to identify new 

targets for a nthelmintic control of abomasal parasites of sheep, particularly O. 

circumcincta, which is a common parasite. Enzymes form ing the metabol ic 

pathways in  this nematode must provide several targets which can be 

exploited , yet relatively l ittle is known about these enzymes. 

Most chemical control is di rected at the parasitic stages in the sheep, 

but the free-l iving stages on the pasture may also be vulnerable to chemica ls .  

I n  the experiments reported in th is thesis, nitrogen metabol ism has been 

studied in both the infective thi rd-stage larva (L3) and adult worms col lected 

from infected sheep .  As the L3 are more readi ly avai l able, enzyme assays 

and other methodology were developed using th is l i fe-cycle stage and 
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subsequently extended to the smal ler number of adult worms that could be 

recovered quickly from sheep. 

A review of the l iterature (Chapter 1 )  revealed how l ittle  was known 

about n itrogen metabolism in O. circumcincta or even in other parasitic 

nematodes of sheep. It was decided that the study should encompass only 

some key areas of n i trogen metabol ism , g iven that it was such a large area 

and almost no data were avai lable. It was hoped that some novel enzymes 

would be identifed which were absent in mammals or that kinetic studies would 

reveal properties which clearly differentiated the nematode and host enzymes. 

In addition to identifying potential a nthelmintic targets, the study would provide 

a basis for improving the in vitro culture cond itions for both L3 and adult worms 

being carried out in the Laboratory. 

The experiments reported below were designed to investigate the 

excret ion and uptake of n itrogenous compounds (Chapter 2), and metabol ism 

based around argi ni ne and urea (Chapter 3) , a lanine and aspartate (Chapter 

4) and g lutamate and glutamine (Chapter 5) .  
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C h a pter 1 

LITERATU RE REVI EW 

N itrogen is present in  a l l  cells as a component of DNA, RNA, amino 

acids, structural proteins and enzymes. The n itrogen metabol ism of an 

organism broadly encompasses processes involved in breakdown of ingested 

nutrients, their absorption, metabol ism and excretion.  N itrogen metabol ism 

has received much less attention than has energy metabol ism in  helminths, 

and an ima l  parasitic nematodes are underrepresented in these studies 

compared with plant parasitic and free-l iving nematodes and other he lminth 

groups.  

Early studies of substrate usage and resulting end-products in  the 

nematode Caenorhabditis briggsae (Rothstein and Toml i nson, 1 961 , 1 962; 

Rothstein and Mayoh, 1 964a, b ,  1 966; Rothstein, 1 965; Liu and Rothstein, 

1 976) ind icated that there were differences between nematode metabol ism 

and that in vertebrates, notably in the abi lity to synthesise the essential amino 

acids,  the presence of isocitrate lyase (a glyoxylate cycle enzyme) and the 

l i ke l ihood of additional pathways. I n  simi lar  experiments with the human 

trematode parasites Schistosoma mansoni and Schistosoma japonicum, 

glutamate, aspartate, alanine, arg inine and prol ine were the main exogenous 

amino acids metabolised in vitro (Bruce et al. , 1 972). As there is l ittle d i rect 

information avai lable on nitrogen metabol ism in sheep nematode parasites, the 

amino acids l isted above are the focus of the present study, which considers 

broad areas relating to : 

( 1 )  uptake and excretion 

(2) urea and argin ine metabolism 

(3) a lanine and aspartate metabol ism and the role of transamination 

(4) g lutamate metabol i sm . 
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Where there are l imited data for sheep nematodes, the most relevant 

models a re l ikely to be other i nvertebrates and helminths, particularly plant 

parasitic and free-l iving nematodes, although simi lar systems in  other classes 

of organisms are a lso considered for comparison. 

1 . 1 SOURCES OF N ITROGEN 

living organisms absorb nitrogen in both organic and  inorganic forms. 

Most nitrogen exists in the atmosphere as N2 , where it is primari ly fixed by the 

action of l ightn ing to form oxides and eventual ly n itrate and nitrite (Nna 

Mvondo et al. , 2001 ) .  The abi l ity to fix atmospheric N2 into organic compounds 

is l im ited to prokaryotes (Si lver and Postgate, 1 973; Oelze, 2000) . A smal l  

number of plant species that have symbiotic relationships with nitrogen-fixing 

bacteria are, therefore, also able to uti l ise atmospheric n itrogen ind irectly 

(Siddiqui  and Mahmood , 1 995) . Plants general ly use nitrate and ammonium 

as their main sources of nitrogen (Pate, 1 973) and, as in bacteria (Richardson 

and Watmough, 1 999) , the reduction of nitrate is the first step in generating 

ammonium for the synthesis of amino acids and other nitrogenous compounds 

(Mifl i n  and Lea , 1 976). Organic nitrogen may make a sign ificant contribution to 

p lant nitrogen metabol ism in envi ronments where free am ino acids are more 

plentifu l  in  the environment, such as arctic areas and marshland (Henry and 

Jeffries, 2003; Thornton and Robinson ,  2005). 

Unl ike plants , bacteria and yeasts, which are able to use a variety of 

inorganic and organic nitrogen compounds, including ammonia ,  urea, peptides 

and amino acids (J 0rgensen et al. , 1 987 , 1 999) , most animals are unable to 

synthesise their enti re amino acid requ irements and must include these 

"essentia l  amino acids" in their d iet .  H igher animals obtain most of thei r  

n itrogen from protein ,  which is degraded in the d igestive tract before 

absorption in the intestine as peptides (Ziv and 8endayan, 2000) or amino 

acids (Christensen ,  1 990; Wagner et al. , 200 1 ) . 

The sources of nitrogen for Ostertagia circumcincta are unknown and 

could i nclude mucins, cel ls ,  components of leaked interstitia l  fl u id or the 

abomasal d igesta , which i ncludes bacte ria .  Proteolytic enzymes are present 

on the intestinal brush border and/or are secreted by many parasitic 

nematodes of plants (Vanholme et al. , 2004) and ani mals (reviewed by Saj id 
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and McKerrow, 2002) , includ ing L3 , L4 and adult O. circumcincta (Young et al. , 

1 995) ,  Haemonchus contortus (Cox et al. , 1 990; Redmond et al. , 1 997; Knox 

et al. 2003; Wil l iamson et aI. , 2003), Ostertagia ostertagi (Geldof et al. , 2000) , 

Necator americanus, Ancylostoma caninum (Wi l l iamson et al. 2003b) and 

Toxocara canis ( Loukas et al. , 1 998) . These species are, therefore, capable of 

degrading protein external ly o r  in  the gut as a source of nutrients. Gut 

membrane proteases are considered good candidates for antiparasitic 

vaccines, particularly against blood-feeding species (Andrews et al. , 1 995; 

Skuce et al. , 1 999a; Knox et al. , 2003). 

1 .2 U PTAKE OF N ITROGENOUS COMPO U N DS 

The transport mechanisms for nitrogenous compounds have been the 

subject of extensive study in unicel lu lar organisms th rough to mammals. 

U ptake of ammonia, urea, peptides, protein and amino acids occurs through 

both active and passive processes involving a large number of transporters in 

prokaryotes, animals and p lants , whereas nitrate transport takes p lace in 

p lants, bacteria ,  fung i  and yeasts , but not h igher animals. 

Ammonia can cross membranes either by diffusion of the unprotonated 

form (NH3) or by uptake of NH/ by specific transporters (Kleiner, 1 981 ) .  

Ammonium transporters are present in a l l  classes of o rganisms (Howitt and 

Udvard i ,  2000; Wi l l iams and Mi l ler, 2001 ; Javel le et al. , 2003; Khademi et al. ,  

2004) .  Four homologues of h igh affin ity ammonium transporters are present in 

the Caenorhabditis elegans genome (Howitt and Udvard i ,  2000) . 

Urea permeabi l ity varies in  d ifferent tissues, some of which possess 

specific urea transporters, particularly mammal ian l iver, kidney tubules and 

erythrocytes. These transporters translocate u rea by faci l i tated diffusion, 

which is not dependent on e ither Na+ or cr and is not saturable up  to 200 mM 

urea (Shayakul and Hediger, 2004) .  There are also u rea transporters in the 

frog b ladder (Couriaud et al. , 1 999) , dogfish kidney (Smith and Wright, 1 999) 

and fish g i l l  (Walsh et al. , 200 1 ) .  

Nitrate transporters belonging to  the Major Faci l itator Superfamily of 

transporters are associated with the abi l ity to fix inorg an ic n itrogen in bacteria ,  

yeasts fungi and plants (Pao et al. , 1 998; Richardson and Watmough, 1 999; 

Forde, 2000; Wi l l iams and Mi l ler, 200 1 ) .  
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Table 1 . 1 .  Classification of amino acid transport systems i n  the brush border 
membrane (top) and basolateral membrane (bottom) of mammal ian 
enterocytes. Tab le adapted from Mircheff et al. ( 1 980) .  

Transport Substrates Dependence on Involvement of 
system Na+ g radient others ions 

B Dipolar Q-aa Yes None 

B 0,+ Dipolar Q-aa Yes None 
Basic aa 
Cystine 

bO,+ Dipolar Q-aa N o  None 
Bas ic aa 
Cystine 

y+ Basic aa N o  None 

IMINO Im ino acids Yes cr 
J3 j3-aa  Yes cr 

X-AG Acid ic  aa Yes K+ 

A Dipolar Q-aa Yes 
I mino acids 

ASe Three  and four Yes 
carbon dipolar aa 

Asc Three  and four N o  
carbon d ipolar aa 

L Bulky, hydrophobic, No  
d ipo lar  aa  

y+ Basic aa No 
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Peptides are co-transported with protons  by the POT (proton 

ol igopeptide transporter) superfami ly in plants (Wi l l iams and M i l ler, 200 1 ) , 

bacteria ,  yeasts and an imals (Meredith and Boyd , 2000) , i nclud ing C. elegans 

(Fei et al. , 1 998; Meissner et al. , 2004) .  The peptide transporters PEPT1 and 

PEPT2 are widely d istributed in mammal ian tissues and are important for 

d ietary n itrogen absorption from the i ntestine, reabsorption of filtered peptides 

in the kid ney and re-uptake of neurotransmitters (Meredith and Boyd , 2000). 

Deletion of the C. elegans intestinal peptide transporter orthologue of pep-1 

(pep-2) abol ished peptide uptake and severely retarded worm growth, 

development and reproduction (Meissner et al. , 2004) .  

Prote in absorption occurs i n  the i ntestine  of mammals (Ziv and 

Bendayan ,  2000) by a process of transcytosis i nvolving the cytoskeleton 

(reviewed by Tuma and Hubbard , 2003) . Casartel l i  et al. (2005) have 

demonstrated a s imi lar mechanism of prote in uptake in the i nsect i ntesti ne . 

Amino acid transporters i n  an i mals, p lants and fungi fa l l  into at least five 

superfami l ies: amino acid-polyamine-chol i ne (APC) transporters, sod ium­

dicarboxylate symporters (SOS), the neurotransmitter superfami ly, amino acid 

transporter superfami ly 1 (ATF 1 ) , and the amino acid transporters with in  the 

major faci l itator superfami ly (MFS) (reviewed by White , 1 985; Horak, 1 986; 

Wil l iams and Mi l ler, 2001 ; Wipf et al. , 2002; Verry et al. , 2004) . I n  mammal ian 

cel ls, transporters may be sodium independent or dependent, with the driving 

force commonly being Na + - or H+ -coupled cotransport, whereas K+ -cotransport 

can also occur in i nvertebrates (Castagna et al. , 1 997; G iordana et al. , 1 998; 

Wolfersberger, 2000). An overview of the characteristics of the major groups 

of transporters in mammal ian enteroctyes, based on Mircheff et al. ( 1 980) , is 

presented in Table 1 . 1 .  

The y-g lutamyl cycle (Figure 1 . 1 ) may function as a transporter of amino 

acids th rough the interaction of amino acids with g lutathione (L-y-glutamyl-L­

cysteinylglycine) to form y-g lutamyl am ino acids and the i r  subsequent release 

inside the cells (Orlowski and Meister, 1 970; Lieberman et al. , 1 995) . 

Glutath ione (GSH) is a tri peptide made up of g lutamate, cystei ne and g lycine, 

which is found in most organisms and has numerous cel l u lar functions, 

particu larly as an antioxidant. The synthesis and degradation of GSH involves 

six enzymes, two for synthesis and four for catabol ism as shown in Figure 1 . 1  
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(L ieberman et al. , 1 995). The first step of g lutath ione catabol ism involves the 

enzyme y-g lutamyl transpeptidase, which transfers the y-g lutamyl moiety to a n  

amino acid to form a y-g lutamyl amino acid, i n  which form amino acids can b e  

transported i nto the cel l .  Gamma-glutamyl transpeptidase i s  present i n  the 

brush border of rat kid ney tubules (Orlowski and Meister, 1 970) and many 

other mammal ian secretory and absorptive surfaces (Hanigan and Frierson ,  

1 996) , i n  the protozoan Trypanosoma cruzi (Repetto et al. , 1 987) ,  i n  the 

Malp igh ian tubules and m idgut of Musca domestica larvae (Bodnaryk et aI. , 

1 974) and in  helminths (Oass and Oonahue, 1 986; Abidi and N izami ,  1 995) . 

1 .2 . 1  UPTAKE OF N ITROGENOUS COMPOUNDS IN  HELMINTHS 

Research on u ptake of nitrogen in  helminths has focused on amino aci d  

transport (reviewed b y  Pappas and Read, 1 97 5; Pappas, 1 988) and most 

studies are restricted to only a few species, particularly Ascaris suum and 

Ascaridia galli amongst the paras itic nematodes . Helminths i nclude cestodes 

(tapeworms), acanthocepha lans (spiny-headed worms), trematodes (flukes 

and schistosomes) and nematodes, four sub-groups with d ifferent anatomical 

structure of the gut and outer surface. Amino  acid uptake may not be 

comparable in the d ifferent helminths. Cestodes and acanthocephalans lack a 

d igestive tract, so absorption can take place on ly across the tegument, a n  

external structure resembl ing an i ntestinal brush border (Pappas et al. , 1 973) . 

Trematodes have both an absorptive tegument and an  incomplete gut (Asch 

and Read, 1 975; H anna,  1 980; Pappas, 1 988) ,  whereas nematodes have 

d igestive tracts and cuticles, which are un l ike typical absorptive surfaces (B ird 

and Bird, 1 981 ; Page ,  200 1 ) ,  except in a few species, such as the insect 

parasite Bradynema sp ,  which has microvi l l i  on the cuticle (R id ing ,  1 970). 

U ptake of amino acids in helm inths involves both diffusion and a variety 

of transporters , some very specific, others accepting a number of amino acids 

( Isseroff et al. , 1 976; Jeffs and Arme, 1 985, 1 987) . Uptake may also occur 

though the y-g lutamyl cycle (Oass and Donah ue, 1 986; Abidi and Nizami ,  

1 995) . Pappas ( 1 988) reviewed the data ava i lab le at that t ime and concluded 

that absorption did i nvolve the nematode cutic le ,  but was secondary to the 

nutrient absorption though the intestine. In vitro experiments may not a l low the 

relative rates to be determ ined accurately, as parasites may stop feeding ,  
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which would bias the resu lts towards cuticular uptake (Pappas and Read , 

1 975) .  

Veljkovic et al. (2004a) identified nine genes coding for homologues of 

HAT transporters in the C. elegans genome. They expressed two proteins 

(AA T -1  and AA T -3), which were characterised as surface-located transporters 

of neutra l amino acids ,  particu larly alanine and serine .  An aromatic amino acid 

transporter AAT-9 is expressed in excitable cel ls  in the C. elegans head and 

pharynx, where it may provide the precursors of seroton in or dopamine 

neurotransmitters (Veljkovic et  al. , 2004b). Identification of genes involved i n  

the transport of amino  acid neurotransmitters has been a focus in nematodes 

(reviewed by Strange, 2003), because the nematode nervous system has 

a l ready been successfu l ly used as the target of anthelm intic d rugs. 

1 .3 EXCRETIO N  OF N ITROGENOUS COMPOUNDS 

Ammonia, u rea and uric acid are the major nitrogenous excretory 

products of animals ,  the principal one depend ing upon the environment i n  

which the animal l ives (reviewed by Wright, 1 995;  Walsh, 1 997; Singer, 2003) . 

Aquatic animals, both vertebrate and invertebrate, generally excrete ammonia .  

Terrestria l  an imals prevent ammonia becoming toxic by converting it to either 

urea or uric acid for excretion in a small volume of urine, thereby a lso 

conserving water. Minor excretory products are creatine, creatin ine,  amino 

acids, trimethylami ne oxide and guanine. Mammals predominantly excrete 

urea, b irds and i nsects excrete uric acid ,  most fish excrete ammonium, whi le 

reptiles excrete both urea and u ric acid. 

1 .3 . 1  AMMONIA EXCRETION 

Ammonia is generated during amino acid catabol ism , which is 

predominantly via transamination ,  in which the amino group is transferred to 

an acceptor such as 2-oxoglutarate (Section 1 .6 . 1 1 ) ,  fol lowed by deamination 

by g lutamate dehydrogenase (GOH) to form NH4 + and 2-oxoglutarate (Section 

1 .7 . 1 ) .  G lutaminase a lso releases ammonia from glutamate (Section 1 .7 .2 . ) .  

Other enzymes producing ammonia, such as adenylate kinase and serine 

dehydratase, make appreciable contributions i n  some invertebrates (Fel lows 

and Hird ,  1 979) . Another source of ammonia  is the breakdown of urea, which 

requ ires the enzyme urease. Although urease is not usual ly present in an imal  
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Figure 1 .2. Degradation of purines to uric acid and other excretory 
products. Primates, birds, repti les and insects mainly excrete u ric 
acid, which is formed by deamination to hypoxanthine, oxidation by 
xanthine oxidase to xanthine and oxidation to uric acid.  In teleost 
fish, uric acid is excreted as al lantoic acid. Elasmobranchs and 
amphibians degrade al lantoic acid to urea and glyoxylate. 
(Adapted from Reg inald and Charles, 1 999) . 
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tissues, the m icroorganisms in  symbiotic relationships i n  the gut or tissues do 

usual ly contain the enzyme and the ammonia that they produce can be 

absorbed by the host (Whitehead et al. , 1 992; Stevens and Hume, 1 998) . 

Ammonia is  very soluble i n  water and diffuses readi ly across cel l 

membranes (Kleiner, 1 98 1 ) , preventing ammonia accumu lating to toxic levels 

i nside the an ima l ,  provided the volume of water i n  which i t  l ives is great 

enough to prevent external concentrations ris ing too h igh (Wright, 1 995) . 

Although only 1 % of ammonia is present as a free base (NH3) at physiolog ica l 

pH ,  the conversion of N H/ to NH3 is i nstantaneous and is  not rate l imit ing for 

excretion .  N H/ can also be transported across cel l  membranes by specific 

transporters (reviewed by Kleiner, 1 981 ; Weihrauch et al. , 2004). H igh 

ammonia levels i n  body fluids have multiple toxic effects (Visek, 1 984; Wright, 

1 995), which include altered pH gradients lead ing to membrane col lapse 

(Kleiner, 1 998) and the formation of toxic compounds, such as chloramines , 

which may oxid ise membrane and intracel lu lar components (Thomas et al. , 

1 983). 

1 .3 .2 URIC ACID EXCRETION 

The metabol ism of purines generates uric acid .  This is the major 

excretory product, rather than urea or ammonia ,  i n  the "uricotel ic" species 

(Wright, 1 995; Singer, 2003) , which i nclude insects (Hopkins and Lofgren, 

1 968; Buckner et al. , 1 980; Cochran ,  1 98 1 ) ,  birds (Tsahar et al. , 2005) and 

some repti les and amphibians. I n  these species, uricase activity is absent and 

uric acid is not metabol ised further. Uric acid formation from purines involves 

deamination to hypoxanthine, oxidation by xanth ine oxidase to xanth ine and 

oxidation to uric acid .  While u ric acid is the end product of purine metabol ism 

in  humans, in most mammals other than primates,  uric acid is converted to 

a l lantoin  as the excretory product (Varela-Echavarria et al. , 1 988) . Some fish 

hyd rolyse a l lantoin to a l lantoic acid, which is then excreted ,  however, most fish 

further hydrolyse a l lantoic acid to glyoxylate and u rea; urea is then hydrolysed 

to ammonia for excretion .  The different excretory products of purines are 

summarised in Figure 1 . 2 .  
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1 .3 .3 UREA EXCRETION 

Terrestria l  animals most commonly excrete excess n itrogen as u rea, 

which passes through cel l membranes eithe r  by d iffusion through aqueous 

pores or by membrane transporters (Shayakul  and Hediger, 2004) . Urea is 

generated e ither from NH4 + or the amino-group of glutamine by the ornithine­

urea cycle (OUe) or from the catabolism of uric acid or argin ine (Meijer et al. , 

1 990) . Although most vertebrates have the genes for the OUC enzymes 

(Withers, 1 998) , these a re not always expressed throughout the enti re l ife 

cycle e .g .  i n  some species of fish, these enzymes have significant activity only 

at particular times in the l ife cycle (Wright et al. , 1 995; Chadwick and Wright, 

1 999; Barimo et al. , 2004) or during the stress of air exposure (Chew et al. , 

2003a) or crowding (Wood et al. , 2003) . 

1 .3 .4 EXCRETION OF N ITROGENOUS COMPOUNDS IN  NEMATODES 

Experiments with free-living and parasitic nematodes have shown that 

they are predominantly ammonotel ic  (Rogers, 1 952; Rothstein, 1 963; Wright, 

1 975a , b) .  In vitro, A. gal/i excreted very l i ttle urea and Nematodirus filicollis 

and Nematodirus spathiger excreted 1 1 - 1 7% of nitrogen as urea in aerobic, 

but not anaerobic, culture (Rogers, 1 952) .  Other nitrogenous compounds 

excreted by nematodes are proteins, peptides and amino acids, however, 

these may be the result of incomplete digestion or secretions from glands and 

reproductive apertures (Haskins and Weinstein ,  1 957; Rothste in ,  1 963; Wright, 

1 975a ; Wright and Newall ,  1 976). Another possibi l ity is the passive leakage of 

metabol ical ly formed amino acids through the body wall and gut (Rothstein ,  

1 970). I t has been suggested that the appearance of amino acids in the 

med ium is a s ign of stress in nematodes ; this was the case in the incubation of 

Panagrellus redivivus, as amino acid accumulation in the incubation  medium 

was associated with environmental stress (Wright, 1 975b) .  

Proteins and other compounds "excreted" by parasites may be 

del iberate "secretions" designed to modify the host response or to obta in 

nutrients (reviewed by Coombs and Mottram,  1 997; Wil l iamson et al. , 2003a,b ;  

McKerrow et aI. , 2006). The excretory/secretory (ES) products of nematodes 

and other parasites are known to include col lagen (Rhoads et al. , 200 1 )  or  

other com ponents of  the surface coat (Lopez de Mendoza et  al. , 1 999) , 

polypeptides (Schall ig et al. , 1 994) , proteases (Cox et al. , 1 990; Young et al. , 
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1 995; Gamble and Mansfield, 1 996; Redmond et al. , 1 997 ;  Saj id and 

McKerrow, 2002), g lycosidases (Gamble and Mansfie ld ,  1 996; I rwin et al. , 

2004) ,  elastase (Knox and Jones, 1 990), acetylchol inesterase (Lee and 

Hodsden, 1 963; Qgilvie et al., 1 973; Knox and Jones, 1 990; Lee ,  1 996) and a 

stimulant of cel l  prol iferation (Huby et al. , 1 995, 1 999) . 

1 .4 U REA M ETABOLISM 

Terrestria l  vertebrates generate u rea in  the l iver v ia the QUC and in 

other t issues as a product of arginase activity. M icroorganisms possess 

enzymes to metabol ise creatin ine to creatine and thence to u rea and 

sarcosine, but these pathways are not generally bel ieved to operate in 

vertebrates (reviewed by Wyss and Kaddurah-Daouk, 2000). Another 

pathway, which generates urea, is the hydrolys is of agmatine by agmatinase to 

form putresci ne and urea (Section 1 .5.4). 

1 .4 .1  THE ORNITHINE-UREA CYCLE 

The ornithine-urea cycle (QUC) operates in the l iver of ureotelic 

vertebrates to generate urea from ammonia (reviewed by Morris ,  2002). The 

cycle is  i l l ustrated in Figure 1 .3, based on Holden et al. ( 1 999). The QUC 

consists of five enzymes: ( 1 ) carbamoyl phosphate synthetase (CPS) (2) 

ornith ine transcarbamylase (QTCase) (3) arg in inosuccinate synthetase (4) 

argin inosuccinate lyase and (5) arginase I .  Two of these enzymes are 

mitochondria l  and three are cytosol ic. In addition, the m itochondrial 

ornith ine/citru l l ine transporter and the enzymes glutaminase (to generate 

ammonia) and N-acetyl g lutamate synthetase (to generate N-acetyl g lutamate, 

a co-factor/regulator of CPS) are needed to support the cycle. 

The C PS isoform involved in the QUC in mammals is CPS- I ,  which uses 

ammonia as the nitrogen donor. The u rea cycle operates only in those fish 

which a i r-breathe or can tolerate a i r  exposure, including the lungfish (Chew et 

al. , 2003a) , toadfish (Anderson and Walsh, 1 995; Barimo et al. , 2004), the 

snakehead (Chew et al. , 2003b) , catfish (Kharbu l i  et al. , 2006) and sleeper 

(Anderson et al. , 2002). Rainbow trout (Wright et al. , 1 995) and Atlantic cod 

(Chadwick and Wright, 1 999) excrete u rea and express the QUC enzymes 

during early l ifecycle stages. In these fish ,  the isoform expressed is not CPS- I ,  

but CPS-I I I ,  which uses g lutamine as the n itrogen donor. CPS-I I I  has a site to 
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generate a mm onia from g lutamine and a second site where the synthetase 

activity is located (Rubino et al. , 1 986; Raushel et al. , 1 998). The third 

isozyme, g lutam ine-util is ing CPS-I I ,  is expressed in most organisms as part of 

the pathway for pyrimidine nucleotide synthesis (Saeed-Kothe and Powers­

Lee, 2002) . 

The u rea cycle enzymes are not universally present in invertebrates, as 

arg in inosuccinate synthase and lyase a re usual ly absent and on ly arg inase 

and QTCase have significant activity. Urea formation may be associated with 

arg inase (and QCTase) activity and not necessari ly with a fu l l QUe,  as these 

may be the only two enzymes detected; this is the case for the giant tubeworm 

(De Cian et al. , 2000) , S. mansoni (Senft, 1 966), Hymenolepis diminuta 

(Campbel l ,  1 963) , s i lkmoths and cockroaches (Reddy and Campbel l ,  1 969). 

The fu l l complement of enzymes have been detected ,  usual ly on ly with very 

low activity, in a few species including a terrestria l snai l  (Linton and Campbel l ,  

1 962), a carnivorous dipteran insect (Pant and Kumar, 1 978), the free-l iving 

nematode P. redivivus (Wright 1 975a), some trypanosomes (Yoshida et al. , 

1 978) and the trematode Fasciola gigantica (Mohamed et al. , 2005) .  

Campbel l ( 1 963) suggested that the incorporation of 14C-bicarbonate 

into urea by H. diminuta indicated a functional QUC, although this is not now 

bel ieved to be the only pathway to account for this observation.  Measurement 

of enzyme activities supports the opposite view. Janssens and Bryant ( 1 969) 

i nvestigated the QUC in species from all four  subgroups of helm inths, and 

agree with other studies that urea is only a minor excretory product and that 

the ful l  complement of QUC enzymes is rarely present and if so,  only in low 

activity. This was confirmed in a later study of the nematodes 

Heligmosomoides polygyrus and P. redivivus, neither of which had detectable 

activities of al l  enzymes of the QUC (Grantham and Barrett, 1 986a) .  

1 .4.2 C REATINASE 

Microorganisms, including some species of the microflora resident in 

vertebrate digestive tracts, possess enzymes to metabol ise creatinine, 

including creatininase (which degrades creatinine to creatine) and creatinase 

(which degrades creatine to form urea) . Creatinase catalyses the reaction of 

creatine with water to form urea and sarcosine; sarcosine is further degraded 

by sarcosine dehydrogenase to g lycine and formaldehyde (Wyss and 
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Kaddurah-Oaouk, 2000) . There a re a lso other pathways of creatine 

degradation in microorganisms (F igure 1 .4) . It is generally bel ieved that there 

is no creatinase activity in  vertebrates , a lthough there is an unconfirmed report 

of its detection in human muscle by M iyoshi et al. ( 1 980a, b) (cited by Wyss 

and Kaddu rah-Daouk, 2000) . Because of the absence of creatinase activity, 

creatin ine is excreted unchanged in vertebrates and can be used as a marker 

to estimate renal g lomerular fi ltration rate. Patients with renal fa i lure may have 

an apparent metabol ism of creatine, which is attributed to d iffusion into the 

intestine, where it is metabol ised by the gut m icroflora (Jones and Burnett, 

1 974) .  

1 .4.3 UREASE 

Urease is a plant, a lgal ,  fungal  and microbial enzyme  which converts 

urea and water to ammonia and C02 (reviewed by Mobley and Hausinger, 

1 989) . Many pathogenic organisms generate ammonia to counteract acidic 

conditions (reviewed by Audia  et al. , 2001 ; Cotter and H i l l ,  2003). Helicobacter 

pylori i s  a notable example of an infectious agent which uses u rease to l iberate 

ammonia from urea (Mobley and Hausinger, 1 989; Megraud et al. , 1 992), 

while others use the d ihydrolase pathway to convert arg in ine to ammonia, 

orn ith ine and CO2 (Section 1 .5 .2) .  A second strategy to cope with low pH 

involves the import of an extracel lu lar substance, which is metabol ised with the 

incorporation of a proton,  and export of the more neutra l product. Two 

examples of this latter process are the conversion of arg in ine to agmatine 

using the enzyme arg inine decarboxylase (ADC) (Section 1 . 5 .4) and the 

metabol ism of g lutamate to v-am ino butyric acid (GABA) using g lutamate 

decarboxylase (GOC) (Section 1 .7 .6 ) .  

Although urease is  generally not considered to be p resent in an imal  

tissues, i t  has been detected in cestodes (Simmons, 1 960) and in the intestine 

of the nematodes Nematodirus spp and Ascaris lumbricoides (with less in 

other tissues), but was not present in  H. contortus (Rogers ,  1 952). There are 

also numerous earl ier reports ( 1 920- 1 950) of u rease activity in  invertebrates 

(cited by S immons, 1 960). Urease has also been identified in insects , such as 

the bruchis beetle larva, which feeds on the toxic arg in ine analog L­

canavan ine ,  which it catabol ises using arg inase and urease (Rosenthal et al. , 

1 982). I n  the si l kworm Bombyx mori, the enzyme appears to have been 

acqu ired from inqested plant material ,  as it is  present in the haemolymph 



Facing page 1 2  

Protein synthesis 

-NO 
Nitric oxide 

H2N-rr-NH-CH2-CH2-CH2iH-COOH 

~ 
1 o N H2 

L-Citrulline 

H2�H-CH2-CH2-CH2iH-COOH 

Agmatine 

H N-C-NH-CH -CH -CH -CH 2
11 

2 2 2 1 2 

NH N H2 
L-ARGININE 

3 

8 

2 
---... Creatine 

CHs 1 
H2N-C-N-CH2-COOH 

11 
N H  

N H  NH2 
L-O mithi ne -------.... Putrescine 

7 
L-Proline ... ---- L-A '-Pyrroline-5-carboxylate 

COOH 
I 

/C\ 
\ 

/
H2 

HC - C H2 

H2N-CH2-CH2-CH2-CH2-NH2 

6 
----... L-G luta mate 

H OOC-CH2-CH2-CH-COOH I 
NH2 

Figure 1 .5. Argin ine metabolism in mammals. The enzymes are: ( 1 )  
n itric oxide synthase (NOS) (2) arg in ine:glycine amidinotransferase (3) 
arginase (4) arginine decarboxylase (5) arg inyl tRNA synthetase (6) 61_ 
pyrrol ine-5-carboxylic acid dehydrogenase (P5CDH) (7) 111 -pyrrol ine-5-
carboxylic acid reductase (P5CR) (8) ornith ine decarboxylase (ODC). 
(Diagram based on Wu and Morris, 1 998). 



1 2  

the larvae have been reared on mulberry leaves, but not on  a n  artificial d iet 

(Sumida et al. , 1 995) . The mulberry root or leaf urease b inds to the microvi l l i  

of the epithel ium of the midgut, is transported into the cells and appears in the 

haemolymph (H i rayama et al. , 2000; Sugimura et al. , 2001 ; Kurahashi  et al. , 

2005). Urease is also active in  the gut lumen and appears to make a 

sign ificant contribution to nitrogen incorporation into s i lk prote ins (H irayama et 

al. , 1 999) .  

1 .5 ARG I N I N E  METABOLISM 

L-arg in ine is involved i n  numerous reactions (reviewed by Wu and 

Morris ,  1 998; Morris , 2002, 2004). Five of these reactions which are carried 

out in mammalian cells are summarised in Figure 1 .5 (Wu and Morris, 1 998). 

Arg in ine is also l inked to pyrim id ine synthesis  through carbamoyl phosphate. 

I n  non-mammal ian cells, there is another pathway which generates ornith ine 

from arg in ine ,  the arg in ine de iminase pathway (reviewed by Zuniga et al. , 

2002), which anaerobical ly generates ATP, ornithine, ammonia and C02 in 

m icroorganisms and protozoon parasites 

Arg in ine catabolic enzymes are expressed in specific cel l  types and are 

h ighly regu lated .  Co-local isation of particular enzymes either in the cytosol or 

m itochondria al lows the fate of arg inine to be regulated e .g .  the co-localisation 

in m itochondria of arginase I I  and ornithine aminotransferase (QAT) may 

preferentia l ly d i rect argin ine to glutamate and prol ine synthesis ,  whereas in the 

cytoso l ,  arg inase I and ornith ine decarboxylase (OOG) may d i rect arg in ine to 

polyam ine synthesis (Li et al. , 200 1 ) .  

Arg in ine can be  synthesised through the QUC in h igher organisms, o r  i n  

lower eukaryotes, plants and microorgan isms, from g lutamate via the 

intermediate N-acetylglutamate (NAG) in an eight-step pathway (reviewed by 

Caldovic and Tuchman (2003) .  NAG can be  generated from g lutamate either 

by ornith ine acetyltransferase or by NAG synthase. The latter enzyme is used 

by ureote l ic species to generate NAG, an essential cofactor of CPS I in the 

QUC.  I n  mammals, additional arg in ine is  synthesised by the smal l  intestine­

kidney to supplement uptake in the d iet. Argin ine is synthesised by arg inino 

succinate synthase and lyase in  the kidney using L-citru l l i ne generated by the 

intestine from glutam ine/g lutamate (Morris, 2004; Boelens et al. , 2005). 



1 3  

1 .5 . 1  SYNTHESIS OF ORNITHINE BY ARGINASE 

Arg inase, the enzyme which catalyses the hydrolysis of arg inine to 

ornith ine and urea (F igure 1 . 5) ,  is present in bacteria ,  yeasts , plants, 

i nvertebrates and vertebrates (reviewed by Jenkinson et al. , 1 996) . 

Trematodes in which arg inase activity has been studied include many free­

l iving and parasitic species i ncluding Fasciola hepatica (Campbell and Lee, 

1 963) ,  S. mansoni (Senft, 1 966), F. hepatica (Kure lec, 1 975a , b) and F. 

gigantica (Mohamed et al. , 2005) . Campbell and Lee ( 1 963) a lso detected 

a rginase in e ight parasitic cestodes, includ ing H. diminuta and Hymenolepis 

citelli. Arginase is present in  the nematodes A. lumbricoides (Rogers ,  1 952; 

Paltridge and Janssens,  1 97 1 ) , A. galli and Nematodirus spp. (Rogers, 1 952) 

and there is l ow activity i n  H. polygyrus and P. redivivus (Grantham and 

Barrett, 1 986a) .  

Because of the number of competing pathways using arg in ine as a 

substrate, arg inase activity may be a significant regu latory point in  arg inine 

metabol ism. This is the case for the generation  of NO,  an important cel l  

s ignal l ing molecule and neurotransmitter and toxic m olecule used against 

some pathogens (Section 1 .5 .3) ,  wh ich can be regu lated by the consumption 

of arg in ine by arg inase. Some parasites protect themselves from host 

defences by strategically using their a rginase to compete with host NO 

synthase (NOS) for the com mon substrate arg in ine (Vincendeau et al. , 2003). 

The two isoforms of arg inase in mammals have been traditional ly 

bel ieved to have separate functions: the l iver type a rg inase I as the final 

enzyme form ing urea by the OUC (Figure 1 .3) and the widely expressed 

extrahepatic isoform responsible for many of the functions shown in Figure 1 . 5 ,  

including the synthesis of ornith ine, polyamines, prol i ne,  creatine, g lutamate 

and agmantine (Wu and Morris, 1 998) . Yu et al. (2003) have shown that this 

tissue d istri bution is not so clear cut and that a rginase I is present in the 

h ighest activity in the l iver, but also in  many other t issues, whereas arg inase " 

is  absent from many tissues which lack a complete u rea cycle, such as 

lactating mammary g land,  gastro-intestinal tract, kidney, bra in ,  prostate gland 

and activated macrophages . The two isoforms are products of separate genes 

and have d ifferences in their functional properties as wel l as being 

immunologica l ly distinct and having d ifferent locations in the cel l ,  arg inase I i n  

the cytosol and  arqinase 1 1  i n  the m itochondria (Cederbaum et  al. , 2004). 
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1 .5 .2 SYNTHESIS O F  ORNITHINE BY ARGININE DEIMINASE 

The arginine deiminase pathway is an alternative pathway to the 

arg inase-catalysed reaction for generating ornith ine from arg inine. It is the 

most common anaerobic pathway in m icroorganisms by which arg inine is 

catabol ised , generating ATP,  ornith ine,  ammonia and C02. This pathway is 

a lso present in the am itochondrial anaerobic parasites Giardia intestinalis 

(Scholfie ld et al. , 1 990; Edwards et al. , 1 992) ,  Trichomonas vaginalis (Linstead 

and Cranshaw, 1 983; Yarlett et al. , 1 994) and Tritrichomonas foetus (Yarlett et 

al. , 1 994), but has not been reported to be present in the cel ls of higher 

an imals (Zuniga et al. , 2002) .  Argi nine catabol ism is used as a major source 

of ATP by G. intestinalis using this pathway (Scholfie ld et al. , 1 990; Edwards et 

al. , 1 992) . 

The pathway involves three steps, using ( 1 ) argin ine de iminase to 

convert arg in ine to citru l l ine and ammonia; (2) ornith ine transcarbamoylase 

(OTC) to convert citrul l ine to ornith ine and generate carbamoyl phosphate;  (3) 

carbamate kinase to convert carbamoyl phosphate to ammonia and CO2, and 

ADP to ATP (Zuniga et al. , 2002) .  

1 .5.3 SYNTHESIS OF NITRIC OXIDE 

Nitric oxide (NO) is  generated by nitric oxide synthase (NOS) during the 

catabol ism of argin ine to citru l l ine (reviewed by Wu and Morris ,  1 998). There 

are three isoforms of mammal ian NOS, which are e ither produced 

constitutively (cNOS) or a re inducible by proinflammato ry cytokines or bacterial 

components ( iNOS) .  NO has in recent years been recognised both as a 

neurotransmitter and as a signal l ing molecule through the production of the 

second messenger cGMP ,  particularly in the cardiovascular system (reviewed 

by 80ucher et al. , 1 999; Cary et al. , 2006). NO is used as a signal l ing 

molecule by many nematodes, l ike most organisms, including S. mansoni, S. 

japonicum (Long et al. , 2004) , Dirofilaria immitis, Brugia pahangi (Ka iser et al. , 

1 998) and A.  suum (8ascal et al. , 2001 ) .  

Lower concentrations o f  NO are anti-inflammatory but overproduction of 

NO is bel i eved to contribute to the pathology of a number of d iseases. NO is  

toxic to parasites (Taylor-Robinson and Looker, 1 998 ; Colasanti and Venturin i ,  

200 1 ) ,  bacteria and tumour cel ls and is  a host defence to bacterial pathogens 
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of vertebrates (Vincendeau et al. , 2003; Nioche et al. , 2004) and invertebrates 

(Rivero, 2006). The competition between arg inase and NOS for their substrate 

arg in ine provides a possible means of contro l l ing NO levels (Boucher et al. , 

1 999) . As a strategy to l im it NO production ,  some parasites deplete host 

arg in ine (Vincendeau et al. , 2003) or suppress its expression .  An example is  

the rapid down-regu lation of inducible NOS in the jej unum in response to a 

Trichinella spiralis infection ,  when the parasite arg inase begins to compete for 

arg in ine (Bian et al. , 200 1 ) . 

1 .5.4 SYNTHESIS OF AGMATINE 

Agmatine is formed by the decarboxylation  of arg in ine by the enzyme 

ADC (F igure 1 .4) .  Although known for many years to be an enzyme i n  

bacteria ,  p lants and i nvertebrates, only recently has  ADC been recognised as  

a mammal ian enzyme ( reviewed by  Zhu et al. , 2004) and the human gene 

cloned (Mistry et al. , 2002). Agmatine is a neurotransmitter and a regulator of 

cel l  prol iferation and i nflammation. 

Agmatine can be used as an alternative p recursor for the polyamines 

to the usual arginase-ODC route (Section 1 . 5 .5) .  Agmati ne is generated by 

ADC then hydrolysed by agmatinase to form putrescine and u rea (Slocum et 

al. , 1 984; Tabor and Tabor, 1 985. Mammalian ADC and ODC can use either 

ornith ine or arg inine as substrate, leading to the proposal that they may be 

isoforms of  the same enzyme (Gilad et al. , 1 996) , although Regunathan and 

Reis (2000) have characterised two mammal ian enzymes with d istinct 

properties. The C. elegans and H. contortus O DC/ADC were described as 

"atypical" in  being membrane-bound ( l ike the mammal ian enzymes) , may be 

both arg in ine and ornithine decarboxylases and have extremely low Km for 

ornith ine (Schaeffer a nd Donatel l i ,  1 990). Macrae et al. ( 1 995) reported that 

ADC activity was not detectable in their study of polyamines in C. elegans, as 

was a lso the case for homogenates of adult Nippostrongylus brasiliensis 

(Walker and Barrett, 1 99 1  a) .  

1 .5 .5 SYNTHESIS OF POLYAMINES 

The polyamines putrescine, spermidine and spermine are regulators of 

cel l  g rowth and d ifferentiation in microorganisms, plants and eukaryotes 

(reviewed by Slocum et al. , 1 984; Tabor and Tabor, 1 985; Pegg, 1 986) . I n  
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animals ,  arg in ine is converted to u rea and orn ith ine by arginase; putrescine i s  

then generated from ornith ine by ODe (Pegg, 1 986). I n  microorganisms and 

plants , in add ition to the ODe pathway, putrescine (and urea) can be formed 

from agmatine, which has been generated from arg inine by ADe (Slocum et 

al. , 1 984; Tabor and Tabor, 1 985) .  Putrescine is further metabolised to 

spermidine by the enzyme spermidine synthase and thence to spermine by 

sperm ine synthase. Other polyamines are also produced in some 

microorganisms (Tabor and Tabor, 1 985) . The proportions of the three main 

polyamines vary i n  d ifferent organisms: prokaryotes general ly have more 

putrescine than sperm idine and have no spermine ;  eukaryotes have al l three ,  

with putrescine the least, while p rotozoa appear  to  be intermediate between 

these two groups (White et al. , 1 983; Tabor and Tabor, 1 985; Pegg , 1 986) . 

Polyamines have attracted the attention  of parasito logists as potential 

targets for novel control methods of protozoa and nematodes (Henderson and 

Fairlamb,  1 987;  Zhang, 1 987 ; Waiter, 1 988; Yarlett, 1 988; Klein et al. , 1 997;  

Da'dara et al. , 1 998) . Trypanosomes are particularly sensitive to the ODe 

inhibitor d ifl uoromethylornithine (DFMO), which has been used successful ly as 

a therapeutic agent (Van Nieuwenhove et al. , 1 985; Bacchi et al. , 1 994) . ODe 

inhib it ion is not effective in nematodes, since polyamines are not generally 

synthesised from arg in ine ,  but are rel iant on uptake and interconvers ion 

(Waiter, 1 988). I n  four  fi larial nematodes (D. immitis, Onchocerca volvulus, 

Brugia patei and Utomosoides carinii) ODe and ADe activities were 

undetectable,  putrescine levels were low, spermidine predominated and 

spermine levels were h igh (Wittich et a/. , 1 987) .  Simi lar observations were 

made in the dog hookworm Ancylostoma ceylanicum and rat parasite N. 
brasiliensis, although the ratio of spermidine: spermine was about 4: 1 (Sharma 

et  al. , 1 989) . ODe activity was undetectable in N .  brasiliensis (Walker and 

Barrett, 1 99 1  a) .  Consistent with these polyamine patterns, e ither transporters, 

the rate l imiting enzyme S-adenosylmeth ionine decarboxylase (SAMdc) (which 

provides the amino-propyl group for the synthesis of sperm idine and 

spermine), or the enzymes i nvolved in polyamine catabolism (the novel 

d iamine acetylase and polyamine oxidase) may be more useful anti-parasitic 

targets in nematodes (Waiter, 1 988; Wittich and Waiter, 1 989, 1 990; Mul ler 

and Waiter, 1 992 ; Da'dara et al. , 1 998) . 
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group to the g uanidi n o  moiety at the l eft of the m olecule. (D iagram 
from Wyss and Kaddurah-Daouk, 2000) . 
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Schaeffer and Donatel l i  ( 1 990) characterised C. elegans and H. 

contortus ODCs as membrane-bound and having d ifferent kinetic properties 

from ODCs from other organisms, whereas N iemann et al. ( 1 996) described 

the properties of the P. redivivus enzyme as more closely resembling other 

eukaryote ODCs. The ODC gene has been cloned from P. redivivus (von 

Besser et al. , 1 995; N iemann et al. , 1 996) , C. elegans (Macrae et al. , 1 995), 

and (Klein et al. , 1 997) and shown in the latter two species to be dispensible 

for g rowth. Another nematode gene to be cloned is spermid ine synthase from 

C. elegans (Dufe et al. , 2005). 

1 .5 .6 SYNTHESIS OF CREATINE 

Argin ine is a precursor of  creatine and phosphocreatine .  I n  vertebrates, 

phosphocreatine is the only member of the phosphagen fami ly, 

phosphorylated guanidine compounds which act as stores of energy from 

which phosphoryl g roups can be transferred to ATP by phosphagen kinases. 

The synthesis of creatine involves the kidney and l iver, fol lowed by transport of 

creatine into the muscles, where it is  a major source of energy for muscle 

contraction .  Creatine synthesis requ i res two reactions: first, a transamination 

catalysed by arg inine-g lycine amidinotransferase (AGAT) , which generates 

g lycocyamine and ornithine from argin ine and g lycine; secondly, the reaction 

of glyocyamine with S-adenosyl-L-methionine to form creati ne and S-adenosyl­

L-homocysteine, catalysed by the enzyme S-adenosyl-L-methion ine :N­

guanidinoacetate methyltransferase (GAMT) (reviewed by Ennor and Morrison, 

1 958; Wyss and Kaddurah-Daouk, 2000) . 

Most invertebrate tissues do not contain phosphocreatine and creatine 

kinase (CK), so related phosphagens and their kinases fu lfi l  the same role 

(Ennor and Morrison, 1 958; Van Pi lsum et al. , 1 972). Phosphoarginine and 

arginine kinase (AK), the most common invertebrate guanidino phosphagen 

and phosphagen kinase respectively, are present in arthropods, echinoderms 

mol luscs and nematodes (Ennor and Morrison, 1 958 ;  Wal l imann and 

Eppenberger, 1 973; Dumas and Camonis, 1 993; Suzuki et al. , 1 997; Platzer et 

al. , 1 995, 1 999; Kotlyar et al. , 2000). AK has also be identified in the 

protozoan parasite T. cruzi (Pereira et al. , 2000). Glycocyamine is one of at 

least seven other guanidino phosphagens reported from invertebrates (shown 

in Figure 1 .6 ,  Wyss and Kaddurah-Daouk, 2000). Stein et al. ( 1 990) cloned a 

S. mansoni qene encodinq an ATP:quanidine kinase which was expressed 
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Figure 1 .7. Enzymes involved in  the i nterconversion of arg in i ne,  
g lutamate and p rol i ne. Abbreviations: OAT: ornith i ne aminotransferase; 
P5CR: pyrrol i ne-5-carboxylate reductase; P5CDH:  pyrro l ine-5-
carboxylate dehyd rogenase; P5CS: pyrrol ine-5-carboxylate synthase. 
Glutamic y-semialdehyde spontaneously hydrates to form P5C. 
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maximal ly i n  the i nfective cercarial stage of the life cycle. As they detected 

on ly weak CK activity and no  AK activity i n  S. mansoni, they designated it a 

C K, however, as the gene has greatest homology to AKs (Dumas and 

Camonis ,  1 993) ,  the enzyme may wel l  be a member of that fami ly, not a CK. 

AK and phosphoargin ine have been identified in  the entomopathogenic 

nematode Steinernema carpocapsae (Platzer et al. , 1 999) and in H. contortus 

L3 (Platzer et al. , 1 995) . Barrett ( 1 973) could not detect phosphagens  in  A. 

lumbricoides m uscle, but did find a very active non-specific adenylate kinase. 

Barrett and Lloyd ( 1 98 1 )  were unable to detect phosphagens in F. hepatica, H. 

diminuta or Moniezia expansa, but found considerable taurocyamine 

phosphotransferase activity, but not its phosphagen, in  the cestode 

Schistocephalus solidus. 

I nvertebrate AKs have been shown to be important causes of a l lergy i n  

humans. The shr imp enzyme has been identified as a seafood a l lergen (Yu et 

al. , 2003) and IgE from allergic patients showed that the AK from the I ndian 

meal moth, a widespread food pest in  cereals and d ry foods ,  cross reacted 

with AKs from a number of invertebrates (dust mites,  mussels , lobsters, king 

prawns and cockroaches) (B inder et al. , 200 1 ) . The S. mansoni phosphagen 

kinase described in  the cercarial stage of the l ife cycle (Stein et al. , 1 990; 

Shoemaker, 1 994) may be simi larly antigenic and useful in  a protective 

vaccine in humans. 

1 .5 .7 SYNTHESIS OF GLUTAMATE AND PROLINE 

Argin ine and orn ithine are precursors of glutamate and prol ine via the 

intermed iate /).1 -pyrrol ine-5-carboxylic acid (P5C) (F igure 1 . 5). I nterconversion 

of orn ith ine, p ro l ine and glutamate proceeds in most organisms through the 

reactions shown in Figure 1 .7 ,  but there is an a lternative pathway from 

ornith ine to prol ine via a-keto-o-aminovaleric acid (not via /).1 -P5C) i n  plants 

(Mestichel l i  et al. , 1 979) .  I n  mammals, P5C released into plasma is taken up 

by cel ls such as erythrocytes, fibroblasts and gl ia l  cel ls ,  transferring oxidising 

potential (via subsequent NADPH oxidation during conversion to prol i ne) and 

regulates the pentose phosphate shunt (M ixson and Phang, 1 988). 

P5C is general ly synthesised from ornith ine by the enzymes OAT and 

pyrrol ine-5-carboxylate reductase (P5CR) (F igure 1 . 7) .  P5C is synthesised in 

h igher eukaryotes from g lutamate by a single multifunctional enzyme pyrrol i ne-
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5-carboxylate synthase (P5CS) and b y  two enzymes i n  lower organisms ( a  y­

g lutamyl kinase and y-glutamyl phosphate reductase) .  Proline is oxid ised to 

P5C and g l utamate by different enzymes from those i n  the synthetic pathway 

(Figure 1 . 7 ) :  the first step is pro l ine oxidation by the enzyme pro l ine 

dehydrogenase (also called prol ine oxidase or pro l ine:02 oxidoreductase) and 

the second step uses the enzyme pyrro l i ne-5-carboxylate dehyd rogenase 

(P5CDH) .  

Prol ine is an important amino ac id in  many organisms as a source of 

energy and as an osmoprotectant. It is used as an energy source i n  parasitic 

trypanosomes (Obungu et al. , 1 999) and for fl ight by i nsects (Auerswald et al. , 

1 998; Auerswald and Gade, 1 999; Scaraffia and Wel ls ,  2003) . Marine 

crustaceans accumulate prol ine during osmotic stress (Burton ,  1 992; Bishop 

and Burton , 1 993; Wi l lett and Burton ,  2002) using P5CS and P5CR,  the genes 

for which have been cloned in a cope pod by Wi l lett and Burton (2002). 

Bacteria also use pro l ine as an osmoprotectant, usual ly obta in ing it from the 

medium through a prol ine porter (Mi lner et al. , 1 988; Lee et al. , 2003). Prol ine 

accumulates in  plants as a reaction to (and protectant against) stresses as 

diverse as pathogens, osmotic stress (sal in ity or drought) , nutrient deprivation , 

UV l ight, o r  temperature (Song et al. , 2005; Yamada et al. , 2005) .  

The nematode cuticle consists ma in ly of col lagen-l ike molecules, which 

requ i re pro l i ne as a precursor. This can either be obtained by synthesis or by 

uptake, perhaps after d igestion of host mucins. H igh ly conserved cuticular 

col lagen genes have been cloned from nematodes, includ ing O. circumcincta 

(Johnstone et al. , 1 996) , H. contortus (Shamansky et al. , 1 989) , T. spiralis (Fu 

et al. , 2005) and C. elegans (Cox et al. , 1 98 1 ) .  Parasite prol ine is responsible 

for col lagen deposition in bile ducts i nfected with F. hepatica (Wolf-Spengler 

and Isseroff, 1 983; Modavi and Isseroff, 1 984) and in the l iver during S. 

mansoni i nfection (Dunn et al. , 1 977 , 1 978) . Not surprisingly, the enzymes 

OAT and P5CR of the prol ine synthetic pathway from orn ith ine (Figure 1 .7) are 

very active in  F. hepatica and S. mansoni (Ertel and Isseroff, 1 974; Isseroff 

and Erte l ,  1 976; Goldberg et al. , 1 980; Isseroff et al. , 1 983) . The OAT 

activities of F. hepatica adults and S. mansoni ova were over seven times, and 

in  S. mansoni adults about three times that in rat l iver. P5CR was over 35 

times more active in  ova and 1 7  times more active in  adult S. mansoni and 5 

times in F. hepatica homogenates than in  rat l iver. Despite the high prol ine 
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production and excretion by these parasites, inhibition of OAT and P5CR in 

vitro did not cause F. hepatica deterioration, nor did prol ine a na logues and 

enzyme inh ib itors prevent parasite establ ishment in rats (Sheers et al. , 1 982). 

Use of prol ine requires the enzymes prol ine oxidase (dehydrogenase) 

and P5CDH .  There is considerable interest in P5CDH in human medicine as 

an inherited mutation leads to hyperprol inaemia and neurological symptoms 

(Geraghty et al. , 1 998). Both pro l ine cata lytic enzymes were present in H. 

polygyrus and P. redivivus, as were P5CR and OAT (Grantham and Barrett, 

1 986b). OAT activity is present in S. mansoni (Goldberg et al. , 1 979) and N. 
brasiliensis (Walker and Barrett, 1 99 1  a) .  Neither Kuralec ( 1 975b) nor Isseroff 

and Ertel ( 1 976) detected P5CDH activity in  F. hepatica homogenates, 

perhaps because of the dominant prol ine synthetic pathway which results in  

excretion of  large amounts of  prol ine i nto host tissues. 

1 .6 ALAN I N E  AND ASPARTASE METABOLIS M :  

TRANSAMINATION 

Alanine and aspartate are central amino acids l i nking carbohydrate and 

n itrogen metabolism and are important for the interconversion of amino acids 

needed to mainta in the pool of amino acids requi red for protein synthesis .  I n  

mammals ,  a lan ine and  g lutamine are the principal compounds transporting 

n itrogen between the gut, muscle and the l iver and a lanine is the most 

important amino acid contributing to g luconeogenesis (Brosnan et al. , 2001 ; 

Brosnan ,  2003). The aminotransferases alanine aminotransferase (AlaAT) 

and aspartate aminotransferase (AspAT) are responsible for reversible 

transamination of a lanine and aspartate to thei r respective keto acids pyruvate 

and oxaloacetate (OM). Pyruvate is derived from sugars through g lycolysis, 

from lactate and from amino acids by transamination in  mammals (Garber et 

al. , 1 976) , fish (Walton and Cowey, 1 982), invertebrates (Osanai et al. , 2000) 

and plants (de Sousa and Sodek, 2003). Alanine is a metabol ic product of 

cultu red insect cel ls, (Drews et al. , 2000) and the protozooan parasites Giardia 

lamblia and G. intestinalis (Edwards et al. , 1 989; Paget et al. , 1 990; Nygaard 

et al. , 1 994) and is the main amino acid that accumulates under anaerobic 

conditions in plants (Streeter and Thompson ,  1 972; Ricard et al. , 1 994; de 

Sousa and Sodek, 2003) . F igure 1 .8 summarises the major enzymatic 

reactions involving a lan ine. 
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Aspartate contributes carbon skeletons to the TeA cycle by 

transamination to OAA and the malate/aspartate shuttle transports into the 

m itochondria the reducing equivalents required for respiration .  Depending on 

the organ ism,  aspartate is  the precursor of asparagine, f3-a lanine and the 

"essentia l "  amino acids th reonine, meth ion ine and lysine .  Figure 1 .9 

summarises the major enzymatic reactions involving aspartate, some of which 

occur on ly  in microorganisms and plants , whi le others, such as AspAT, are 

universa l ly present. 

1 .6 . 1  ALANINE RACEMASE 

Alan ine racemase, which converts L-a lan ine to D-alan ine ,  is important 

for bacteria l  surviva l ,  as D-alanine is an essential component of the cel l  wal l  

(Badet and Walsh , 1 985; Shaw et  al. , 1 997) . Although Shaw et  al. ( 1 997) 

described alanine racemase as being un ique to bacteria ,  with the one 

exception being a fungal enzyme (Hoffmann et al. , 1 994) , there are several 

reports of its presence in marine invertebrates, including crayfish (Shibata et 

al. , 2000), prawns (Yoshikawa et al. , 2002) , a s ipunculid (Low et al. , 1 996) and 

mol l uscs (Matsushima and Hayashi ,  1 992; Yamada and Matsushima, 1 992; 

Nomura et al. , 200 1 )  and in  the protozoon parasite Leishmania amazonensis 

(Pan izzutti et al. , 2006). I n itial ly ,  D-amino acids were not considered to be 

biologica l ly  important, however, this is now known not to be the case, 

particular ly in invertebrates (Corrigan ,  1 969), in which they appear to be 

osmolytes (Fujimori and Abe, 2002). It is not clear whether a lan ine racemase 

is present in nematodes, as the only report appears to be that it was 

undetectable in adu lt N. brasiliensis (Walker and Barrett, 1 99 1  a) .  

1 .6 .2  L-ALANINE DEHYDROGENASE 

Amino acid dehydrogenases catalyse the NAD(Pt l inked oxidative 

deaminat ion of L-amino acids to their corresponding keto acids. Alan ine 

dehydrogenase [L-alanine: NAD+ oxidoreductase] is a microbia l  enzyme which 

cata lyses the conversion of alan ine to pyruvate. I n  Bacillus subtilis, the main 

function i s  bel ieved to be the generation of pyruvate to provide energy during 

sporulation (Siranosian et al. , 1 993), to a l low a lanine as a so le n itrogen source 

in Mycobacterium smegmatis (Feng et al. , 2002b) and in Bilophila wadsworthia 

it is involved in tau rine metabol ism (Laue and Cook, 2000) . I n  other bacteria ,  

the predominant d i rection deduced from Vmax and Km val ues is the reverse 
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d i rection  to assimi late n itrogen (Cabal lero et al. , 1 989) . I n  Rhizobia, which are 

symbionts of legumes, a lan ine dehydrogenase is the principal enzyme 

involved in provid ing n itrogen for the plant host and blockage of the rhizobial 

enzyme reduces plant g rowth. Ammonia is the usual product released to the 

plant, however, a lanine is also secreted in soybean and pea nodules (Al laway 

et al. , 2000; Lodwig et al. , 2004) . 

1 .6 .3  OPINE DEHYDROGENASES 

Many marine inverteb rates, i ncluding mol l uscs ( Fields et al. , 1 980; 

Livingstone et al. , 1 981 ) ,  sponges (Barrett and Butterworth ,  1 981 ; Kan-no et 

al. , 2005) and sea anemones (E l l ington , 1 979) have unique metabolic 

responses to anoxia .  Rather than accumulating lactate, in addition to 

succinate and alanine production , reversible reductive condensation of 

pyruvate with an  amino acid generates opines: octopine, tauropine, strombine, 

a lanopine (reviewed by de Zwaan and Wijsman, 1 976; de Zwaan and Putzer, 

1 985; Gade and Grieshaber, 1 986) . The opines octop ine,  strombine and 

a lanopine are products of opine dehydrogenases, which catalyse the reaction 

i n  the presence of NADH of pyruvate with arg in ine,  g lycine or a lanine 

respectively. Two further enzymes have been reported:  tauropine 

dehydrogenase and p-a lanopine dehydrogenase (Kan-no et al. , 2005) . 

Preference for octopine formation correlates with h igh levels in muscle of 

phosphoargin ine (de Zwaan and Wijsman, 1 976). Plant tumours also make 

opines using enzymes encoded by genes which are inserted into the genome 

of plant cells by invading bacteria. These bacteria re ly  on the opines as 

g rowth substrates (reviewed by Dessaux et al. , 1 993) . 

1 .6 .4 PYRUVATE SYNTHESIS 

In addition to a lan ine,  serine, g lycine, threon ine, cysteine and 

tryptophan may enter the TCA cycle as pyruvate and used for respiration. 

Serine is deaminated to pyruvate by the PLP-dependent enzyme L-serine 

dehydratase. In mammals, its activity is highest in the l iver (Kashii et al. , 2005; 

Sun et al. , 2005) and there is an active enzyme in N. brasiliensis (Walker and 

Barrett, 1 99 1  a) ,  H. polygyrus and P. redivivus (Grantham and Barrett, 1 986a) .  

L-serine hydroxymethyltransferase, i n  the pathway for generation of N5, N10_ 
methanyltetrahydrofolate from d ihydrofolate , is present in N. brasiliensis 

(Walker and Barrett, 1 99 1  a) , B. pahangi and D. immitis (Barrett, 1 983) . 
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Threon ine is a substrate for L-serine dehyd ratase in  some organisms, 

as one of the many g roups of enzymes which catabolise threonine: (1 ) by 

threonine dehydrogenase to generate 2-amino-3-oxobutyrate; (2) by threonine 

aldolase to form glycine and aceta ldehyde or aminoacetone; (3) by threonine 

dehydratase (or L-seri ne dehydratase) to form 2-oxobutanoate (a­

keto butyrate) and ammonia (Bird and Nunn ,  1 983; Bird et al. , 1 984) . There is 

an  active threonine dehydratase in N. brasiliensis (Wa lker and Barrett, 1 991 a) , 

H. polygyrus and P. redivivus (Grantham and Barrett, 1 986a). 

1 .6 .5  ALANINE SYNTHESIS BY ASPARTATE-4-CARBOXYLASE 

Aspartate can be i rreversibly j3-decarboxylated to a-alanine by 

aspartate-4-decarboxylase, an enzyme not dependent on PLP as a cofactor. It 

is present in microorganisms (Meister et al. , 1 951 ; Seaman ,  1 960; Kakimoto et 

al. , 1 969), chicken l iver (Rathod and Fel lman, 1 985a) and mammal ian liver 

(Rathod and Fel lman,  1 985a ,b) ,  kidney and brain (Wong ,  1 985) . Rathod and 

Fel lman ( 1 985b) have proposed that aspartate-4-decarboxylase , together with 

pyruvate carboxylase, regu lates the fate of OAA and the efficiency of 

carbohydrate metabol ism . S ince aspartate-4-decarboxylase is inh ibited by 

acetyl-CoA and stimulated by 2-oxog l utarate, they propose that an abundance 

of TCA intermediates and decreased acetyl-CoA levels as fatty acids are 

synthesised promotes aspartate channel l ing into a lan ine .  I n  the opposite state 

of l ipid usage, acetyl-CoA levels rise, pyruvate carboxylase is stimu lated and 

OAA is generated for energy production .  There may be simi la r  effects on 

phosphoenolpyruvate carboxylase as on pyruvate carboxylase. 

1 .6 .6 � -ALANINE SYNTHESIS 

There are several pathways for the synthesis of j3-alanine, the only 

natural ly occurring j3-amino acid, which is a component of muscle d ipeptides 

(Boldyrev and Severin ,  1 990) , insect cuticles (Hodgetts , 1 972; Rawls, 2006) 

and pantothenic acid ,  the precursor of coenzyme A (Maas, 1 952; Genschel , 

2004) . I n  microorganisms, j3-a lan ine is synthesised from aspartate by L­

aspartate- 1 -decarboxylase (Wi l l iamson and Brown , 1 979) .  This enzyme (also 

cal led panD) is considered a possible target to contro l tuberculosis (Chopra et 

al. , 2002). Another method of producing j3-alanine by the degradation of uraci l 

is used by animals (F ink et a/. , 1 953; Fritzson and P ih l ,  1 957) , p lants (Evans 

and Axel rod ,  1 96 1 )  and some microorganisms (Campbel l ,  1 957). The fina l  
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step i n  that pathway is cata lysed by the enzyme �-a lan ine synthase (Gojkovic 

et al. , 200 1 ) .  The yeast Saccharomyces cerevisiae has an unusual pathway 

for �-a lan ine synthesis from sperm ine, which may be more widely used by 

fungi  and plants (White et al. , 200 1 ) . 

1 .6 .7 ASPARAGINE SYNTHESIS AND CATABOLISM 

Asparag ine is synthesised from aspartate by a reaction which uses ATP 

and is cata lysed by an amidotransferase, glutamine-dependent asparag ine 

synthetase (AS) (Richards and Schuster, 1 998) . The human AS gene is 

activated when cel ls are deprived of g lucose or am ino acids (Barbarosa­

Tessmann et al. , 1 999) . As wel l  as AS activity in mammals (Cuistea et al. , 

2005), it is present i n  plants (Sieciechowicz et al. , 1 988) ,  bacteria (Schwartz et 

al. , 1 966) and in P. redivivus (Grantham and Barrett, 1 988) . Asparagine is one 

of the amino acids excreted in low concentrations by H. diminuta in vitro 

(Zavras and Roberts, 1 984) . Asparag ine is an important nitrogen transporter 

within  p lants (reviewed by Sieciechowicz et al. , 1 988) .  

A chemotherapeutic treatment for acute lymphoblastic leukaemia i n  

humans i s  based on depleti ng tumour asparagine, which i s  needed for protein 

synthesis and cell surviva l .  If AS activity is inadequate ,  asparagine deprivation 

leads to g lutamine and g lutamate depletion,  followed by cel l cycle arrest and 

apoptosis ( Bussolati et al. , 1 995) . Bacteria l  asparag inase is used to reduce 

the supply of asparagine to the tumour (Schwartz et al. , 1 966; Pieters et al. , 

1 997) ,  however, patients may be refractory to asparag inase if the i r  AS activity 

is elevated (Pieters et al. , 1 997) . 

Asparagine can be catabol ised by asparag i nase or by transamination :  

asparag inase breaks down asparag ine to aspartate and ammon ium ,  whereas 

the transamination requ i res a keto acid as the am ino group acceptor and 

produces 2-oxosuccinamate. Asparagine transam inase from rat l iver has 

broad substrate specifi city for am ino acids and keto acids, although the most 

active amino acids were asparag ine, L-phenyla lan ine and S-methyl-L-cysteine 

(Cooper, 1 977). Asparag ine transaminase activity is  present i n  the tapeworms 

H. diminuta and H. citelli (Wertheim et al. , 1 960) and the nematodes P. 

redivivus a nd H. polygyrus (Grantham and Barrett, 1 986a). Asparaginase 

activity was local ised to the cuticle of the nematode D. immitis us ing immune 

sera (Tsuj i et al. , 1 999) . 



25 

1 .6 .8 ASPARTATE KINASE 

Aspartate can be used by plants and microorganisms to synthesise S­

adenosyl-meth ionine as well as lysine ,  threonine,  methionine and isoleucine 

(reviewed by Azevedo et al. , 1 997) ,  which are considered "essentia l "  in 

animals. There are 1 6  enzymes in the complete pathway, the first step of 

which is catalysed by aspartate kinase. I nhibitors of enzymes in  the pathway 

have been developed to control bacteria ,  fungi and weeds (LaRossa and 

Scloss, 1 984; Whitcombe, 1 999) , as this pathway i s  not present in mammals. 

Deregulation of the pathway may lead to overproduction of essential amino 

acids in p lants destined for an imal and human food (Paris et al. , 2002) . 

There do not appear to be reports of a ny of these enzymes in  

helminths ,  however, Rothste in and Toml i nson ( 1 96 1 )  reported that C. briggsae 

was capable of synthesis ing several essential amino acids, includ ing threon ine 

and lysi ne from label led acetate, g lucose and g lycine. They bel ieved that 

neither bacterial contamination nor symbionts were responsible , which 

suggests that the aspartate pathway may be present in  nematodes . Kapur 

and Sood ( 1 984) described s imi lar biosynthetic processes in  H. contortus. 

1 .6 .9 .  PURINE SALVAGE PATHWAY 

Puri nes needed for DNA or RNA synthesis can be suppl ied either by 

purine salvage or de novo synthesis. Many helminths are unable to synthesise 

pur ine, whereas salvage pathways a re present (reviewed by el Kouni ,  2003) . 

I n  vertebrates, the purine nucleotide cycle regenerates AMP from IMP by 

reactions which requ i re GTP and are cata lysed by the enzymes 

adenylsuccinate synthetase and adenylsuccinate lyase. Aspartate i s  

converted to fumarate with the release of ammonia . The cycle is completed by  

the reduction of AMP to IMP  by AMP deim inase (Magasanik and Karibian, 

1 960; Borza et al. , 2003) . During exercise, rat skeletal muscle converts 

aspartate to fumarate with the release of ammonia as a result of this pathway. 

This is associated with reduced output of alanine and g l utamine (Tornheim and 

Lowenstein ,  1 972; Goodman and Lowenstein ,  1 977) .  

Many helminths have either low de novo synthesis (Wong and Yeung,  

1 981 ) or on ly take up  exogenous adenosine and use the purine salvage 

pathway (Maclnnis et al. , 1 965; Heath , 1 970; Senft et  al. , 1 972; Levy and 
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Read, 1 975; Dovey et al. , 1 984) . Adenosine deaminase, but not adenine 

deaminase, was present in H. diminuta (Gamble and Pappas, 1 98 1 ) .  There 

are also pathways for interconvers ion of nucleotides. I n  A. lumbricoides 

muscle, there was no measurable AMP deaminase activity, but there were 

very active adenylate kinase to rephosphory late ADP to ATP and 

nucleosidediphosphate kinase to transfer phosphate between nucleotides 

(Barrett, 1 973) .  

1 .6 . 1 0  ASPARTASE 

Aspartase [L-aspartate ammonia-lyase] cata lyzes the reversible 

deamination of L-aspartate to produce fumarate and ammonium.  Viola (2000) 

has comprehensively reviewed the structure and unusual kinetic properties of 

aspartase, notably the differences in kinetics and co-factor requirements at 

a lka l ine pH .  Most interest in this enzyme has been in microorganisms 

because of its commercial appl ication in the production of aspartic acid and the 

sweetener aspartame.  Aspartase is also bel ieved to be i nvolved in  the 

bacteria l  nitrogen m ineralisation of soi ls (Senwo and Tabatabai , 1 999) . 

Although usual ly not considered an enzyme of h igher organisms, aspartase 

has been reported from plants and lower vertebrates: frog embryos (Kurata , 

1 962) ,  te leost fish (Salvatore et al. , 1 965) and elasmobranchs (Salvatore et al. , 

1 965; Cutinel l i  et al. , 1 972). 

Whether the role of aspartase in n itrogen metabol ism is catabol ic or 

anabol ic is uncerta in .  Halpern and Umbarger ( 1 960) suggested that the 

primary function of aspartase is to degrade amino acids, releasing ammonia 

from L-aspartate to produce fumarate, which then enters the TeA cycle. On 

the other hand, there was evidence of an anabol ic function  in  Escherichia coli 

mutants lacking g lutamate dehydrogenase, which were sti l l  capable of growth 

with g lutamate as a carbon source; this was accompan ied by elevated 

aspartase activity (Vender and Rickenberg , 1 964) .  

1 .6 . 1 1  TRANSAMINATION 

Aminotransferases (formerly cal led transaminases) are amongst the 

large g roup of enzymes which are dependent on pyridoxal 5'-phosphate (PLP) 

as a cofactor. The structure, gene sequences and functions of PLP-dependent 

enzymes have been reviewed by Mehta et at. ( 1 989) , Alexander et al. ( 1 994) , 
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John ( 1 995), Jensen and Gu ( 1 996), Jansonius ( 1 998) and Toney (2005) . 

Aminotransferases catalyse the transfer of an  amino g roup from a donor a­

amino acid to acceptor a-keto acid, which is usual ly  2-oxoglutarate, thus 

converting one amino acid i nto another. During the catalytic cycle, the cofactor 

shuttles between the PLP and the pyridoxam ine 5'-phosphate (PMP) forms. 

There are many aminotransferases, often accepting multip le substrates, but 

the most active and universal ly present are AlaA T and AspA T. 

1 . 6. 1 1. 1  Alanine aminotransferase 

AlaAT catalyzes the reversible transamination between 2-oxoglutarate 

and L-a lan ine, to form glutamate and pyruvate respectively. Through its 

forward reaction (formation of pyruvate) , it is involved in g luconeogenesis, and 

ATP production via the Krebs cycle, whi le the reverse reaction (formation of 

a lanine) is i nvolved in  the synthesis of protein . Cytoplasmic and mitochondrial 

AlaA T are d istinct molecular and genetic forms (Astrin et al. 1 982; Ruscak et 

al. , 1 982; Kielty et al. , 1 982; Sohocki et al. , 1 997; Yang et al. , 2002). I t  has 

been proposed that the kinetics of the two enzymes are consistent with the 

mitochondria l  enzyme being involved in the conversion of a lanine to pyruvate, 

whi le the reverse reaction is preferred by the cytosol ic enzyme (De Rosa and 

Swick, 1 975). 

I n  mammals ,  the h ighest AlaAT activity is in  the l iver, muscle, heart, 

kidney, brain and adipose tissue (Kamoda et al. , 1 980; R uscak et al. , 1 982; 

Rajamohan et al. , 2006) .  When the l iver or other tissues of vertebrates are 

damaged, a large amount of aminotransferase is re leased into the circulation 

so that elevated AlaAT activity is considered one of the most sensitive 

indicators of hepatobi l iary cel lu lar damage from helminth parasites (Vengust et 

al. , 2003) , nutritiona l  stress (Pan et al. 2003) , toxins (Tiwari and Singh, 2003) 

or pathogens (Agrawal et al. , 1 996) . 

AlaAT activity has been demonstrated in  numerous helminths: the 

cestodes H. diminuta and H. citelli, but not i n  Hymenolepis nana (Wertheim et 

al. , 1 960) ,  in  M. expansa (Rasero et al. , 1 968); the Digeneans Cryptocotyle 

lingua and Cercaria emasculans (Watts , 1 970) and the nematodes A.  

lumbricoides (Rasero et al. ,  1 968), Cooperia oncophera, H .  contortus, N. 
brasiliensis, 0. circumcincta, Trichostrongylus colubriformis, P. redivivus, 

Steinernema bibionis (Walker and Barrett, 1 99 1  b) and H. polygyrus (Grantham 
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Figure 1 .10 .  Diagram of the malate-aspartate shuttle for the transport of 
reducing equivalents between the cytosol and m itochondria in the 
electron transport system of the mammal ian cel l .  Abrreviations:  ETS 
electron transport system; cMDH cytosol ic ma late dehydrogenase; 
mMDH mitochondria l  malate dehydrogenase; cAspAT cytosolic 
aspartate aminotransferase; mAspAT mitochondria l  aspartate 
aminotransferase; OAA: oxaloacetate. (From Setoyama et al. , 1 990). 
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and Barrett, 1 986a). Comparison of enzyme activities in  the forward (L-alanine 

catabol ism) and reverse d i rections showed greater activity for a lanine 

formation (Wa lker and Barrett, 1 99 1  b) .  D-alan ine was transaminated at 

extremely low rates only by the abomasa l  parasites H. contortus and O. 

circumcincta. H. contortus and N. brasiliensis mitochondrial (mAlaAT) and 

cytosolic (cAlaAT) enzymes were stud ied in more detai l  by Walker and Barrett 

( 1 991 b) .  In N. brasiliensis, cAlaAT was responsible for 80% of activity but for 

only 54% i n  H. contortus, with 22% associated with the cel l  debris and cuticle 

fractions. H. contortus cAlaAT d iffered from the rat l iver enzyme in bei ng less 

tolerant of temperatures of 45°C and having  different responses to protective 

agents. 

1 . 6. 1 1.2 Aspartate aminotransferase 

Aspartate aminotransferase (As pAT) , previously a lso cal led g lutamate 

oxaloacetate transaminase, catalyses the reversible transamination of L­

aspartate and 2-oxoglutarate to form oxaloacetate and g lutamate. The 

cytosolic and m itochondrial isoforms have d ifferent substrate specificities and 

are coded by d isti nct nuclear genes (Martinez-Carrion et al. , 1 967; M ichuda 

and Martinez-Carrion ,  1 969; Reed and Hess, 1 975;  Pantegh in i ,  1 990; Morin et 

al. , 1 992; Mattingly et al. , 1 995; Verleur et al. , 1 997). Each of the two main 

isoforms a lso exists in  several forms (Bertland and Kaplan,  1 968, 1 970; Rej, 

1 981 ) .  

AspAT is  present in most organisms; mammals (Van Leuven ,  1 976; 

Teran ish i  et al. , 1 978), bi rds (Shrawder and Martinez-Carrion,  1 973), fish 

(Srivastava et al. , 1 999), invertebrates (Mordue and Goldsworthy ,  1 973; 

Felbeck and Grieshaber, 1 980), plants (Reed and Hess, 1 975; Turano et al. , 

1 990) , protozoa (Cazzulo et al. , 1 977) and microorganisms (Alfano and Kahn, 

1 993) . AspAT has been reported from helminths: the cestodes H. diminuta, H. 

nana and H. cite"i (Wertheim et al. , 1 960) ,  and M. expansa (Rasero et al. , 

1 968) ,  the Digeneans C. lingua and C. emasculans (Watts, 1 970) and the 

nematodes A. lumbricoides (Rasero et al. , 1 968) and N. brasiliensis (Walker 

and Barrett, 1 99 1  a ) .  

An important function of mammal ian cytosol ic (cAs pAT) and 

mitochondria l  AspAT (mAspAT) is the transport into the mitochondria of the 

reducing equ ivalents requi red for respiration by the malate/aspartate shuttle 

(Setoyama  et al. , 1 990) , shown i n  Figure 1 . 1 0 . NADH is principal ly 
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synthesised in  the cytoplasm by g lycolysis, and as the mitochondrial 

membrane is impermeable to NADH (Lehn inger, 1 95 1 ) , the malate/aspartate 

shuttle ,  which i nvolves cAs pAT and mAspAT and cytosol ic and mitochondrial 

malate dehydrogenase (MOH) activities and the aspartate-malate exchanger in 

the mitochondrial membrane. 

AspAT (and AlaAT) a re considered candidates for anti-parasitic drugs, 

because they also have cysteine S-conjugate p-Iyase (CCBL) activity, which 

generates cel l  toxins (Ad cock et al. , 1 996). Glutath ione conjugates toxic 

compounds (cata lysed by g lutath ione S-transferase (GST) (Section 1 . 8.7) ; 

subsequently these are metabolised to cysteine S-conjugates, which a re then 

subjected to CCBL activity. During th is process, toxic cysteine S-conjugates 

preferentia l ly target mitochondria (Cooper et al. , 2002). 

1 . 6. 1 1.3 Other aminotransferases 

Helm inth aminotransferases are able to transaminate a large number of 

L-amino acids ,  usual ly using the g lutamate 2-oxog lutarate system. I n  addition 

to the h igh ly active AspAT and AlaAT, Wertheim et al. ( 1 960) demonstrated 

asparagine transaminase activity in H. dim in uta , H. citelli and H. nana. 

Rothstein and Mayoh ( 1 964a ,b) fol lowed the metabol ism of 1 4C-aspartate in C. 

briggsae and deduced that there must be isocitrate lyase activity and the 

g lyoxylate transaminase system to account for the production of 1 4C-g lycine as 

a major  product. As nematodes have isocitrate lyase activity (Rothstein and 

Mayoh ( 1 964a ,b ;  Barrett et al. , 1 970; Khan and McFadden, 1 980), their 

interpretation is probably correct and g lycine and serine could both be 

synthesised from TCA cycle intermed iates by this pathway. 

Branched chain aminotransferases (BCAT) catalyse the transamination 

of leucine, isoleucine and val ine to their keto-acids (reviewed by Hutson, 

2001 ) .  In mammals ,  which cannot synthesise these amino acids, BCATs have 

a catabol ic function .  I n  lower eukaryotes and bacteria ,  BCATs have an 

anabol ic function catalysing the first step of the synthesis of branched chain 

amino acids. BCATs have been identified in N. brasiliensis (Walker and 

Barrett, 1 99 1 a) and in  F. hepatica (Lee et al. , 1 983) . 

GABA, an inh ib itory neurotransmitter in the vertebrate central nervous 

system and nematode neuromuscu latu re acts through receptors l ocated on 

inhib itory chloride channels (Fenq et al. , 2002a; Schuske et al. , 2004) .  GABA 
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catabol ism by the enzyme 4-aminobutyrate:2-oxoglutarate aminotransferase 

(GABA-T) was described in A. lumbricoides and M. expansa by Rasero et al. 

( 1 968) . N. brasiliensis GABA-T is strongly inh ib ited by NaCI and four amino 

acids can substitute for GABA as substrate (Watts and Atkins, 1 983, 1 984) . 

Rat J3-a lan ine:oxoglutarate aminotransferase, which catalyses the 

transamination of J3-alanine in  the brain and l iver (Maitre et al. , 1 975 ;  FUj imoto 

et al. , 1 986; Ohyama et al. , 2004) , also transaminates GABA (Ohyama et al. , 

2004) .  

1 .7 GLUTAMATE M ETABOLISM 

Glutamate has  a central position in  both anabol ic and  catabol ic 

pathways of n itrogen metabolism in m icroorganisms, plants, vertebrates and 

i nvertebrates, although pathways vary in  importance between organisms. 

G lutamate is maintained as an intracel lu lar amino acid because h igh 

concentrations are toxic to nerves (Anderson and Swanson, 2000) . I t  is readi ly 

converted to g lutamine, which then becomes a major transporter of organic 

nitrogenous compounds between organs and is  the amino acid with the 

highest concentration in extracel lu lar flu ids of both mammals (Hami lton, 1 945; 

Tapiero et al. , 2002) and i nvertebrates (H irayama and Nakamura, 2002). 

Key reactions involving g lutamate are shown in Figure 1 . 1 1 ,  some of 

which have been d iscussed earlier. The interconversion of g lutamate, prol ine, 

ornithine and argin ine have been described i n  Section  1 .5 .7  and i l l ustrated in 

Figure 1 .7 .  Many aminotransferases catalyse the transfer of an am ino group 

from a donor a-amino acid to 2-oxoglutarate, forming g lutamate, as discussed 

above in Section 1 .6 . 1 1 .  This a l lows uti l isation of excess amino acids, by  

removing and excreting the amino group and contr ibuting the carbon skeleton 

to energy metabol ism. The transfer of amino g roups between carbon 

backbones a lso a l low synthesis of non-essentia l  amino acids and maintains 

the correct pool of amino acids from which tissues produce proteins. The 

metabol ism of glutamate to g lutathione and the conjugation of g lutath ione to 

toxic compounds and drugs are d iscussed later in Section 1 . 8. 7. The abi l ity of 

the y-gl utamyl cycle, by which g lutathione is synthesised and degraded , to act 

also as an amino acid transporter has been discussed in Section 1 .2 .  
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Mammal ian glutamate metabol ism is wel l characterised , including the 

mechanisms of the reactions, the importance of individual enzymes in different 

organs and how they a re regulated . I n  mammals, G DH,  g lutamine synthetase 

(GS) and g l utaminase, which togethe r  with the aminotransferases, are involved 

in the i nterconversions of g lutamate , g lutamine and 2-oxogl utarate (Figure 

1 . 1 2) a re located primarily i n  the mitochondria .  The most sign ificant 

differences in non-vertebrates are in the anabol ic reactions which incorporate 

ammonia to form amino acids. I n  mammals, the principal route i nvolves GDH 

acting i n  the synthetic d i rection together with aminotransferases, but in plants, 

microorganisms and some lower an imals, i ncluding some insects , there is the 

alternative GS-GOGAT pathway (Section 1 .2 .3-4) .  The most appropriate 

model for nematode g lutamate metabol ism may therefore not be the 

mammal ian system, but rather those of plants , microorganisms or other 

inverteb rates .  

Although there are alternative pathways to generate the same end­

product, there may be physical separation of enzymes in  different organs, cel ls 

or compartments with i n  cel ls .  Th is is the case in  the mammal ian l iver, where 

periportal cel ls express glutaminase and oue enzymes, but the smal ler 

number of perivenous cel ls express GS. As a result, ammonia is generated by 

g lutaminase and converted to urea i n  periportal cel ls  and the excess ammonia 

is subsequently converted to g lutamine by GS in perivenous cel l s  and released 

as g luta mine .  On subsequent re-circu lation to the l iver, g lutamine can then be 

converted to u rea by the periportal cel ls, or alternatively can be used by the 

kidney to buffer excreted ammonia (Brosnan, 2000). The need to remove 

g lutamate quickly from synapses requires separation of g lutam ine-glutamate 

metabol ism between neurons and g l ia l  ce l ls  (Waagepetersen et al. , 2005) . 

Astrocytes take up g l utamate after it is released at synapses, convert it to 

g lutam ine  using GS (and GDH to a lesser extent) and re lease g l utam ine which 

is then taken up by neurons for resynthesis of g lutamate using phosphate­

dependent g l utaminase. 

G lutamate is an important source of nitrogen for excretion .  I n  most 

organisms,  GDH operating in the catabol ic d irection is the main source of 

ammonia .  Other pathways have been suggested to make a contribution in  

some i nvertebrates, such as AMP deaminase (Bishop and Barnes, 1 97 1 ) ,  

urease (Hanlon ,  1 975) ,  D-amino acid oxidases (D'Anie l lo et al. , 1 993) and 
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specific deaminases (Grantham and Barrett, 1 986a) .  Ammonia is either 

excreted d irectly by aquatic animals or enters the oue for conversion to urea 

in the l iver of ureotel ic species (Section 1 .4. 1 ) .  Ammonia ,  produced by 

g lutaminase (from g l utam ine), a l lows the vertebrate kidney to produce an acid 

urine i n  which H+ is buffered by ammonia and excreted as  NH4 + (Section 

1 .7 .2) .  GDH activity correlated positively with ammonia excretion in some 

invertebrates, but not others, e . g .  there was a strong rel ationship in the 

crustacean Praunus flexuosus (Bid igare and King ,  1 981 ) ,  but only weak in the 

polychaete Arenicola marina (Batre l and Le Gal ,  1 984) .  GDH has also been 

proposed to participate i n  osmoregu lation by generating an i ncreased pool of 

free amino acids (particularly a lan ine, g lycine, prol ine and tau rine) ,  since both 

GDH and aminotransferase activities increased with adaptation  to increasing 

sal in ity and decreased in  reduced sal i nity (Gerard and G i l les ,  1 972; Gi l les, 

1 973; Wickes and Morgan,  1 976; Batrel and Le Gal ,  1 984; Reitze et al. , 1 989; 

Matsush ima and Hayash i ,  1 992) .  Plants also accumulate amino acids, 

particu larly pro l ine ,  during osmotic stress (Section 1 .5 .7) .  

There are major differences in  nitrogen assimi lation i n  an imals, p lants 

and bacteria .  In add ition to the vertebrate pathway of g lutamate synthesis by 

the am inating reaction of GDH,  plants and m icroorganisms use also an 

a lternative pathway via GS and GOGAT (reviewed by M ifl i n  and Lea, 1 976; 

Mifl in  and Habash , 2002; Hodges et al. , 2003; Magasanik ,  2003). GS-GOGAT 

first incorporates ammonia to form g lutamine, which then reacts with 2-

oxoglutarate to form two g lutamate molecules. Nitrogen assim i l ation via GDH 

does not require ATP,  but is usua l ly l imited by the h igh Km for ammonia of 

GDH ,  whereas the GS-GOGAT pathway requires ATP but has a h igher affi n ity 

for ammonia .  I n  h igher plants , the GS-GOGAT pathway has been establ ished 

as the ma in  pathway, based on label l ing, inh ibitor and genetic studies 

(reviewed by Mifl in and Habash, 2002) . I n  both plants and bacteria, the GS­

GOGAT pathway is used if ATP is readi ly ava i lable ,  whereas the GDH 

pathway operates when ammonia concentrations are h igh ,  energy is l imited or  

the organism is  stressed (F isher and Sonenshein ,  1 99 1 ; Osuj i  and Madu ,  

1 996; He l l i ng ,  1 998; EI-Shora and Abo-Kassem 200 1 ) .  

1 .7 . 1  GLUTAMATE DEHYDROGENASE 

The glutamate dehydrogenases are a group of enzymes catalysing the 

revers ib le oxidative deamination of L-qlutamate to 2-oxoq lutarate and 
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ammonia ,  us ing either NAD+ or NADP+ as the cofactor. The structure, physical 

and chemical properties of these enzymes and their  regulation have been wel l  

characterised, particularly GDH from bovine l iver (reviewed by Goldin and 

Frieden,  1 97 1 ;  Hudson and Daniel ,  1 993). Cofactor requirements separate the 

GDHs into three broad groups: NAD+ specific, NADP+ specific or enzymes with 

dual  cofactor-specificity . A single enzyme may have dua l  specificity, as in 

vertebrates, or there may be two enzymes with differing specificity. I n  general , 

the aminating direction is cata lysed by NAD-GDH and the deaminating 

d irection by NADP-GDH.  

Whether the enzyme is  functioning in  the formation or deamination of 

g lutamate wi l l  depend on the concentrations of activators and inh ib itors and 

the Km for the substrates, in particular for ammonia ,  which is high in  many 

species. The regulation of the dual  specificity mammal ian enzymes is very 

complex, being strong ly regulated by purine nucleotides, particu larly activated 

by ADP, AMP and some amino acids and inh ibited by GTP (Gold in and 

Frieden ,  1 97 1 ;  Hudson and Daniel , 1 993). These activators and inhibitors also 

affect the formation of multienzyme complexes of GDH with 

aminotransferases, 2-0G dehydrogenase, citrate synthase and MOH, which 

al low the d irect transfer of 2-0G, GTP and NADH between enzymes (Fahien 

and Smith ,  1 974; Fahien et al. ,  1 985, 1 989) . The kinetics of GDH in vitro may 

therefore not reflect the situation  in vivo, where there is substrate channel l ing .  

GDH activities in invertebrates are far less uniform than in mammals 

and do not a lways have the characteristic activation by ADP and inh ibition by 

GTP and may be very different in thei r co-factor requirements and favoured 

direction .  The correlation between GDH activity and ammonia excretion i n  

several invertebrates suggests an excretory role for GDH (Bidigare and King, 

1 981 ) .  On the other hand, an  osmoregulatory role has been proposed for 

GDH and aminotransferases, whose activities increase with adaptation to 

increasing sal i nity and decrease in reduced sal in ity (Gera rd and Gi l les, 1 972; 

Gi l les, 1 973; Wickes and Morgan,  1 976; Batrel and Le Gal, 1 984; Reitze et al. , 

1 989; Matsushima and Hayash i ,  1 992) .  

There i s  GDH activity in  helminths includ ing H. contortus (Rhodes and 

Ferguson,  1 973; Skuce et al. , 1 999b) , A. suum (Langer, 1 972), D. immitis 

(Langer and J iamperpoon ,  1 970; Turner et al. , 1 986) , H. polygyrus, P. 
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redivivus (Grantham and Barrett, 1 986a), Obeliscoides cuniculi (Hutchinson 

and Fernando, 1 975), L. carinii (Davies and K6hler, 1 990) , adult F. hepatica 

(Prichard and Schofie ld ,  1 968 ; Thorpe, 1 968), the Digenean Microphallus 

similis (McManus and James, 1 975) and four  cestodes (Rothman and Lee, 

1 963). A cytosol ic NAD-GDH was demonstrated in  the cestode H. diminuta 

(Mustafa et al. , 1 978) , in  F. hepatica mGDH was more active than cGDH 

activity (Prichard and Schofiel d ,  1 968). Un l ike bovine l iver GDH, AMP, ADP, 

ATP, G DP, GTP and amino acids had l i ttle effect on H. diminuta GDH, 

whereas the TCA intermediates fumarate, malate and succ inate were inh ibitory 

in h igh ,  probably not physiolog ica l ly relevant concentrations (Mustafa et al. , 

1 978). Turner et al. ( 1 986) found both mitochondria l and cytosol ic GDH in D. 

immitis and the properties of purified H. contortus GDH were compared with 

those of ovine and bovine l iver GDHs by Rhodes and Ferg uson ( 1 973) . GDH 

was ma inly mitochondrial in  both H. polygyrus and P. redivivus (Grantham and 

Barrett, 1 986a) . In the d i rection of g lutamate formation ,  activity with NADH 

was twice the rate with NADPH in both nematodes, but in the reverse di rection, 

activity with NAD+ was three and eight times greater than  with NADP+ in P. 

redivivus and H. polygyrus respectively. The role of GDH may be more 

variab le in helm inths accord ing to whether the i r  metabo l ism is more or less 

anaerobic than other species,  probably a function of their size and whether 

parasitic or free-l ivi ng. 

1 .7 .2  GLUTAMINASE 

Glutamine transports organic n itrogen between o rgans of animals and 

after transport into the cells much is catabol ised to g lutamate by g lutaminase. 

Vertebrate l iver- and kidney-type g lutaminases are isoforms of g lutaminase I ,  

a lso cal led phosphate-activated g lutaminase, to distingu ish i t  from glutaminase 

1 1 ,  which is phosphate-independent and either a g lutamine aminotransferase or 

a y-g lutamyltransferase. The two isoforms are products of d ifferent genes and 

have d ifferent kinetic properties, most notably the inh ibition of kidney-type 

g lutaminase by g lutamate and lack of inh ibition of the l iver isoform (reviewed 

by Curthoys and Watford , 1 995; Kvamme et al. , 2000) . Both isoforms are 

expressed in the bra in and in some tumour cel ls (Marq uez et al. , 2006). 

Liver-type g lutaminase is expressed along with QUC enzymes i n  

periportal hepatocytes, where ammonia released by g lutaminase i s  

immediate ly incorporated into carbamoyl phosphate by CPS I .  Kidney-type 



35 

g l utam inase is  expressed i n  the kidney, i ntestine, bra i n  and Iymphocytes, 

pancreatic islets ,  where g lutamine is used as a respi ratory fuel ,  as wel l  as for 

the biosynthesis of other am ino acids ,  purines, pyrim id ines and g lucosamine. 

I n  the k idney, g lutaminase suppl ies the ammonia needed for excretion of acid , 

the enzyme activity increasi ng with increased demands of ammonia production 

(Curthoys et a/. , 1 976; Margol is and Lifschitz, 1 985; Curthoys, 200 1 ) .  

G lutam ine i s  the main respi ratory fuel  for the smal l  i ntestine (Windmuel ler and 

Spaeth , 1 980) and also provides substrates for biosynthesis of nucleic acids 

and other compounds (reviewed by McCauley et al. , 1 999) . Glutamaterg ic 

neurons use g lutaminase to synthesise g lutamate from the g lutamine provided 

by the astrocytes (Waagepetersen et al. , 2005) .  

The g lutam inases of microorganisms fa l l  into a number of classes, few 

of which have simi lar  properties to the mammal ian phosphate-dependent 

enzymes (reviewed by Nandakumar et al. , 2003) . Wh i le  some are specific for 

g lutami ne, others are also active asparaginases and used in  chemotherapy of 

leukaemia (Section 1 .6 .7) .  Others are salt tolerant and of interest to the food 

i ndustry . The enzyme in  Bacillus pasteurii is phosphate-activated , un l ike other 

microbi a l  g lutaminases (Klein et al. , 2002). Bacterial g lutam inase A becomes 

more active as growth slows and has been suggested as a regulator of growth 

by decreasing cell g lutamine levels (Hartmann and Stochaj , 1 978). 

G lutam inase B is reciprocal ly regulated with GS by ADP and ATP,  which are 

bel ieved to prevent futi le cycl ing of g lutamate-g lutam ine,  which would waste 

energy (Pruisner and Stadtman, 1 97 1 , 1 976; Huerta-Saquero et al. , 2004) .  

There are few reports of  glutam inase activity being investigated in  

nematodes . As g lutamate is also a neurotransmitter i n  nematodes (Section 

1 .8 .5 ) ,  it is l i kely that s im i lar enzymes to those of the mammal ian bra in 

g lutami ne-g lutamate cycle,  GS and g lutam inase, are associated with 

nematode neuromuscu lar tissue. Both g lutaminase and asparaginase 

activities were identified in H. polygyrus and P. redivivus at very much lower 

levels than in  rat l iver (Grantham and Barrett, 1 986a) ,  but no g lutaminase 

activity was detectab le in  L. carinii (Davies and Kdh ler, 1 990) . I t is not known 

whether i nvertebrate g lutam inase (Downton and Kennedy, 1 986; Jabbar et al. , 

1 987) is of the mammal ian or bacteria l  type, but may be either the latter, as 

g lutam inase 1 1 ,  but not type I was present i n  the fleshfly Parasarcophaga 

crassipalpis (Downton and Kennedy, 1 986) . 
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1 .7 .3  GLUTAMINE SYNTHETASE 

Glutamine synthetase (GS) , which catalyses the reaction of ATP, 

g lutamate and ammonium to form ADP, phosphate , H+ and L-g l utamine, 

requ i res either Mg2+ or Mn2+ for activity. While it is reversible, the biosynthetic 

or forward reaction is the on ly physiolog ical d irection .  GS,  which is present in  

a l l  organisms, includ ing fossi ls (Kumada et al. , 1 993) is of  three types: GSI 

found only in prokaryotes, GSI I  present in  eukaryotes and some bacteria and 

GSI I I  expressed in  a rumen anaerobe (Amaya et al. , 2005) and in 

cyanobacteria (Pesole et al. 1 995), particularly du ri ng nitrogen starvation 

(Garcfa-Dominguez et al. , 1 997). GS has been identified in the nematodes H. 

polygyrus and P. redivivus (Grantham and Barrett, 1 988) .  

GS is usual ly the enzyme responsible for ammonia assim i lation when 

there is adequate ATP, in a pathway with GOGAT in plants and bacteria ,  

whereas GDH provides an  alternative route when energy is l imited .  GS in  the 

brain is i nvolved in ammonia detoxification and neurotransmitter recycling 

(Suarez et al. , 2002) ,  in perivenous cells of the l iver in converting excess 

ammonia to g lutamine and i n  the kidney to buffer excreted acid (Brosnan,  

2000) . GS is inh ib ited by "cumulative feedback inhibition" of n ine d ifferent end­

products of g lutamine metabolism , which worked best in combination to g ive 

90% inh ib ition (Woolfo lk  and Stadtman, 1 967). When the enzyme is 

adenylated , it is more susceptib le to feedback inh ibiti on,  provid ing an extra 

level of control of GS.  Cumulative feedback inh ibition ensures that 

accumulat ion of single end-products of the many pathways using g lutamine do 

not individ ual ly inappropriately i nhibit GS activity (Stadtman, 2001 ) .  

Mycobacterium tuberculosis GS has been identified as  an  antibacterial 

target, as the inh ibitor L-methionine-(S)-su lfoximine (MetSox) ,  which competes 

for binding with g lutamate (Maurizi and Ginsberg ,  1 982), protected guinea pigs 

from the infection (Harth and Horwitz, 2003). 

1 .7.4 G LUTAMATE SYNTHASE 

Glutamate synthase (GOGAT), which cata lyses the g lutamine­

dependent reductive amination of 2-oxoglutarate to form two molecules of 

g lutamate, was first identified in  Aerobacter (Klebsiella) aerogenes by Tempest 

et al. ( 1 970) .  Plant GOGAT is either the form which uses reduced ferrodoxin 
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as the e lectron donor (Fd-GOGAT) or one that uses NADH as the electron 

donor (NADH-GOGAT), whi le a th ird form , NADPH-GOGAT, is present in  

bacteria (reviewed by Vanoni  and Curti , 1 999; Suzuki and Knaff, 2003; van 

den Heuvel et al. , 2004; Vanoni et al. , 2005). 

The two-reaction pathway formed by GS and GOGAT is the most 

important for ammonia assimi lation in p lants (reviewed by Mifl in and Habash, 

2002) and bacteria ,  the GS-GOGA T pathway is used if A TP is readi ly 

avai lable ,  whereas the GDH pathway operates when ammonia concentrations 

are h igh ,  energy is l imited or the organism is stressed (Fisher and Sonenshein, 

1 991 ; Osuji and Madu, 1 996; Hel l ing,  1 998; EI-Shora and Abo-Kassem 200 1 ) . 

GOGAT may be an  important enzyme in  invertebrates. GOGAT activity 

has been identified by d i rect assay or label l ing stud ies in the tissues of the 

s i lkworms B. mori (Hirayama and Nakamura ,  2002) and Samia cynthia ricini 

(Osanai et al. , 2000) , i n  a Spodoptera frugiperda Sf9 insect cel l  l ine 

(Doverskog et al. , 2000; Drews et al. , 2000) and in the mosquito Aedes aegypti 

(Scaraffia et al. , 2005) . The GOGAT inhibitor azaserine significantly increased 

g lutamine levels and decreased pro l ine concentrations in the haemolymph of 

the mosqu ito after a b lood meal , supporting an important role for GOGAT. It 

was located in the fat body, but not the i ntesti ne (Scaraffia et al. , 2005) . 

Genes for NADH-GOGAT have been identified during sequencing of the 

genome of C. elegans (Vanoni and Curti , 1 999) , suggesting GOGAT activity 
I 

may also be present in  nematodes. 

1 .7.5 SYNTHESIS OF N-ACETYLGLUTAMATE 

Glutamate is the precursor of N-acetylglutamate (NAG) ,  which can be 

generated from glutamate either by orn ith ine acetyltransferase or by NAG 

synthetase. The latter enzyme is used by ureotel ic species to generate NAG, 

an essentia l  cofactor and a l losteric regulator of the urea cycle enzyme CPS I 

(Brosnan,  2000) . The hepatic cel l g lutamate concentration determines the rate 

of NAG synthesis, hence of urea formation. I n  lower eukaryotes, plants and 

microorganisms, ornithine and arg in ine can be synthesised from g lutamate via 

N-acetylg lutamate (NAG) in  an eight-step pathway involving N-acetylated 

intermediates (reviewed by Caldovic and Tuchman (2003) . 
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1 .7 .6 GLUTAMATE DECARBOXYLASE 

Gamma-aminobutyrate (GABA), which is synthesised from glutamate by 

g lutamate decarboxylase, is  an important inh ibitory neurotransmitter in  the 

vertebrate central nervous system (reviewed by Mody et al. , 1 994) . There is 

an excitatory GABA receptor involved in  defaecation in  nematodes (Schuske 

et al. , 2004) .  GABA a lso acts on receptors on inh ibitory chloride channels i n  

the neuromuscu lature (Feng et al. , 2002a; Schuske et al. , 2004) ,  which are a 

possib le site of act ion of avermectins in  H. contortus (Blackha l l  et al. , 2003) . 

Plants overexpressing g lutamate decarboxylase are resistant to nematode 

parasites, presumably because of the toxicity of the h igh levels of GABA 

(McLean et al. , 2003) . Singh et al. (1 983) located g lutamate decarboxylation 

in  A. galli in the mitochondri a l  fraction of the cuticle .  The degrading enzyme 

GABA-T (Section 1 .6. 1 1 .3) is  present in A. lumbricoides, M. expansa (Rasero 

et al. , 1 968) and N. brasiliensis (Watts and Atkins, 1 983, 1 984; Walker and 

Barrett, 1 99 1 a) . 

The GABA shunt (the y-aminobutyrate bypass) , which al lows the 

metabol ism of 2-oxogl utarate to succinate, consists of g lutamate 

decarboxylase, GABA-T and succinic semia ldehyde dehydrogenase. The 

GABA shunt operates in  p lants (Shelp et al. , 1 999) and in bacteria such as 

Rhizobia and E. coli during anaerobic conditions when 2-oxog lutarate 

dehydrogenase is repressed (reviewed by Dunn ,  1 998) . The GABA shunt 

operates i n  both O. volvulus and B. pahangi to produce succinate (MacKenzie 

et al. , 1 989) and may be important in  nematodes with low 2-oxoglutarate 

dehydrogenase activity . 

1 .8 OTH ER N EMATODE ENZYMES 

A number o f  enzymes which metabol ise nitrogenous compounds have 

been identified in nematodes in addition to those d iscussed above. 

1 .8 . 1 . CH ITIN METABOLISM 

Chit in is a stra ight polymer of �- 1 ,4 l inked N-acetyl g lucosamine 

residues, which are synthesised from fructose-6-phosphate by the hexosamine 

biosynthetic pathway. The first step is catalysed by L-g lutamine: D-fructose-6-

phosphate amidotransferase to form glucosamine 6-phosphate. The hig hest 



39 

activity of the amidotransferase in A. suum eggs was immediately after 

ferti l isation of mature oocytes and was least i n  the zygotes i n  the eggs in the 

last part of the uterus (Oubinsky et al. , 1 985). The second enzyme, 

g lucosaminephosphate isomerase, appeared to play no part in ch iti n formation 

in A. suum eggs, un l i ke the situation in other organisms. 

Ch iti n is  present in the nematode eggshel l  (Bird and Bird ,  1 99 1 ) ,  the 

cuticle of A. suum (H i l l  et al. , 1 99 1 )  and in the feeding apparatus in the 

pharynx of Oesophagostamum dentatum ( Neuhaus et al. , 1 997) and C. 

elegans (Veronico et al. , 200 1 ) .  Chiti n is formed by chit in synthase, which 

adds residues to the polymer. There appear to be two genes for the enzyme 

in  nematodes, one related to eggshell ch iti n formation and the other in the 

pharynx where chitin is present in the feed ing apparatus. The eggshel l-related 

ch iti n synthase gene is expressed in the reproductive tract of egg-laying adults 

of C. elegans and Meloidogyne artiella (Veronico et al. , 200 1 )  and Brugia 

ma/ayi (Harris et al. , 2000), whereas the other gene is expressed just before a 

moult i n  the pharynx of C. elegans (Veronico et al. , 200 1 ) .  

Nematodes also express chiti nases, which are bel ieved to be  needed 

for hatch ing ,  moulti ng and perhaps also tissue invasion (Gooday et al. , 1 988; 

Adam et al. , 1 996; Wu et al. , 2001 ; Geng et al. , 2002) and can be antigens 

recognised by the host (Fuhrman et a/. , 1 992; Adam et al. , 1 996). 

1 .8 .2 AMINO ACID CATABOLISM 

Amino acid oxidases were active with 1 4  am ino acids in P. redivivus but 

with only 1 2  in H. polygyrus (not with L-a lan ine and pro l ine) (Grantham and 

Barrett, 1 986a) . For P. redivivus, enzyme activity in  descending order was 

with histid ine ,  lys ine ,  aspartate, g lycine, tyrosine, isoleucine, threon ine and 

prol ine and arg in ine .  In genera l ,  the activity was much h igher in H. polygyrus, 

activity in descending order being with meth ion ine,  g lycine,  aspartate , 

threonine, isoleuci ne and histid ine, GABA which were a l l  greater than in P. 

redivivus (Grantham and Barrett, 1 986a) .  The presence of aspartate oxidase 

activity is of interest as it may indicate that nematodes use the bacteria l  

pathway for NAO+ synthesis via L-aspartate oxidase (LASPO) (Mattevi et  al. , 

1 999) rather than the eukaryote pathway by oxidation of tryptophan. 
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Fig. 1 . 1 3. General ised scheme of methionine metabolism in  mammals and parasites. 
Pathways and enzymes demonstrated or impl icated in parasit ic protozoa and hel m i nths 
are ind icated by * .  Pathways/enzymes present in  parasitic protozoa but absent from 
their mammal ian hosts are shaded. (from Walker and Barrett, 1 997) . 
Key to enzymes: 1 .  Methionine adenosyltransferase (AdoMet synthetase) (EC 2.5 .1 .6). 2. Various 5-
adenosylmethionine methyltransferases (EC 2 . 1 . 1 .?).  3. S-Adenosylhomocysteine hydrolase (EC 3.3. 1 . 1 ). 4. 
Betaine:homocysteine methyl-transferase (EC 2. 1 . 1 .5).  5. 5'-Methyltetra hydrofolate: homocysteine 
methyltransferase (meth ionine synthase) (EC 2 . 1 . 1 . 1 3) .  6. Cystathionine !3-synthase (EC 4.2. 1 .22) . 7. 13-
Cystath ionase (EC 4.4. 1 . 1 ) . 8. 5-Adenosylmethionine decarboxylase (EC 4. 1 . 1 .50). 9. Spermidine synthase 
(putrescine: propylamine transferase) (EC 2.5. 1 . 1 6) .  1 0 . Spermine synthase (sper-midinerpropylamine 
transferase) (EC 2.5. 1 .22). 1 1 .  5'-Methylthioadenosine phosphorylase (EC 2.4.2 .28). 1 2. 5'-Methyl­
thioadenosine nucleosidase (EC 3.2.2 . 1 6). 1 3. 5'-Methylthioribose kinase (EC 2.7. 1 . 1 00) . 1 4- 1 6 .  
Intermed iates identified, but enzymes/reaction mechanisms not fu lly elucidated. 1 7. Unidentified 2-
oxog lutarate-linked aminotransferase, possibly glutamine aminotransferase (EC 2.6. 1 . 1 5) in mammals. 1 8 . 2-
Hydroxyacid dehydrogenase (EC 1 . 1 .99.6) . 19. Branched-chain 2-oxo acid dehydrogenase (EC 1 . 2.4.3). 20. 
Dethiomethylation; substrate/product identified, but enzyme not elucidated. 2 1 . D-Amino acid oxidase (EC 
1 .4.3.3) .  22. Methionine y-Iyase (EC 4.4. 1 . 1 1 ) .  23. "Homocysteine desulphurase" reaction, catalysed by 
methionine y-Iyase (certa in protozoa) or y-cystathionase (mammals). 
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Decarboxylation of the amino acids serine ,  leucine and val ine ,  in 

addition to a lan ine ,  aspartate and g lutamate , was observed in the intestines,  

ovaries and cuticle of A.  galli (Singh et al. , 1 983). There were complete 

pathways for the catabol ism of the branched cha in amino acids i soleucine ,  

leucine and  val i ne to TCA cycle intermediates i n  P.  redivivus and H. polygyrus 

(Grantham and Barrett, 1 986b). There was l ow deiminase activity towards 

h istid ine (h istidase) i n  P. redivivus, but in H. polygyrus it was 50 times h igher 

and was s imi lar to the levels i n  rat l iver (Grantham and Barrett, 1 986a). 

1 .8 .3 SHIKIMATE PATHWAY 

The precursors of tyrosine, tryptophan and phenyla lanine are 

synthesised in plants and microorganisms by the shik imate pathway, which 

consists of seven steps, the final one of which is cata lysed by chorismate 

mutase (Romero et al. , 1 995) . Chorismate mutase is expressed in the plant 

parasitic nematodes Meloidogyne javanica (Lambert et al. , 1 999) , Meloidogyne 

arenaria (Long et al. , 2006), Meloidogyne incognita (Rosso et aI. , 1 999; H uang 

et al. , 2005). I ts expression in the Globodera pallida (Jones et aI. , 2003) 

suboesophageal g land (Jones et al. , 2003; Long et al. , 2006), suggests it is a 

secreted protein .  Based on comparisons with bacterial genes, Yan et al. 

( 1 998) proposed that plant parasitic nematodes acqu i red the enzyme by 

horizontal gene transfer from bacteria. As a l l  enzymes of the shik imate 

pathway are present in a number of parasitic protozoa and are essentia l  for 

survival (Roberts et aI. , 1 998, 2002; Campbe l l  et al. , 2004), these enzymes are 

considered potentia l therapeutic targets. 

1 .8 .4 SULPHUR AMINO ACID METABOLISM 

The metabol ism of methionine and cysteine by parasitic helm inths has 

been reviewed by Walker and Barrett ( 1 997) (summarised in  Figu re 1 . 1 3) .  

They concluded that the basic metabol ism of sulphur amino acids i n  parasitic 

nematodes resembled that of the host and that any d ifferences were too m inor 

to encourage the development of novel therapies targeting these enzymes. 

There were, however, some unusual properties of nematode enzymes. 

Meth ion ine is a precursor of S-adenosylmeth ionine, which is requ i red 

for polyamine synthesis (Section 1 . 5 . 5) .  Since nematodes are bel ieved to take 

up polyamines from the host rather than synthesise them, it has been 
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suggested that the methionine salvage pathway m ight be a better anthelmintic 

target than  the enzymes involved in methion ine synthesis (Waiter, 1 988; 

Wittich and Waiter, 1 989; Mul ler and Waiter, 1 992; Da'dara et al. , 1 998) . Only 

the fina l  part of the salvage pathway has been confirmed in  the nematode A. 

suum. Convers ion of methionine to cyste ine involves trans-sulphuration 

reactions catalysed by the enzymes cystath ione �-synthase and y­

cystathionase. Walker et al. ( 1 992) identified a novel form of cystathione �­

synthase i n  N. brasiliensis which had different substrate specificities from the 

enzyme in the l iver of the rat host. 

1 .8 .5 NEUROTRANSMITTERS 

In invertebrates, amino acids and amines act as neurotransmitters and 

neurohormones (reviewed by Monasti rioti, 1 999). GABA is predominantly an 

inh ibitory neurotransmitter (Section 1 .7 .6) . Glutamate-gated channels are 

excitatory in vertebrates (Alagarsamy et aI. , 2001 ; Mayer and Armstrong , 

2004) ,  but in i nvertebrates there is an unusual group of inh ib itory g lutamatergic 

chloride channels which are activated by the avermectin anthe lm intics to 

para lyse nematode muscle ,  particu larly in  the pharynx (Cook et al. , 2006) . 

Glutamate is the agonist for receptors on these channels on the nematode 

pharyngeal m uscles and is the neurotransmitter released by i nh ibitory motor 

neurones i n  A. suum (Adelsberger et a/. , 1 999) and C. elegans (Avery, 1 993). 

Amino  acids are the precursors of important amine neurotransmitters in 

nematodes: serotonin is derived from tryptophan, histamine from h istidine and 

dopamine ,  catecholamines, tyramine and octopamine from tyrosine (reviewed 

by Blenau and Baumann ,  200 1 ) .  I n  addit ion, about 20 FMRF-amide peptides 

with the sequence x-xo-Arg-Phe-NH2 have been identified in nematodes 

(reviewed by Brownlee and Walker, 1 999; Kimber and Flem ing,  2005; McVeigh 

et al. , 2006) and have diverse actions on muscle in  the body and reproductive 

tract. 

Octopamine has many simi lar roles to those of catecholam ines in 

vertebrates (reviewed by Roeder, 1 999; Roeder et al. , 2003) .  It inhibits 

pharyngeal muscle pumping and egg laying and acts as an antagonist to 

seroton in  (Horvitz et al. , 1 982) .  Octopamine is synthesised from tyrosine by 

convers ion to tyramine (by tyrosine decarboxylase) then to octopamine by the 
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enzyme tyramine (3-hydroxylase. Tyramine inh ibits egg laying in C. elegans by 

an  action independent of that of octopamine (Alkema et al. , 2005). 

1 .8 .6 TRANSGLUTAMINASE 

Transgl utam inases catalyse posttranslational mod ifications of proteins 

through the formation of isopeptide bonds between prote in-bound g lutamine 

residues and primary amines, such as polyamines and protein-bound lysine. If 

the amine is a protein-bound lysine, the proteins become cross-l inked 

(reviewed by Greenberg et al. , 1 991 ) .  Amongst the numerous activities of 

transg lutaminases are involvements in cel l  signa l l ing ,  apoptosis and provid ing 

resistance of tissues to degradation by chemicals, enzymes and physical 

damage. Mehta and co-workers have characterised transglutaminases from 

D. immitis (S ingh et al. , 1 995) and B. malayi (Mehta et al. , 1 992; Singh and 

Mehta , 1 994) and have establ ished their role in g rowth, maturation and 

development (reviewed by Chandrashekar and Mehta, 2000), particularly 

formation of the sheath and cross- l in king of host proteins into developing 

m icrofi lariae (Mehta et al. , 1 996) . Transglutam inase activity has also been 

demonstrated in C. elegans (Madi et al. , 2004) and there are h igh levels of 

lysine cross-l inking in the sheath of the rat fi larial parasite L. carinii (Tarcsa et 

al. , 1 992) . 

1 .8 .7 GLUTATHIONE S-TRANSFERASE 

Glutamate is converted to the tripeptide g lutathione (L-y-g lutamyl-L­

cysteinylg lycine) by successive additions of cysteine and g lycine by the 

enzymes y-g lutamylcysteine and GSH synthetases, then degraded by four  

enzymes, which together make up the y-g lutamyl cycle (Figure 1 . 1 )  (reviewed 

by Meister, 1 981 , 1 988). The abi l ity of the y-g lutamyl cycle to act as an amino 

acid transporter has been discussed i n  Section 1 .2 .  

GSH has many cel lu lar functions, particularly as an antioxidant and in  

leukotriene, steroid and prostaglandin metabol ism, and more recently has 

been proposed to be a neuromodulator and neurotransmitter (Janaky et a/. , 

1 999; Njalsson and Norgrem, 2005). There is considerable i nterest in parasite 

GSH and also i n  the g lutathione S-transferases (GSTs) , enzymes which 

conjugate toxic compounds and xenobiotics to g lutath ione a nd protect against 

the host immune response. They are also seen as potential targets for 
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antiparasitic vaccines. There are currently seven cytosolic classes and one 

mitochondria l  fami ly of GSTs recogn ised in  mammals and there are other 

classes of GSTs in  p lants , prokaryotes and invertebrates (reviewed by Clark, 

1 989; M ahajan and Atkins, 2005). 

G STs have been identified , characterised or the encoding genes 

sequenced in many parasitic helminths: in the nematodes L. carinii (Bhargava 

et al. , 1 983) , H. contortus (Kawalek et al. , 1 984) ,  O. immitis and B. pahangi 

(Jaffe and Lambert, 1 986) , A. suum (Liebau et al. , 1 997) ,  Onchocerca 

gutterosa (Pemberton and Barrett, 1 989), H. polygyrus (Brophy et al. , 1 994) 

and O. volvulus (Liebau et al. , 1 994; Sal inas et al. , 1 994) ;  in the trematodes F. 

hepatica (Salvatore et al. , 1 995; Rossjohn et al. , 1 997) , S. japonicum (Walker 

et al. , 1 993;  Mi lhon et al. , 1 997; Jao et al. , 2006) S. mansoni (Walker et al. , 

1 993; Mei and LoVerde, 1 997; Paragonimus westermani (Hong et al. , 2000) 

and Clonorchis sinensis (Hong et al. , 2001 ; Kang et al. , 200 1 ) ;  and the 

cestodes M. expansa (Brophy et al. , 1 989) and Echinococcus multilocularis 

(Morel l o  et al. , 1 882; Liebau et al. , 1 996) .  Because of differences in nematode 

and host GSTs (Campbell et al. , 200 1 ) ,  vaccines against GSTs have been 

used to reduce parasite burdens and fecundity (8al lou l  et al. , 1 987; Sexton et 

al. , 1 994; Morrison et al. , 1 996; Sal i nas et al. , 1 996; Da Costa et al. , 1 999) . 

1 .9 CONCLUSIONS 

Compared with the information on nitrogen metabol ism in  other 

organisms,  relatively l i ttle is known about the functioning of these enzymes in  

nematodes and almost no data exist for parasites of  sheep, particularly O. 

circumcincta. Given the rapid growth of larval nematodes and the enormous 

requirements for protein to support g rowth and moulting in the larval stages 

and rep roduction in adults , nitrogen metabolism may present opportunities for 

novel control strategies. A survey of the l iterature suggests pathways are 

present in  nematodes which are different from those in  mammal ian hosts and 

have resemblances to those in p lants and lower organisms. Therefore, a 

series of experiments has been undertaken to identify the patterns of nitrogen 

uptake, excretion and metabol ism in larval O. circumcincta and to a lesser 

extent in  adult worms.  These stud ies are reported in  the fol lowing  Chapters. 
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C h a pter 2 

U PTAKE AN D EXC RETION OF N ITROG ENOUS 

COM P O U N DS BY OS TERTA GIA CIRCUMCINCTA 

2 . 1  I NTRODUCTION 

Although the uptake and excretion of nutrients have been extensively 

studied in many l iving organisms, this is not the case in parasitic nematodes of 

ruminants, despite their economic significance. The sources of nitrogen are 

l ikely to vary at different times in the l ife cycle. The nutrient requ i rements of the 

free-l iv ing stages of O. circumcincta are provided by the microbes in  the sheep 

faeces ,  but are not known for the parasitic stages. The L3 enter the gastric 

g land l umen ,  where they develop and moult, leaving the g lands as L4 or 

immature adults and subsequently l iving in close association with the mucus 

overlying the abomasal mucosa (Sommervi l le ,  1 954, 1 963;  Armour et al. , 

1 966) .  Possible sources of nitrogen for the l uminal stages are the mucins, 

epithel ia l  ce l ls or cel l debris, substances in leaked interstitia l  fluid or 

components of the abomasal digesta. 

2 . 1 . 1  UPTAKE O F  NITROGENOUS COMPOUNDS 

Nitrogen may be taken i n  as ammonia, urea, peptides or amino acids, 

the major  source depending on the species and its environment (Chapter 1 ,  

1 . 1 ) . Transporters for these different compounds have been reviewed in  

Chapter 1 ,  1 . 2.  I n  higher an ima ls ,  most nitrogen  is derived from proteins which 

are degraded in the digestive tract before absorption i n  the intestine as 

peptides or  amino acids (reviewed by Christensen, 1 990; Ziv and 8endayan,  

2000; Wagner et al. , 200 1 ) .  This may a lso be the case in  nematode parasites, 

as proteolytic enzymes are present on the intestinal brush border and/or 

secreted by many parasitic nematodes of plants (Vanholme et al. , 2004) and 

an imals (reviewed by Saj id and McKerrow, 2002) ,  i nclud ing O. circumcincta 

(Young et al. , 1 995). 
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Most uptake studies in nematodes have focused on a mino acid uptake, 

although not at the cel l ular leve l ,  as has been the case in model organisms 

and the mammal ian gastro-intestinal tract. Five major superfami l ies of amino 

acid transporters have been well characterised in numerous  organisms and 

are described in Chapter 1 ,  1 . 2 .  The y-glutamyl cycle involving the enzyme y­
g lutamyl transpeptidase, has also been proposed as a transporter of amino 

acids and shown to operate in helminths (Oass and Oonahue ,  1 986; Abid i and 

N izami ,  1 995). 

Amino acid uptake by the four  different groups of he lm inths has been 

comprehensively reviewed by Pappas and Read ( 1 975) and Pappas ( 1 988). 

There a re few studies in nematodes (Weatherly et al. , 1 963; Chen and 

Howel ls ,  1 979; Singh et al. , 1 983) and acanthocephalans (Ug lem et al. , 1 973) 

in contrast to the large number  in cestodes (Pappas et al. , 1 973; Jeffs and 

Arme,  1 985, 1 987; McCracken and Lumsden, 1 975;  Webb, 1 986) and 

trematodes (Pappas, 1 971 ; Chappel l ,  1 974; Asch and Read ,  1 975; I sseroff at 

al. , 1 976; Hanna, 1 980; Mercer and Chappel l ,  1 985; Abid i  and Nizami ,  1 995). 

Of particu lar interest has been comparing the relative contributions of 

the nematode cuticle and gut to absorption (Pappas, 1 988) , as the cuticle does 

not appear to have the structure of an absorptive surface (B i rd and Bird ,  1 981 ; 

Page ,  200 1 ) . Pappas ( 1 988) concluded that this question  was unresolved 

because of technical difficulties associated with l igation of the intestine and the 

fai lu re of the pa rasites to feed in vitro (Chen and Howel ls ,  1 979) ,  as feeding 

may not occur and experiments may be biased towards cuticular uptake 

(Pappas and Read , 1 975). The metabol ism of labeled amino acids 

(particularly seri ne and a lanine) to 14C02 (Singh et al. , 1 983) may also be a 

confounding effect in uptake studies .  Weatherly et al. ( 1 963) found that the 

cuticle of A. gal/i was permeable to 14C-alanine and Chen and Howells ( 1 979) 

concluded that 1 4C-leucine was taken up by B. pahangi only through the 

cuticle, as the worms did not ingest dye into the intestine. 

2 . 1 .2  EXCRETION OF N ITROGENOUS COMPOUNDS 

Both free-living and parasitic nematodes a re predominantly 

ammonotel ic with urea as a m inor component (Rogers,  1 952; Rothstein ,  1 963, 

1 970; Wright, 1 975a ,b) .  U rea excretion  is usual ly not greater than about 20% 

of the total nitrogen excretion .  Other excretions by nematodes are proteins, 
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peptides and amino acids, however, these have been suggested to be 

secretions from glands or excreted through the gut (Haskins and Weinstein, 

1 957;  Rothste in ,  1 963; Wright, 1 975a ,b; Wright and Newa l l ,  1 976). I n  some 

experiments significant amounts of amino acids were recovered in incubation 

media , but whether this resu lts from leakage through the cuticle or true 

excretion from the gut or excretory system is unknown . The appearance of 

amino acids in  the medium in  which P. redivivus was being incubated was 

associated with environmental stress (Wright, 1 975b) .  

Proteins appearing in the incubation media may not be excretions but 

secretions of the parasites, which a lter the host response or are proteases 

(Cox et al. , 1 990; Young et al. , 1 995; Gamble and Mansfield, 1 996; Redmond 

et al. , 1 997; Saj id and McKerrow, 2002) or g lycosidases (Gamble and 

Mansfield , 1 996; I rwin et al. , 2004) used to supply nutrients .  Other proteins in 

these excretory/secretory (ES) products of nematodes m ay be components of 

the gut cel ls  or cuticle (Rhoads et al. , 2001 ) .  The number of proteins in ES 

products is very large, e .g .  i ncubates of adu lt H. contortus in RPMI contained 

in excess of 1 00 proteins on 2 0  gel e lectrophoresis (Yatsuda et al. , 2003). 

There are two series of experiments reported in this Chapter. The first 

addressed the excretion of  nitrogenous substances of adult and L3 O. 

circumcincta during in vitro i ncubation under various conditi ons. The second 

was a pre l im inary study to d etermine the permeabi l ity of the L3 cuticle and the 

adult cuticle and digestive tract to amino acids. The method used for the 

uptake study was to incubate O. circumcincta with radio labeled amino acids in  

med ium,  with and without, competing unlabeled amino acids. 

2.2 MATERIALS AN D METHODS 
, 

All chemicals were supplied by Sigma Chemical Co. (Mo, USA) unless 

specified .  

2 .2 . 1  WORM CULTURE 

L3 were cultured from the faeces of infected sheep (Appendix 1 ,  1 . 1 )  

and stored at 4°C unti l used.  Prior to each experiment, L3 were Baermannized 

to remove i nactive worms, counted (Appendix 1 ,  1 . 5) and suspended i n  

medium.  



47 

Exsheathed L3 were prepared by incubation of Baermannized L3 with 

sodium hypochlorite as described in Appendix 1 ,  1 .3 .  

Adult worms were recovered from the abomasa of infected sheep as 

described in Appendix 1 ,  1 .4. 

2.2 .2  EXCRETION OF NITROGENEOUS COMPOUNDS 

The general method was to suspend parasites (sheathed or exsheathed 

L3 or adult worms) in a series of eppendorf tubes each contain ing 1 ml of 0.8 

mM phosphate buffer (Appendix 3, 3. 1 )  at pH 7.0 and temperature 37°C. 

Tubes conta ining only phosphate buffer were used as controls .  The 

concentration of the compound of interest was then determ ined after a 

designated incubation period . 

2. 2.2. 1 Ammonia excretion 

Ammonia excretion  was monitored according to the general method 

described above. The ammonia concentrations were determined by reacting 

ammonia with hypochlorite and phenol to produce i ndopheno l ,  which were 

monitored spectrophotometrical ly at 635 nm (Appendix 2, 2 . 1 ) . 

Variations of the general method were made as fol lows: 

( 1 ) Effect of pH :  50,000 sheathed L3 were incubated for 5 hours in  1 ml 0 .8 

m M  phosphate buffer at  pH  6 .0, 6 .5 ,  7 .0  or 7.5 at 37°C .  

(2) Effect of incubation temperature :  50,000 sheathed L3  were 

incubated in 1 ml 0 .8 m M  phosphate buffer pH 7 .0 for 5 hours at 4°C, 20°C or 

37°C. 

(3) Effect of parasite density: 5 ,000, 1 0,000, 50,000, 70,000 or  1 00,000 

sheathed L3 were incubated in 1 ml 0 .8  mM phosphate buffer pH 7 .0  at 37°C 

for 2 .5  hours .  

(4) Time course of ammonia production :  50,000 sheathed L3 were incubated 

for 48 hours in 1 ml of 0. 8 mM phosphate buffer pH 7 . 0  at 37°C. The resulting 

media were assayed for ammonia after 0.8,  1 ,  2, 3,  4, 5 ,  6,  1 7 , 1 9, 40 and 48 

hours .  
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(5) Effect of external ammonia:  50,000 sheathed L3 were incubated for 5 hours 

in  1 ml  0 .8 m M  phosphate buffer pH 7 .0  at 37°C with or  without the addition of 

60 J.lM N H4CI to the incubation medium.  

(6)  Comparison of sheathed and exsheathed L3 :  50 ,000 exsheathed and 

sheathed L3 from the same population were incubated in 1 ml 0.8 mM 

phosphate buffer pH 7.0 at 37°C for 5 hours. 

(7) Adult worms (-6 mg wet weight) were incubated i n  1 ml 0. 8 mM phosphate 

buffer pH 7 .0  at 37°C for 6 hours. 

2.2.2.2 Urea excretion 

50, 000 sheathed or  exsheathed L3 were incubated in 1 ml  0.8 mM 

phosphate buffer pH 7 .0 at 3rC for 1 ,  2 ,  3 or 4 hours .  Tubes conta ining only 

phosphate buffer were used as contro ls .  At the end of the incubation period, 

one unit of u rease was added to 0.5 m l  of the incubation med ium.  This was 

fol lowed by a 30 minute incubation to a l low the conversion of urea to ammonia 

before total ammonia concentration was measured . Another 0 .5  ml  of the 

incubation med ium was taken for ammonia estimation  without the addition of 

urease. Urea concentration was obtained by subtraction of the ammonia 

concentration without u rease from the ammonia concentration with urease 

(Appendix 2 , 2 .2) .  

2. 2.2.3 Uric acid excretion 

50,000 sheathed or exsheathed L3 or adult worms (-6 mg wet wt) were 

incubated in 1 ml 0 .8 m M  phosphate buffer pH 7 .0 at 37°C for 5 hours. Tubes 

contain ing only phosphate buffer were used as controls .  The concentration of 

uric acid i n  the i ncubation media was determined by measuring the absorption 

at 290 nm (Appendix 2 ,  2 .5) .  

2.2.2.4 Amino acid excretion 

50, 000 sheathed or exsheathed L3 or adult worms (-6 mg wet wt) were 

incubated in 1 ml 0 .8 m M  phosphate buffer pH 7 .0  at 37°C for 5 hours. Tubes 

contain ing only phosphate buffer were used as controls .  The concentrations of 

total amino acids for each of the incubation media were determined by the 

ninhydrin method (Magne and Larher, 1 992) (Appendix 2 , 2 .4) .  
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2.2.2.5 Protein excretion 

50,000 sheathed or exsheathed L3 or adult worms (-6 mg wet weight) 

were incubated in  1 ml 0 .8 mM phosphate buffer p H  7 .0 at 37°C for 5 hours. 

Tubes conta in ing only phosphate buffer were used as controls. The 

concentrations of protein in the incubation media were determined by the 

Bradford assay (Bradford ,  1 976) (Appendix 2, 2 .3) .  

2.2 .3 UPTAKE OF AMINO ACIDS 

The principle of the method was incubation  of O. circumcincta with 

radiolabeled amino acids in a medium based on PBS (Appendix 3, 3 .3) , with or 

without, the addition of un labeled amino acids ,  which wou ld act as a 

competitor for uptake. After a speCified incubation  period, the parasites were 

separated from the med ium and their radioactivity counted in a scinti l lation 

counter. Worm volume was estimated from the volume of d istrib ution of 3H20 

based upon the specific activity (dpm/lJ l) of the incubation med ium.  Separate 

incubations of parasites in PBS conta ining 14C-mannitol were used to estimate 

the vol ume of extrace l lu lar  water trapped with the worms . 

2. 2.3. 1 Incubation media 

The isotope stock solutions were: ( 1 )  [U-1 4C]-prote in  hydrolysate 

(Amersham),  250 IlCi ,  made up i n  PBS to specific activity 50 IlCi/ml (2) [U-
14C]-mann itol (Amersham) in  PBS, specific activity 1 mCi/m l (3) 3H20 

(Amersham) specific activity 5 mCi/ml ,  made up i n  PBS to specific activity 25 

IlCi/m l .  Un labeled am ino acids used were a lan ine ,  aspartate and g lutamine, 

singly and i n  combinations, made up as a 1 0  mM solution in  PBS. 

2.2.3.2 Uptake in adult worms 

I n  3 experiments, am ino acid uptake in adult  worms was determined by 

incubating them either in medium contain ing [U-1 4C]-protein hydro lysate and 

3H20, or i n  medium contain ing [U-1 4C]-protein hydrolysate, 3H20 and unlabeled 

amino acids for 30, 60 or 90 minutes. Worms were also incubated in mediu m  

contain ing [U-14C]-mannitol and 3H20. Tubes were prepared with incubation 

med ia  contain ing : 

( 1 )  1 25 III [U-14C]-prote in hydrolysate i n  PBS, 1 . 251l1 3H20, 1 23.75 III PBS 
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Figure 2.1 . Diagrammatic representation of the procedure for 
separating 0. circumcincta adult worms from residual  medium 
by centrifugation through a d ibutyl pthalate solution .  
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(2) 1 25 III [U-14C]-protein hydro lysate in PBS, 1 .25  III 3H20, 6 .25 III un labeled 

amino acid ,  1 1 7 .5 III PBS 

(3) 6 II I  14C-mannitol , 1 . 25 II I  3H20, 247.5  III PBS 

About 20 adult worms were centrifuged for a few seconds and as much 

fluid as possible removed. I ncubation medium was added and the tubes were 

incubated at 37°C for the times specified below i n  individual experiments 

Experiment 1 :  The incubation times were 30 and 90 m inutes in [U_14C]_ 

prote in hydrolysate p lus 3H20 (medium 1 ) , 90 m inutes in  tubes containing also 

un labeled g lutamine (medium 2) and 90 minutes i n  1 4C-mannitol (medium 3) . 

Experiment 2: The incubation time was 60 minutes. The un labeled 

amino acids were g lutam ine, aspartate or g lutamine + aspartate + alanine. 

Experiment 3: The incubation t ime was 60 minutes. The unlabeled 

amino acids were g l utamine, alanine or aspartate + g lutamine + alanine. 

After the incubation period , 10 female worms were individual ly removed 

from the medium and placed i n  separate tubes contain ing d ibutyl pthalate 

solution for separation  and counting as shown in Figure 2 . 1 .  Tubes were 

centrifuged for 15 seconds at 1 3 ,400 g then immersed in l iqu id nitrogen for 5 

seconds to freeze the contents of the tube. The tip of the tube was cut near 

the bottom to release the parasites into a scinti l lation via l ,  whi le retaining the 

frozen l iqu id above it in the tube. Five ml of scinti l lation fl uid (PCS Scinti l lation 

cockta i l ,  Amersham) was added to the via l and the radioactivity determined in 

a l iqu id scinti l lation counter (Tri-Carb 2900TR, PerkinElmer) .  

Dupl icate 2 II I  a l iquots of incubation medium were a lso retained after 

the incubation for determ ination of the specific radioactivity of the med ium .  

Samples were a lso  included containing on ly  3 H20 or  on ly  14C so  that the 

isotope crossover between channels in the scinti l lation counter could  be 

calculated . Radioactivity was determined during 5 minutes for each sample on 

a dual- label programme for 3H and 14C. 

2. 2.3.3 Uptake in sheathed L3 

A simi lar experiment was carried out on sheathed L3, with modifications 

because of thei r smal l  size. About 50,000 L3 in 0 .5  ml were placed in tubes, 

centrifuged briefly and as much fluid as poss ible removed . Med ia were added 

and the tubes incubated at 3rC. One tube from each series was removed at 
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each of  1 0 , 30  and 90 minutes. L3  were incubated either in medium contain ing 

[U-1 4C]-protein hydrolysate and [U-14C]-mannitol or in medium containing on ly 

3H20 for 1 0 , 30 or 90 min .  Tubes containing the two media were prepared: 

( 1 ) 1 25 f..ll [U-14C]-protei n  hydrolysate, 1 . 25f..l1 3H20,  1 23 .75 f..ll PBS 

(2) 6 f..l1 14C-mannito l ,  1 . 25 f..ll 3H20 ,  247 .5 f..ll PBS 

For separation of the L3, 20 f..ll of the i ncubation medium contain ing the 

parasites were placed on top of a dibutyl pthalate solution and subsequently 

treated as for adult worms.  

2.2.3.4 Calculation of amino acid uptake 

The worm volume was calcu lated accord ing to the formula :  

Worm volume (nl) = eH dpm in worm / 3H dpm in 1 f..ll medium) x 1 000 

Amino acid uptake was corrected for d iffering amounts of 14C-amino 

acids in each med ium:  

Uptake = 1 4C_aa dpm in  worm x (dpm in  control medium/dpm in medium used) 

2.2.3.5 Statistics 

Uptakes in  d ifferent media or at different times were compared using 

unpaired two-ta i led student's t-test in Excel .  

2.3 RESU LTS 

2.3 .1  AMMONIA EXCRETION 

2.3. 1 . 1  pH of medium 

The ammonia concentrations of the incubation media in which 50,000 

L3 were i ncubated in 1 ml 0 .8 mM phosphate buffer of pH 6 .0 ,  6 .5 , 7 .0  and 7 .5 

for 4 hours at  37°C are shown in  Figure 2 .2 .  The concentrations after 4 hours 

were 2 1 . 3  ± 2 .7  f..lM at pH 6 .0 , 1 00.7 ± 4 .5  f..lM at pH 6 .5 , 1 00. 1 ± 0.5 f..lM at pH 

7 .0  and 1 7 . 2  ± 2.4 f..lM at pH 7 .5  (all mean ± SEM, n = 3) .  

2.3. 1.2 Incubation temperature 

The ammonia concentrations of the incubation media in which 50,000 

L3 were i ncubated in 1 ml 0 .8 mM phosphate buffer, pH 7 .0 for 5 hours at 4°C, 

20°C and 37°C are shown in  Figure 2 .3 .  The concentrations after 5 hours 
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Figure 2.6. Ammonia concentrations of the i ncubation media 
(mean ± SEM,  n = 3) during the incubation of 50, 000 sheathed L3 
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F igure 2.7.  Ammonia concentrations of the incubation media 
(mean ± SEM, n = 3) during the incubation of 50, 000 sheathed or 
exsheathed L3 i n  1 ml 0 .8  mM phosphate buffer, pH 7 .0  at 37°C for 
5 hours. 
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Figure 2.5. Ammonia concentrations of the incubation media 
(mean ± SEM, n = 3) during the incubation of 50, 000 sheathed L3 
in 1 ml  0. 8mM phosphate buffer, pH 7 .0  at 37°C. 
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were 4.6 ± 0 .4 IlM at 4°C ,  1 9 . 7  ± 1 .0 IlM at 20°C and 74 .0 ± 7.4 IlM at 37°C (al l  

mean ± SEM,  n = 3). 

2.3. 1.3 Parasite density 

The ammonia concentrations of the incubation media in which 1 ,000, 

5 ,000, 1 0 , 000, 50,000, 70,000 or 1 00 , 000 L3 was incubated in 1 ml 0.8 mM 

phosphate buffer pH 7 .0  at  37°C for 2 .5 hours are shown in Figure 2 .4 .  The 

concentrations after 2 .5  hours were 2 .8  ± 0.9 IlM for 1 ,000 L3, 3 .7 ± 0.7 IlM for 

5 ,000 L3, 5 .2  ± 0. 5 IlM for 1 0 ,000 L3, 22 .8 ± 0.9 IlM for 50,000 L3, 33. 1 ± 0.8 

IlM for 70, 000 L3 and 44.3  ± 2 .9 IlM for 1 00 ,000 L3 (a l l  mean ± SEM, n = 3) . 

2.3. 1 .4 Time of incubation 

The ammonia concentrations of the incubation  media i n  which 50,000 

L3 were i ncubated in 0 .8  mM phosphate buffer, pH 7 .0 at 3rC for 48 hours 

are shown in Figure 2 .5 .  The maximum concentration was 1 1 7  ± 0.7 IlM 

(mean ± SEM,  n = 3) after 40 hours .  The rate of ammonia excretion was 

approximately l inear at 0 .2  nmoles hou(1 kworms-1 over the fi rst 5 hours, after 

which it decl ined and became very low after 24 hours .  

2.3. 1 .5 External ammonia concentration 

The ammonia concentrations of the incubation media in which 50,000 

L3 were incubated in 1 ml 0 .8 mM phosphate buffer, pH 7 .0  for 5 hours at 

37°C, with and without the addition of 60 IlM NH4CI ,  are shown i n  Figure 2 .6 .  

The overa l l  i ncreases in  concentration in the medium after 5 hours were 58.0  ± 

2 .5  IlM and 59.5 ± 3.8 IlM (both mean ± SEM, n = 3) ,  with and without NH4CI ,  

respectively, however, the time courses differed.  Starting at 60 IlM NH4CI, the 

ammonia concentration in the medium rapidly rose to approximately 1 00 IlM 

and s lowly to 1 20 IlM over 5 hours of incubation. With no ammonia in the 

init ial buffer, the concentration in the medium rose steadi ly over the 5 hour 

period . 

2.3. 1 . 6  Exsheathed L3 

Ammonia concentrations of incubation med ia  in which 50, 000 sheathed 

or exsheathed L3 from the same popu lation were incubated for 5 hours in 1 ml 

0 .8 mM phosphate buffer, pH 7 .0 at 3rC are shown in Figu re 2 .7 .  The 
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SEM, n = 3) during the i ncubation of 50, 000 sheathed or 
exsheathed L3 in  1 ml  0.8 mM phosphate buffer, pH 7 .0  at 37°C for 
4 hours.  
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concentrations after 5 hours were 59 .5  ± 4.2 J.lM and 35.0  ± 2 .5  J.lM (mean ± 

SEM,  n = 3) for sheathed and exsheathed L3 respectively. 

2.3. 1 . 7  A dult worms 

The ammon ia  concentrations of the incubation media in which adult 

worms (-6 mg wet weight) were i ncubated in 1 ml 0.8 mM phosphate buffer, 

pH 7 . 0, for 9 hours at 37°C are shown in Figure 2 .8 .  The ammonia 

concentration after 6 hours was 1 30 .7  ± 34.5 J.lM (mean ± SEM, n = 2). 

2 .3 .2  UREA EXCRETION 

The urea concentrations of the incubation media in  which 50, 000 

sheathed or exsheathed L3 were incubated in 1 ml 0 .8 mM phosphate buffer, 

pH 7 .0  at 37°C for 4 hours are shown in Figure 2 .9. The urea concentrations 

after 4 hours were 26.8 ± 6.2 flM and 0 .2  ± 0 .6 J.lM (both mean ± SEM, n = 3) 

for sheathed and exsheathed L3 respectively. 

2 .3 .3  URIC ACID EXCRETION 

No uric acid excretion was detected either by sheathed L3 (n = 3) or 

adult worms (n = 3) .  

2 .3 .4 AMINO ACID EXCRETION 

No amino acid excretion was detected either by sheathed L3 (n = 3) or 

adult worms (n = 3). 

2 .3 .5 PROTEIN EXCRETION 

The protein concentrations of the incubation media in  which 50, 000 

sheathed L3 or adult worms (-6 mg wet weight) were incubated in 1 m l  0 .8 

mM phosphate buffer pH 7 .0  at 37°C for 4 hours are shown in Figure 2 . 1 0 . 

The concentrations after 4 hours were 1 .0 ± 0. 1 �g/m l and 1 9. 9  ± 6.6 �g/ml 

(both mean ± SEM, n = 3) for sheathed L3 and adult worms respectively. No 

prote in excretion was detected for exsheathed L3. 

2 .3 .6 AMINO ACID UPTAKE 

I n  none of the experiments was there sign ificant uptake of amino acids 

from the [U-14C]-protein hydro lysate at the 5% level ,  although mean values 

suggested there was a trend towards uptake. Uptakes by adu lt worms in the 3 
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Table 2 . 1 .  U ptake of amino acids (mean ± SEM, n) ,  expressed as adjusted 
disintegrations per minute , by adult O. circumcincta in three exper iments in  
which they were incubated with a [U-1 4C]-protein hydrolysate i n  PBS. Al l 
tubes contained 3H20 in addition to the labeled amino acids. Media in 
which un labeled 0.2 mM amino acids were included are i nd icated . 

Expt Un labeled Time 14C_aa uptake % control p value 

amino acid (min) (mean ± SEM (n)) 

1 30 1 4 . 2  ± 3 .0  (7) 1 00 

90 29 . 8  ± 8 .9  (7) 2 1 1 0 . 1 2  (vs 1 )  

glutamine 90 38 .9  ± 1 2. 2  (9) 1 96 0 . 58 (vs 2) 

2 60 56. 5  ± 1 9. 5  (7) 1 00 

glutamine 60 30.9 ± 4 .8  (8) 55 0 .20 

aspartate 60 43. 8 ± 9 .0  (7) 75 0 . 5 1  

gin ,  a la ,  asp 60 38.4 ± 5.9 (8) 68 0 .56 

3 60 98. 1 ± 1 4 .6 (9) 1 00 

a lan ine 60 39. 5 ± 1 2 .6  (9) 40 0 .23 

g lutamine 60 38. 2 ± 9 .0  (9) 39 0 .36 

g in ,  a la ,  asp 60 43. 7 ± 1 7 . 1 (7) 45 0 .33 
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experiments are summarised in Table 2 . 1 .  I n  Expt 1 ,  uptake at 90 minutes 

was about 2.4 times that at 30 minutes (p = 0. 1 1 ) .  Un labeled amino acids 

caused a moderate, but aga in  not significant, decrease. I n  Expt 2, al l  

i ncubations were for 60 minutes. There was no i ndication that glutamine 

affected uptake, but uptake was reduced to 75% of control by the additi on of 

un labeled aspartate and to 68% of control by a mixture of aspartate, g lutamine 

and a lan ine .  In Expt 3, glutamine appeared to reduce the uptake of 14C_aa to 

39% of control ,  as did alanine (40% of control) .  Uptake was simi lar, but not 

significantly different, when aspartate, a lan ine and glutamine were added 

simultaneously (45% of contro l ) .  

The sing le experiment on sheathed L3 gave no ind ication of amino acid 

uptake. The uptakes (mean ± SEM (n)) for 1 0 minutes were 3386 ± 833 dpm 

(6), 3 1 50 ± 402 dpm (6) for 30 minutes and 3 1 27 ± 8 1 4  dpm (5) for 90 minutes 

respectively. Relative to uptake at 1 0  minutes, uptake at 30 minutes was 

1 35% and at 90 minutes was 97%, p = 0.80 and 0.83 respectively. 

Worm volumes calcu lated from the volume of d istribution of 3H20 were 

7 3  ± 7 .6  nl (23), 54 ± 6 .6 nl (24) and 42 ± 3 . 1 nl (30) (mean ± SEM (n)) for the 

adult worms i n  Expts 1 -3 respectively. The volumes of individual L3 were 

calculated to be 0.6 ± 0.06 n l  (mean ± SEM, n = 20). The data resulting from 

incorporation of group worm volumes (estimated from 3 H20 distribution) into 

the calculation of 1 4C_aa uptake had an equal ly large SEM as earl ier data, 

therefore were not i ncluded . 

2 .4  DISCUSSION 

The principal fi nding i n  the excretion experiments was that the main 

n itrogenous product which accumulated in the phosphate buffer in  which either 

L3 or adu lt O. circumcincta were incubated was ammonia ,  with urea as a minor 

component. No uric acid or amino acids were detectable in  the incubation 

medium .  Very prel iminary stud ies of uptake of rad io labeled amino acids from 

a protein hydrolysate suggested that adult worms, but not sheathed L3, are 

able to take up amino acids. During the uptake studies, the volumes of adu lt 

worms and L3 were estimated from the volumes of distribution of 3H20. Adult 

worm volumes varied considerably i n  the three popu lations measured (means 

of 42, 54 and 73 nl) ,  approximately 1 00 times that of the L3 (0.6 nl) . These 
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val ues are consistent with estimates from worm measurements of length and 

radius (Assoc Prof K.C. Pedley, personal communication) .  

2 .4 .1  AMINO ACID UPTAKE 

The amino acid uptake stud ies reported here were inconclusive, 

possib ly due to the large SEM of the counts in each experiment, however, in  

some experiments large differences in  mean values may be indicative of 

uptake of amino acids, at least in  adu lt worms. Comparison of mean counts in 

Expt 1 (Table 2. 1 )  showed the count at 90 minutes was 2 1 1 % that at 30 

minutes and decreased to 1 96% by the inclusion of cold g lutamine. The 

ava i labi l ity only of a mixture of labeled amino acids, rather than ind ividual 

labeled amino acids ,  was not ideal for these stud ies. Also ,  contributions to the 

variab i l ity wou ld have been caused by variation in worm size and perhaps by 

the t ime delay in placing the last worms in incubation tubes. Estimation of 

worm volume did show there were marked differences in size of ind ividual 

worms both within and between populations, however i nclusion of volume in 

the calculation did not reduce the SEM. A possible cause of this variation 

might be the accessibi l ity of the gut. In future experiments , it might be more 

accurate to measure s imultaneously the extracel lu lar volume of each worm 

with eH]-mannitol and uptake with 14C_aa. 

Reports of amino acid uptake i n  other nematode parasites would 

suggest that amino acid permeases are l ikely also to be present in  0. 

circumcincta. Given the huge number of amino acid transporters which has 

been identified in all types of organisms (reviewed by White, 1 985; Horak, 

1 986; Wil l iams and M i l ler, 2001 ; Wipf et al. , 2002; Verrey et al. , 2004) and the 

range of amino acids carried on i ndividual transporters, an exhaustive study 

was beyond the scope of th is project. 

The routes of absorption and forms in which n itrogenous substances 

are taken in by the free-l iving and adult stages of 0. circumcincta are l ikely to 

be varied and may depend on avai labi l ity in the envi ronment and may not be 

identical in free-l iving and parasitic nematodes. Possi b le sources of nutrients 

for the parasitic forms include mucins, cel ls ,  leaked i nterstitia l  flu id ,  abomasal 

d igesta , including microorganisms, whereas the free-l iving larval stages feed 

on bacteria and their products . The presence of proteases in the ES products 

of L3, L4 and adult O. circumcincta (Young et al. , 1 995) supports the 
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breakdown of protein to peptides and/or amino acids to provide nutrients for a l l  

l i fe-cycle stages. 

Absorption may occur across the cuticle and through the intestine in 

adult worms .  The cuticle of A. gal/i adult  worms, in wh ich body openings were 

occluded by cel loidin ,  was permeable to both 14C-alanine and 14C-g lucose and 

additional amounts were ingested and absorbed by non-coated worms 

(Weatherly et al. , 1 963). eH]-leucine and [2-3H]-glucose were taken up across 

the cuticle of larval B. pahangi, which did not feed during the experiment (Chen 

and Howel ls ,  1 979). Although these studies have shown parasitic nematodes 

have the capacity to transport amino acids, in C. elegans, the intestinal peptide 

transporter PEP-2 (but not PEP-1 ) was essentia l  for normal g rowth, stress 

tolerance and reproduction and provision of amino acids in the medium could 

not restore these functions in PEP-2 deficient mutant worms (Meissner et al. , 

2004) . 

2.4.2 NITROGEN EXCRETION 

The observations on excretion/secretion are in agreement with previous 

reports that both free-l iving and parasitic nematodes are predominantly 

ammonotel ic and that urea excretion is usual ly not g reater than about 20% of 

the total n itrogen excretion (Rogers, 1 952; Rothstein ,  1 963, 1 970; Wright, 

1 975a ,b) .  There were appreciable concentrations of protein in the medium in 

which adu lt O. circumcincta that had been incubated (mean 20 �g/ml after 5 

hours) ,  but very l ittle protein appeared to be released by sheathed L3 ( 1  �g/m l 

after 5 hours) and undetectable amounts by bleach-exsheathed L3 (Figure 

2 . 1 0) .  

The solutions in  which nematodes have been incubated are usual ly 

designated excretory/secretory (ES) products because of the difficulty in 

determin ing whether the individual chemical components are true excretory 

products , secretions, l ost cuticular components o r  substances which have 

leaked across the cutic le .  A. suum re leases cuticu lar  col lagen in vitro during 

development from L3 to L4 (Rhoads et al. , 200 1 ) .  ES products are antigenic 

and both p rovoke and modify the host immune response (Lee and Hodsden, 

1 963; Ogi lvie et al. , 1 973; Cox et al. , 1 990; Young et al. , 1 995;  Gamble and 

Mansfield , 1 996; Redmond et al. , 1 997; Saj id and McKe rrow, 2002) . 

Proteases (Skuce et al. , 1 999; Saj id and McKerrow, 2002; Wil l iamson et al. , 
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2003) and g lycosidases (Gamble and Mansfield, 1 996;  Irwin et al. , 2004) may 

provide nutrients for the parasite. Peptides and p rote ins in adult worm ES 

products may be secretions from glands or excreted through the gut as wel l  as 

of cuticular orig i n ,  whereas the smal l amount of prote in  lost by the non-feeding 

L3 is l ikely to be released from the cuticle. 

There was no evidence of amino acid excretion over five hours of 

incubation ,  suggesting  that the parasites were not stressed by the 

experimental conditions, at least for that time. The appearance of amino acids 

in the medium in which P. redivivus was being incubated was associated with 

environmental stress (Wright, 1 975b). Recovery of sign ificant amounts of 

amino acids from incubation media was attributed by Rothste in ( 1 970) to 

passive leakage of amino acids through the body wal l  and gut. 

Ammonia,  and to a lesser extent urea, appear to be the forms in which 

nitrogen is excreted by o. circumcincta, whereas prote in l oss probably 

represents secretion a nd not excretion .  Excretion of ammonia by sheathed L3 

was l i nearly related to worm density (Figure 2 .4) and was temperature 

dependent: very low at 4°C and much greater at 37°C than at 20°C (Figure 

2 .3) .  Excretion appeared to have an optimal medium pH of 7 .0  (F igure 2.2) .  

Temperature and p H  may affect either  the metabol ic rate o f  the parasite o r  the 

excretory process. There are examples of both m odes of action .  Metabol ism 

is temperature dependent and slows at low temperatures, as nematodes 

cannot regulate their i nterna l  temperature. Amm onia excretion is affected by 

environmental pH in the marine worm Sipunculus nudus as pH plays an 

important role i n  the selection of amino acids catabol ised (Langenbuch and 

Partner, 2002) . On the other hand, branchial ammonia excretion is decreased 

in rainbow trout with i ncreases in pH of the g i l l  boundary l ayer (Salama et al. ,  

1 999) . 

An interesting observation was the approach towards a maximum 

concentration in  the medium of approximately 1 20-1 40 IJM after 24 hours 

incubation of 50,000/ml sheathed L3 (Figure 2 .5) and after 6 hour incubation of 

6 mg/m l adult worms (Figure 2.8) .  I t is difficult to compare the excretion rates 

in L3 and adults because of the 1 00-fold difference in volumes, however, adult 

worms appear to excrete ammonia at a higher rate. The external ammonia 

concentration did n ot exceed 1 20 IJM,  even when the in itial externa l  

concentration in  which L3  were incubated was 60  IJM (Figure 2.6). The 



58 

ammonia concentration in the medium rapidly rose to approximately 1 00 IJM 

and slowly to 1 20 IJM over 5 hours of incubation ,  in  contrast to the situation for 

the L3 placed i n  ammonia free buffer ,  where the concentration i n  the medium 

rose steadi ly over the 5 hour period to 60 IJM (Figure 2 .6) .  

This maximum concentration o f  ammonia i n  i ncubation media i s  very 

low in  comparison to the concentration of ammonia in  arterial blood (200 IJM),  

portal b lood (487 IJM) (Parker et al. , 1 995) , the rumen (around 5 mM) and 

abomasal flu id (1 mM) of the sheep to which the parasitic stages are exposed 

(Harrop ,  1 974; Harrop and Phi l l ipson ,  1 974). The concentrations wi l l  vary with 

the diet of the sheep (Harrop and Phi l l ipson, 1 974) .  The explanation for the 

low concentration  of ammonia in  the incubation medium may be that ammonia 

may either absorbed or excreted accord ing to the external concentration ,  

which in vivo could frequently result in  ammonia absorption for parasitic stages 

of O. circumcincta. 

Whereas mammals have an obl igatory u rinary excretion and those i n  

positive nitrogen balance excrete large amounts of urea, excretory rates may 

be very low in  dormant L3 or rapidly g rowing and reproducing parasitic stages 

of nematodes. The observed excretion of ammonia by both L3 and adult 0. 

circumcincta i nto 0 .8  mM phosphate buffer could result from the reversal  of the 

normal ammonia g radient and therefore excretion rather than absorption. H igh 

affinity ammonia permeases in plants, bacteria and yeasts are bel ieved to 

scavenge ammonia from the environment, inc luding recovering ammonia lost 

by diffusion when g rowing on sources of nitrogen other than ammonia (Marin i  

et al. , 1 997) . Even in h igh external ammonia concentrations, plants and 

microorganisms m ainta in low cytoplasmic a mmonia levels (Streeter, 1 989; 

Roberts and Pang, 1 992), either by incorporation into g lutamine via g lutamine 

synthetase (GS) or  by trapping ammonia in  organel les e .g .  plants trap 

ammonia i n  vacuoles, so that they maintain a very low cytoplasmic ammonia 

concentration « 1 50 IJM) at an external concentration of 1 mM (Roberts and 

Pang, 1 992). GS has been proposed to fu lfi l l  a s imi lar role during early 

development in rainbow trout to prevent toxic levels of ammonia bui lding up by 

converting it to g l utamine (Essex-Fraser et al. , 2005). 

The reduced rate of ammonia excretion  (Figure 2 .7) and negl ig ib le urea 

excretion (Figure 2.9) by bleach-exsheathed L3 compared with sheathed L3 

probably is the result of damage to the cuticle caused by the chemically 
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induced exsheathing process. This reduction in excretion may ind icate that, as 

in fresh water fish, ammonia is excreted both via passive N H3 d iffusion and 

NH4 + permeases (Wi lkie, 2002). Since ammonia can cross membranes either 

as the unprotonated form or be carried by ammonium transporters (Kleiner, 

1 981 ) ,  the lower rate may be caused by loss of function ing transporters for 

ammonium ions, as diffusion would not to be affected by damage to the 

membrane. The reduced movement through the damaged cuticle would 

support urea being transported through specific channels and ammonium 

transport by permeases making a significant contribution to total ammonia 

loss. I n  the non-feeding L3, a l l  excretion is  via the cuticle or specia l ised 

excretory cel l  (Buechner et al. , 1 999; Buechner, 2002) , whereas in adult 

worms, both cuticu lar and intestinal exchange is l ikely to contribute to excreted 

urea and ammonia .  

2.4.3 AMMONIA AND UREA PRODUCTION 

Ammonia can be released from amino acids and other compounds by 

many enzymes including g lutamate dehydrogenase, g l utam inase, urease and 

aspartase, whereas urea can be generated by the fu l l  ornithine-urea cycle or 

by arginase, agmatinase or creatinase. Some of these enzymes are not 

general ly seen in animals ,  but are worthy of investigation ,  as there are reports 

of unusual features of metabol ism i n  nematodes. An example is u rease 

activity, which was detected in Nematodirus spp and A. lumbricoides intestine 

(less from other tissues), but not in H. contortus (Rogers,  1 952) . 

The possible sources of excreted ammonia and urea wi l l  be examined 

in enzyme studies to be reported in the fo l lowing Chapters . I n  Chapter 3, 

activities of some of the enzymes which generate urea have been measured 

as part of a study on arg in ine and urea metabol ism in adult and L3 O. 

circumcincta. 



Chapter 3 

M ETABOLISM OF ARG I N I N E  AND U REA BY 

OSTERTA GIA CIRCUMCINCTA 

3 . 1  INTRODUCTION 

60 

O. circumcincta has been shown in the experiments reported in Chapter 

2 to excrete predominantly ammonia and some urea. There are many possible 

sources of the ammonia ,  some of which wi l l  be  discussed in Chapters 4 and 5. 

Ammonia is generated main ly by the removal of amino g roups from amino 

acids by transamination fol lowed by oxidative deamination, (principal ly by 

G DH) ,  but also by deiminases or amino acid oxidases. G rantham and Barrett 

( 1 986a) demonstrated a l l  classes of these enzymes in the rat parasite H. 

polygyrus and the free l iving nematode P. redivivus, activities of some of which 

are reported in later Chapters. In this Chapter, the activities in O. circumcincta 

of some of the enzymes involved in u rea and arginine metabol ism are 

reported . 

The smal l  amount of urea excreted by 0. circumcincta d oes not 

necessari ly ind icate a functioning OUC,  but rather could be produced by 

mitochond ria l  arg inase, or other enzymes such as creatinase, which degrades 

creatine to urea and sarcosine (Chapter 1 ,  1 .4. 2) , or agmatinase, which 

hyd rolyses agmatine to form putrescine and urea (Chapter 1 ,  1 . 5 .4). The urea 

cycle enzymes are not universal ly present in invertebrates, as 

argin inosuccinate synthetase and lyase are usual ly absent and only arginase 

and OTCase have significant activity (Janssens and Bryant, 1 969; De Cian et 

al. , 2000). Based on previous studies in nematodes, it is un l ikely that O. 

circumcincta excretes urea generated by the QUC.  Grantham and Barrett 

( 1 986a) fa i led to find a complete urea cycle in H. polygyrus and P. redivivus, 

as was a lso reported for other helminths (Janssen and Bryant, 1 969). Even 

when a l l  enzymes were present, the activities of some were very low. This 

was the case in the nematode P. redivivus (Wright, 1 975a) and the trematode 

F. gigantica (Mohamed et al. , 2005) . 
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As wel l  as  its involvement in  the OUC, L-arg inine is a central amino acid 

for protein synthesis, synthesis of creatine, generating orn ith ine for polyamine 

metabol ism and formation of NO (Section 1 . 5) .  Arg in ine can also be 

interconverted with g lutamate and prol ine (Figu re 1 . 7) .  Pro l ine is l ikely to be in 

heavy demand for col lagen synthesis in  growing and moulting nematodes and 

it may also be read i ly avai lable to parasites l iving in association with 

gastrointestinal m ucus. This suggests that the arg in ine-pro l i ne-g lutamate 

pathway might be important in O. circumcincta, but whether it functions 

predominantly in the prol ine catabolic or anabol ic direction  is uncertain .  Both 

prol ine catalytic enzymes were present in H. polygyrus and P. redivivus, as 

were P5CR and OAT (Grantham and Barrett, 1 986b) . OAT activity is present 

in N. brasiliensis (Walker and Barrett, 1 99 1  a) as wel l  as in the trematode S. 

mansoni (Goldberg et al. , 1 979) . 

3 . 1 . 1  ARGINASE (EC 3.5 .3 . 1 )  

Arginase,  the enzyme which cata lyses the hydrolysis of arg in ine to urea 

and L-ornith ine (Figure 3. 1 ) , is present in bacteria, yeasts , p lants, invertebrates 

and vertebrates (Jenkinson et al. , 1 996) . I n  h igher vertebrates, the two 

isoforms are products of separate genes and have differences in their 

functional properties, as well as being immunologica l ly disti nct and having 

different l ocations in the cel l :  arginase I i n  the cytosol and arginase II in the 

mitochondria (Ash,  2004; Cederbaum et aI. , 2004) . I n  mammals ,  the l iver type 

arginase I is the fina l  enzyme in the OUC (Figure 1 . 3) ,  whereas arg inase 1 1  is 

responsible for the synthesis of ornith ine, polyam ines, pro l ine ,  creatine, 

g lutamate and agmatine (Wu and Morris ,  1 998). 

Jenkinson et al. ( 1 996) have publ ished an extensive review of the 

structure and properties of arginases from organisms in a l l  kingdoms. 

Arg inases have a biva lent metal ion requ irement for catalytic activity, usually 

the phys iological activator Mn2+ ,  a lthough C02+ and N i2+ ,  and in  some 

instances Fe2+ ,  V02+ and Cd2+ wi l l  suffice (reviewed by Ash ,  2004) . The H. 

pylori arg inase has optimal activity with cobalt as the metal cofactor and an 

acidic pH optimum of 6. 1 ,  proposed as adaptations to l iving in the acidic 

gastric contents and avai labi l ity of C02+ in cobalamin (McGee et al. , 2004). 

The Mn2+ required for stabi l ity and activation of arginase is often removed by 

dia lysis d uring the purification process, so that the enzyme needs activation by 

preincubation with MnCI2 to form a Mn2+-enzvme complex (H i rsch-Kolb et al. , 
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1 97 1 ) . The Mn2+ is tightly bound to the enzyme and not a lways lost in crude 

preparations ,  nor d isplaced by chelators (Reczkowski and Ash ,  1 994) . 

Many arg inases have pH optima between pH 9 and 1 0 , a lthough a 

smal l  number have lower pH optima: pH 6. 1 for H. pylori (McGee et al. , 2004) , 

pH 5 .9  for bovine liver, 6. 5-7.2 for rabbit l iver and pH 7 for rat kidney 

(Jenkinson et al. , 1 996) . The F. hepatica arg inase has been recently purified 

and characterised by Mohamed et al. (2005): the pH optimum was 9 .5 ,  Mn2+ 

was the best activator and the Km for arg in ine was 6 mM .  For many species , 

the values for the Km for arg i nine varied from very low to very hig h :  invertebrate 

arginases from 2- 1 60 mM and mammal ian enzymes from 0 .5  to 45 mM. 

Jenkinson et al. ( 1 996) concluded that an  ionisable group at the cata lytic site is 

responsible for the very basic pH optima and consequent h igh Km values. 

Measurement of enzyme activities at around pH 7.4 resulted i n  values of 1 -2 

mM for rat l iver arg inase, lower by a factor of 2-3 times that at high pH 

(Magg in i  et al. , 1 992) .  

3 . 1 .2  CREATINASE (EC 3 .5.3.3) 

Microorganisms have creatinases , enzymes which catalyse the reaction 

of creatine  with water to produce sarcosine with urea as the by-product (Wyss 

and Kaddurah-Daouk, 2000) .  (Figure 3 .2) .  Despite the general bel ief that this 

enzyme is not present in vertebrates, there are two reports from Miyoshi et al. 

( 1 980a , b) that creati nase was present i n  human muscle and d isplayed a ltered 

properties i n  Duschenne muscular dystrophy patients. Most k inetic data are 

avai lab le from bacteria ,  particu larly Pseudomonas putida. Th is enzyme is 

most active at pH 8,  stable at pH 6-8 and has maximal  activity at a temperature 

of 30°C a nd pH of 7 . 5-8.0 (Yoshimoto et al. , 1 976). Km values for creatine 

were 1 . 3-25 mM for Pseudomonas and 1 7. 2  mM for Alcaligenes, i n  contrast 

with the data from the human enzyme ,  which had a pH optimum of 6 .2 and Km 

of 0 .08 and 0 .36 mM for normal subjects and muscular dystrophy patients 

respective ly (Miyoshi et al. 1 980b) . Creatinase is not metal dependent. 

3 . 1 .3  UREASE (EC 3 .5 .1 .5) 

Urease is a p lant, a lga l ,  fungal and microbial enzyme which converts 

urea and water to ammonia and CO2 (reviewed by Mobley and Hausinger, 

1 989). The gastric pathogen H. pylori uses urease to l iberate ammonia from 
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urea to neutra l ise gastric acid (Mobley and Hausinger, 1 989; Megraud et al. , 

1 992) .  Although urease is generally not considered an  animal enzyme,  it has 

been reported to be present in  cestodes (Simmons, 1 960) and in the intestine 

of the nematodes Nematodirus spp and A. lumbricoides (with less in other 

tissues) (but not in  H. contortus) (Rogers,  1 952) and in  i nvertebrates (cited by 

Simmons, 1 960). Dietary urease is taken into the haemolymph i n  a functional 

form in the si lkworm (Sumida et al. , 1 995; H i rayama et al. , 2000; Sugimura et 

al. , 2001 ; Kurahashi et al. , 2005), where it maintains a low level of u rea. 

3 . 1 .4 A 1 _PYRROLlNE-5-CARBOXYLlC ACID DEHYDROGENASE (EC 

1 .5 . 1 . 1 2) 

Pro l ine is catabolised to P5C by the enzyme pro l ine oxidase 

(dehyd rogenase); P5CDH catalyses the reaction by which P5C is converted to 

g lutamate (F igure 3 .3) .  Both of these prol ine catalytic enzymes were present 

in the nematodes H. polygyrus and P. redivivus, as were the enzymes in the 

orn ithine-pro l ine pathway, OAT and P5CR (Grantham and Barrett, 1 986b) . 

The expression of pro l ine catabol ic enzymes and/or synthetic enzymes wi l l  

vary accord ing to whether pro l ine is being predominantly degraded or  

synthesised .  Trematodes may d iffer from nematodes in this respect, as  pro l ine 

synthesis dominates and large amounts of prol ine are excreted into host 

tissues, hence neither Kurelec ( 1 975) nor Ertel and Isseroff ( 1 976) were able 

to detect P5CDH activity in  F. hepatica homogenates. The l atter study was 

conducted at pH 7 .2-8. 3  and used 0 .28 mM P5C and 0 . 1 2  mM NAD+, 

conditions under which enzyme activity was present in  rat l iver. 

The experiments reported in this Chapter investigated the properties of 

arginase i n  adult and L3 0. circumcincta, as arginase activity may be a 

sign ificant regulatory point for the competing pathways using  argin ine as a 

substrate. In addition to urea being generated by arginase, another possible 

source is creatinase an enzyme not reported from animals .  Urease has been 

detected in some invertebrates and, if present, might degrade urea to 

ammonia ,  the main nematode excretory product. Therefore, the possibi l ity of 

either or  both of these enzymes was examined. Because of the demand for 

prol ine for cuticle formation in the growing and moulting nematode and the rich 

source of pro l ine in gastro-intestinal mucus, the activity of P5CDH was 

determined. 
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3.2 MATERIALS AND M ETHODS 

Parasites for enzyme assays were provided as detai led in Appendix 1 .  

L3 were cultured from the faeces of i nfected sheep, stored at 4°C and, prior to 

each experiment, were Baermannized to remove inactive worms (Appendix 1 ,  

1 .5) .  Adu lt worms were recovered from the abomasa of infected sheep 

(Appendix 1 ,  1 .4) .  

Al l  chemicals were suppl ied by Sigma Chemical Co. (Mo, USA) un less 

specified . 

3 .2 . 1  HOMOGENATE PREPARATION 

Enzyme activities were determined on homogenates prepared from 

sheathed L3 or adu lt O. circumcincta (Appendix 2, 2 .6) .  The amount of 

homogenate used for the enzymes assays was based on its protein content, 

which was determ ined by the Bradford method (Bradford ,  1 976) (Appendix 2, 

2 .3) ,  so that an amount of homogenate conta in ing 50 IJg prote in was used for 

each assay. 

3 .2 .2  ARGINASE 

Arg inase was assayed accord ing to the general protocol for continuous 

assays described in  Appendix 2 ,  2 .7 .  The activity was monitored through 

coupled reactions with urease and g l utamate dehydrogenase (GDH):  

arg inase 
a rgin ine + H20 ------+� ornithine + u rea 

u rease 
------+� 2 N H/ + CO2 

GDH 
2-oxog lutarate + NH4 + + NADH ----�� glutamate + NAD+ + H20 

The assay for arginase was a coupled assay with urease and GDH 

as used by Ozer ( 1 985) .  A pre l iminary assay to determine the optimum pH 

was conducted in  dupl icate ' at 30°C on L3 homogenate SL 1 .  The reaction 

m ixture conta ined 1 00 mM 2-oxoglutarat� , 1 unit of urease, 1 unit of GDH 

and 50 I-Ig homogenate p rotein prepared in 1 00 m M  phosphate buffer 

(Appendix 3, 3 . 1 )  pH 5 .5 to 9 .0 in  a total volume of 1 m l .  Subsequently, 
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0 .2  m M  NADH was added and the reaction was in itiated by adding 5 mM 

arg in ine .  Arginase activity was calculated from the rate of NADH 

uti l isation ,  through  the oxidation of NADH ,  which was monitored 

spectrophotometrically at 340nm .  

3.2. 2. 1  Kinetic parameters 

To determine Km and Vmax. homogenates of sheathed L3 (n = 3) or adult 

worms (n = 2) were assayed in  a reaction mixture contain ing 1 0  mM 2-

oxoglutarat�, 1 unit of urease, 1 unit of GDH and 50 \-Ig homogenate protein 

prepared in 1 00 mM phosphate buffer (Appendix 3, 3 . 1 )  pH 8.0 at 30°C in  a 

total volume of 1 ml .  Subsequently, 0.2 mM NADH was added and the 

reaction was initiated by adding arg in ine. Arg inase activity was monitored with 

concentrations of argin ine from 0-5 mM for L3 homogenates and 0-20 mM for 

adu lt worm homogenates. 

3.2. 2.2 Effectors/inhibitors 

Each of the fol lowing was investigated in  dupl icate for effects on the 

rate of arg inase activity of sheathed L3 homogenate SL4 :  

( 1 ) 0 . 1  mM Fe2+ as  FeS04 

(2) 0. 1 mM or 1 . 0 m M  Mn2+ as MnS04 

(3) 0. 1 mM or 1 . 0 m M  Cu2+ as CUS04 

(4) 0 . 1 mM or 1 . 0 m M  EDTA 

Reaction mixtures described in Section 3.2 .2 . 1 were made up with each 

of the test compounds. After the addition of 0 .2 mM NADH, 5 mM arginine 

was added to initiate the reaction. 

3.2 .3 .  CREATINASE 

Creatinase was assayed according to the general p rotocol for 

continuous assays described in Appendix 2 ,  2 .7 .  The activity was monitored 

through coupled reactions with urease and GDH:  

creatinase 
creatine + H20 • sarcosine  + urea 

urease 
-------.. 2 NH/ + CO2 
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GDH 
2-oxoglutarate + NH4 + + NADH ------.. g lutamate + NAD+ + H20 

The assay for creatinase was a coupled assay with urease and 

GDH as used by Ozer ( 1 985) . A prel iminary assay to determine the 

optimum pH was conducted in dupl icate at 30DC on L3 homogenate SL5. 

The reaction m ixture contained 50 mM 2-oxoglutarat�, 2 mM EDT A, 1 unit 

of urease, 1 unit of GDH and 50 I-Ig homogenate p rotein prepared in 1 00 

mM phosphate buffer (Appendix 3 , 3. 1 )  pH 5 .5  to 9 .0  i n  a tota l vol ume of 1 

m l .  Subsequently, 0 .2  mM NADH was added and the reaction was 

in itiated by adding 5 m M  creatine. Creatinase activity was calculated from 

the rate of NADH uti l isation,  through the oxidation  of NADH ,  which was 

monitored spectrophotometrical ly at 340nm. 

3.2.3. 1 Kinetic parameters 

To determine Km and Vmax, homogenates of sheathed L3 (n = 3) or adult 

worms (n = 2) were assayed in  a reaction mixtu re contain ing 50 mM 2-

oxoglutarat�, 2 mM EDT A, 1 unit of urease, 1 un it of G DH and 50 I-Ig 

homogenate protei n  prepared in  1 00 mM phosphate buffer (Appendix 3, 3. 1 )  

p H  7 .5  at 30DC i n  a total volume of 1 m l .  Subsequently, 0 .2 m M  NADH was 

added and the reaction  was in itiated by adding creatine. Creatinase activity 

was monitored for concentrations of creatine from 0-20 mM for sheathed L3 

and 0-8 mM for adult worms. An a l iquot of one homogenate (SL6) was also 

assayed after storage for 24 hours at 4DC. 

3.2.3.2 Effectors/inhibitors 

Each of the fol lowing was investigated in dupl icate for effects on the 

rate of creatinase activity of sheathed L3 homogenate SL9: 

( 1 )  0.5 mM Fe2+ as FeS04 

(2) 0 .5  mM Fe3+ as FeCb 

(3) 0.5 mM Cu2+ as CUS04 

(4) 0 .5  mM Mg2+ as MgS04 

(5) 0 .5  mM ADP 



(6) 0 .5  mM ATP 

(7) 2 . 0  mM EDTA 
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Reaction mixtures described in Section 3 .2 .3. 1 were made up with each 

of the test compounds. After the add ition of 0.2 m M  NADH , 5 mM creatine 

was added to i n itiate the reaction .  

3 .2 .4 UREASE 

Urease was assayed according to the genera l  protocol for continuous 

assays descri bed in Appendix 2, 2 .7 .  The activity was monitored by a coupled 

reaction with GDH adapted from Ozer ( 1 985) : 

urease 

GDH 
2-oxoglutarate + NH/ + NADH -----j�� g lutamate + NAD+ + H20 

To determine Km and Vmax, homogenates of sheathed L3 (n = 3) or 

adult worms (n = 2) were assayed in a reaction mixture contain ing 20 mM 

2-oxog lutarate, 1 u n it of GDH and 50 �g homogenate protein prepared in 

1 00 mM phosphate buffer (Appendix 3 ,  3. 1 )  pH 7.5 at 30°C in a tota l 

volume of 1 ml .  Subsequently, 0 .2  mM NADH was added and the reaction 

was in itiated by add ing urea i n  concentrations from 0-1 0 mM. Urease 

activity was calcu lated from the rate of NADH uti l isation ,  through the 

oxidation of NADH ,  which was monitored spectrophotometrica lly at 340nm .  

3.2 .5 PYRROLlNE-5-CARBOXYLATE DEHYDROGENASE 

P5CDH was assayed according to the general protocol for continuous 

assays described in  Appendix 2 ,  2 .7 .  The assay,  adapted from Smal l and 

Jones ( 1 990), monitored the rate of NAD+ uti l isation in the reaction: 

P5CDH 
P5C + NAD+ + H20 � glutamate + NADH + H+ 

To determine Km and Vmax, homogenates of sheathed L3 (n = 3) were 

assayed in a reaction mixture contai ning 1 00 �g homogenate protein prepared 

in 1 00 mM phosphate buffer (Append ix 3, 3 . 1 )  pH 7 .5  at 30°C in a total volume 
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Table 3.2. Arginase activities of adult O. circumcincta 
homogenates with increasing concentration of arg in ine .  Arg inase 
activity was calculated from the rate of NADH uti l isation ,  th rough 
the oxidation of NADH i n  coupled assays with urease and GDH ,  
which was mon itored spectrophotometrica l ly a t  340 nm.  

Homogenate Vmax Arg in ine 

Km (mM) (nmoles m in-1 mg-1 prote in)  

A1 a 0.8 1 24 

A1 b 0.7 1 30 

mean ± SEM, n = 2 0 .7 ± 0 . 1 1 26 ± 3 

Table 3.3. Arg inase activities (mean ± SEM,  n = 2) of 
sheathed L3 O. circumcincta homogenate SL4 in  the 
presence of metal ions or EDTA. Arginase activity in the 
absence of added compounds was set at 1 00%.  

Effector/i n hib itor Concentration 

(mM) 

Mn2+ 0 . 1  

Mn2+ 1 .0 

Fe2+ 0. 1 

Cu2+ 0. 1 

Cu2+ 1 .0 

EDTA 0. 1 

EDTA 1 .0 

Activity 

(% control) 

1 00 

1 06 ± 1 

1 1 3 ± 1 1 

46 ± 1 

1 1 7 ± 1 6  

72 ± 6 

1 1 1  ± 6 

78 ± 4  
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Figure 3.6. Arginase activity of adult O. circumcincta 
homogenate A 1 a with increasing concentration  of arg ini ne .  
Arginase activity was calcu lated from the rate of NADH 
uti l isation ,  through the oxidation of NADH in coupled assays 
with urease and G DH,  which was monitored 
spectrophotometrica l ly at 340 nm.  

Table 3.1 . Arg inase activities of  sheathed L3 O. circumcincta 
homogenates with increasing concentration of arg ini ne .  Arg inase 
activity was calculated from the rate of NADH uti l isation ,  through 
the oxidation of NADH i n  a coupled assay with urease and GDH,  
which was monitored spectrophotometrica l ly a t  340 nm .  

Homogenate 

SL2a 

SL2b 

SL3 

mean ± SEM, n = 3 

Argin ine 

Km (mM) 

0.4 

0.3 

0.5 

0.4 ± 0. 1 

Vmax 

(nmoles m i n- 1  mg-1 protein) 

26 

28 

41  

32 ±4 
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Figure 3 .4. Effect of pH on  arg inase activity (mean ± SEM,  n = 2) of 
sheathed L3 O. circumcincta homogenate SL 1 .  The concentration of 
argin ine used was 5 mM .  Arg inase activity was calculated from the rate 
of NADH uti l isation ,  through the oxidation of NADH i n  coup led assays 
with urease and GDH ,  which was monitored spectrophotometrica l ly at 
340 nm. 
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Figure 3.5. Arg inase activity of sheathed L3 O. circumcincta 
homogenate SL2a with i ncreasing concentrat ion of arg in ine.  
Arginase activity was calculated from the rate of NADH uti l isation ,  
through the oxidation of NADH i n  coupled assays with urease and 
GDH,  which was monitored spectrophotometrically at  340 nm.  
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of 1 m l .  Subsequently, 0 .2 mM NAO+ was added and the reaction was initiated 

by adding 1 -pyrrol i ne-5-carboxylate in concentrations from 0-1 0 mM.  The 

activity of P5COH was estimated from the rate of NAOH production, which was 

monitored spectrophotometrical ly at 340nm.  

3.3 RESU LTS 

3 .3 . 1  ARGINASE 

3.3. 1 . 1  Effect of pH 

The effect of pH on the arginase activity (mean ± SEM, n = 2) of 

sheathed L3 homogenate SL 1 is shown in  Figure 3.4. The optimum pH was 

pH 8 at which the activity was 53 ± 5 nmoles min-1 mg-1 protein .  

3.3. 1.2 Kinetic parameters 

The arg i nase activities of homogenates of sheathed L3 (SL2a) and 

adult worms (A1 a) are shown in Figures 3.5 and 3.6 respectively. The Km and 

Vmax of the homogenates of sheathed L3 and adult worms are shown in  Tables 

3. 1 and 3 .2 .  For the substrate arg in ine ,  Km values were 0.4 ± 0 . 1  mM and 0 .7 

± 0. 1 mM (mean ± SEM) for sheathed L3 (n = 3) and adult worms (n = 2) .  The 

Vmax were 32 ± 4 and 1 26 ± 3 nmoles m in-1 mg-1 protein (mean ± SEM) for 

sheathed L3 (n = 3) and adult worms (n = 2) respectively. 

3.3. 1.3 Effectors/inhibitors 

Arg i nase activities of a homogenate of sheathed L3 (SL4) i n  the 

presence of various concentrations of metal ions and EOTA are shown in  

Tab le 3 .3 .  Arg inase activity was expressed as a percentage of the value in  the 

absence of added compounds, which was set at 1 00%. 

The addition of 0. 1 mM Fe2+ had the greatest inhibitory effect, reducing 

the activity to 46 ± 1 % (mean ± SEM,  n = 2). The addition of 0 . 1 and 1 . 0 mM 

Mn2+ had s l ight effects with activities measured of 1 06 ± 1 % and 1 1 3 ± 1 1  % 

(both mean ± SEM) respectively. Copper ions were s l ightly stimu latory at 0. 1 

mM but had the opposite effect at 1 mM :  the activities were 1 1 7 ± 1 6%and 72 

± 6% of control (both mean ± SEM, n=2) respectively. Activities with 0. 1 and 1 

mM EOT A were 1 1 1  ± 6% and 78 ± 4% of control (both mean ± S EM, n = 2) 

respective ly .  
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Table 3.5. Creatinase activity of adult O. circumcincta homogenate A2 with 
increasing concentration of creatine. Creatinase activity was calculated 
from the rate of NADH util isation ,  through the oxidation of NADH in coupled 
assays with urease and GDH,  which was monitored spectrophotometrical ly 
at 340nm. 

Homogenate 

A2a 

A2b 

mean ± SEM, n = 2 

Creatine 

Km (mM) 

0 .3  

0 .4  

0 .3 ± 0. 1 

Vmax 

(nmoles m in-1 mg-1 protein) 

24 

23 

23 ± 1 

Table 3.6. Creatinase activities (mean ± SEM,  n = 2) of 
sheathed L3 O. circumcincta homogenate SL9 in the presence 
of metal ions, ADP, ATP or EDTA. Creatinase activity in the 
absence of added compounds was set at 1 00%. 

Effector/I nh ibitor 

Fe2+ 

Fe3+ 

Cu2+ 

Mg2+ 

ATP 

ADP 

EDTA 

Concentration 
(mM) 

0.5 

0 .5  

0 .5 

0 .5  

0 .5  

0 .5  

2 .0  

Activity 

(% contro l )  

1 00 

96 ± 2 

1 7  ± 2 

1 1  ± 1 

30 ± 2 

94 ± 4 

1 01 ± 2 

1 23 ± 2 
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Table 3.4. Creatinase activities of sheathed L3 O. circumcincta 
homogenates with increasing concentration of creatine. Creatinase activity 
was calcu lated from the rate of NADH uti l isation, through the oxidation of 
NADH in coupled assays with u rease and GDH,  which was monitored 
spectrophotometrical ly at 340nm.  

Homogenate Creatine Vmax 

Km (mM) (nmoles min-1 mg-1 protein) 

SL6a 0. 1 2 1  

SL6b* 0 .7  1 7  

SL7 0 .3  22 

SL8 0 . 1 23 

mean ± SEM, n = 3 0 .2  ± 0 . 07 22 ± 1 

* Assayed after storage at 4°C for 24 hours ,  not included in  mean. 

-
c: 
.0; 25 

� -- � 
:� 0. 20 
- �  (') '  cu 0> 1 5  Q) E 
tn �  
cu ' c: .: 1 0 

+i E cu Q) t/) 5 L. Cl) 
(,) 0 

E 0 

. �_----I. 

� �------�------�------�----� 
o 2 4 6 8 

[Creatine] ( mM) 

Figure 3.9. Creatinase activity of adult O. circumcincta 
homogenate A2a with increasing concentration of creatine. 
Creatinase activity was calculated from the rate of NADH uti l isation ,  
through the oxidation  of NADH in coupled assays with u rease and 
GDH, which was monitored spectrophotometrica l ly at 340nm.  
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Figure 3.7. Effect of pH on creatinase activities (mean ± SEM,  n = 2) 
of sheathed L3 0. circumcincta homogenate SL5. Creatinase activity 
was calculated from the rate of NADH uti l isation , through the oxidation 
of NADH in coupled assays with u rease and GDH ,  which was 
monitored spectrophotometrical ly  at 340 nm.  
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Figure 3.8. Creatinase activity of sheathed L3 O. circumcincta 
homogenate SL6 with increasing concentration of creatine. C reatinase 
activity was calculated from the rate of NADH uti l isation ,  through the 
oxidation  of NADH in coupled assays with urease and GDH,  which was 
monitored spectrophotometrica l ly  at 340nm. 
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3.3 .2  CREATINASE 

3.3.2. 1 Effect of pH 

The effect of pH on the creati nase activity (mean ± SEM, n = 2) of a 

homogenate of sheathed L3 (SL5) is shown in Figure 3 .7 .  The optimum pH 

was pH 7 . 5-8 at which the activity was 23 ± 6 nmoles min-1 mg-1 protein (mean 

± SEM) .  

3.3.2.2 Kinetic parameters 

The creatinase activities of homogenates of sheathed L3 (SL6) and 

adu lt worms (A2a) are shown in F igures 3.8 and 3.9 respectively. Values were 

s imi lar for adult worms and L3. The Km and Vmax of the homogenates of 

sheathed L3 and adult worms are shown in Tables 3 .4  and 3 .5 .  For the 

substrate creatine, the Km values were 0 .2 ± 0.07 mM and 0 . 3  ± 0 . 1 mM (mean 

± SEM) for sheathed L3 (n = 3) and adult worms (n = 2) respectively. The Vmax 

were 22 ± 1 and 23 ± 1 nmoles min-1 mg-1 protein (mean ± SEM) for sheathed 

L3 (n = 3) and adult worms (n = 2) respectively. 

Storage of one homogenate at 4°C for 24 hours d id  not alter the Vmax 

but the calcu lated Km was s l ightly g reater at 0 .7 mM. 

3.3.2.3 Effectors/inhibitors 

Creatinase activities of homogenates of sheathed L3 in  the presence of 

metal ions, ATP and ADP are shown i n  Table 3 .6 .  Creatinase activity was 

expressed as a percentage of the va lue in  the absence of added compounds, 

which was set at 1 00%. 

Three metal ions were inh ibitory: 0.5 mM Fe3+ in the form of FeCI3 

reduced the activity to 1 7  ± 2%, 0 .5  mM Cu2+ in the form of CUS04 to 1 1  ± 1 %  

and 0 . 5  m M  Mg2+ in the form MgS04 to 30 ± 2% (al l  mean  ± SEM, n = 2) . 

3 .3 .3  UREASE 

No urease activity was detected in homogenates of L3 (SL 1 0-1 2) or  

adu l t  worms (A3-4). 
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F igure 3. 1 0. Pyrrol ine-5-carboxylate dehydrogenase (P5COH)  
activity of sheathed L3 0.  circumcincta homogenate SL 1 3b with 
i ncreas ing concentration of 1 -pyrro l ine-5-carboxylate . P5COH 
activity was calculated from the rate of NAO+ uti l isation ,  which 
was monitored spectrophotometrical ly at 340nm .  

Table 3.7. Pyrro l ine-5-carboxylate dehydrogenase activities o f  sheathed 
L3 O. circumcincta homogenates with i ncreas ing concentration of 1 -
pyrro l i ne-5-carboxylate. P5COH activities were calcu lated from the rate 
of NAO+ uti l isat ion, which was mon itored spectrophotometrica l ly  at 
340nm. 

Homogenate 1 -P5C Vmax 

Km (mM) (nmoles m in-1 mg-1 prote in)  

SL 1 3a 1 .4 1 5  

SL  1 3b 2 .5 1 6  

S L  1 4  3 .0 1 8  

mean ± SEM,  n = 3 2 .3  ± 0 .5  16  ± 0 .8  
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3 .3 .4 PYRROLlNE-5-CARBOXYLATE DEHYDROGENASE 

The PSCDH activity of a homogenate of sheathed L3 (SL 1 3b) is shown 

in  F igure 3 . 1 0  and the Km and Vmax of the three homogenates in  Table 3.7 .  

For the substrate 1 -pyrro l ine-S-carboxylate, the Km was 2.3 ± O.S mM and Vmax 

was 1 6  ± 0 .8  nmoles min-1 mg-1 protein  (both mean ± SEM,  n = 3). 

3.4 DISCUSSION 

Arginase and creatinase activities have been demonstrated in  both L3 

and adult O. circumcincta, PSCDH was present in L3 (but not examined in  

adult worms), but no u rease activity was found i n  e ither l ife-cycle stage. 

Kinetic data were col lected to determ ine the importance of the enzymes being 

expressed in  d ifferent l ife cycle stages as wel l  as to predict the possible 

d i rection of metabol ic pathways. The properties of these enzymes wi l l  be 

compared with those reported from other species, particu larly mammals, to 

determine if  there are major differences in the nematode enzymes which would 

identify them as potential targets to be exploited for d rug development. 

Differences in metabol ic pathways between nematodes  and other species may 

also be usefu l i n  understanding parasite biology. 

3.4. 1 ARGINASE 

Arg inase activity was approximately 4 times h igher in homogenates of 

adult 0. circumcincta than in L3 homogenates (mean ± SEM of 1 26 ± 3 and 32 

± 4 nmoles min-1 mg-1 prote in respectively) (Tables 3 . 1 and 3.2) .  I t  is not clear 

whether this represents upregulation of the enzyme i n  adult worms or reflects 

chang ing structure of the parasites . It would be reasonable for upregulation of 

arg inase in parasitic stages to reduce the avai labi l ity of arg in ine to host NOS, a 

common pathogen strategy to l im it NO production (Vincendeau et al. , 2003). 

However, it probably is not val id to compare enzyme activities per mg prote in 

of whole parasite homogenate in different l ife cycle stages . If the activity of a 

particular enzyme in  both L3 and adult worms is  h igh only i n  one tissue, such 

as the gut, anatomica l  changes as the parasite develops from one stage to 

another may change the activity per mg of protein in the homogenate of the 

whole parasite. Most notable are the development of the reproductive tract i n  

adults and the relative reduction i n  cuticle mass, both of which would 

contribute addit ional protein but would d i l ute the gut enzyme .  
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There appears to be no change in  the isoforms (if more than one) 

during development, as the Km for a rg in ine was s imi lar in  adult worms and L3 

(0.7 ± 0. 1 and 0.4 ± 0. 1 mM respectively) (Tables 3 . 1 and 3.2) .  The most l ikely 

isoform is arg inase 1 1 ,  which is usua l ly a mitochondria l  enzyme responsible for 

agmatine formation (Wu and Morris ,  1 998; Ash ,  2004; Cederbaum et al. , 

2004) .  Arg inase I I  differs from arginase I ,  the cytosol ic isoform found mainly i n  

the liver o f  vertebrates ,  where it i s  the fina l  enzyme of the QUC. These 

isoforms have different properties , such as a requirement for a lower 

concentration of Mn2+ and lower pH  optimum for human a rg inase I I  than 

arginase I (Iyer et al. , 1 998; Cederbaum et al. , 2004) and inducti on by different 

stimul i  in mouse macrophages (Lou is et al. , 1 999) . The pH optimum of 8.0 for 

the O. circumcincta enzyme (Figure 3.4)  is cons istent with it being  the arg inase 

1 1  form . Most non-vertebrates appear to have on ly one isoform of arginase, 

e .g .  the polychaete Pista pacifica (Q'Mal ley and Terwi l l iger, 1 974) ,  the mol lusc 

Semele solida which has a cytosol ic enzyme (Carvajal et al. , 1 994) and 

Drosophila melanogaster (Samson, 2000) ,  although there are m ultiple forms of 

arginase in Neurospora crassa, which is unusual for a microorgan ism (Marathe 

et al. , 1 998) and the re were both a minor mult imeric form of F. hepatica 

arg inase and a major monomeric form (Mohamed et al. , 2005) .  I n  an earl ier 

study, arg i nase was determ ined to be cytosol ic in F. hepatica (Kurelec, 1 975). 

Maintenance of  the quaternary structure and cata lytic activity of 

arginases are dependent on the binding of a metal ion, usual ly M n2+ (Green et 

aI. , 1 990; Jenkinson et al. , 1 996; Ash ,  2004) .  The H. pylori enzyme is Co2+ 

dependent (McGee et al. , 2004) ,  which is suggested to be an adaptation to the 

avai lab i l ity of coba lamin in the gastric juice .  I n  crude homogenates, arginase 

activity is not a lways dependent on additional Mn2+ ,  as the enzyme appears to 

reta in  bound Mn2+ , although activity is not maximal .  This was the case for H. 

diminuta and severa l other cestodes and trematodes (except H. citell!) 

(Campbel l  and Lee, 1 963),  crustaceans (H i rd et al. , 1 986), i nsect fat body 

(Reddy and Campbe l l ,  1 969), the polychaete P. pacifica (Q'Mal ley and 

Terwi l l iger ,  1 974) and the mol lusc Dreissena polymorph a (Tormanen, 1 997) . 

I n  the experiments on O. circumcincta arginase, no  added Mn2+ was requ i red 

for activity and the increase i n  activity when 1 mM Mn2+ was added was very 

minor at on ly 1 3% (Table 3 .3) .  
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Table 3.8. Km values for a rg inases of different organisms. 

Source Km (mM) Reference 

Human (cytosol) 1 8 . 5  Basch e t  al. ( 1 997) 

Human (m itochondria) 49. 5 Basch et al. ( 1 997) 

Human (arginase 1 1 )  0.3 Col le luori et al. (200 1 ) 

Rat l iver 1 .6 Maggin i  et al. ( 1 992) 

Buffa lo l iver 42 Dabir et al. (2005) 

Genypterus maculatus 9. 1 (pH 7 .5) Carvaja l  et al. ( 1 987) 

(fish) l iver 1 1 . 5 (pH 9 .5) 

Vajna catjang (p lant) 2 Dabir et al. (2005) 

S. cerevisiae 1 5 . 7  Green et al. ( 1 990) 

N. crassa 1 3 1 Borkovich and Weiss ( 1 987) 

H. pylori 1 .8 McGee et al. (2004) 

Pheretima communissima 1 2  (pH 9 .5) l i no  and Shimadate ( 1 986) 

(earthworm) gut 54 (pH 7 .5) 

S. solida (mol l usc) 8 .5  (pH 9 .5) Carvaja l  et al. ( 1 994) 

(cytosol) 20 (pH 7 .5) 

P. pacifica (polychaete) 1 55- 1 60 Q 'Mal ley and Terwi l l iger ( 1 974) 

Insect fat body (3 species) 2 .4-9 . 1 Reddy and Campbel l  ( 1 969) 

Plasmodium falciparum 1 3  Mu l ler et al. (2005) 

F. hepatica 6 Mohamed et al. (2005) 
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O. circumcincta arg inase activity was reduced by 22% by 1 mM EDTA 

(Table 3 .3) ,  but clearly reta ined adequate bound metal ion for activity. 

Tormanen ( 1 997) reported a simi lar inh ibit ion of 30% by 1 mM EDTA of 

arg inase from O. polymorpha. Both Kuhn et al. ( 1 99 1 ) and Recznowski and 

Ash ( 1 994) used assays in which no added Mn2+ was requ i red to measure 

arg inase activity in rat and mouse l iver respectively, and chelators , incl ud ing 

EDTA, d id not inhibit the enzymes. This was bel ieved to be the result of tightly 

bound metal ,  which was inaccessible to added chelators. In studies of purified 

enzymes, to obtain maximum activity, or sometimes any activity, the enzyme 

must be pre-activated with MnCI2 , because the metal is removed by d ialysis or 

treatment with solvents during the purificat ion.  These activated enzymes 

usual ly have pH optima in the range pH 9-1 0 . The properties of these 

activated enzymes are different from those of enzymes studied at pH 7-8 and 

higher Mn2+ concentration (Kuhn et al. , 1 991 ) and could be responsible for the 

very high Vmax and Km reported in some studies (Jenkinson et al. , 1 996). The 

activity and Km measured at pH 8 are more l ikely to be physiologically re levant, 

but lower than at very basic pH .  Measurement of  enzyme activities at 

physiological pH resulted in val ues of 1 -2 mM for rat l iver arg inase, lower by a 

factor of 2-3 times that at h igh pH (Maggini et al. , 1 992) .  

Comparison of the kinetic properties of 0. circumcincta arginase with 

those of other org anisms (Table 3 .8) is very difficult because of the g reat 

variabi l ity of publ ished values, even in the same species, for the reasons 

discussed above (Jenkinson et al. , 1 996). O. circumcincta arginase activity 

was pH dependent, being 5-fold h igher at the optimal pH of 8 compared with 

those at pH 5 .5  or 9. Only a few reported enzymes have an optimum pH in the 

physiolog ical range ,  e .g .  pH 6 .8  for human a rginase II ( Iyer et al. , 1 998; 

Cederbaum et al. , 2004) and 6. 1 for H. pylori (McGee et al. , 2004) .  Many 

kinetic studies of arginases are carried out in the presence of high added Mn2+, 

which general ly ra ises the pH optimum and Vmax. It is not clear whether added 

Mn2+ or measurement at unphysiological ly h igh  pH (which both alter the 

enzyme stabi l i ty) would a lways affect the Km; i t  was altered in some studies 

(see Table 3 .8) ,  but not others, e . g .  in arginase from O. polymorpha the Km 

was s imi lar with and without metal ions, although not the same with each ion 

(Tormanen , 1 997). 
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Table 3.9. Effects of various inhibitors on P. pufida creatinase 
activity (Yoshimoto et  al. , 1 976). Abbreviations: DFP:  
di isopropylfluorophosphate; EDT A: ethylenediaminetetraacetate 
sodium salt; NBS :  N-bromosuccin imide;  PCMB: p­
chloromercuribenzoate. 

Inhib itor Concentration (mM) Inh ibition (%) 

DFP 1 30 

EDTA 2 1 0  

NBS 1 30 

PCMB 0 .5  1 00 

HgCI2 1 1 00 

ZnCI2 1 1 00 

CUS04 1 1 00 

CoCb 1 7 1  

MgS04.7H2O 1 3 1  

CaCI2 1 32 

Pb acetate 1 1 5  

FeCI2 1 1 5  
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The effects on arginase activity of other metal ions are also species 

dependent, e . g .  cadmium can be either stimulatory (Reddy and Campbel l ,  

1 969; Patchett et al. , 1 991 ; Caraval et al. , 1 994) or inhib itory (Caraval et al. , 

1 984, 1 996; Tormanen, 1 997, 2006) . The two metal i ons tested in the present 

study were both inhibitory: Fe2+ inhibited the enzyme by 54% and Cu2+ by 28% 

at 1 m M  (Table 3). Fe2+ was also inhibitory to F. hepatica arginase, a long with 

five other metal ions (Mohamed et al. , 2005) and Cu2+ was more inh ibitory to 

rat arg inase I than arginase " (Tormanen, 2001 )  but complete ly inhibited 

human a rg inase " (Col leluori et al. , 200 1 ) . Overal l ,  the properties of O. 

circumcincta arginase were those expected of an arg inase " isoform, 

particularly requ iring a smal l  amount of metal ion for activity and a pH optimum 

around neutra l .  

3 .4.2 CREATINASE 

The identification of creatinase activity in both L3 and adult O. 

circumcincta was unexpected, as this enzyme has not previously been 

described in nematodes and is considered a microbial enzyme. The possibi l ity 

of this enzyme, or any other found in worm homogenates, being of microbial 

orig in cannot be definitely excluded until the gene is identified in the nematode 

genome, but is considered very unl ike ly as both L3 and adult worms were 

cleaned before homogenisation. Adult worms actively migrated out of a solid 

agar block, which removes most bacteria l  contamination .  L3 moved through a 

paper fi lter during the Baermannization process and were subsequently 

washed before homogenisation, which would remove microbes in the storage 

fluid and any loosely adherent to the nematode cuticle. Any remaining 

bacteria would be expected to make an insignificant contribution to the 

homogenate. Since urease is also a typical bacteria l  enzyme, but no  activity 

could be detected in adult or L3 homogenates, it is considered un l ikely that 

enzyme activities are other than of nematode orig in .  

Relatively few reports contain  kinetic data for creatinase, although the 

enzyme has been studied in P. putida (Yoshimoto et al. , 1 976; Col i  et al. , 

1 990; Chang et al. , 1 992), Bacillus (Suzuki et al. , 1 993) and Actinobacillus 

(Padmanabhan et al. , 2002) . The Km values for creatine were particu larly 

variable. Yoshimoto et al. ( 1 976) reported a Km for creatine of a purified P. 

putida enzyme of 1 .33 mM,  g reatest activity at pH 8, stabi l ity between pH 6 

and 8 and an optimal temperature of 30°C. The enzyme was completely 
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inhib ited by Cu2+ ,  Hg2+ and Zn2+ and by the thio-b locking agent PCMB (Table 

3.9) .  Others found a much higher Km for creatine: 1 4 .3  mM for the P. putida 

enzyme (Schumann et al. , 1 993), 46 mM for an Arthrobacter sp enzyme 

(Nish iya et al. , 1 998), 1 7 .2 mM for Alcaligenes (Wyss and Kaddurah-Daouk, 

2000) and 26.4 mM for a Paracoccus sp enzyme (Wang et al. , 2006) . The 

human enzyme had a pH optimum of 6.2 and Km of 0 .08 and 0 .36 mM for 

normal subjects and Duchenne muscular dystrophy patients respectively 

(Miyoshi et al. 1 980b) , much closer to the values for the 0. circumcincta 

enzyme. 

Overa l l ,  the O. circumcincta enzyme showed simi lar properties to those 

of bacteria l  enzymes, despite the low Km for creatine of 0 .2 ± 0 .07 mM and 0 .3 

± 0. 1 mM (mean ± SEM) for sheathed L3 (n = 3) (F igure 3 .8) and adu l t  worms 

(n = 2) (F igu re 3 .9) respectively. Divalent metal ions were inh ib itory, as for 

purified P. putida creatinase (Table 3 .9 ,  Yoshimoto et aI. , 1 976): 0 . 5  mM Fe3+ ,  

Cu2+ and Mg2+ reduced the activity to 1 7%,  1 1  % and 30% respectively. The 

pH optimum of pH 8 was simi lar to the pH 7. 5-8 for bacterial creatinases (Wyss 

and Kaddurah-Daouk, 2000) . 

An interesting question is what role creatinase activity might play in a 

parasitic nematode and to specu late whether the enzyme may have been 

acquired from bacteria in the soi l  or in the sheep gastrointestina l  tract. The 

most obvious advantage of the abi l ity to degrade creatine to urea and 

sarcosine would be nutritional .  Creatine obtained either from the host or 

bacteria cou ld become a source of n itrogen from the degradation  of urea to 

ammonia (wh ich requ i res urease activity) or breakdown of sarcosine by 

sarcosine oxidase or dehydrogenase, both of which are present in mammals 

(Wittwer and Wagner, 1 981 ; Reuber et  al. , 1 997) and may wel l  a lso be present 

in nematodes. However, urease activity was not detected in 0. circumcincta. 

Blood feed ing parasites would ingest large amounts of creatine in the 

erythrocytes , which is especial ly high in young cel ls (Jiao et al. , 1 998; Okumiya 

et al. , 2004), whereas O. circumcincta may ingest creatine in fl uid exudates or 

intact or s loughed gut cel ls .  Nematodes, i ncluding H. contortus ( Platzer et al. , 

1 995), do  not use phosphocreatine as an energy buffer, but instead use 

phosphoarg in ine in the same role .  P resumably this is the phosphagen also i n  

O .  circumcincta, which may al low creatinase activity in  O .  circumcincta without 
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the danger of breaking down its own phosphagen, should the two be co­

located in tissues. 

3.4.3 UREASE 

No urease activity could be detected in  either L3 or adult worm 

homogenates .  This enzyme was examined for two reasons: firstly, there are 

several earl ier reports of urease i n  cestodes (Simmons, 1 960) and in  the 

nematodes Nematodirus spp. and A. lumbricoides (Rogers,  1 952) and 

secondly ,  0. circumcincta inhabits the stomach, as does H. pylori, which uses 

u rease to neutra l ise gastric acid (Mobley and Hausinger, 1 989; Megraud et al. , 

1 992) .  

Although general ly not present in animals ,  urease has been recorded i n  

a number o f  invertebrates, includ ing nematodes (cited by  S immons, 1 960) . 

Many of these studies were conducted decades ago, but the methodologies 

appear to be sound.  More recently there have been additional reports of 

an imal  urease activity in insects and invertebrates. Urease activity has been 

identified both in worm tissue and in the large population of symbiotic bacteria 

harboured in a special internal structure in a deep sea giant tube worm Riftia 

pachyptila (Minic and Herve, 2003) and in  the bruchis beetle (Rosenthal et al. , 

1 982) . The urease activity in s i l kworm haemolymph is not an insect protein ,  

but is obtained from mulberry leaves by uptake through the microvi l l i  in  the 

mid-intestine (Sug imura et al. , 2001 ; Kurahashi et al. , 2005). Haemolymph 

urease a l lows recycl ing of urea,  conserving nitrogen for s i l k  formation, rather 

than los ing it by excretion (Hirayama et al. , 1 999). 

Because there is both creatinase and arg inase activity in  O. 

circumcincta, it was considered possible that urease might also be present to 

make use of the urea generated by metabolism or the reasonably high 

concentrations of exogenous urea in  abomasal fluid (Harrop and Phi l l ipson, 

1 974). Bacteria ,  including H. pylori, use urease for amino acid synthesis 

(Wi l l iams et al. , 1 996) , however, this would not seem to be the case for O. 

circumcincta. Another reaso n  that the parasitic stages of O. circumcincta 

might possess urease could be to generate ammonia to neutral ise gastric acid , 

as does the gastric bacterium H. pylori, however, other bacteria facing acid 

chal lenge use a variety of other strateg ies (reviewed by Bearson et al. , 1 997; 

Audia et al. , 200 1 ; Cotter and H i l l ,  2003). The dihydrolase pathway is used by 
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Table 3.1 0. Km values for pyrro l ine-5-carboxylate in the reaction 
catalysed by pyrrol ine-5-carboxylate dehydrogenase in  d ifferent 
organisms .  

Source 

Rat l iver 

Human l iver 

s. typhimurium 

S. typhimurium 

Km (mM) 

0.09 

0. 1 7  

1 1  

8 

Reference 

Smal l  and Jones ( 1 990) 

Forte-McRobbie and 

Pietruszko ( 1 986) 

Menzel and Roth ( 1 98 1 ) 

M uro-Pastor and Ma loy 

( 1 995) 



76 

some organisms to generate ammonia from argin ine ,  whi le others use amino 

acid decarboxlyses to incorporate a proton and export a more neutral 

compound .  Examples include the import of extracel lu lar arg in ine ,  g lutamate or 

lys ine and convers ion and export of agmatine ( using arg in ine decarboxylase), 

GABA (using g lutamate decarboxylase) or  cadaverine (using lysine 

decarboxylase) respectively. Abomasal nematodes may employ s imi lar 

processes to survive the pH of about 2 .S  in the sheep stomach (Lawton et al. , 

1 996). 

3.4.4 PYRROLlNE-5-CARBOXYLATE DEHYDROGENASE 

The low PSCDH activity in homogenates of sheathed L3 0. circumcincta 

of 1 6  ± 0 .8  nmoles min-1 mg-1 prote in (Figure 3 . 1 0  and Table 3.7) ,  suggests 

that the conversion of prol ine (or ornith ine) to g lutamate may be of minor 

importance relative to pro l ine synthesis. The Km for PSC of L3 homogenates 

was 2 .3  ± O .S  mM, i ntermediate between values for mammal ian  and bacteria l  

enzymes (Table 3. 1 0) .  A reason for the high Km for many bacterial enzymes i s  

substrate channel l i ng in a multifunctional enzyme (Surber and Maloy, 1 998). 

Whereas there are two enzymes in eukaryotes,  in  Salmonella typhimurium 

(Menzel and Roth , 1 981 ; Surber and Maloy, 1 998), Bradyrhizobium japonicum 

(Krishnan and Seeker, 200S) and P. putida (Vilchez et al. , 2000) , pro l ine 

dehyd rogenase (oxidase) and PSCDH activities reside in a s ing le polypeptide .  

The intermed iate PSC directly transfers between  the two enzymatic functions 

via a leaky channe l ,  so that h igher concentrations of exogenous PSC are 

needed to compete with endogenously produced P5C, resulti ng in a h igher Km 

in assays (Surber and Maloy, 1 998). 

Nematodes appear to have al l the enzymes for interconversion of 

ornith ine, prol ine and g lutamate (Grantham and Barrett, 1 986b; Walker and 

Sarrett, 1 991  a) ,  but the predominant di rection may change during the l ife 

cycle. The data from 0. circumcincta suggests that in  L3 the d irection is not 

predominantly in the d i rection of g lutamate formation. Pro l ine may be being 

formed from ornith ine ,  or alternatively an adequate supply of pro l ine may be 

avai lab le .  While sheathed L3 would not be actively formi ng cuticle, the 

moult ing cycle would create a demand for cutic le synthesis. Prol ine may also 

be in  demand as an  energy and n itrogen source as it is in  bacteria (Vilchez et 

al. , 2000) ,  insects (Auerswald et al. , 1 998; Auerswald and Gade, 1 999;  
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Scaraffia and Wel ls ,  2003) and parasitic trypanosomes (Obungu et a/. , 1 999) 

or as an osmoprotectant, as in crustaceans (Burton ,  1 992;  Bishop and Burton, 

1 993; Wil lett and Burton ,  2002) , bacteria (M i lner et al. , 1 988; Lee et al. , 2003) 

and p lants (Song et a/. , 2005; Yamada et al. , 2005) . 

3.4.5. UREA AND ARGININE METABOLISM 

A metabol ic map l inking the enzymes identified in L3 or adu lt O. 

circumcincta homogenates is shown in Figu re 3 . 1 1 .  The Km values for the 

substrates and the Vmax for the reactions are i ndicated . 

U rea excreted by O. circumcinta is probably generated by arg inase and 

possibly a lso by creatinase. Agmatinase activity could also be a source of 

urea. O. circumcincta would be expected to be s imi lar to trematodes and other 

nematodes i n  not having an active QUC (Janssen and Bryant, 1 969; Wright, 

1 975a; Grantham and Barrett, 1 986a; Mohamed et al. , 2005) . Urea may 

merely be a by-product of these enzymes rather than a preferred method of 

excreting n itrogen.  The absence of urease activity suggests that urea cannot 

be used as a source of nitrogen un less associated microorganisms in  the 

abomasal flu id or in the parasite gut partic ipate in recycl ing urea . 

Arg in ine may be an  essential amino acid for O. circumcincta, depending 

on the activity of OTCase needed to convert ornith ine to arg in ine .  In  spite of 

nematodes having an i ncomplete QUC, arg inase and QTCase a re the 

enzymes reported to be active i n  some studies (Wright, 1 975a). Kapur  and 

Sood ( 1 984) using 1 4C-precursors (glucose, acetate, C02 and palmitic acid) 

found all amino acids to be label led in H. contortus, i ncluding arg in ine. 

Arg in ine catabol ism is significant in both L3 and adult O. circumcincta, 

but based on enzyme activities, l ittle o rnith ine is being metabol ised to 

g lutamate via P5CDH,  suggesting prol i ne  synthesis predominates over 

catabol ism.  Arg in ine and ornithine are requ i red for synthesis of phosphagens 

(either phosphoarg in ine or phosphocreatine) , n itric oxide and the polyamines 

putrescine,  spermine and spermidine. The 4-fold increase in a rginase activity 

per mg protein in adult worms compared with sheathed L3 may be a genuine 

reflection of an increased metabol ic rate in adult worms. Drawing such 

conclusions must be done with caution,  as d iscussed previously, because an 

enzyme may be very active in the reproductive tract, but activity is unchanged 
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in  the other organs where the enzyme is located . Changes in whole worm 

enzyme activity may more reflect the changing composition of the parasite and 

organs differing in their metabol ic activities. However, in contrast to th is 

apparent i ncrease in arg inase activity, creatinase activity was unchanged . 

I ncreased a rg inase activity in the parasitic stage may i nstead be a protective 

mechanism , as It has been suggested that parasites i ncrease the i r  arg inase 

activity or induce increased host argi nase activity to deplete NOS of substrate 

to reduce the production of toxic NO by the host (Giordanengo et a,/. , 2002; 

Vincendeau et al. , 2003) . As in  other parasites, arginase could therefore be 

used in the future as a target to e l iminate the parasites (Olds et al. , 1 980) . 

Arg in ine metabol ism is l inked via P5C and OAT to g lutamate , a central 

am ino acid in nitrogen metabol ism. Synthetic enzymes of g lutamate 

metabol ism a re reported in Chapter 5 and l inks to a lan ine and aspartate, 

main ly focussing on transamination, in Chapter 4. 
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Chapter 4 

M ETABOLISM OF ALAN I N E  AN D AS PARTATE 

BY OSTERTA GIA CIRCUMCINCTA 

4. 1  I NTRODUCTION 

Alan ine and aspartate are i nvolved i n  the i nterconversion of amino acids 

and also in contributing carbon skeletons to the TCA cycle ,  pri ncipal ly through 

transamination by a lan ine aminotransferase (AlaAT) and aspartate 

aminotransferase (AspAT) to pyruvate and OAA respectively. Other reactions 

in which a lan ine and aspartate participate have been described in Chapter 1 ,  

1 .6 and a re summarised in  F igures 1 .8-1 . 1 0 , some of which are bel ieved to be 

restricted to microorganisms and plants, wh i le  others, such as the 

transaminations are very active in most species studied. Several 

aminotransferases have been detected in nematodes (Rasero et al. , 1 968; 

Grantham and Barrett, 1 986a ,b ;  Walker and Barrett, 1 99 1 a , b) ,  i nc lud ing AlaAT 

in 0. circumcincta (Walker and Barrett, 1 99 1 b) .  

4. 1 . 1 ALANINE AMINOTRANSFERASE (ALAAT) ( EC 2.6 . 1 .2)  

AlaAT is a PLP-dependent enzyme which catalyses the reversible  

transamination between 2-oxoglutarate and L-a lan ine to form g lutamate and 

pyruvate respectively (F igure 4. 1 ) . The isoforms cAlaAT and mAlaAT are 

distinct molecular and genetic forms (Astrin et aJ. 1 982; RU5cak et al. , 1 982; 

Kielty et al. , 1 982; Sohocki et aJ. , 1 997; Yang et al. , 2002) . The k inetics of the 

two forms are consistent with the mitochondria l  enzyme mainly being involved 

in the forward reaction (formation of pyruvate) and the cytosol ic  main ly in the 

reverse reaction (formation of alanine) (OeRosa and Swick, 1 975) .  Pyruvate 

generation is i nvolved in g luconeogenesis and ATP production v ia the Krebs 

cycle ,  whi le a lanine formation is involved in the synthesis of prote i n .  

AlaAT has been identified i n  the cestodes in  M. expansa ( Rasero e t  al. , 

1 968), H. diminuta and H. citelli (but was not present in  H. nana) (Wertheim et 

al. , 1 960) and in the Digeneans C. lingua and C. emasculans (Watts, 1 970) . 
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AlaAT has been reported from the nematodes A. lumbricoides (Rasero et al. , 

1 968) , C. oncophera,  H. contortus, N. brasiliensis, 0. circumcincta, T. 
colubriformis, P. redivivus, S. bibionis (Walker and Barrett, 1 99 1  b) and H. 

polygyrus (Grantham and Barrett, 1 986a) .  In  contrast to the rat l iver enzyme, 

in most nematode species, i ncluding 0. circumcincta, there was greater AlaAT 

activity i n  the d i rection of alanine formation ,  but equal rates for the forward and 

reverse reactions in  H. contortus (Wal ker and Barrett, 1 99 1  b) .  In N. 

brasi/iensis, cAlaAT was responsib le for 80% of activity but for only 54% in  H. 

confortus, with 22% of total activity was associated with the cel l debris and 

cuticle fractions. 

4. 1 .2 ASPARTATE AMINOTRANSFERASE (AspAT) (EC 2 .6 . 1 . 1 )  

Aspartate aminotransferase, formerly called g lutamate oxaloacetate 

transaminase, catalyses the reversib le transamination between L-aspartate 

and 2-oxog lutarate to form glutamate and oxaloacetate respectively (Figure 

4.2) .  It has an important role i n  transporting reducing equivalents into the 

m itochondria by the malate/aspartate shuttle, shown in F igure 1 . 1 0  (Setoyama 

et aI. , 1 990) . Like other aminotransferases, AspAT is PLP dependent. 

The cytosol ic (cAspAT) and mitochondrial (mAspAT) isoforms have 

different substrate specificities and are coded by d istinct nuclear genes 

(Mart inez-Carrion et al. , 1 967;  Michuda and Martinez-Carrion ,  1 969; Reed and 

Hess, 1 975;  Panteghin i ,  1 990; Morin et al. , 1 992; Matti ng ly et aI. , 1 995; 

Verleur  and Wanders, 1 997) and there are a lso multi ple subforms of cAs pAT 

and mAspAT (Martinez-Carrion et al. , 1 967; Bertland and Kap lan ,  1 968, 1 970; 

Michuda and Marti nez-Carrion, 1 969; Rej , 1 98 1 ) . The pH optima of cAs pAT 

and mAspAT differed in  the rat bra in  isozymes (Recasens et al. , 1 980). The 

cytosol ic form had a pH optimum from 8 .5- 1 0, whi le the m itochondrial form had 

a pH optimum of 8 . 7  and at physio log ical pH 7 .4 ,  cAspA T activity was 60% and 

m-AspAT 95% of maximal activity. The cytosol ic isozyme was more 

thermosensitive and there were d ifferences in substrate specificity. 

AspAT is present in most organisms and has been reported from 

helminths:  cestodes H. dim in uta , H. nana and H. citelli (Wertheim et al. , 1 960) 

and the sheep parasite M. expansa (Rasero et al. , 1 968) and the nematodes 

A. lumbricoides (Rasero et al. , 1 968) , P. re divivus , H. po/ygyrus (Grantham 

and Barrett, 1 986a) and N. brasiliensis (Walker and Barrett, 1 99 1  a) .  
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4.1 .3  ASPARTASE (EC 4 .3 .1 . 1 )  

The enzyme aspartase (L-aspartate ammonia- lyase) catalyzes the 

reversib le deamination of the am ino acid L-aspart ic acid to produce fumarate 

and ammonium (Figure 4.3) .  Aspartase activity is wel l recognised in  bacteria, 

but has also been reported from frog embryos (Kurata , 1 962) , teleost fish 

(Salvatore et al. , 1 965) and e lasmobranchs (Salvatore et al. , 1 965; Cutinel l i  et 

al. , 1 972). 

Aspartase is very specific for L-aspartate in  the d i rection of fumarate 

formation (Giorg ianni  et al. , 1 997) . The enzyme has unusual kinetic 

properties, particularly the requ irement for d ivalent cations  (Mn2+ or Mg2+) at 

a lka l ine pH but not below pH 7 and variation in the substrate Km with pH 

because of conformational changes in  the enzyme (Vio la ,  2000). Al losteric 

activation of the enzyme by L-aspartate is  needed for both the deamination 

and am ination reactions. Both the cation and aspartate bind to an  activator­

b ind i ng site , which is d ifferent from the active site (Fuj i i  et al. , 2003) . 

The experiments reported below have focussed on obtain ing kinetic 

data for AlaAT and AspAT, which are known to be active in O. circumcincta 

and other nematodes (Rasero et al. , 1 968; Grantham and Barrett, 1 986b; 

Walker and Barrett, 1 99 1 a , b) .  To examine whether the re might be unusual 

aspartate metabolism , the activity of aspartase was measured and found to be 

considerable in L3 O. circumcincta. 

4.2 MATERIALS AN D METHODS 

Parasites for enzyme assays were provided as detailed in Appendix 1 .  

L3 were cultured from the faeces of i nfected sheep, stored at 4°C and prior to 

each experiment, were Baermannized to remove i nactive worms. Adult worms 

were recovered from the abomasa of i nfected sheep (Appendix 1 ,  1 .4) .  

Al l chemicals were obta ined from the Sigma Chemical Co. (Mo, USA) 

un less specified. 

4.2 . 1  HOMOGENATE PREPARATION 

Enzyme activities were determined on homogenates prepared from 

sheathed L3 or adult O. circumcincta (Appendix 2 ,  2 .6) .  The amount of 

homogenate used for the enzyme assays was based o n  its prote in content, 
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which was determined by the Bradford method (Appendix 2, 2 . 3) ,  so that an 

amount of homogenate contain ing 50 I-Ig protein was used for each assay. 

4.2.2 ALANINE AMINOTRANSFERASE 

Alan ine aminotransferase (AlaAT) was assayed both in  the d i rection of 

alanine uti l isation and formation: 

AlaAT 

L-alan ine + 2-oxoglutarate � L-glutamate + pyruvate 

4.2.2. 1 Effect of pH and PLP concentration 

The assay was an adaptation of that of de Sousa and Sodek (2003) . 

Pre l iminary assays to determine the optimum pH and pyridoxal phosphate 

(PLP) concentration were carried out at 30°C i n  the d i rection of alanine 

formation and alanine uti l isation. 

To determine the optimal pH in the d i rection  of alanine formation ,  Tris 

buffer (Appendix 3, 3 .2) pH 5 .5 to 8 .5  was used i n  a reaction mixture (total 

volume of 1 m l) conta in ing 2 mM glutamate, 0 .2 mM PLP, 1 Unit  of GDH, 40 

mM NH4CI and 50 I-Ig homogenate prote in ,  prepared in 1 00 mM Tris buffer pH 

7 .5 .  Subsequently, 0 .2  mM NADH was added and the reaction was in itiated 

by adding 5 mM pyruvate . AlaAT activity was calculated from the rate of 

NADH uti l isation ,  which was monitored spectrophotometrical ly at 340 nm. 

To determine the optimal pH in  the d i rection  of a lan ine uti l isation, Tris 

buffer pH 5 .5 to 8 .5 was used in a reaction mixture (total volume of 1 ml)  

conta in ing 5 mM alanine, 0 .2 mM PLP, 1 Unit of LDH and 50 I-Ig homogenate 

protein ,  prepared in  1 00 mM Tris buffer pH 7 .5 .  Subsequently, 0 .2  mM NADH 

was added and the reaction was in itiated by adding 1 mM 2-oxog lutarate. 

To determine the optimal PLP concentration  in the d i rection of alanine 

uti l isation ,  Tr is buffer pH  7.5 was used in a reactio n  mixture (tota l volume of 1 

ml) conta in ing 5 mM alan ine, 1 Un it  of LDH and 50 I-Ig homogenate protein ,  

prepared in 1 00 mM Tris buffer pH 7.5 with [PLP] from 0 to 0.5 mM. 

Subsequently, 0 .2 mM NADH was added and the reaction was initiated by 

adding 1 mM 2-oxoglutarate. AlaAT activity was calculated from the rate of 

NADH uti l isation ,  which was monitored spectrophotometrica l ly at 340 nm. 
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The optimum values of pH 7 .5  and PLP concentration of  0.2 mM were 

used in subsequent assays. 

4.2.2.2 Kinetic parameters in the direction of alanine utilisation 

AlaAT activity was estimated at 30°C in homogenates of sheathed L3 (n 

= 3) or  adult  worms (n = 2) ,  us ing the protocol for continuous assays described 

in Appendix 2 ,  2 .7. Enzyme  activity was monitored using a coupled reaction  

with lactate dehydrogenase (LDH) :  

AlaAT 
L-a lanine + 2-oxoglutarate -----.� L-g lutamate + pyruvate 

LDH 
pyruvate + NADH + H+ lactate + NAD+ 

The reaction mixture (total volume of 1 m l )  conta ined 1 0  mM alanine, 

0.2 mM PLP, 1 Unit of LDH and 50 I-Ig homogenate prote in ,  prepared in 1 00 

mM Tris buffer (Appendix 3 ,  3 .2) pH 7.5 .  Subsequently, 0 .2  mM NADH was 

added and the reaction was initiated by adding 2 mM 2-oxoglutarate . 

The Km and Vmax were determined for AlaAT activity for both the 

substrates 2-oxogl utarate and a lan ine. 

( 1 )  For 2-oxoglutarate, the reaction was in itiated by the addition of 2-

oxoglutarate i n  concentrations from 0 to 5 mM. 

(2) For alan i ne ,  reaction mixtures were prepared with 10 mM 2-

oxoglutarate, i nstead of 1 0  mM a lanine ,  and the reaction was in itiated by the 

addition of a lanine in concentrations from 0 to 25 mM. 

4.2.2.3 Kinetic parameters in the direction of alanine formation 

AlaAT activity was estimated at 30°C in  homogenates of sheathed L3 (n 

= 3) or  adu lt worms (n = 1 )  using the protocol for continuous assays described 

in  Appendix 2 ,  2.7. Enzyme activity was monitored with a coupled reaction 

with g lutamate dehydrogenase (GDH): 

AlaAT 
L-glutamate + pyruvate -------I�� L-alan ine + 2-oxog lutarate 

GDH 

2-oxoglutarate + N H/ + NADH -------I�� L-glutamate + NAD+ + H20 

The assay for AlaAT was adapted from de Sousa and Sodek (2003) . 

The reaction mixture (total volume of 1 ml) conta ined 5 mM g lutamate ,  0.2 mM 
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PLP, 1 U nit of GDH ,  40 mM N H4CI and 50 I-Ig homogenate prote in ,  prepared in 

1 00 mM Tris  buffer pH 7 .5. Subsequently, 0 .2  mM NADH was added and the 

reaction was i nitiated by adding 2 mM pyruvate. 

Km and Vmax were determined for both substrates g lutamate and pyruvate: 

( 1 )  For g lutamate,  reaction mixtures were prepared with 1 0  mM 

pyruvate i nstead of 5 mM glutamate.  The reaction was i nitiated by the addition 

of g lutamate in concentrations from 0 to 2 m M .  

(2) For pyruvate, the reaction was initiated by the addition of pyruvate 

i n  concentrations from 0 to 1 0  mM.  

4.2.3 ASPARTATE AMINOTRANSFERASE 

Aspartate aminotransferase (AspA T) was assayed both in  the d i rection 

of aspartate uti l isation and formation :  

AspAT 
L -aspartate + 2-oxoglutarate •• ----.. � L-g lutamate + oxaloacetate 

4.2.3. 1 Effect of pH, PLP concentration, ADP and A TP 

Pre l im inary assays to determ ine the optimum pH ,  the optimum pyridoxal 

phosphate (PLP) concentration and the effect of A TP and ADP were 

conducted at 30°C using the reaction mixture described in  Section 4 .2 . 3 .2 .  

To dete rmine the optimal pH in  the direction of aspartate uti l isation ,  1 00 

mM Tris buffer pH 5. 5 to 8 . 5 was used in  a reaction m ixture (total volume of 1 

ml) conta in ing 5 mM aspartate, 0 .2 m M  PLP, 1 un it  MOH and 50 I-Ig 

homogenate prote in ,  prepared in  1 00 mM Tris buffer pH 7.5. Subsequently, 

0 .2 mM NADH was added and the reaction was initiated by adding 1 mM 2-

oxoglutarate. AspAT activity was calculated from the rate of NADH uti l isation, 

which was monitored spectrophotometrical ly at 340 nm. 

To determine the optimal PLP concentration in the d i rection of aspartate 

uti l isation ,  1 00 mM Tris buffer pH 7 .5 was used in  a reaction mixture (tota l 

volume of 1 ml) contain ing 3 mM aspartate, 1 un it MOH and 50 I-Ig 

homogenate prote in ,  prepared in 1 00 mM Tris  buffer pH 7.5 with [PLP] from 0 

to 1 mM.  Subsequently, 0.2 mM NADH was added and the reaction was 

in itiated by adding 1 mM 2-oxog lutarate. AspAT activity was calculated from 

the rate of NADH uti l isation ,  which was monitored spectrophotometrica l ly at 

340 nm. 
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The optimum pH of 7.5 and [PLP] of 0.25 mM were used for subsequent 

experiments described in Section 4 .2 .3 .2 .  

To determine the effects of  ATP and ADP on  AspAT activity, 1 mM of 

ATP or ADP was incl uded in the reaction mixture (total volume of 1 ml)  

contain ing 1 00 mM Tris buffer pH 7.5 ,  5 mM aspartate, 0 .2 mM PLP, 1 un it  

MDH and 50 IJg homogenate prote in ,  prepared in 1 00 mM Tris buffer pH 7.5 .  

Subsequently, 0.2 mM NADH was added and the reaction was i nitiated by 

adding 1 mM 2-oxoglutarate . 

4.2.3.2 Kinetic parameters in the direction of aspartate utilisation 

AspAT activity was estimated at 30°C in homogenates of sheathed L3 

(n = 3) or  adu lt worms (n = 2 or n = 3) using the protocol for contin uous assays 

described in Appendix 2, 2 .7 .  The activity was m onitored through a coupled 

reaction with malate dehydrogenase (MDH) :  

As pAT 
L-aspartate + 2-oxogl utarate --------1 •• 

MDH 
oxaloacetate + NADH + H+ 

L-g lutamate + oxaloacetate 

L-malate + NAD+ 

The assay for AspAT was adapted from Reed and Hess ( 1 975). The 

reaction mixture (total volume of 1 ml) conta ined 1 0  mM aspartate, 0 .2 mM 

PLP, 1 un i t  MDH and 50 IJg protein ,  prepared in  1 00 mM Tris buffer pH 7 .5 .  

Subsequently, 0 .2 mM NADH was added and the reaction was in itiated by 

adding 0 .2  mM 2-oxog lutarate. 

The Km and Vmax were determined for AspAT activity for both the 

substrates aspartate and 2-oxoglutarate: 

( 1 ) For 2-oxog lutarate, reaction  mixtures were prepared as described 

above and 2-oxog lutarate was added in concentrations from 0 to 5 mM to 

in itiate the reaction .  

(2)  For aspartate, reaction m ixtures were prepared with 5 mM 2-

oxoglutarate, instead of 1 0  mM aspartate, and aspartate was added in 

concentrations from 0 to 20 mM to in itiate the reaction .  
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4.2.3.3 Kinetic parameters in the direction of aspartate formation 

AspAT activity was estimated at 30°C in  homogenates of sheathed L3 

(n = 3) using the protocol for continuous assays described in Appendix 2, 2 .7 .  

Enzyme activity was monitored using a coupled reaction  with glutamate 

dehyd rogenase (GOH) :  

AspAT 

L-g lutamate + oxa loacetate -----... L-aspartate + 2-oxoglutarate 

GOH 

2-oxog lutarate + NH/ + NAOH ---... L-g lutamate + NAO+ + H20 

The assay for AspAT was adapted from Alekhova et al. (2001 ) .  The 

reaction  mixture (tota l volume of 1 ml )  conta ined 1 mM glutamate, 0 .2 mM 

PLP, 1 un it of GOH , 40 mM NH4CI and 50 I-Ig homogenate protein ,  prepared in  

1 00 mM Tris buffer pH 7 .5 .  Subsequently, 0.2 mM NAOH was added and the 

reaction  was in i tiated by adding 2 mM oxaloacetate. 

The Km and Vmax were determined for AspAT activity for both the 

substrates g lutamate and oxaloacetate: 

( 1 )  For glutamate, reaction mixtures were prepared with 1 mM 

oxaloacetate, instead of 1 mM g l utamate, and g lutamate i n  concentrations 

from 0 to 1 mM was added to in itiate the reaction .  

(2 )  For oxaloacetate, reaction mixtures were prepared as described 

above and oxaloacetate was added in concentrations from 0 to 0.75 mM to 

in itiate the reaction. 

4.2.4. ASPARTASE 

Aspartase was assayed both i n  the direction of fumarate uti l isation and 

formation :  

fumarate + NH3 
Aspartase 

... • aspartate 

4.2.4. 1 Kinetic parameters in the direction of fumarate utilisation 

Aspartase activity was estimated at 30°C in homogenates of sheathed 

L3 (n = 2) and adu lt worms (n = 1 )  using the protocol for continuous assays 

described in Appendix 2, 2 .7 . The assay was adapted from Murase et al. 
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(1 991 )  and Wang et al. (2000). The reaction m ixture (total volume of 1 ml) 

contained 50 �g homogenate protein ,  prepared in 1 00 m M  Tris buffer pH 7 .5 .  

Either fumarate was added subsequently and the reaction  was initiated by 

adding NH4CI as the source of ammonia ,  or NH4CI was added and the reaction 

started by add ing fumarate. Aspartase activity was monitored by measuring 

the d isappearance of fumarate, which absorbs strongly at 260 nm. 

The Km and Vmax were determined for aspartase activity for both the 

substrates fumarate and ammonia :  

( 1 )  For ammonia ,  reaction mixtures were prepared with 1 .8 mM 

fumarate and N H4CI i n  concentrations from 0 to 20 mM was added to i n itiate 

the reaction .  

(2) For  fumarate, reaction mixtures were prepared with 20 mM NH4CI 
and fumarate, in concentrations from 0 to 0 .8  mM for L3 h omogenates or  from 

o to 2 mM for the adult homogenate, was added to in itiate the reaction .  The 

concentration of fumarate added is l imited by the abi l ity to measure accurately 

concentrations over 2 mM on the spectrophotometer. 

4.2.4.2 Kinetic parameters in the direction of fumarate formation 

Aspartase activity was estimated at 30°C in  homogenates of sheathed 

L3 (n = 3) using the protocol for continuous assays described in Appendix 2 ,  

2 .7 .  Enzyme activity was monitored through a coupled reaction with g lutamate 

dehydrogenase  (GOH) : 

Aspartate 

Aspartase 

--------1.. Fumarate + NH3 
GOH 

NH/ + 2-oxoglutarate + NAOH --------1.. glutamate + NAO+ + H20 

The assay was adapted from Ozer ( 1 985) . The reaction mixture (total 

volume of 1 m l) contained 20 mM 2-oxoglutarate, 1 unit of GOH and 50 �g 

homogenate prote in ,  prepared in 1 00 mM Tris buffer pH 7 .5. Subsequently, 

0 .2  mM NAOH was added and the reaction was initiated by the addition of 

aspartate . Aspartase activity was monitored at 340 nm for concentrations of 

aspartate from 0 to 1 0  mM. 
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4. 2.4.3 Effect of pH 

The effect of varying  the pH of the i ncubation med ium on aspartase 

activity in the d i rection of fumarate formation was investigated using sheathed 

L3 homogenate SL46. The reaction mixture (tota l volume of 1 ml )  contained 

20 mM 2-oxoglutarate, 1 u n it of GDH and 50 iJg homogenate prote in ,  prepared 

in 1 00 mM Tris buffer of pH from 5 .5  to 9. Subsequently, 0 .2 m M  NADH was 

added and the reaction was in itiated by the add ition of 1 mM aspartate . 

4. 2.4.4 Effectors/inhibitors 

Each of the fol lowing was investigated for effects on aspartase activity 

in the d i rection of fumarate formation of sheathed L3 homogenate SL47 : 

( 1 ) 1 mM or 1 0  mM Ca2+ as CaCI2 

(2) 1 mM ATP 

(3) 1 mM ADP 

(4) 1 mM or 5 mM E DTA 

(5) 1 mM Mn2+ as MnCI2 

(6) 1 mM K+ as KCI 

(7) 1 mM or 1 0  mM Mg2+ as MgCI2 

Reaction mixtures (total volume 1 ml) contained 20 mM 2-oxoglutarate, 

1 un it of GDH and 50 iJg homogenate p rotein ,  prepared in 1 00 m M  Tris buffer 

pH 7 .5  and one of the test compounds. Subsequently, 0 .2 m M  NADH was 

added and the reaction was in itiated by addi ng 5 m M  aspartate. Aspartase 

activity without test compounds was used as the control and set at 1 00%. 

An a l iquot of the homogenate was stored at 4°C and aspartase activity 

was determined after 24 hours to assess the stabi l ity of the enzyme. 

4.3 RESU LTS 

4.3 . 1  ALANINE AMINOTRANSFERASE 

4.3. 1 . 1  Effect of pH and PLP concentration 

The effects of pH on  the AlaAT activity of a homogenate of sheathed L3 

(SL 1 5) in the direction of a lan ine uti l isation and of SL  1 6  in the d irection of 



Facing page 89 

-
280 I: 

.(i) -0 
• . --------------------.... 

21 0 >' 0.  • -.- ..... > ,  .- en t) E 140 "' '';" I- I: « E "' 70 « I/) Cl) 
0 E 0 
I: -

0 1 2 3 4 5 
[Pyruvate] (mM) 

F igure 4.1 1 .  AlaAT activity of adult O. circumcincta 
homogenate A6 monitored in the d i rection of a lan ine 
formation with increasing concentration of pyruvate. 
AspA T activity was calculated from the rate of NADH 
uti l isation through the oxidation of NADH in  a coupled 
assay with GDH, which was monitored 
spectrophotometrica l ly at 340 nm.  

Table 4.6. AlaAT activities of an  adult 0. circumcincta homogenate 
monitored in the di rection of alanine formation with i ncreasing 
concentration of pyruvate . AlaAT activity was calculated from the rate of 
NADH uti l isation through the oxidation of NADH in  a coupled assay with 
GDH , which was m onitored spectrophotometrical ly at 340 nm.  

Homogenate 

A 6  

Pyruvate 

Km (mM) 

0 . 1  

Vmax 

(nmoles min-1 mg-1 protein) 

256 
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Figure 4.1 0. AlaAT activity of sheathed L3 O. circumcincta 
homogenate SL28 monitored in the d i rection of a lan ine 
formation with increasing concentration of pyruvate . 
AspAT activity was calculated from the rate of NADH 
uti l isation through the oxidation of NADH in  a coupled 
assay with GDH ,  which was monitored 
spectrophotometrical ly at 340 nm.  

Table 4.5. AlaAT activities of sheathed L3 0. circumcincta 
homogenates monitored in the d irection of alanine formatio n  with 
increasing  concentrat ion of pyruvate. AlaAT activity was calcu lated from 
the rate of NADH uti l isation through the oxidation  of NADH i n  a coupled 
assay with GDH ,  which was monitored spectrophotometrical ly at 340 
nm. 

Pyruvate Vmax 

Homogenate Km (mM) (nmoles min-1 mg-1 prote in)  

SL 26 1 . 1  30 

SL 27 1 .6 27 

SL 28 1 .0 29 

mean ± SEM, n = 3 1 .2 ± 0 .2 29 ± 1 
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Figure 4.9. AlaAT activity of sheathed L3 O. circumcincta 
homogenate SL23 monitored i n  the d i rection of a lan ine formation  
with increasing concentration of glutamate. AlaAT activity was 
calculated from the rate of NADH uti l isation  through the oxidation 
of NADH in  a coupl ed assay with GDH,  which was monitored 
spectrophotometrical ly  at 340 nm .  

Table 4.4. AlaAT activities o f  sheathed L3  0.  circumcincta 
homogenates monitored in  the direction of a lan ine formation  with 
i ncreasing concentration of g lutamate. AlaAT activity was calculated 
from the rate of NADH uti l isation through the oxidation  of NADH in a 
coupled assay with GDH ,  which was monitored spectrophotometrical ly at 
340 nm.  

Homogenate Glutamate Vmax 

Km (mM) (nmoles m in-1 mg-1 p rotein )  

SL 23 0 .4 56 

SL 24 0.6 74 

SL 25 0.4 72  

mean ± SEM, n = 3 0 .5  ± 0. 1 67 ± 7 
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Figure 4.8. AlaAT activity of adult O. circumcincta homogenate A5a 
monitored in the d irection of a lanine uti l isation with increasing 
concentration of a lanine. AlaAT activity was calcu lated from the rate of 
NADH uti l isation through the oxidation of NADH in a coupled assay 
with LDH, which was mon itored spectrophotometrica l ly  at 340nm. 

Table 4.3. AlaAT activities of adult 0. circumcincta h omogenates 
monitored in the d irection of alanine uti l isation with i ncreasing 
concentration of a lan ine .  AlaAT activity was calculated from the rate of 
NADH uti l isation through the oxidation of NADH in  a cou pled assay with 
LDH ,  which was monitored spectrophotometrical ly at 340nm.  

Homogenate 

A 5a 

A 5b 

mean ± SEM, n = 2 

Alan ine 

Km (mM) 

0 .6 

0 .4 

0 .5 ± 0 . 1 

Vmax 

(nmoles m in-1 mg-1 protein) 

73 

85 

79 ± 6 
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Figure 4.7. AlaAT activity of sheathed L3 O. circumcincta 
homongenate SL21 b monitored in the d i rection of a lan ine 
uti l i sation with increasing concentration of a lan ine.  AlaAT 
activity was calculated from the rate of NADH uti l isation 
through the oxidation of NADH in a coupled assay with LDH ,  
which was monito red spectrophotometrica l ly a t  340 nm.  

Table 4.2. AlaAT activities of  sheathed L3 0.  circumcincta 
homogenates monitored in the d irection of a lan ine uti l isation with 
increasing concentration  of alanine.  AlaAT activity was calculated from 
the rate of NADH uti l isation through the oxidation of NADH i n  a coupled 
assay with LDH, which was monitored spectrophotometrical ly at 340 nm.  

Homogenate Alanine Vmax 

Km (mM) (nmoles m in-1 mg-1 protein) 

SL  21 a 6 . 1 1 55 

SL  21 b 5.2 1 37 

S L  22 4.4 55 

mean ± SEM, n = 3 5.2 ± 0.5 1 1 5  ± 30 
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F igure 4.6. AlaAT activity of sheathed L3 O. circumcincta 
homogenate SL20 monitored i n  the d i rection  of a lan ine 
uti l isation with i ncreasing concentration of 2-oxoglutarate. 
AlaA T activity was calculated from the rate of NADH uti l isation  
through the oxidation o f  NADH i n  a coupled assay with LDH .  
which was monitored spectrophotometrical ly a t  340 nm.  

Table 4.1 . AlaA T activities of  sheathed L3 0.  circumcincta 
homogenates monitored in  the d irection of a lan ine uti l isatio n  with 
increasing concentration of 2-oxogl utarate . AlaAT activity was 
calculated from the rate of NADH uti l isation through the oxidation  of 
NADH in a coupled assay with LDH , which was monitored 
spectrophotometrical ly at 340 nm.  

Homogenate 2-oxoglutarate Vmax 

Km (mM) (nmoles m in-1 mg-1 p rote in)  

SL 1 8  0 .6 1 09 

SL 1 9  0 .3 97 

SL 20  0 .6 89 

mean ± SEM. n = 3 0 .5 ± 0. 1 98 ± 6 
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Figure 4.4. Effect of pH on AlaAT activities of sheathed L3 0. 
circumcincta homogenates in the direction of alanine uti l isation (SL 1 5) 
( A ) and formation (SL 1 6) (.) . Concentrations of 5 mM pyruvate and 2 
mm g lutamate were used for alanine formation and 5 mM alanine and 
1 mM 2-oxoglutarate for alan ine uti l isation.  AlaA T activity was 
calculated for alanine uti l isation from the rate of NADH oxidation in a 
coupled assay with LDH and for alanine formation in a coupled assay 
with GDH,  monitored spectrophotometrical ly at 340nm.  
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Figure 4.5. Effect of PLP concentration on AlaAT activity (mean 
± SEM, n = 2)  of sheathed L3 O. circumcincta homogenate SL 1 7  
in  the direction of alanine uti l isation. Concentrations of 5 m M  
alanine and 1 m M  2-oxogl utarate were used . AlaAT activity was 
calculated from the rate of NADH uti l isation through the oxidation 
of NADH in a coupled assay with LDH ,  which was monitored 
spectrophotometrical ly at 340nm. 
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a lan ine formation are shown i n  Figure 4.4. The p H  optima were pH 7 .5 and 

pH 7.0 respectively for a lanine uti l isation and formation .  

The effects of [PLP] on the AlaAT activity (mean ± SEM,  n = 2) of a 

homogenate (SL 1 7) of sheathed L3 in  the direction  of a lan ine uti l isation are 

shown in Figure 4. 5. The optimum [PLP] was 0 .25 mM .  

4.3. 1.2 Kinetic parameters in the direction o f  alanine utilisation 

For the substrate 2-oxoglutarate, the AlaAT activity of a homogenate of 

sheathed L3 (SL20) is shown in Figure 4 .6  and the Km and Vmax of the 

homogenates of sheathed L3 (n = 3) are shown in Table 4. 1 .  The Km and Vmax 

were 0 .5  ± 0. 1 mM and 98 ± 6 nmoles min-1 mg-1 p rotein (both mean ± SEM). 

For the substrate alanine, the AlaAT activities of homogenates of 

sheathed L3 (SL2 1  b) and adult worms (A5a) are shown in Figu res 4.7 and 4 .8 

respectively. The Km and Vmax of the homogenates of sheathed L3 and adult 

worms are shown in Tables 4.2 and 4 .3 .  The Km values for a lan ine were 5.2 ± 

0.5 mM a nd 0 .5  ± 0. 1 mM (both mean ± SEM) for sheathed L3 (n = 3) and 

adult worms (n = 2) respectively. The Vmax were 1 1 5 ± 30 and 79 ± 6 nmoles 

min-1 mg-1 protein (both mean ± SEM) for sheathed L3 (n = 3) and adult worms 

(n = 2) respectively. 

4.3. 1.3 Kinetic parameters in the direction of alanine formation 

F or  the substrate g lutamate, the AlaA T activity of a homogenate of 

sheathed L3 (SL23) is shown in Figure 4. 9 and the Km and Vmax of the 

homogenates of sheathed L3 (n = 3) are shown in Table 4.4. The Km and Vmax 

were 0 .5  ± 0 . 1  mM and 67 ± 7 nmoles min-1 mg-1 prote in (both mean ± SEM) 

respectively. 

For the substrate pyruvate , AlaAT activities of homogenates of 

sheathed L3 (SL28) and adult worms (A6) are shown in  Figures 4. 1 0  and 4 . 1 1 

respectively. The Km and Vmax of the homogenates of sheathed L3 (n = 3) and 

adult worms (n = 1) are shown in Tables 4.5 and 4 .6 .  The Km values for 

pyruvate were 1 .2 ± 0 .2  mM (mean ± SEM, n = 3) for sheathed L3 and 0 . 1 mM 

(n = 1 )  for adult  worms .  The Vmax were 29 ± 1 (mean ± SEM, n = 3) and 256 

nmoles m i n-1 mg-1 protein for sheathed L3 and adult worms respectively. 
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Table 4.12. AspAT activities of sheathed L3 O. circumcincta 
homogenates monitored in the d i rection of aspartate formation  with 
increasing concentration of g lutamate. AspA T activity was calculated 
from the rate of NADH uti l isation through the oxidation of NADH in a 
coupled assay with G DH,  which was monitored spectrophotometrical ly at 
340 nm.  

Glutamate Vmax 

Homogenate Km (mM) (nmoles min-1 mg-1 protein) 

SL 36 0. 1 2  380 

SL 37a 0 .09 433 

SL 37b 0. 14  41 1 

mean ± SEM, n = 3 0. 1 2  ± 0.02 408 ± 1 5  
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Table 4.1 1 .  AspAT activities of adult 0. circumcincta homogenates 
monitored i n  the d i rection  of aspartate uti l isation with increasing 
concentration  of aspartate. AspAT activity was calculated from the rate 
of NAOH uti l isation through the oxidation of NAOH in coupled assay with 
MOH, which was monitored spectrophotometrical ly  at 340nm. 

Aspartate Vmax 

Homogenate Km (mM) (nmoles m in-1 mg-1 protein) 

A 8  1 .5 1 70 

A 9a 3.0 93 

A 9b 3.4 90 

mean ± SEM, n = 3 2 .6  ± 0 .6  1 1 8 ± 26 
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Figure 4.1 8. AspAT activity of sheathed L3 O. circumcincta 
homogenate SL36 monitored in  the direction  of aspartate 
formation with i ncreasing concentration of g lutamate. AspAT 
activity was calculated from the rate of NAOH uti l isation 
through the oxidation of NADH in  a coupled assay with GDH,  
which was monitored spectrophotometrical ly at 340 nm.  
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Table 4.1 0. AspAT activities of sheathed L3 0. circumcincta 
homogenates monitored in  the d i rection of aspartate uti l isation with 
increasing concentration of aspartate. AspAT activity was calculated 
from the rate of NAOH uti l isation through the oxidation  of NAOH in a 
coupled assay with MOH,  which was monitored spectrophotometrical ly 
at 340 nm.  

Homogenate 

SL 32 

SL 34 

SL 35 

mean ± SEM, n = 3 

'2 180 
'(j) +J o 

� a.. +J C. .:; � 1 20 .- C) '0 E C'I:S .... 
I- 'e 
« .-c. E 60 
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Aspartate 

Km (mM) 

1 .B 

2 . 5  

2 .2  

2. 1 ± 0 . 2  

Vmax 

(nmoles min-1 mg-1 p rotein) 

940 

1 356 

1 2 1 1 

1 1 70 ± 1 22 
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o 4 8 1 2  1 6  
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Figure 4.1 7. AspAT activity of adult 0. circumcincta 
homogenate AB monitored i n  the d i rection  of aspartate 
uti l isation with i ncreasing concentration of aspartate. AspA T 
activity was calculated from the rate of NAOH uti l isation through 
the oxidation of NAOH in  a coupled assay with MOH,  which was 
monitored spectrophotometrical ly at 340nm. 
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Table 4.9. AspAT activities of adult O. circumcincta homogenates 
monitored in the d i rection of aspartate uti l isation with i ncreasing 
concentration of 2-oxoglutarate. AspAT activity was calcu lated from the 
rate of NAOH uti l isation through the oxidation of NAOH in  a coupled 
assay with MOH,  which was monitored spectrophotometrical ly  at 340nm.  

Homogenate 

A 7a 

A 7b 

mean ± SEM, n = 2 

:s 1 200 Q) -o 
� a  
'S;: -.;- 800 .. tn (.) E C'II .... 
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� :fi '0 E e: -
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2-oxoglutarate Vmax 

Km (mM) (nmoles m in-1 mg-1 protein) 

0 . 1  204 

0 .3 370 

0.2 ± 0. 1 287 ± 83 

• 
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[Aspartate] (mM) 

Figure 4.1 6. AspAT activity of sheathed L3 O. circumcincta 
homogenate S L35 monitored in  the d i rection of aspartate 
uti l isation with increasing concentration of aspartate. AspAT 
activity was calculated from the rate of NAOH uti l isation through 
the oxidation of NAOH in a coupled assay with MOH ,  which was 
m onitored spectrophotometrical ly at 340 nm.  
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Table 4.8. AspAT activities of sheathed L3 O. circumcincta homogenates 
monitored in the d irection of aspartate uti l isation with i ncreasing 
concentration of 2-oxogl utarate. AspAT activity was calculated from the 
rate of NADH uti l isation through the oxidation of NAOH in a cou pled assay 
with MOH, which was monitored spectrophotometrica l ly at 340 nm .  

2-oxoglutarate Vmax 

Homogenate Km (mM) (nmoles min-1 mg-1 p rotein) 

SL 32 0 .2  1 007 

SL  33 0 .3 1 258 

SL 34 0 .2  9 1 4  

mean ± SEM,  n = 3 0 .2 ± 0 .02 1 060 ± 1 03 

-
.: 200 (I) -o ... � 0. 1 50 

.s;: '";" :.;I C) � E 1 00 
t- '";"  « .: 
� E 50 « � 

� 0 
C �� __ � __ � __ � ____ � __ � __ -L_ 

0.0 0 .5  1 .0 1 . 5  2.0 2.5 3 .0 

[2-oxog lutarate] (mM) 

F igure 4.1 5. AspAT activity of adult O. circumcincta 
homogenate A7a monitored in the d irection  of aspartate 
uti l isation with increasing concentration of 2-oxoglutarate . 
AspA T activity was calculated from the rate of NAOH 
uti l isation through the oxidation of NAOH in a coupled assay 
with MOH,  which was monitored spectrophotometrica l ly  at 
340nm .  
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Table 4.7. Effects of 1 mM ATP or  ADP on the activities of 
AspAT (mean ± SEM, n = 3) of sheathed L3 O. circumcincta 
homogenate SL31 i n  the d i rection  of aspartate uti l isation .  
Concentrations of  5 mM aspartate and 1 mM 2-oxog lutarate were 
used. AspAT activities without the addition of these compounds 
were set at 1 00%. 

Homogenate 1 m M  ADP 1 mM ATP 
(%) (%) 

SL 31 a 78 64 

SL 31 b 94 76 

SL 3 1 c  94 77 

mean ± SEM,  n = 3 89 ± 6 73 ± 8 
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Figure 4.1 4. AspAT activity of sheathed L3 O. circumcincta 
homogenate SL32 monitored in the d i rection of aspartate uti l isation 
with i ncreasing concentration  of 2-oxoglutarate. AspAT activity was 
calculated from the rate of NADH uti l isation through the oxidation of 
NADH in a coupled assay with MOH,  which was monitored 
spectrophotometrical ly  at 340 nm.  
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Figure 4. 12. Effect of pH  on AspAT activities (mean ± SEM, n 
= 2) of sheathed L3 O. circumcincta homogenate SL29 i n  the 
d i rection of aspartate util isation .  Concentrations of 5 mM 
aspartate and 1 mM 2-oxoglutarate were used. AspAT activity 
was calcu lated from the rate of NAOH uti l isation through the 
oxidation of NAOH in a coupled assay with MOH,  which was 
monitored spectrophotometrica l ly at 340nm. 
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Figure 4.13. Effect of PLP concentration on AspAT activities 
(mean ± SEM, n = 2) of sheathed L3 O. circumcincta 
homogenate SL30 in the d i rection  of aspartate uti l isation .  
Concentrations of  3 mM aspartate and 1 mM of 2-oxoglutarate 
were used .  AspAT activity was calculated from the rate of 
NAOH uti l isation through the oxidation of NAOH in a coupled 
assay with MOH, which was monitored spectrophotometrica l ly  
at 340nm .  
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4.3 .2 ASPARTATE AMINOTRANSFERASE 

4.3.2. 1 Effect of pH, PLP concentration, ADP and A TP 

The effects of pH and [PLP] on the AspA T activity (mean ± SEM, n = 2) 

of homogenates of sheathed L3 (SL29 and SL30 respectively in dupl icate) i n  

the d i rection of aspartate uti l isation are shown in F igures 4 . 1 2  and 4. 1 3  

respectively .  The optimum pH and the optimum PLP concentration were pH 

7 .5  and 0 .2  mM respectively. 

The effects of 1 mM ADP and ATP on AspAT activity of a homogenate 

of sheathed L3 (SL3 1 )  are shown in Table 4 .7 .  Activities decreased to 89 ± 

6% and 73 ± 8% (mean ± SEM, n = 3) i n  the presence of 1 mM ADP and ATP 

respectively .  

4.3.2.2 Kinetic parameters in the direction of aspartate utilisation 

For the substrate 2-oxoglutarate, the AspAT activities of homogenates 

of sheathed L3 (SL32) and adult worms (A7a) and the Km and Vmax for these 

homogenates are shown in Figures 4. 1 4  and 4. 1 5  and Tables 4 .8  and 4 .9  

respectively .  The Km values for 2-oxoglutarate were 0 . 2  ± 0 .02 and 0 .2  ± 0. 1 

mM (both mean ± SEM) for sheathed L3 (n = 3) and adult worms (n = 2) 

respective ly. The Vmax were 1 060 ± 1 03 and 287 ± 83 nmoles m in-1 mg-1 

protein (both mean ± SEM) for sheathed L3 (n = 3) and  adult worms (n = 2) . 

F or the substrate aspartate, the AspA T activities of homogenates of 

sheathed L3 (SL35) and adu lt worms (A8) are shown i n  Figures 4. 1 6  and 4. 1 7  

respectively .  The Km and Vmax of the homogenates of sheathed L3 and adult 

worms are shown in Tables 4. 1 0  and 4. 1 1 .  The Km values for aspartate were 

2 . 1  ± 0 .2  and 2.6 ± 0.6 m M  (both mean ± SEM, n = 3) for sheathed L3 and 

adult worms respectively. The Vmax were 1 1 70 ± 1 22 and 1 1 8  ± 26 nmoles 

min-1 mg-1 protein (both mean ± SEM, n = 3) for sheathed L3 and adult worms. 

4.3.2.3 Kinetic parameters in the direction of aspartate formation 

For the substrate g l utamate, the AspAT activity of a homogenate of 

sheathed L3 (SL36) is shown in  Figure 4. 1 8  and the Km and V max of the 

homogenates of sheathed L3 (n = 3) are shown in Table 4 . 1 2 . The Km and 
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Figure 4.24. Effect of pH on aspartase activities of sheathed L3 
O. circumcincta homogenate SL46 in the d i rection of fumarate 
formation . Concentrations of 1 mM aspartate and 20 m M  2-
oxoglutarate were used . Aspartase activity was calcu lated from 
the rate of NADH uti l isation through the oxidation of NADH in a 
coupled assay with GDH,  which was monitored 
spectrophotometrical ly at 340nm. 
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Figure 4.23. Aspartase activity of sheathed L3 O. circumcincta 
homogenate S L43 monitored in the d i rection of fumarate 
formation with i ncreasing concentration of aspartate. Aspartase 
activity was ca lculated from the rate of NADH uti l isation through 
the oxidation of NADH in  a coupled assay with GDH,  which was 
monitored spectrophotometrically at 340nm .  

Table 4.17 .  Aspartase activities o f  sheathed L3  O .  circumcincta 
homogenates monitored in the d i rection of fumarate formation with 
increasing concentration of aspartate. Aspartase activity was 
calculated from the rate of NADH uti l isation  through the oxidation of 
NADH in a cou pled assay with GDH,  which was m onitored 
spectrophotometrical ly at 340nm .  

Homogenate 

SL 43 

SL 44 

SL 45 

mean ± SEM, n = 3 

Aspartate 

Km (mM) 

0 .3  

0 .2  

0 . 1  

0.2 ± 0 .06 

Vmax 

(nmoles min-1 mg-1 p rote in)  

243 

232 

58 

1 78 ± 60 
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Figure 4.22. Aspartase activity of sheathed adu lt O. circumcincta 
homogenate A 1 0  monitored in the direction of fumarate uti l isation 
with i ncreasing concentration  of fumarate . Aspartase activity was 
calculated from the rate of fumarate uti l isation ,  which was 
monitored spectrophotometrical ly at 260 nm .  

Table 4. 1 6. Aspartase activities o f  adult O.  circumcincta 
homogenate A 1 0  monitored in the direction of fumarate util isation 
with i ncreasing concentration of fumarate. Aspartase activity was 
calculated from the rate of fumarate uti l isation, which was monitored 
spectrophotometrica l ly at 260 nm.  

Homogenate 

A 1 0  

Fumarate 

Km (mM) 

0 .5 

Vmax 

(nmoles m in-1 mg-1 prote in)  

307 
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Figure 4.21 . Aspartase activity of sheathed L3 0. circumcincta 
homogenate SL41  m onitored in  the d i rection of fumarate 
uti l isation with i ncreasing concentration  of fumarate . Aspartase 
activity was calculated from the rate of fumarate uti l isation, 
which was monitored spectrophotometrica l ly at 260 nm .  

Table 4. 15. Aspartase activities of  L3 0.  circumcincta sheathed L3 
homogenates monitored in  the d irection of fumarate uti l isation with 
increasing concentration  of fumarate. Aspartase activity was 
calculated from the rate of fumarate uti l isation ,  which was monitored 
spectrophotometrical ly at 260 nm.  

Homogenate 

SL 4 1  

SL 42 

mean ± SEM, n = 2 

Fumarate 

Km (mM) 

0 . 1 5  

0.30 

0 .2  ± 0 .08 

Vmax 

(nmoles m in-1 mg-1 protein) 

209 

1 98 

204 ± 6 
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Figure 4.20. Aspartase activity of sheathed L3 O. circumcincta 
homogenate SL39 monitored i n  the direction of fumarate uti l isation 
with i ncreasing concentration of ammonia. Aspartase activity was 
calculated from the rate of fumarate uti l isation ,  which was 
monitored spectrophotometrica l ly at 260 nm.  

Table 4.14. Aspartase activities of  L3 O.  circumcincta sheathed L3 
homogenates monitored i n  the d irection of fumarate uti l isation with 
increasing concentration of ammonia.  Aspartase  activity was 
calculated from the rate of fumarate uti l isation ,  which was monitored 
spectrophotometrically at 260 nm.  

Homogenate 

SL 39 

SL 40 

mean ± SEM, n = 2 

Amm onia 

Km (mM) 

2 .5  

1 .5 

2 .0  ± 0 .5 

Vmax 

(nmoles min-1 mg-1 protein) 

242 

1 42 

1 92 ± 50 
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Figure 4. 1 9. AspAT activity of sheathed L3 O. circumcincta 
homogenate SL37c monitored in  the d i rection of aspartate 
formation with increasing concentration of oxaloacetate . AspAT 
activity was calculated from the rate of NADH uti l isation through 
the oxidation of NADH in  a coupled assay with GDH, which was 
monitored spectrophotometrical ly at 340 nm .  

Table 4.1 3. AspAT activities o f  sheathed L3  O. circumcincta 
homogenates monitored i n  the direction of aspartate formation with 
increasing concentration of oxaloacetate. AspAT activity was calculated 
from the rate of NADH uti l isation through the oxidation of NADH in a 
coup led assay with GDH ,  which was monitored spectrophotometrical ly at 
340 nm.  

Homogenate 

SL 37c 

SL 38a 

SL 38b 

mean ± SEM, n = 3 

Oxaloacetate 

Km (mM) 

0.03 

0. 1 2  

0. 1 2  

0 .09 ± 0. 03 

Vmax 

(nmo/es m in-1 mg-1 protein) 

363 

300 

223 

295 ± 40 
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Vmax were 0 . 1 ± 0.02 mM and 408 ± 1 5  nmoles min-1 mg-1 protein (both mean ± 

SEM) respectively. 

For the substrate oxaloacetate , the AspAT activity of a homogenate of 

sheathed L3 (SL37c) is shown in  F igure 4. 1 9  and the Km and Vmax of the 

homogenates of sheathed L3 (n = 3) are shown in Table 4 . 1 3 . The Km and 

Vmax were 0 .09 ± 0.03 mM and 295 ± 40 nmoles min-1 mg-1 prote in (both mean 

± SEM) respectively. 

4.3.3 ASPARTASE 

4.3.3. 1 Kinetic parameters in the direction of fumarate utilisation 

For the substrate ammonia, aspartase activity of a homogenate of 

sheathed L3 (SL39) is shown in F igure 4.20. The Km and Vmax of the 

homogenates of sheathed L3 (n = 2) a re shown in Table 4. 1 4. The Km was 2 .0  

± 0 .5  m M  and the Vmax was 1 92 ± 50 nmoles min-1 mg-1 protein (both mean ± 
SEM; n = 2) .  

For  the substrate fumarate, the aspartase activity of  a homogenate of 

sheathed L3 (SL41 ) and adult worms (A1 0) are shown in Figu res 4 .21  and 

4.22 respectively. The Km and Vmax of the homogenates of sheathed L3 (n = 2) 

and adult worms (n = 1 )  are shown in Tables 4. 1 5  and 4. 1 6 . The Km were 0 .2 

± 0 .08 mM (mean ± SEM,  n = 2) and 0 .5  mM (n = 1 )  for sheathed L3 and adult 

worms.  The Vmax were 204 ± 6 (mean ± SEM, n = 2) and 307 nmoles min-1 mg-
1 protein for sheathed L3 and adult worms respectively. 

4.3.3.2 Kinetic parameters in the direction of fumarate formation 

For the substrate aspartate, the aspartase activity of a homogenate of 

sheathed L3 (SL43) i s  shown in  F igure 4.23 and the Km and Vmax of the 

homogenates of sheathed L3 (n = 3) are shown in Table 4 . 1 7 . The Km and 

Vmax were 0 . 2  ± 0.06 m M  and 1 78 ± 60 nmoles min-1 mg-1 protein (both mean ± 
SEM) respectively. 

4.3.3.3 Effect of pH 

The effects of pH on the aspartase activity in the d i rectio n  of fumarate 

formation of a homogenate of sheathed L3 (SL46) are shown i n  Figure 4 .24 .  

The optimum pH was pH 8 .5 .  
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Table 4.1 8. Aspartase activities in  the direction of fumarate formation of 
sheathed L3 O. circumcincta homogenate SL47 in  the presence of ions, 
ATP, ADP or EDTA. Aspartase activity in the absence of added 
compounds was set at 1 00%. 

Effector/inh ibitor Conc Activity Activity 
(mM) (nmoles min-1 mg-1 (% contro l )  

protein) 

Control 2 1 6  1 00 

Ca2+ 1 1 80 83 

Ca2+ 1 0  1 63 76 

ATP 1 1 97 9 1  

ADP 1 1 99 92 

EDTA 1 208 97 

EDTA 5 201 93 

Mn2+ 1 1 64 76 

K+ 1 1 9 1  88 

Mg2+ 1 200 93 

Mg2+ 1 0  1 75 8 1  
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4.3.3.3 Effectors/inhibitors 

Aspartase activities in the direction of fumarate formation of a 

homogenate of sheathed L3 (SL47) in the presence of various concentrations 

of ions, EDTA ATP and ADP a re shown in  Table 4. 1 8 . Aspartase activities 

were a lso expressed as a percentage of the value in the a bsence of added 

compounds,  which was set at 1 00%. The largest effects were with 1 0  mM 

Ca2+ or 1 m M  Mn2+ (24% lower) . Aspartase activity was reduced by  80% in an  

a l iquot o f  the same homogenate which had been stored a t  4°C for 24 hours . 

4.4 DISCUSSION 

The metabol ism of a lan ine and aspartate is i nvolved i n  the 

interconversion of amino acids to provide the mixture needed for protein 

synthesis and in contributing the carbon skeletons of amino acids to the TCA 

cycle for energy production .  Aspartate also has a specia l  role in aerobic 

metabol ism as part of the malate-aspartate shuttle which transports NADH into 

mitochondria for oxidation (Figure 1 . 1 0) .  Central to the metabolism of both 

amino acids are the aminotransferases AlaAT and AspAT, which were very 

active , particu larly AspAT, in  L3 O. circumcincta. These am inotransferases 

have previously been reported in nematodes (Rasero et al. , 1 968; Grantham 

and Barrett, 1 986b; Walker and Barrett, 1 991 a , b) ,  i ncluding O. circumcincta 

(Walker and Barrett, 1 991 b) (Chapter 1 ,  Section 1 .6 . 1 1 ) . I n  contrast, the 

presence of aspartase activity is unexpected in an animal ,  and ,  if confirmed by 

identification of an aspartase gene and an important role establ ished for the 

enzyme, O. circumcincta aspartase may be considered a potentia l  target to be 

explo ited for d rug development against the parasite .  

4.4.1 ALANINE AMINOTRANSFERASE (ALAAT) 

AlaAT activity can be compared in the forward and reverse d irections 

and between L3 and adult O. circumcincta. The kinetic properties of L3 O. 

circumcincta AlaAT were genera l ly consistent with those of the enzymes of 

other species. AlaAT activity was PLP-dependent, with an optimum 

concentration (0.25 mM) and inhibition at h igher concentration (F igure 4 .5) .  

The pH  optimum of 7 .5  (Figure 4.4) was s imi lar  to that of  p ig heart enzymes 

(Swick et al. , 1 965; Saier and Jenkins, 1 967) .  
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Table 4. 1 9. Km values for the substrates a lan ine (Ala), 2-oxog lutarate (2-
OG), pyruvate (pyr) and glutamate (Glu) for the reactions catalysed by 
alanine aminotransferases of d ifferent organ isms. 

Enzyme source Km (mM) Reference 

Ala 2-0G pyr Glu 

0. circumcincta L3 5 .2 0 .5 1 . 2 0 .5  Tables 4. 1 ,  4. 2 ,  4 .4 ,  4. 5 

0. circumcincta 0 .5  0 . 1 Table 4 .3 , 4. 6 
adult worms 

Atriplex spongiosa 0. 25 0 .30 0 .45 0 .55 Hatch ( 1 973) 

form 2 3 .0 0 .09 0 .04 1 . 1 5  

form 3 3. 1 0 .03 0 .02 0 .8 

Corbicula japonica 5 .6 0 . 1 2  0 .04 9 .5  Hayashi ( 1 993) 

cAlaAT 

mAlaAT 7.4 0 . 1 6  0 .03 35.6 

Panicum 6 .7 0 . 1 5  0 .33 5 .0  Son  et al. ( 1 99 1 )  
miliaceum 

Glossina morsitans 7.7 0.4 0 .53 20 Konj i et al. ( 1 984) 
fat body 

Fl ight muscle 35 .7  2.5 0.22 1 2 . 5  

Dolph in  muscle 8 .2  0.45 0 .87 1 5  Owen and H ochachka 
( 1 974) 

Rat l iver (cyt 1 )  0.5 1  0. 1 2  Vedavathi et al. (2004) 

Rat l iver (cyt 2) 1 . 1 4  0. 1 7  

Chlamydomonas 2 .7  0 .05 0 .24 0 .52 Lai n-Guelbenzu et al. 
rein h ardtii ( 1 991 ) 

Pyrococcus 2 .8  0. 9 5 .4 4 .3  Ward et  al. (2000) 
furiosus 
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AlaAT activity was moderate in L3 in the d irections of alanine uti l isation 

and formation (Tables 4. 1 -4 . 2  and 4.4-4.6) ,  a lthough lowest with pyruvate as 

the variable substrate. In contrast, for the two adult worm homogenates, 

activity was much lower with a lan ine (79 nmoles min-1 mg-1 protein) than with 

pyruvate (256 nmoles min-1 mg-1 protein) ,  comparable to the 1 22 and 288 

nmoles m in-1 mg-1 prote in respectively reported for adult 0. circumcincta by 

Walker and Barrett ( 1 991 b). In the other species they studied , activity was 

equal i n  H. contortus (864 and 840 nmoles min-1 mg-1 protei n  respectively) , but 

lower in the d i rection of a lan ine uti l isation i n  T. colubriformis (47 and 59) ,  C. 

oncophora (47 and 1 36) ,  N. brasiliensis (361 and 727), P. redivivus ( 1 060 and 

2381 ) and S. bibionis (385 and 280 nmoles min-1 mg-1 protein) .  

The AlaAT activity in  adult O. circumcincta may be higher than in  L3. 

As d iscussed earl ier for other enzymes (Chapter 3, 3 .4 . 1 ) , it is difficult to 

compare enzyme activities i n  homogenates of whole parasites at d ifferent l ife­

cycle stages because of d ifferences i n  body composition ,  however, it does 

seem l ikely that adult worms have greater AlaAT activity than L3. A possible 

difficu lty in measuring AlaAT activity in the d irection of a lan ine formation is 

endogenous LDH activity, which also uses pyruvate as substrate. Genera l ly ,  

LDH activity is only moderate in O. circumcincta L3 (D .C .  Simcock and L. 

Walker, personal communication) and the enzyme is not as active as the 256 

nmoles m in-1 mg-1 protein which was recorded for the reverse d i rection of 

AlaAT in the adult worm homogenate tested (Table 4 .6) .  

The comparison of Km values for the four substrates of O. circumcincta 

AlaAT with published values of the isozymes of a number of plants , 

microorganisms and animals in  Table 4. 1 9  shows that the Km for pyruvate and 

2-oxogl utarate a re fairly consistent across species , whereas the Km values for 

a lan ine are e ither with in the range 3-7 mM or 0 .3-0. 5 mM.  A marked 

difference between AlaAT in L3 and adult homogenates was the lower Km i n  

adu lts for both alanine and pyruvate by a factor of  10 (5 .2 ± 0 .5  mM and 1 .2 ± 

0 .2  mM for L3; 0 .5 ± 0 . 1  mM and 0. 1 mM for adult worms respectively), which 

may i nd icate an increased proportion of the m itochondrial isoform. In rat l iver, 

mAlaAT has a fourfold lower Km for a lan ine than the cytosol ic enzyme (Swick 

et al. , 1 965) ,  constitutes only about 8% of tota l activity and is more unstable in 

vitro (Swick et al. , 1 965; Saier and Jenkins, 1 967 ; DeRosa and Swick, 1 975) . 

Pyruvate formation is favoured by the m itochondrial enzyme and a lan ine 
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formation by the cytosolic enzyme (DeRosa and Swick, 1 975). The cytosol ic 

enzyme a lso predominates in nematodes : in adult N. brasiliensis, cytosolic 

AlaAT was responsible for BO% of activity, whereas in  H. confortus 54% was 

cytosol ic and 22% was associated with the cel l  debris and cuticle fractions 

(Walker and Barrett, 1 991  b) .  

Some of the differences between reported total AlaAT activities i n  

parasitic nematodes may be influenced by host nutritional status , particularly 

vitamin  B6 leve ls. This has been shown to be the case for the rat fi laria l  

parasite L. carinii which has decreased AlaAT activity when parasitising 

vitamin B6-deficient cotton rats (Beg et al. , 1 995) .  The requ irement for vitamin 

B6 by the cestode H. diminuta was reported by Addis and Chandler ( 1 944) and 

Roberts and P latzer ( 1 967) and corre lated with a 66% d ecl ine in AlaAT activity 

by Platzer and Roberts ( 1 970). 

4.4.2 ASPARTATE AMINOTRANSFERASE (AspAT) 

AspAT activity was the h ighest of any enzyme measured i n  

homogenates o f  L3 O. circumcincfa i n  the present stud ies and 1 a-fold higher 

than AlaAT activity. The properties were consistent with those of AspAT from 

other organisms. The L3 enzyme was pH dependent, with markedly reduced 

activity outside the range pH 7-B .5  (Figure 4. 1 2), therefore assays were carried 

out at pH 7 .5 .  AspAT from sheep (Orlacchio et al. , 1 979) and T. cruzi (Cazzulo 

et al. , 1 977) had s imi lar broad pH optima between pH 6 .5  and B.5. Typical l y  

for aminotransferases , i t  required PLP as a co-factor with an optimal 

concentration  of about 0.25 mM (Figure 4 . 1 3) .  Activity was low below 0. 1 5  mM 

and above 0 .5  mM PLP concentration, with a lmost complete inh ibition at 1 

mM.  There were only minor inh ibitory effects of ADP (about 25%) and no 

s ign ificant effect of  ATP (Table 4 .7) ,  consistent with the lack of effect of  ATP 

on do lph in muscle AspAT (Owen and Hochachka , 1 974) .  

Comparison of activity i n  crude homogenates in  the d i rections of 

aspartate uti l isation and formation is probably unre l iab le ,  as it is d ifficult to 

measure AspA T activity with OM as substrate in the presence of high 

endogenous MOH activity (of the order of BOOO nmole m in-1mg-1 protein in 

phosphate buffer or about half that in  Tris buffer, which is used in the AspA T 

assay; Or D .C .  Simcock, personal communication) .  Although background 

enzymatic activity is corrected in the continuous method, there is more 
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Table 4.20. Km val ues for the substrates aspartate (Asp) ,  2-oxogl utarate (2-
OG), oxaloacetate (OAA) and g lutamate (Glu) for the reactions catalysed by 
aspartate aminotransferases of d ifferent organ isms.  

Enzyme source Km (mM) Reference 

Asp 2-0G OAA Glu  

O. circumcincta L3 2 . 1  0 .2 0 .09 0 . 1 Tables 4.8 , 4. 1 0 , 4. 1 2 , 
4. 1 3  

O. circumcincta 2 .6 0 .2 Tables 4 .9 ,  4. 1 1  
adult worms 

Phormidium 5.0 0 .2 0 .03 5 . 7  Kim et  al. (2003) 
lapideum 

Rhizobium meliloti 5.3 0 .87 Alfano and Kah n  ( 1 993) 

Oat leaves form 1 4. 1 0.22 0 .06 32 . 9  Reed and Hess ( 1 975) 

Oat leaves form 2 2 .3 0 .3 0 .03 1 3 . 7  

Oaucus carota 2.8 0 .22 0 .05 23. 6  Turano et al. ( 1 990) 

carrot (form 1 )  

Pig heart (cyt) 4 0.4 0 .02 1 4  Michuda a n d  Martinez-

Pig heart (m it) 0.47 0.7 0 .0 1  1 2 . 4  Carrion  ( 1 969) 

Sheep l iver (cyt) 3 .0 0 .09 Orlacch io et al. ( 1 979) 

Sheep l iver (mit) 0.4 0.98 

Chicken l iver (cyt) 1 .2 0 .03 Quiroga et al. ( 1 985) 

Chicken (cyt) 2 0 .3 0.04 5 Shrawder and Mart inez-

Chicken (mit) 0 .6 1 . 2 0 .02 1 1  Carrion ( 1 973) 

Human heart (cyt) 1 . 1  0. 1 Teranishi et aJ. ( 1 978) 

Human heart (mit) 0 .2 0.67 
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l ikel i hood of inaccuracy in th is case. However, the apparent AspAT activity i n  

the d irection of aspartate formation was 300-400 nmole m in-1 mg-1 prote in 

(Tables 4 . 1 2  and 4. 1 3) ,  considerably less than in the opposite direction of 

1 000 nmole min-1mg-1 protein with either aspartate or 2-oxoglutarate as 

substrate (Tables 4 .8 and 4. 1 0) .  Assuming the activities recorded are at least 

i nd icative, L3 enzyme activity would appear to be greater i n  the direction of 

aspartate uti l isation than  formation.  The affin ity of AspAT for the substrates 

aspartate (2. 1 mM) and OM (0.09 mM) suggests aspartate formation might be 

favoured in vivo. 

Adult worm homogenates had a 5-fold lower AspAT activity than L3 

homogenates, but s imi lar  substrate affinities for both aspartate and 2-

oxoglutarate (Tables 4. 8-4. 1 1 ) . This may represent a real  decrease in enzyme 

activity despite differences in the proportions of body tissues, since the 

d ifference in  AlaAT activity between adult worms and L3 (79 compared with 

1 1 5  nmole m in-1 mg-1 protein  respectively) was much less than the difference for 

AspAT activity. 

AspAT has been identified in many organisms includ ing the cestodes H. 

diminuta, H. nana and H. citelli (Wertheim et al. , 1 960), and M. expansa 

(Rasero et al. , 1 968), the Digeneans C. lingua and  C. emasculans (Watts, 

1 970) and the nematodes A. lumbricoides (Rasero et al. , 1 968) and N. 

brasiliensis (Walker and Barrett, 1 99 1  a) .  Reported Km values for the four  

substrates for As pATs from several d ifferent types of organisms presented in  

Table 4 .20 show the values for the O. circumcincta enzyme to be general ly 

s imi lar, although the Km for g lutamate was lower tha n  commonly reported.  

Where values are avai lable for cAspAT and mAspAT from the same 

species, the pattern is for the Km for aspartate to be lower and the Km for 2-

oxoglutarate to be higher in the mitochondria l  isoform by a factor of 5- 1 0 . If 

there were s imi lar  differences in  the nematode i sozymes, O. circumcincta 

AspAT would appear to be predominantly the cytosol ic form . I n  vertebrates , 

cAspAT is i ncreased i n  g luconeogenic states (Hori o  et al. , 1 988), along with 

phosphoenolpyruvate carboxykinase (PEPCK) and pyruvate carboxylase (PC) , 

which together generate the requ i red phosphoenolpyruvate (PEP) from 

pyruvate and OM (Nord l ie et al. , 1 965;  Taylor et al. , 1 97 1 ) . A predominantly 

cAspAT in O. circumcincta may reflect a s imi lar metabol ic pattern. 
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Table 4.21 . Km val ues for the substrate aspartate (Asp) for the reactions 
catalysed by aspartases of d ifferent organisms. 

Enzyme source 

o. circumcincta L3 

Pseudomonas fluorescens 

P. freudenreichii 

subsp shermanii 

H. alvei (with Mn2+) 

(with Mg2+) 

Bacterium cadaveris 

Bacillus sp 

E. coli 

Km (mM) 

0.2 

2 .3  

9. 1 

0 .7  

2 .5  

20 

28. 5  

0 .33 

Reference 

Table 4 . 1 7  

Kawata et al. ( 1 999) 

Crow ( 1 987) 

Nu i ry et at. ( 1 984) 

Wil l iams and Mclntyre ( 1 955) 

Kawata et al. ( 1 999) 

Depue and Moat ( 1 96 1 )  

4 Rudo lph and Fromm ( 1 97 1 )  

1 .0 Suzuki et al. ( 1 973) 

1 .8 Jayasekera et al. ( 1 997) 

1 .2 Wang et at. (2000) 
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4.4.3 ASPARTASE 

The aspartase activity i n  L3 0. circumcincta (Tables 4. 1 4-4. 1 5) was 

unexpected, as it is usual ly considered an enzyme  of m icroorgan isms (Viola ,  

2000), a lthough i t  has been found i n  frog embryos (Kurata , 1 962) ,  teleost fish 

(Salvatore et al. , 1 965) and elasmobranchs (Salvatore et al. , 1 965; Cutinel l i  et 

al. , 1 972) .  It is possible that the apparent aspartase activity was due to 

another enzyme. The most l i kely candidate would be AspAT, however, AspAT 

is a PLP-dependent enzyme and no PLP was added to the reaction m ixture . 

AspAT could theoretical ly form fumarate sequentia l ly: by converting aspartate 

to OAA (AspAT) ; conversion of OAA to malate (MOH) ;  then conversion of 

malate to fumarate by fumarase. Although this route cannot be d iscounted , 

the k inetics of the reaction supports the reaction being d i rect via aspartase. 

The Km for aspartate of 0 .2 ± 0 .06 m M  for the L3 0. circumcincta enzyme was 

genera l ly i n  the range of reported values for aspartases from m icroorganisms 

(Table 4 .2 1 )  and 1 0-fold lower than the Km for aspartate for L3 AspAT of 2.1 ± 

0.2 mM (Table 4. 1 0) .  The purine nucleotide cycle  enzyme adenylosuccinate 

synthetase a lso has aspartate as a substrate (Chapter 1 ,  1 .6 .9) ,  but the lack of 

added IMP  and GTP would most l ikely rule out that reaction being responsible 

for the formation of fumarate. 

The reverse reaction between fumarate and ammonia to form aspartate 

apparently also took p lace and Km values were obtained for ammonia and 

fumarate for L3 homogenates and for fumarate for an adult worm homogenate .  

The Km  for ammonia o f  2 . 0  ± 0 .5  mM (Table 4 . 1 4) was considerably lower than 

the Km for E. coli of 20 mM (Suzuki et al. , 1 973) and for Hafnia alvei of 1 1 2 m M  

(Nu i ry et al. , 1 984) .  The Km for fumarate of 0 .2 ± 0 .08 mM for L3 and 0.5 for 

adult worm homogenates are s imi lar to the 0 .2  mM for E. coli aspartase 

(Suzuki et al. , 1 973) . There are l im itations in estimating the Km for fumarate 

and ammonia in the reverse reaction ,  because the reaction is mon itored by the 

disappearance of fumarate, the concentration of which is l im ited to 2 mM by 

the ab i l ity to read the absorbance re l iably. The ammonia in 0. circumcincta 

homogenates of 1 0- 1 5 IJM is accounted for i n  the continuous assay. Despite 

the l im ited starting concentration of fumarate, the Vmax of the reaction was 

around 200-300 nmoles min-1 mg-1 protein in both d i rections. 
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There is also the possibi l ity of competit ion for the common substrate 

fumarate between aspartase, fumarase or fumarate reductase/succinate 

dehydrogenase. Fumarate reductase/succinate dehydrogenase requires 

anaerobic conditions (Kita, 1 992) and is not l i ke ly to be impo rtant. Fumarase, 

an enzyme structural ly related to aspartase, cata lyses the hydration of 

fumarate to form ma late (Woods et al. , 1 988) ,  however, the addition of 

ammonia would be expected to favour aspartase activity. Therefore , 

measurement of aspartase activity based on fumarate d isappearance cou ld  

overestimate fumarase activity. I n  contrast, aspartase activity in the d irectio n  

of fumarate formation  m ight be underestimated i f  fumarate were removed by 

fumarase or fumarate reductase/succinate dehydrogenase. 

Aspartase requ i res Mn2+ or Mg2+ for activity at a lka l ine pH, but n ot 

neutral or acidic pH (Suzuki et al. , 1 973; Viola, 2000) . There appeared to be 

adequate diva lent cations in the O. circumcincta homogenates without 

i ncluding more in the assays , which were carried out at pH 7 .5 , a lthough the 

Vmax measured here may not be the maximum possible rates for the enzyme .  

Further support for there being adequate Mn2+ bound to the enzyme was the 

lack of activation by 1 mM Mn2+ in the inh ibitor and effector study (Table 4 . 1 8) .  

None of the substances tested had a marked effect on aspartase activity and 

there was only one experiment carried out. The 1 9% decrease in activity 

recorded for 1 0  m M  Mg2+ may be a real  i nh ibition, however, as th is 

concentration showed a s imi lar degree of i nh ib ition of Propionibacterium 

freudenreichii aspartase (Crow, 1 987) . The only other changes of any  

magnitude were the lower activities by 24% with 1 0  mM Ca2+ and with 1 mM 

Mn2+ , perhaps sim i lar to the 1 8% inh ibition of H. alvei aspartase by Ca2+ 

reported by Yoon et al. ( 1 998) . EDTA was without effect on O. circumcincta 

aspartase, but is inh ibitory to E. coli aspartase (Suzuki et al. , 1 973) . 

Overa l l ,  the properties of O. circumcincta aspartase are simi lar to those 

of the m icrobia l  enzymes and, as was d iscussed previously for creatinase 

activity (Chapter 3 ,  Section 3.4.2) ,  there is the possib i l ity that microb ia l  

contamination in the nematode homogenate is responsib le for aspartase 

activity. This would best be resolved by a gene encoding aspartase being 

identified i n  the nematode genome. 
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Figure 4.25. Metabolic map of enzymes of alanine and aspartate 
metabolism identified in  L3 or adult 0. circumcincta homogenates. 
Enzymes are shown in blue; Km values (mM) for the substrates and 
Vmax (nmoles min-1 mg-1 protein) for the reactions for the variable 
substrate are shown in pink for L3 homogenates and green for 
adult worm homogenates. 
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4.4.4 ALANINE AND ASPARTATE METABOLISM 

A metabol ic map l inking the enzymes identified in L3 or adu lt o. 
circumcincta homogenates is shown in Figure 5 .25.  The Km values for the 

substrates and the Vmax for the reactions are i nd icated. 

The metabol ism of alanine and aspartate and the role of 

aminotransferases in nematodes are probably to l ink energy and amino acid 

metabol ism , as in vertebrates. In those more complex animals, dietary p rotein 

is broken down to amino acids or smal l  peptides, which are absorbed and 

metabolised in the intestine, releasing amino acids, predominantly a lanine and 

g lutamine into the circu lation to be used by the l iver and other organs 

(reviewed by Walton and Cowie, 1 982; Brosnan,  2003) . After a meal , excess 

amino acids are excreted as urea or used for g luconeogenesis. In the 

opposite case of starvation, body proteins, particularly i n  those in muscle ,  are 

broken down largely to alanine and g lutamine and used for energy after 

removal of amino groups, main ly by transamination. Under these conditions , 

aminotransferase activity increases (Horio et aI. , 1 988; Srivastava et al. , 1 999) . 

I n  the non-feed ing L3, contributing amino acid carbon skeletons to the TCA 

may be an important function, although the h igh Km for a lanine argues against 

this. In adult worms, the shift in Km would suit this role .  

Differences in the overal l  energy metabol ism of parasites and thei r 

mammal ian hosts and between free-l iving and parasitic stages may change 

the rol e  of aminotransferases. It is general ly considered there is a shift from 

aerobic to anaerobic metabol ism during the transition to parasitism (Komunieki 

and Vanover, 1 987) . This may not be as marked in  the smal ler nematodes, 

such as O. circumcincta, because their h igher surface a rea to volume ratio 

may a l low more oxygen diffusion than is possible in the large ascarids , 

cestodes and trematodes which have been more frequently stud ied. The rate 

of oxygen del ivery is l i kely to be less in adult worms than in L3, wh ich are 

about 1 00 times less in volume (Chapter 2, 2 .4) .  

General isation across species may be erroneous, e .g .  fi laria l  

nematodes genera l ly rely heavi ly on g lycolysis and produce lactate as an  end­

product under both aerobic and anaerobic cond itions (reviewed by Kohler, 

1 99 1 ) .  L. carinii was considered a model for the group, but has now been 

found to have a much more aerobic metabol ism than other related parasites. 
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Table 4.22. Activities and substrate Km of AlaAT, AspAt and aspartase 
compared with those of some TCA cycle enzymes in homogenates of L3 O. 
circumcincta. (Unpubl ished data for pyruvate kinase generously provided by 
Ms L. Walker and for phosphoenolpyruvate carboxykinase, ma late 
dehydrogenase, fumarase, fumarate reductase and succinate dehydrogenase 
by Or D.C. Simcock, I FNHH ,  Massey University) . 

Enzyme 

AlaAT 

AspAT 

Aspartase 

Pyruvate kinase 

Phosphoenol­
pyruvate 
carboxykinase 

Malate 
dehydrogenase 

Fumarase 

Substrate 

Alan ine 

pyruvate 

Aspartate 

OAA 

Aspartate 

PEP 

PEP 

Malate 

OAA 

Fumarate 

Malate 

Fumarate Fumarate 
reductase 

Succinate Succinate 
dehydrogenase 

Km (mM) Vmax 

mean ± SEM (n) (nmoles min-1 mg-1 protein) 

5 .2 ± 0.5 (3) 

1 .2 ± 0 .2 (3) 

2 . 1  ± 0 .2 (3) 

0 .09 ± 0.03 (3) 

0 .2 ± 0 .06 (3) 

0 . 1 5  ± 0.03 (8) 

0 .02 ± 0. 005 (6) 

2 .85 ± 0 .54 (4) 

0 .03 ± 0 .54 (4) 

0 .26 ± 0.05 (4) 

2 .45 ± 0 .33 (4) 

0 . 1 5  ± 0 .04 (3) 

0 .32 ± 0 .04 (4) 

1 1 5 ± 30 (3) 

29 ± 1 (3) 

1 1 70 ± 1 22 (3) 

295 ± 40 (3) 

1 78 ± 60 (3) 

343 ± 53 (8) 

1 00 ± 2 1 ( 1 1 )  

759 ± 86 (7) 

7728 ± 64 1 (4) 

448 ± 1 58 (4) 

292 ± 67 (4) 

9 .5 ± 1 . 5 (3) 

27 ± 2 . 3(4) 
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With in the gastro-intestinal nematode parasites, Ascarids are probably the 

most extensively stud ied, but probably have the most anaerobic metabol ism 

( reviewed by Kurelec, 1 975; Saz, 1 98 1 ; Kohler, 1 985). This parasite has l ittle 

pyruvate ki nase (PK) activity, so that PEP is carboxylated to OM by PEPCK; 

OM is then converted to malate by h igh cMDH activity. Malate enters the 

m itochondria and is converted to fumarate and succinate by fumarate 

reductase/succinate dehydrogenase . Another important end-product is 

acetate, formed by mal ic enzyme and pyruvate decarboxylase. Adult O. 

circumcincta metabol ism appears to be more aerobic than that i n  Ascaris (D.C.  

S imcock, personal communication) . 

Amino acids are considered to contribute to nematode energy 

metabol ism (Bruce et al. , 1 972; Davies and Kohler, 1 990) ,  as some species 

a re able to survive in vitro with g lutamine or alanine as the sole carbon source. 

I n  fi larial nematodes, a lanine was degraded to lactate, acetate and CO2 and 

the n itrogen of g lutamine was partly excreted also as ammonia and alanine 

(Davies and Kohler, 1 990) . Alanine is a metabol ic end-product in vertebrate 

tissues (skeletal muscle) and in invertebrate tissues (cultured insect cells) , 

a lthough its production in the latter ceases if g lucose is l imiti ng (Drews et al. , 

2000) .  Alan i ne is also the main amino acid that accumu lates under anaerobic 

conditions in p lants (Streeter and Thompson, 1 972;  Ricard et al. , 1 994; de 

Sousa and Sodek, 2003) and in G. lamblia and G. intestinalis (Edwards et al. , 

1 989; Paget et al. , 1 990; Nygaard et al. , 1 994) . 

Activities and substrate Km of L3 0. circumcincta AlaAT, AspAT and 

aspartase are compared with those of enzymes sharing their substrates or 

products are presented in  Table 4.22 (D .C. Simcock and L. Walker, 

unpubl ished data) . The highest activities were for AspAT and MOH,  which are 

required for the malate-aspartate shuttle (Figure 1 . 1 0) ,  a transporter of NADH 

into the mitochondria for oxidation duri ng aerobic metabolism (Chapter 1 ,  

1 .6. 1 1 .2) .  This suggests an  active malate-aspartate shuttle. There was an 

apparent decrease in  AspAT activity in  adult worms,  perhaps because of a 

sh ift towards more anaerobic metabol ism as worm size increased. The Km for 

aspartate is more typica l of cAspAT, which in vertebrates is high in 

g luconeogenic states (Horio et a/. , 1 988), along with PEPCK and PC (Nordl ie 

et al. , 1 965; Taylor et al. , 1 971 ) .  PEPCK activity is high in L3 O. circumcincta 

(Table 4.22) . 
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It i s  d ifficu lt to assign a role for aspartase activity, other than as an  

alternative route to AspAT between aspartate and the TCA cycle. The activity 

was considerable and the Km favourab le to compete with AspAT for aspartate . 

Alternatively, it may operate in the opposite d irection ,  as fumarase is  presumed 

to operate in the d i rection of malate to fumarate in an anaerobic parasite TCA 

cycle, rather than in the normal d i rection .  If aspartase activity can be 

confirmed by molecular biological studies, it may be easier to define  its role i n  

O.  circumcincta. 

Alan ine, aspartate and g lutamate metabo l ism are closely l inked . 

Aminotransferases interconvert amino acids by catalysing the transfer of an  

amino group from a donor a-amino acid to  acceptor a-keto acid ,  which is  

usual ly 2-oxog lutarate. I n  addition to this role in maintain ing the balance of 

non-essentia l  amino acids needed to synthesis proteins, in lower organisms, 

g lutamate is also involved i n  incorporating ammonia into amino acids. This is 

possible in nematodes, as genes for the necessary enzymes have been 

identified in  the C. e/egans genome. Properties of enzymes involved in  

g lutamate metabol ism i n  O. circumcincta are reported in  Chapter 5 .  
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Chapter 5 

M ETABOLISM O F  G LUTAMATE BY 

OSTERTA GIA CIRCUMCINCTA 

5 . 1  I NTRODUCTION 

1 0 1  

G lutamate i s  involved i n  numerous pathways: i n  anabol ic pathways 

which i ncorporate ammonia into amino acids; in the catabol ism of amino acids 

to produce ammonia for excretion ;  as a neurotransmitter; a substrate for 

protein synthesis and the precursor of g lutamine, GABA and other compounds 

(summarised in  Figure 1 . 1 1 ) . Of the four main enzymes involved in g lutamate 

synthesis and degradation, GDH, g lutaminase, GS and GOGAT, only GDH 

has been examined in  any detai l  i n  nematodes (Langer and J iamperpoon, 

1 970; Langer et al. , 1 972; Rhodes and Ferguson, 1 973; Turner et al. , 1 986; 

Skuce et al. , 1 999b) and in  a few other helminths. Given the central role of 

g lutamate in  nitrogen metabolism , the enzymes involved are l ikely to conta in 

some novel features different from those of the mammal ian host. 

5. 1 . 1 GLUTAMATE DEHYDROGENASE (GDH) (EC 1 .4 . 1 .2-4) 

GDH catalyses the reversib le oxidative deamination of L-g lutamate to 2-

oxoglutarate and ammonia (Figure 5 . 1 ) , using e ither NAD+ or  NADP+ as the 

cofactor ( reviewed by Goldin and Frieden, 1 97 1 ; Hudson and Daniel ,  1 993) . 

There a re three GDH groups based on cofactor requirements: NAD+ specific 

(EC 1 .4 . 1 . 2) ,  NADP+ specific (EC 1 .4 . 1 .4) or dual  cofactor specific  (EC 1 .4. 1 . 3) 

which can use either cofactor, the enzyme present in  higher organisms. The 

dual-specificity activity may be due to a single enzyme or separate enzymes. 

GDH activity has been identified in H. contortus (Rhodes and Ferguson ,  

1 973; Skuce et  al. , 1 999b) , A .  suum (Langer, 1 972) , D.  immitis (Langer and 

J iamperpoon, 1 970; Turner et al. , 1 986) , H. polygyrus, P. redivivus (Grantham 

and Barrett, 1 986a) , O .  cuniculi (Hutchinson and Fernando, 1 975), L. carinii 

(Davies and K6hler, 1 990) , F. hepatica (Prichard and Schofiel d ,  1 968; Thorpe, 

1 968) and M. similis (McManus and James, 1 975). The properties of the 
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GDHs i n  helm inths, as in many invertebrates ,  varied in  subcel lu lar location, 

cofactor requirements and sensitivities to activators and i nh ibitors from those 

of m ammals ,  which are mitochondria l ,  have dual  co-factor specificity and are 

activated by AMP and ADP and inh ib ited by GTP and ATP (Goldin and 

Frieden ,  1 97 1 ;  Hudson and Daniel ,  1 993) . GDH activity in the cytosol in  

helm inths (Hutchi nson and Fernando, 1 975; Mustafa et al. , 1 978) could be 

caused by disruption of mitochondria during the experiment, a lthough 

mitochondria appeared to be intact in the latter study. I t  may also be a 

genu ine cytosolic enzyme in D. immitis i n  which the mitochondrial and 

cytosol ic GDH differed in almost all properties (Turner et al. , 1 986) , s imi lar to 

O. cuniculi GDH (Hutch inson and Fernando, 1 975). Mitochondrial GDH was 

the predominant form in  F. hepatica (Prichard and Schofield , 1 968) , H. 

polygyrus and P. redivivus (Grantham and Barrett, 1 986a). 

Although not universal ly true, in many species , the aminating d irection is 

catalysed by NAD-GDH and the deminating d i rection by NADP-GDH. The co­

factor requirements were somewhat variable in helm inths. The H. diminuta 

GDH was specific for NAD+ (Mustafa et al. , 1 978) . 0. cuniculi cGDH and 

mGDH were more active with NADH than NADPH in the d i rection of g lutamate 

formation (Hutch i nson and Fernando, 1 975) , the F. hepatica cGDH had 1 2  

times higher activity with NADH and 4 times higher with NADPH than rat l iver 

(Prichard and Schofield, 1 968) , whereas the D. immitis mGDH was equal ly 

reactive with NAD+ and NADP+ . I n  both H. polygyrus and P. redivivus, i n  the 

direction of g lutamate formation ,  GDH activity with NADH was twice the rate 

with NADPH and in the reverse di rection ,  activity with NAD+ was three and 

eight times greater than with NADP+ in P. redivivus and H. polygyrus 

respectively (Grantham and Barrett, 1 986a). 

The properties of invertebrate GDHs were also variable .  D. 

melanogaster GDH was located in the mitochondria and generally had simi lar 

properties to bovine l iver GDH , but with a very low affin i ty for NADPH and 

lower activity with NADPH than with NADH (Prezioso et al. , 1 985) . The GDH 

of the muscle of the polychaete A. marina had no aminating activity with either 

NADH or NADPH (Batrel and Le Gal, 1 984) .  In  contrast, mGDH activity in 

severa l tissues of the mol lusc Modiolus demissus was predominantly i n  the 

glutamate-forming di rection and ass igned the role of forming glutamate when 

ammonia levels were h igh (Reiss et a/. , 1 977) .  
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I n  the d i rection of g lutamate deamination, the pH optima for mammalian 

G DHs are pH 8-1 0 and for reductive ami nation about 0 . 5-2 pH un its lower 

(Goldin and Frieden, 1 97 1 ) . There was l ittle increase in activity of purified H. 

contortus GDH above 27°C, the pH optimum was 8 .8 for NAD+ reduction 

(simi lar  to bovine and ovine l iver GDH) and pH 8 for NADH oxidation ,  the latter 

h igher than the pH 7 .5-7 .6 they recorded for ovine and bovine l iver GDH 

(Rhodes and Ferguson ,  1 973) .  The mGDH of O. immitis had a pH optimum of 

8 .4 and the cytosol ic cGDH a narrow pH optimum of 7 . 8-8 (Turner et al. , 

1 986) .  The bind ing of 2-oxogl utarate, but not g lutamate , was pH dependent in 

H. diminuta GDH (Mustafa et al. , 1 978) .  

The regulation of the dual specificity mammal ian enzymes is very 

complex, being strongly regu lated by purine nucleotides, particu larly activated 

by ADP,  AMP and some amino acids and inh ib ited by GTP (Gold in and 

Frieden ,  1 97 1 ; Hudson and Daniel ,  1 993). Un l ike bovine l iver GDH ,  AMP, 

ADP, ATP, G DP, GTP and amino acids had l ittle effect on H. diminuta GDH, 

whereas the TCA intermediates fumarate, malate and succinate were inh ibitory 

i n  h igh ,  probably not physiological ly relevant, concentrations (Mustafa et al. , 

1 978) .  It was bel ieved that the pur ine nucleotides were tested in physiologica l 

concentrations for nematodes, based on the calculated values of 0 .7-2 mM 

(Barrett and Beis, 1 973) .  Grantham and Barrett ( 1 986a) found d ifferences in 

the effects of purine nucleotides on H. polygyrus and P. redivivus mGDH. 

Whereas 1 mM ADP stimulated mGDH in both species in  the direction of 

g lutamate formation with NADH, with NADPH, ADP reduced the activity from 

2 .5  to 0 .8  nmol g lutamate/m in/mg protein in P. redivivus, but there was l ittle 

difference with and without ADP (0.8 and 0.5 nmol g l utamate/min/mg protein 

respectively) for H. polygyrus. Also notable was the l ack of effect of ATP in 

both species , but unusual stimu lation by GTP for P. redivivus GDH with NADH. 

ADP fai led to activate the GDH of the polychaete A.  marina (Batrel and Le Gal , 

1 984) ,  the protozooan T. cruzi (Cazzulo et al. , 1 977) and the water mould B. 

emersonii (LeJohn,  1 968). 

5 . 1 .2 GLUTAMINASE (EC 3.5. 1 .2 )  

Glutam inase catalyzes the hydrolysis of L-g lutam ine to g lutamate and 

ammonia (F igure 5 .2) .  Vertebrate l iver- and kidney-type g lutaminases are 

isoforms of phosphate-activated g lutaminase (g lutaminase I) , whereas 
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g lutaminase I I  is phosphate-independent g lutamine a minotransferase or a y­
g lutamyltransferase (reviewed by Curthoys and Watford , 1 995; Kvamme et al. , 

2000).  There are several classes of g lutaminases of microorganisms which 

are not phosphate-activated and have d ifferent properties from the mammal ian 

phosphate-dependent enzymes (reviewed by Nandakumar et aI. , 2003) . Whi le 

some a re specific for g lutamine, others are also active asparaginases. 

There are few reports of g lutaminase activity in  nematodes. Both 

g lutaminase and asparag inase activities were identified  in H. polygyrus and P. 

redivivus at very much lower levels than in rat l iver (Grantham and Barrett, 

1 986a) ,  but no glutaminase activity was detectable i n  L. carinii (Davies and 

K6hler, 1 990) .  Nematode g lutaminase may not be simi lar to the mammal ian 

isozymes, but may be l ike a bacterial g lutaminase or  vertebrate type 1 1 ,  based 

on the report that g lutam inase 1 1 ,  but not type I ,  was present in the insect P. 

crassipalpis (Downton and Kennedy, 1 986). 

Mammal ian l iver- and kidney-type g lutaminases are d istinguished by 

d ifferences in the pH optima and sensitivity to inh ib ition by the end-product 

g lutamate. The kidney-type g lutaminase requires a polyvalent an ion (usual ly 

phosphate with a Ko.5 of 20-30 mM), has a low Km for g lutamine (2-5 mM) and 

is strongly inh ib ited by g lutamate. The l iver-type has a hig her Km for glutamine 

( 1 7  mM or 6 mM depending on association with the m itochondria l  membrane) , 

a lower Ko.5 for phosphate activation ,  a flat pH curve with an  optimum between 

7 .8  and 8 .2 ,  is not inh ibited by g lutamate (up to 50 mM) or malate (Curthoys 

and Watford ,  1 995) and has a requirement for activation by ammonia 

(McGivan and Bradford , 1 983) . The kinetics depend on whether the enzyme is 

membrane associated or not, as the reaction towards g lutamine is hyperbol ic 

when membrane associated,  but becomes sigmoidal when solubi l ised and the 

Km for g lutamine increases (McGivan et al. , 1 980). 

5 . 1 .3 GLUTAMINE SYNTHETASE (GS) (EC 6.3 . 1 .2 )  

Glutamine synthetase (GS), catalyses the reaction of ATP ,  g lutamate 

and ammonium to form ADP, phosphate, H+ and L-g lutamine (Figure 5.3) .  I t  

requ i res either Mg2+ or  M n2+ for activity. While i t  is reversible, the biosynthetic 

or forward reaction is the only physiological d i rection.  GS is involved i n  

ammonia detoxification a nd neurotransmitter recycl i ng  i n  the bra in (Suarez et 

al. , 2002) , converting excess ammonia to g lutamine i n  perivenous cells of the 
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l iver or used by the kidney to buffer excreted ammonia (Brosnan ,  2000) . GS 

and GOGAT are usual ly responsible in  plants and bacteria for ammonia 

assimilation when there is adequate ATP ,  whereas GDH provides an 

alternative route when energy is l im ited. 

GS is present in a l l  organisms studied, i ncluding fossi ls ( Kumada et al. , 

1 993) and ,  not unexpectedly, GS activity has been identified i n  the nematodes 

H. polygyrus and P. redivivus (Grantham and Barrett, 1 988) . 

5.1 .4 GLUTAMATE SYNTHASE (GOGAT oR GLTS ) (EC 1 .4. 1 . 1 4) 

G lutamate synthase (GOGAT) cata lyses the g lutamine-dependent 

reductive amination of 2-oxog lutarate to form two molecules of g lutamate 

(Fig ure 5 .4) .  P lant GOGAT is present in a form which uses reduced ferrodoxin 

as the e lectron donor (Fd-GOGAT) and one that uses NADH as the electron 

donor (NADH-GOGAT),  whi le a third form , NADPH-GOGAT, is present i n  

bacteria (reviewed by Vanoni and Curti , 1 999; Suzuki and Knaff, 2003; van 

den Heuvel et aI. , 2004; Vanoni  et al. , 2005) . 

The GS-GOGA T pathway formed by GS and GOGA T is the most 

important for ammonia assimi lation in plants (reviewed by Mifkin and Habash, 

2002) and bacteria (F isher and Sonenshein ,  1 991 ; Osuj i et al. , 1 996; Hel l ing, 

1 998; EI-Shora and Abo-Kassem 200 1 ) , provided there is adequate ATP. As 

the Km for ammonia is low for GS compared with that for GDH,  the GS-GOGAT 

pathway predominates when ammonia levels are low. 

Recently it has been suggested that GOGA T may be an important 

enzyme i n  invertebrates .  The enzyme has been identified either by an activity 

assay or deduced from label l ing studies in  the si lkworms B. mori (Hirayama et 

al. , 1 998; H irayama and Nakamura,  2002) and S. cynthia ricini (Osanai et al. , 

2000), in  a S. frugiperda Sf9 i nsect cel l  l ine (Doverskog et al. , 2000; Drews et 

al. , 2000) and in the mosqu ito A. aegypti (Scaraffia et aI. , 2005) . Genes for 

NADH-GOGAT have been identified during sequencing of the genome of C. 

elegans (Vanoni and Curti , 1 999) , suggesting GOGAT activity may also be 

present i n  nematodes. 

The aim of the experiments reported in this Chapter was to determine 

the presence and properties of key enzymes involved in the metabolism of 
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g lutamate. The enzymes examined were glutamate dehydrogenase (GOH), 

g lutamine synthetase (GS), g lutamate synthase (GOGAT) and g lutaminase. 

5.2 MATERIALS AND M ETHODS 

Parasites for enzyme assays were provided as detai led in Appendix 1 .  

L3 were cultured from the faeces of infected sheep, stored at 4°C and prior to 

each experiment, were Baermannized to remove inactive worms (Appendix 1 ,  

1 . 5) .  Adu lt worms were recovered from the abomasa of infected sheep 

(Appendix 1 ,  1 .4). 

Al l  chemicals were obtained from the Sigma Chemical Co. (Mo, USA) 

un less specified otherwise. 

5.2 .1  HOMOGENATE PREPARATION 

Enzyme activities were determined on homogenates prepared from 

sheathed L3 or adult O. circumcincta (Appendix 2 ,  2 .6) .  The amount of 

homogenate used for the enzymes assays was based on its protein content, 

which was determined by the Bradford method (Appendix 2 ,  2 . 3) ,  so that the 

amount of homogenate contain ing 50 :g protein was used for each assay. 

5.2 .2 GLUTAMATE DEHYDROGENASE 

Glutamate dehydrogenase (GOH) was assayed both in  the d i rection of 

g lutamate uti l isation and formation: 

GOH 
L-g lutamate + NAO+ + H20 ... ---.. 2-oxoglutarate + N H/ + NAOH 

5.2.2. 1 Effect of pH 

Assays were conducted at 30°C on homogenates of sheathed L3 in  the 

directio n  of g lutamate formation (SL48-49) and g l utamate uti l isation (SL50-5 1 )  

to determine the optimum pH for GOH activity. I n  the d irection of g lutamate 

uti l isation ,  the reaction mixtures (total volume of 1 ml) were prepared 

conta in ing 50 I-Ig homogenate protein in 1 00 mM phosphate buffer (Appendix 

3 ,  3. 1 )  of variable pH from 5 to 1 0. Subsequently, 0.2 mM NAO+ was added 

and the reaction was in itiated by adding 5 mM g lutamate. GDH activity was 

calcu lated from the rate of formation of NADH ,  which was monitored 

spectrophotometrica l ly at 340 nm.  
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I n  the direction of g l utamate formation ,  the reaction  mixtures (total 

volume of 1 ml )  were prepared containing 50 I-Ig homogenate protein in 1 00 

mM phosphate buffer of variable pH from 5 to 1 0 . Subsequently, 0.2 mM 

NADH was added and the reaction was in itiated by adding 5 mM 2-

oxoglutarate . GDH activity was calculated from the rate of util isation of NADH, 

mon itored spectrophotometrical ly at 340 nm. 

5.2.2.2 Effect of temperature 

Assays were conducted on 2 homogenates of sheathed L3 (SL52-53) in  

the d i rection of glutamate formation to determ ine the effect of  temperature on 

GDH activity in  the d irection of g lutamate formation. Reaction mixtures (total 

volume of 1 ml) were prepared contain ing 40 mM N H4CI and 50 I-Ig 

homogenate protei n  in 1 00 mM phosphate buffer pH 7 .5  (Appendix 3, 3 .2) of 

variable temperature from 25°C to 45°C. Subsequently, 0 .2  mM NADH was 

added and the reaction was in itiated by add ing 5 mM 2-oxoglutarate. GDH 

activity was calcu lated from the rate of ut i l isation of NADH, monitored 

spectrophotometrical ly at 340 nm. 

5.2.2.3 Effect of A TP and ADP 

The effects of ATP or ADP on GDH activity at 30°C in  the d irection of 

g lutamate formation and uti l isation were studied on 2 homogenates of 

sheathed L3 (SL 54-55). 

I n  the d i rection of g lutamate uti l isation, reaction mixtu res (total vol ume 

of 1 ml) were prepared contain ing 50 I-Ig homogenate protein in  1 00 mM 

phosphate buffer (Appendix 3 ,  3 .2) pH  7 .5 ,  with and  without 1 mM ATP or 

ADP. Subsequently, 0.2 mM NAD+ was added and the reaction was in itiated 

by adding 5 mM g lutamate . The effect on GDH activity of added compounds 

was compared with activities without these compounds, set at 1 00%. 

I n  the d irection of g lutamate formation, reaction mixtu res (total vol ume 

of 1 ml) contained 5 mM EDTA, 40 mM NH4CI and 50 I-Ig homogenate protein ,  

prepared in  1 00 mM phosphate buffer (Appendix 3,  3 .2) pH 7 .5 .  

Subsequently, 0 .2  mM NADH was added and the reaction was in itiated by 

add ing 5 mM 2-oxoglutarate. The effects on GDH activity of added 

compounds were compared with activities without these compounds, which 

were set at 1 00%. 
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5.2.2.4 Kinetic parameters in the direction of glutamate utilisation 

GOH activity at 30°C was estimated in the d i rection of g lutamate 

uti l isation in  homogenates of sheathed L3 or adult worms using the protocol for 

continuous assays described in  Appendix 2. 2 .7 .  The reaction mixture (total 

volume of 1 ml )  conta ined 50 I-Ig homogenate protein i n  1 00 mM phosphate 

buffer (Appendix 3 . 3 . 1 )  pH 7 .5 .  Subsequently. 0 .2 mM NAO+ was added and 

the reaction was initiated by adding 5 mM g lutamate.  

The Km and Vmax were determined for GOH activity for the substrate 

g lutamate and the cofactor NAO+ (or NAOP+) :  

( 1 )  For the substrate g lutamate. for homogenates of sheathed L3 (n  = 

3). varying concentrations of g lutamate from 0 to 20 m M  were added to the 

reaction mixture to in iti ate the reaction .  For homogenates of adult worms (n 

= 2). varying concentrations of g lutamate from 0 to 5 m M  were added to the 

reaction mixture to in itiate the reaction. 

(2) For the cofactor NAO+ (or NAOP+) ,  for homogenates of sheathed 

L3 (n = 3) . varying concentrations of NAO+ or NAOP+ from 0 to 3 mM were 

added to in itiate the reaction .  

5.2.2.5 Kinetic parameters in the direction of glutamate formation 

GOH activity at 30°C was estimated i n  the d irection of g lutamate 

formation in homogenates of sheathed L3 or adult worms using the protocol for 

continuous assays described in  Append ix 2 .  2 .7 .  The reaction mixture (total 

volume of 1 ml )  conta ined 5 mM EOTA, 40 mM NH4CI and 50 I-Ig homogenate 

prote in .  prepared in  1 00 mM phosphate buffer (Appendix 3, 3 .2) pH  7 .5. 

Subsequently. 0 .2 mM NAOH was added and the reaction was in itiated by 

adding 5 mM 2-oxoglutarate. 

The Km and Vmax were determined for GOH activity for the substrates 2-

oxoglutarate and ammonia and the cofactor NAOH (or NAOPH): 

( 1 )  For the substrate 2-oxoglutarate. for homogenates of sheathed L3 

(n = 3). varying concentrations of 2-oxoglutarate from 0 to 5 mM were added 

to the reaction mixture to in itiate the reaction .  For the homogenates of adult 

worms (n = 3). varying concentrations of 2-oxoglutarate from 0 to 0 . 5  mM 

were added to the reaction m ixture to in itiate the reaction .  
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(2) For the substrate ammonia, for the homogenates of sheathed L3 

(n = 3), varying concentrations of ammonia from 0 to 1 50 mM were added to 

the reaction  mixture to in itiate the reaction. For the homogenates of adult 

worms (n = 3), varying concentrations of 2-oxoglutarate from 0 to 250 mM 

were added to the reaction mixture to in itiate the reaction. 

(3) For the cofactor NAOH (or NAOPH) ,  for homogenates of 

sheathed L3 (n = 3), varying concentrations of NAOH or NAOPH from 0 to 

0 .45 mM were added to in itiate the reaction .  

5.2.3 GLUTAMINASE 

Glutaminase activity was monitored using a coupled reaction with 

g lutamate dehydrogenase (GOH): 

g lutamine + H20 
glutaminase 

-----.� L-glutamate + NH4 + 

GOH 
L-g l utamate + NAO+ + H20 + � 2-oxoglutarate + NH/ + NAOH 

5.2.3. 1 Kinetic parameters 

Glutam inase activity at 30°C was estimated in homogenates of 

sheathed L3 (n = 3) or  adult worms (n = 1 )  using the protocol for continuous 

assays described in  Appendix 2, 2 .7 .  The reaction mixture (total volume of 1 

ml )  contained 1 0  mM 2-oxoglutarate and 50 I-Ig homogenate protein ,  prepared 

\ i n  1 00 mM phosphate buffer (Appendix 3 , 3. 1 )  pH 7 .5 .  Subsequently, 0 .2 mM 

NAO+ was added and the reaction was in itiated by adding 5 mM g l utamine. 

The Km and Vmax were dete rmined for g lutamine by in itiating the reaction with 

g lutamine in concentrations from 0 to 20 m M  for the homogenates of sheathed 

L3 and from 0 to 40 mM for the homogenate of adult worms. Glutaminase 

activity was calcu lated from the rate of formation of NAOH, monitored 

spectrophotometrica l ly at 340 nm.  

5.2.3.2 Effectors and inhibitors 

Each of the fol lowing was investigated for effects on the rate of 

g lutaminase activity of sheathed L3 homogenates (SL73-74) (n = 2): 

( 1 ) 0. 1 mM arg in ine 



1 1 0  

(2) 0 . 1 mM Fe2+ in the form of FeS04 

(3) 0 . 1 mM Cu2+ in the form of CUS04 

(4) 0 . 1 mM Mg2+ in  the form of MgS04 

(5) 0 . 1 mM EDTA 

(6) 0 . 1 mM ATP or ADP 

(7) 0 . 1  mM azaserine 

Reaction mixtures described in Section 5 .2 .3 . 1 were made up with each 

of the test compounds. After the addition of 0 .2 mM NAD+ , 5 mM glutamine 

was added to in itiate the reaction. 

5.2.4 GLUTAMINE SYNTHETASE 

Glutamine synthetase (GS) activity was assayed in the "b iosynthetic" 

d i rection of g lutamine formation: 

GS 
g lutamate + ATP + N H/ ---... glutamine + ADP + P i  

5.2.4. 1 Kinetic parameters 

Glutamine synthetase (GS) activity of sheathed L3 O. circumcincta 

homogenate SL75 was estimated in  dupl icate at 30°C in the di rection of 

g lutamate uti l isation with increasing concentration of ammonia from the rate of 

uti l isation of NADH in a coupled reaction with pyruvate kinase (PK) and lactate 

dehydrogenase (LDH), monitored spectrophotometrical ly at 340 n m  using the 

protocol for continuous assays described in Appendix 2, 2 .7 : 

g lutamate + ATP + N H/ 
GS 

------.. g lutamine + ADP + Pi 

PK  
PEP  + ADP ---... pyruvate + A TP 

LDH 
pyruvate + NADH + H+ • lactate + NAD+ 

The reaction mixture (total volume of 1 ml )  contained 1 0  m M  glutamate, 

0 . 1 mM ATP ,  1 0  mM PEP, 2 units of PK, 2 units of LDH and 50 I-1g 

homogenate prote in ,  prepared 1 00 mM phosphate buffer (Appendix 3, 3. 1 ) .  
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0 .2 m M  NADH was added subsequently and the reaction was initiated by 

adding ammonium as NH4CI in concentrations of 0- 1 0  mM. GS activity was 

calculated from the rate of uti l isation  of NADH ,  monitored 

spectrophotometrica l ly at 340 nm.  

GS activity of  sheathed L3 0. circumcincta homogenates SL76-78) (n = 

3) was estimated at 30°C by a colorimetric method (Appendix 2, 2 .8)  

(Vorhaben et al. , 1 973) . G lutamate reacts with hydroxylamine (NH20H) to 

form y-g l utamyl hydroxamate; a brown colour develops after addition of FeCI3 , 

GS 
glutamate + ATP + N H20H -----... y-g lutamyl hydroxamate + ADP 

The assay for GS was adapted from Hirayama and Nakamura (2002) . 

With g lutamate as the variable substrate, reaction mixtures (fi nal volume 0 .5  

ml)  conta in ing 5 mM ATP ,  20 mM N H4CI ,  500 m M  NH20H and 0 to 5 mM L­

glutamate were prepared in 1 00 m M  Tris buffer (Appendix 3, 3 .2) pH 8.5 and 

0.5 m l  of buffer conta in ing 50 j.!g homogenate protein was subsequently added 

to in itiate the react ion. After incubation for 0 ,  1 ,  5 ,  1 5  or 30 minutes, the 

reaction  was terminated by the addition of 1 .5 ml of a mixture of 3.5% FeCI3 , 

2% trichloroacetic acid (TCA) and 0.25 N HCI .  After centrifugation, the 

supernatant was read against a b lank to which no homogenate had been 

added at 500 nm in a Pharmacia LKB Novaspec 1 1 .  A standard curve was 

constructed with y-g lutamyl hydroxamate concentrations from 0-0.6 mM.  

Assays without ATP and g lutamate were used as controls. GS activities were 

calcu lated from the equation i n  Appendix 2 .8 .  

5.2.5 GLUTAMATE SYNTHASE 

Glutamate synthase (GOGAT) activity was monitored in the d i rection of 

g l utamine uti l isation: 

g lutamine + NADH + 2-oxoglutarate 

5.2.5. 1 Kinetic parameters 

GOGAT 
-----.. 2 g lutamate + NAO+ 

GOGA T activity at 30°C was estimated in homogenates of sheathed L3 

(n = 3) or  adu lt worms (n = 1 )  using the protocol for continuous assays 

described in Appendix 2, 2 .7 .  To determine the Km and Vmax for the substrate 
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g lutamine ,  the reaction mixture (total volume of 1 ml )  contained 20 m M  2-

oxog lutarate and 50 I-Ig homogenate protein ,  prepared in 1 00 mM phosphate 

buffer (Appendix 3, 3 . 1 )  pH 7 .5 .  0 .2 mM NADH was added subsequently and 

the reaction was i n itiated by the addition of g lutamine in concentrations from 0 

to 30 mM.  GOGAT activity was calcu lated from the rate of uti l isation of NADH, 

monitored spectrophotometrica l ly at 340 nm.  

To determine the Km and Vmax for the substrate 2-oxoglutarate in adult 

worm homogenate A1 3,  the reaction mixture (total volume of 1 ml) contained 

1 0  m M  g lutamine and 50 I-Ig homogenate protein ,  prepared in 1 00 mM 

phosphate buffer (Appendix 3 ,  3 . 1 )  pH 7 .5 .  0.2 mM NADH was added 

subsequently and the reaction was in itiated by the add ition of 2-oxoglutarate i n  

concentrations from 0 to 20  mM.  GOGAT activity was calcu lated from the rate 

of uti l isation of NADH,  monitored spectrophotometrical ly at 340 nm.  

5.2.5.2 Comparison o f  GOGA T activities in sheep m uscle and adult 

worms 

GOGAT activity was monitored in  sheep muscle and subsequently in  

adu l t  worm homogenate A 1 4. The protein content of  each homogenate was 

determ ined by the Bradford method (Appendix 2, 2 .3) and the volume 

conta in ing 50 I-Ig protein was calculated for each. The reaction mixture (total 

volume of 1 ml) contain ing 20 mM 2-oxoglutarate and 5 m M  g lutamine was 

prepared in a quartz cuvette in 1 00 mM phosphate buffer (Appendix 3, 3.2) pH 

7 .5  at 30°C and the reaction monitored at 340 nm. 0.2 mM NADH was added 

at 30 seconds, fol lowed by 50 I-Ig sheep muscle homogenate protein at 240 

seconds and the GOGAT activity was monitored.  At 320 seconds, 50 I-Ig adult 

worm homogenate protein was added and GOGAT activity was monitored . At 

540 seconds,  20 m M  NH4CI was added to the reaction mixture to in itiate the 

GDH reaction, which served as a contro l .  Both GOGAT and GDH activities 

were observed from the rate of NADH uti l isation ,  which was monitored 

spectrophotometrica l ly at 340 nm.  

5.2.5.3 Effect of azaserine 

The effect of azaserine on GOGAT activity at 30°C was tested on adult 

worm homogenate . The reaction mixture (total vo lume of 1 m l) contained 20 

mM 2-oxoglutarate and 50 1-19 homogenate prote in ,  prepared in 1 00 mM 
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Figure 5.5. Effects of pH on g lutamate dehydrogenase 
(GDH) activities (mean ± SEM,  n = 2) at 30°C of sheathed 
L3 O. circumcincta homogenates in the d irection of 
g lutamate formation (SL48-49) ( A ) and g lutamate 
uti l isation (SL50-5 1 )  ( . ) . Concentrations of 5 mM 2-
oxogl utarate or g lutamate were used respectively. GOH 
activity was calcu lated from the rate of NAO+ reduction or  
NAOH oxidatione monitored spectrophotometrical ly at 340 
nm. 
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Figure 5.6. Effects of temperature on g lutamate 
dehydrogenase (GOH) activities (mean ± SEM,  n = 2) of 
sheathed L3 O. circumcincta homogenates SL52 ( A ) and 
SL53 ( ) in  the direction of g lutamate formation .  
Concentrations of 5 mM 2-oxoglutarate were used . GDH 
activity was calcu lated from the rate of  oxidation of NAO H ,  
which was monitored spectrophotometrical ly at 340 nm .  



1 1 3  

phosphate buffer (Appendix 3 ,  3. 1 )  pH 7 .5 . 0 .2 mM NADH was added 

subsequently. The reaction was in itiated by the addition of 5 mM glutamine 

and the activity was monitored for 320 seconds. Azaserine (final concentration 

0 . 1 mM)  was then added to the reaction mixture. GOGAT activity was 

observed from the rate of NADH uti l isation,  which was monitored 

spectrophotometrical ly at 340 nm .  

5.2.5.4 Comparison o f  GOGA T and GDH activities 

Adu lt worm homogenate A 1 6  was assayed for both GOGAT and GDH 

activity at 30°C. The reaction mixture (total volume 1 ml) contain ing 20 mM 2-

oxoglutarate and 50 I-Ig homogenate protein was prepared i n  a quartz cuvette 

in  1 00 m M  phosphate buffer (Appendix 3 ,  3. 1 )  pH 7 . 5  and the reaction 

monitored at 340 nm.  0 .2 m M  NADH was added at 30 seconds. GOGAT 

activity was i n itiated by adding 5 mM g lutamine at 1 80 seconds. 20 mM NH4CI 

was added at 580 seconds to initiate the GDH reaction and the absorbance at 

340 nm was further monitored. Both GOGAT and G DH activities were 

observed from the rate of NADH util isation, wh ich was monitored 

spectrophotometrica l ly at 340 nm.  

5.3 RESULTS 

5 .3 . 1  GLUTAMATE DEHYDROGENASE 

5.3. 1 . 1  Effect of pH 

The effect of pH on GDH activity in  the di rections of g lutamate formation 

and uti l isation at 30°C in homogenates of sheathed L3 (n = 2) are shown i n  

F igure 5. 5. I n  both d i rections ,  the optimum pH was 7-7.5 ,  but activity was very 

l ittle d ifferent from that at pH 7 .5 ,  the standard pH used to assay GDH.  Activity 

i n  the d i rection of g lutamate uti l isation decreased to much lower levels above 

pH 8 than it d id in the reverse di rection .  

5.3. 1 .2 Effect o f  temperature 

The effects of temperature on GDH activity of two homogenates of 

sheathed L3 (SL52-53) in  the d irection of g lutamate formation are shown i n  

F igure 5.6. The optimal temperature for each was 30°C. 
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Table 5.S. Glutamate dehydrogenase (GDH) activities at 30°C of 
adu lt 0. circumcincta homogenates, monitored in the d i rection of 
g lutamate formation, with increasing concentration of 2-
oxoglutarate . GDH activity was calculated from the rate of NADH 
uti l isation through the oxidation of NADH, which was monitored 
spectrophotometrical ly at 340 nm.  

Homogenate 2-oxog lutarate Vmax 

Km (mM) (nmoles m in-1 mg-1 prote in)  

A1 c 0 .02 735 

A9d 0. 1 4  563 

A1 1 b  0 .02 86 

mean ± SEM,  n = 3 0 .06 ± 0 .04 46 1 ± 1 94 
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Table 5.5. Glutamate dehydrogenase (GOH) activities at 30°C of 
sheathed L3 O. circumcincta homogenates, monitored in  the 
d i rection of g l utamate formation, with i ncreasing concentration of 
2-oxoglutarate. GDH activity was calculated from the rate of 
NADH uti l isation through the oxidation of NADH,  which was 
monitored spectrophotometrical ly at 340 nm .  

Homogenate 2-oxog lutarate Vmax 

Km (mM) (nmoles min-1 mg-1 p rotein) 

SL62a 0.06 304 

SL62b 0.06 303 

SL63 0.05 301 

mean ± SEM,  n = 3 0.06 ± 0 .03 303 ± 5 
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Figure 5.1 1 .  Glutamate dehydrogenase (GDH) activity at 30°C of 
adult O. circumcincta homogenate A 1 c, monitored in the d i rection 
of g lutamate formation, with increasing concentration of 2-
oxoglutarate . GDH activity was calculated from the rate of NADH 
uti l isation through the oxidation of NADH,  which was monitored 
spectrophotometrical ly at 340 nm. 
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Table 5.4. Glutamate dehydrogenase (GOH) activities at 30°C of  sheathed 
L3 0. circumcincta homogenates, monitored in  the d i rection of g lutamate 
utilisation ,  with increasing concentration of NAO+ or NAOP+. GOH activity 
was calculated from the rate of NAOH or NAOPH formation through the 
reduction of NAO+ or NAOP+ , which was monitored spectrophotometrically 
at 340 nm,  

NAO+ 

Homogenate 

Km (mM) 

SL59 0 .6 

SL60 0 .8  

SL61  0 . 7  

mean ± SEM,  n = 3 0.7 ± 0. 1 

* Vmax i n  nmoles m in-1 mg-1 protein 

-c: 
'Q) 300 
-o 
� 

� c.. 
- .... 'S; 'tn 
:;; E o ns � 
a .§ 1 00 
(!) � 

(5 
E 0 

NAOP+ 

* Vmax Km (mM) * Vmax 

1 83 1 .0 42 

1 95 1 . 7 6 1  

1 9 1  1 .9 70 

1 90 ± 4 1 .5 ± 0 .3  58 ± 8 

5 �O�--�1�--�2�--�3�--�4�---5L-
[2-oxoglutarate] (mM) 

Figure 5.1 0. Glutamate dehydrogenase (GOH) activity at 30°C of 
sheathed L3 O. circumcincta homogenate SL62a, monitored i n  
the direction o f  g lutamate formation ,  with i ncreasing concentration 
of  2-oxog lutarate . GOH activity was calculated from the rate of  
NAOH uti l isation through the oxidation of  NAOH ,  which was 
monitored spectrophotometrically at 340 nm .  
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Table 5.3. Glutamate dehydrogenase (GDH) activities at 30°C of 
adult O. circumcincta homogenates, monitored in the d irection of 
glutamate uti l isation , with increasing concentration of g lutamate. 
GDH activity was calcu lated from the rate of NADH formation 
through the reduction of NAO+, which was monitored 
spectrophotometrical ly  at 340 nm.  

Homogenate 

Agc 

A1 1 a  

mean ± SEM, n = 2 

-
.: 1 80 � 
... 

� c.  
� � 1 20 > Cl) 
� E (.) 
co .... 

'I: :I: 
C E 60 
(!) � 

'0 
E 0 

Glutamate 

Km (mM) 

0. 1 0  

0. 1 5  

0 . 1 3  ± 0 .03 

Vmax 
(nmoles min-1 mg-1 protein) 

72 

68 

70 ± 2  

I: �� ______ � ________ � ________ -, -
o 1 2 3 

Figure 5.9. Glutamate dehydrogenase (GOH) activities at 30°C of 
sheathed L3 O. circumcincta homogenate SL60, monitored i n  the 
direction of g lutamate uti l isation , with increasing concentration of 
NAO+ or NAOP+. GOH activity was calculated from the rate of NAOH 
formation through the reduction of NAO+ or NAOP+, wh ich was 
monitored spectrophotometrical ly at 340 nm.  
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Table 5.2. Glutamate dehydrogenase (GDH) activities at 30°C of 
sheathed L3 O. circumcincta homogenates, m onitored in  the 
d i rection of g lutamate util isation,  with increasing concentration of 
g lutamate. GDH activity was calculated from the rate of NADH 
formation through the reduction  of NAD+ , which was monitored 
spectrophotometrical ly at 340 nm.  

Homogenate 

SL56 

S L57 

SL58 

mean ± SEM, n = 3 

'2 75 
'a; -o ... 

>- Q.  :!: ..-;- 50 > C) 
:; E (.) n1 �  

'c 
5 'E 25 
(!) � 

15 

Glutamate Vmax 

Km (mM) (nmoles m in-1 mg-1 protein) 

0.7 1 25 

0 .6 1 1 4 

1 . 1  1 24 

0.8 ± 0. 1 1 2 1  ± 4 

• 
• • 

E 0 c � ____ � ____ � ____ � __ �� __ � 

o 1 2 3 4 5 
[Glutamate] (mM) 

Figure 5.8. Glutamate dehydrogenase (GDH) activity at 30°C of 
adult O. circumcincta homogenate Agc, monitored in the d i rection  
of glutamate uti l isation, with i ncreasing concentration o f  
glutamate. GDH activity was calculated from the  rate o f  NADH 
formation  through the reduction  of NAD+, which was monitored 
spectrophotometrical ly at 340 nm.  
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Table 5.1 . Glutamate dehydrogenase (GDH) activities (mean ± 
SEM, n = 2) at 30°C of sheathed L3 0. circumcincta homogenates 
(SL 54-55) in the d i rections of g lutamate formation and uti l isation with 
1 mM ATP or ADP added to the reaction mixture. GDH activities 
without the addition of these compounds were set at 1 00%. 
Concentrations of 5 mM 2-oxoglutarate or g lutamate were used for 
glutamate formation and uti l isation respectively. 

ATP or ADP 

1 mM ADP 

1 mM ATP 

- 1 35 s::::: '0; -0 � 
>- 0.  

90 :!:: -r-> '  . _  C) 1:) E 10 "7  
:I: s::::: 
c E 45 
(!) t/) Cl) '0 E 0 s::::: -

0 

Glutamate formation 

Activity (%) 

1 00 

2 1 2  ± 5 

545 ± 1 2  

5 10 15  
[Glutamate] (mM) 

Glutamate uti l isation 

Activity (%) 

1 00 

1 07 ± 1 0  

94 ± 7 

20 

Figure 5.7. Glutamate dehydrogenase (GDH) activity at 30°C of 
sheathed L3 O. circumcincta homogenate SL56, monitored in the 
direction of g lutamate uti l isation ,  with increasing concentration of 
glutamate. GDH activity was calculated from the rate of NADH 
formation through the reduction of NAD+ , which was monitored 
spectrophotometrically at 340 nm.  
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5.3. 1.3 Effect of A TP and A DP 

G DH activities at 30°C in the d irections of g lutamate formation and 

uti l isation with the addition of 1 mM ADP or A TP for homogenates of sheathed 

L3 (SL54-55) are present�d in Table 5 . 1 .  The major effect was in the direction 

of g lutamate formation: in both cases GDH was increased, approximately two­

fold with ADP and over five-fold with ATP. In the deaminating di rection ,  the 

effects were around 7% for each of ATP and ADP, with a large SEM.  

5.3. 1.4 Kinetic parameters in the direction of glutamate utilisation 
For the substrate g lutamate, the GDH activities at 30°C of a 

homogenate of sheathed L3 (SL56) and of a homogenate of adult worms (A9c) 

are shown in  Figures 5 .7  a nd 5.8 respectively. The Km and Vmax of the 

homogenates of sheathed L3 and adult worms are shown in Tables 5 .2  and 

5 .3  respectively. The Km values for glutamate were 0 .8  ± 0. 1 and 0. 1 3  ± 0.03 

mM (both mean ± SEM) for sheathed L3 (n = 3) and adult worms (n = 2) 

respectively. The Vmax were 1 21 ± 4 and 70 ± 2 nmoles min-1 mg-1 protein 

(both mean ± SEM) for sheathed L3 (n = 3) and adu lt worms (n = 2) 

respectively. 

For the cofactors NAO+ and NADP+ , the GDH activities at 30°C of a 

homogenate of sheathed L3 (SL60) are shown in  Figure 5 .9 and the Km and 

Vmax of the homogenates of sheathed L3 (SL59-6 1 ) are shown in Tab le 5.4. 

GDH activity was about three times higher i n  the presence of NAD+ than  with 

NADP+ as the cofactor. The Km for NAD+ was 0 .7 ± 0 . 1  mM and for NADP+ 

was 1 .5 ± 0 .3  mM (both mean ± SEM, n = 3) and the corresponding Vmax were 

1 90 ± 4 and 58 ± 8 nmoles m in-1 mg-1 prote in .  

5.3. 1 .5 Kinetic parameters in the direction of glutamate formation 
For the substrate 2-oxoglutarate, the GDH activities at 30°C of a 

homogenate of sheathed L3 (SL62a) and of a homogenate of adult worms 

(A 1 c) are shown in Figures 5 . 1 0  and 5. 1 1  respectively. The Km and Vmax of the 

homogenates of sheathed L3 and adult worms are shown in Tables 5 . 5  and 

5.6 respective ly. The Km for 2-oxoglutarate were s imi lar: 0 .06 ± 0.03 and 0.06 

± 0.04 mM (both mean ± S EM, n = 3) for sheathed L3 and adult worms 

respectively .  The Vmax were 303 ± 5 and 461 ± 1 94 nmoles min-1 mg-1 protein 

(both mean ± SEM, n = 3) for sheathed L3 and adult worms respectively .  
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Table 5.1 2. Glutaminase activities (mean ± SEM,  n = 2) at 
30°C of sheathed L3 O. circumcincta homogenates (SL 73-
74) in the presence of metal ions, arg in ine or EDT A. 
Glutaminase activities without added compounds were set at 
1 00%. 

Effector/in hibitor Concentration Activity 

arg in ine 

Fe2+ 

Cu2+ 

Mg2+ 

E DTA 

ATP 

ADP 

azaserine 

(mM) (% control) 

1 00 

0 . 1 1 1 5 ± 1 2  

0 . 1 1 06 ± 8 

0 . 1 1 33 ± 1 0  

0 . 1 1 2 1 ± 5 

0. 1 1 1 9  ± 20 

0 . 1 1 1 7 ± 8 

0 . 1 1 1 1 ± 1 0 

0. 1 98± 5 
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Figure 5.1 6. Glutaminase activity at 30°C of adult 0. 
circumcincta homogenate Age with increasing concentration of 
g lutamine. G lutaminase activity was calcu lated from the rate of 
NAOH formation through the reduction of NAO+ in a coupled 
assay with GOH ,  which was monitored spectrophotometrical ly at 
340 nm. 

Table 5. 1 1 .  Glutaminase activity at 30°C of an  adult o. 
circumcincta homogenate with increasing concentration of 
g lutamine. G lutaminase activity was calculated from the rate of 
NAOH formation through the reduction of NAO+ in  a coupled 
assay with GDH,  which was monitored spectrophotometrical ly at 
340 nm.  

Homogenate 

Age 

Glutamine 

Km (mM) 

7 .2  

Vmax 

(nmoles min-1 mg-1 p rotein) 

1 54 



Facing page 1 1 5 

-c: 250 � :!  :=: 0 .� Q. 200 
-(,) ..... CU '0) 
� E 
CU "'7  c: c: ·S ·s J9 tJ) ::r Cl) 
(!) O E c: -

• 

5 10  1 5  20 

[Glutamine] (mM) 

Figure 5.1 5. Glutaminase activity at 30De of sheathed L3 O. 
circumcincta homogenate SL 70 with increasing concentration of 
g lutamine. Glutaminase activity was calculated from the rate of 
NADH formation through the reduction of NAO+ in a coupled 
assay with GOH,  which was m onitored spectrophotometrical ly at 
340 nm.  

Table 5.1 0. Glutaminase activities at 30De of sheathed L3 O. 
circumcincta homogenates with increasing concentration of 
glutamine.  Glutam inase activity was calculated from the rate of 
NADH formation through the reduction of NAO+ in a coupled 
assay with GOH,  which was m onitored spectrophotometrical ly at 
340 nm.  

Homogenate Glutamine Vmax 

Km (mM) (nmoles m in-1 mg-1 p rotein)  

SL70 1 .3 232 

SL71 2 . 1  68 

SL72 1 .0 1 82 

mean ± SEM, n = 3 1 .5 ± 0.3 161  ± 50 
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Figure 5.14. G lutamate dehydrogenase (GDH) activities at 30°C of sheathed 
L3 O. circumcincta homogenate SL68, monitored in the d i rection of glutamate 
formation, with increasing concentration of NADH or NADPH.  GDH activity was 
calculated from the rate of NADH or NADPH uti l isation through the oxidation of 
NADH or NADPH,  which was mon itored spectrophotometrical ly at 340 nm.  

Table 5.9. Glutamate dehydrogenase (GDH)  activities at  30°C of sheathed 
L3 O. circumcincta homogenates, monitored in the d i rection of g lutamate 
formation, with increasing concentration  of NADH or NADPH.  GDH activity 
was calculated from the rate of NADH or NADPH uti l isation through the 
oxidation of NADH or NADPH, wh ich was monitored spectrophotometrical ly 
at 340 nm.  

NADH NADPH 
Homogenate 

Km (mM) * Vmax Km (mM) * Vmax 

SL67 0 .01  3 1 2  0 .08 354 

SL68 0 .02 343 0 .07 362 

SL69 0 .07 355 0 . 1 5  422 

mean ± SEM, n = 3 0 .03 ± 0 .02 337 ± 1 3  0 . 1 ±  0 .02 379 ± 2 1  

* Vmax i n  nmoles min-1 mg-1 protein 
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Figure 5.13, Glutamate dehydrogenase (GDH) activity at 30°C 
of adult 0. circumcincta homogenate A9d, monitored in  the 
d i rection of g lutamate formation , with increasing concentratio n  
of ammonia .  G D H  activity was calculated from the rate of 
NADH uti l isation through the oxidation of NADH,  which was 
monitored spectrophotometrica l ly at 340 nm.  

Table 5,B. Glutamate dehydrogenase (GDH) activities at  30°C of 
adult O. circumcincta homogenates, monitored in the d i rectio n  of 
g lutamate formation,  with i ncreas ing concentration  of ammonia .  
GDH activity was calculated from the rate of NADH uti l isation  
through the oxidation of  NADH ,  which was monitored 
spectrophotometrically at 340 nm .  

Hom ogenate Amm onia Vmax 

Km (mM) (nmoles min-1 mg-1 prote in)  

A9d 49 669 

A1 1 c  34 232 

A1 1 d  40 352 

mean ± SEM,  n = 3 41 ± 4 4 1 8  ± 1 30 
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Figure 5.1 2. Glutamate dehydrogenase (GDH) activity at 30°C of 
sheathed L3 0. circumcincta homogenate SL64, monitored in the 
d irection of g lutamate formation, with increasing concentration of 
ammonia .  G DH activity was calculated from the rate of NADH 
uti l isation through the oxidation of NADH, which was m onitored 
spectrophotometrica l ly at 340 nm.  

Table 5 .7 .  G lutamate dehydrogenase (GDH) activities at  30°C of 
sheathed L3 O. circumcincta homogenates, monitored i n  the 
direction of g lutamate formation, with i ncreasing concentration of 
ammonia. G DH activity was calculated from the rate of NADH 
uti l isation through the oxidation of NADH, which was monitored 
spectrophotometrical ly at 340 nm.  

Homogenate Ammonia Vmax 

Km (mM) (nmoles m in-1 mg-1 p rotein) 

SL64 1 8  325 

SL65 1 6  358 

SL66 20 4 1 1 

mean ± SEM, n = 3 1 8  ± 1 2  365 ± 25  
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For the substrate ammonia, the GOH activities at 30°C of a homogenate 

of sheathed L3 (SL64) and of a homogenate of adult worms (A9d) are shown 

in F igures 5 . 1 2  and 5. 1 3  respectively. The Km and Vmax of the homogenates of 

sheathed L3 and adult worms are shown in  Tables 5 .7 and 5 .8 .  The Km values 

for ammonia were 1 8  ± 1 2  and 41 ± 4 mM (both mean ± SEM, n = 3) for 

sheathed L3 and adult worms respectively. The V max were 365 ± 25 and 41 8 ± 

1 30 nmoles m in-1 mg-1 protein (both mean ± SEM, n = 3) for sheathed L3 and 

adult worms respectively. 

For the cofactors NADH and NADPH,  the GDH activities at 30°C of a 

homogenate of sheathed L3 (SL68) are shown in  Figu re 5 . 1 4 . The Km and 

Vmax of the homogenates of sheathed L3 are shown in Table 5 .9 .  The Km 

values were 0 .03 ± 0 .02 mM for NADH and 0. 1 ± 0 .02 for NADPH (both mean 

± SEM, n = 3) respectively. The corresponding Vmax were 337 ± 1 3  and 379 ± 

2 1  nmoles m in-1 mg-1 prote in (both mean ± SEM, n = 3) .  

5.3.2 GLUTAMINASE 

5.3.2. 1 Kinetic parameters 
For the substrate g lutamine, the g lutaminase activities at 30°C of a 

homogenate of sheathed L3 (SL70) and of a homogenate of adult worms 

(Age) are shown in Figures 5. 1 5  and 5 . 1 6  respectively. The Km and Vmax of the 

homogenates of sheathed L3 and adult worms are shown in Tables 5. 1 0  and 

5 . 1 1  respectively. The Km values for g lutamine were 1 .5 ± 0.3 mM (mean ± 
SEM, n = 3) for sheathed L3 and 7 .2  mM for the adult worm homogenate. The 

Vmax were 1 6 1 ± 50 nmoles m in-1 mg-1 prote in (mean ± SEM, n = 3) for 

sheathed L3 homogenates and 1 54 nmoles min-1 mg-1 prote in for the adult 

worm homogenate. 

5.3.2.2 Effectors and inhibitors 
Glutaminase activities at 30°C of homogenates of sheathed L3 (n = 2) i n  

the presence of 0 . 1 mM metal ions, EDTA, ADP and  ATP or azaserine are 

shown in Table 5 . 1 2 . Glutaminase activity was expressed as a percentage of 

the va lue in the absence of added compounds, which was set at 1 00%. None 

of the added substances was inh ib itory and the add it ion of 0. 1 mM Cu2+ (as 

CUS04) was the most stimu latory at 1 33 ± 1 0% of control (mean ± SEM). 0. 1 

mM azaserine  had no effect on g lutaminase activity. 
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Figure 5.22. Assay of g lutamate synthase (GOGAT) and 
g lutamate dehydrogenase (GDH) activity at 30°C in a sheep 
muscle homogenate and adult O. circumcincta homogenate 
A14 .  There was no GOGAT activity in  muscle (B) .  GOGAT 
activity with the adult worm homogenate (C) and GDH 
activity. Enzyme activity was determ ined from the rate of 
NADH util isation monitored spectrophotometrically at 340 
nm.  The assay protocol was: A: reaction mixture was p laced 
in the cuvette at time zero; B: muscle homogenate added; C 
adult worm homogenate added ; D :  20 mM N H4CI added to 
in itiate the GDH reaction. 
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Figure 5.21 . G lutamate synthase (GOGAT) activity at 30°C of 
adult 0. circumcincta homogenate A 1 3  with increasing 
concentration  of 2-oxoglutarate. GOGAT activity was calcu lated 
from the rate of NADH uti l isation through the oxidation of NADH ,  
which was monitored spectrophotometrical ly at 340 nm.  

Table 5.1 1. G lutamate synthase (GOGAT) activity a t  30°C of  an  
adult 0. circumcincta homogenate with i ncreasing concentration  
of 2-oxoglutarate. GOGAT activity was calculated from the rate of 
NADH uti l isation  through the oxidation of NADH ,  which was 
monitored spectrophotometrica l ly at 340 nm .  

Homogenate 

A1 3 

2-0xoglutarate Vmax 

Km (mM) (nmoles min-1 mg-1 p rote in)  

0 .7  20 
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Figure 5.20. Glutamate synthase (GOGAT) activity at 30°C of 
adult O. circumcincta homogenate A 1 2  with increasing 
concentration of g lutamine. GOGAT activity was calculated 
from the rate of NADH uti l isation through the oxidation of NADH ,  
which was monitored spectrophotometrical ly a t  340 nm .  

Table 5.1 6. Glutamate synthase (GOGAT) activity a t  30°C of 
adult O. circumcincta homogenate with increasing concentration 
of g lutamine.  GOGAT activity was calculated from the rate of 
NADH uti l isation through the oxidation of NADH,  which was 
monitored spectrophotometrica l ly at 340 nm .  

Homogenate 

A1 2 

Glutamine 

Km (mM) 

2 .9 

Vmax 

(nmoles min-1 mg-1 protein) 

88 
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Figure 5.1 9. Glutamate synthase (GOGAT) activity at 30°C of 
sheathed L3 O. circumcincta homogenate SL8 1  with increasing 
concentration of g lutamine. GOGAT activity was calculated from 
the rate of NADH uti l isation through the oxidation of NADH,  which 
was monitored spectrophotometrical ly at 340 nm .  

Table 5.1 5. Glutamate synthase (GOGA T)  activity at 30°C of 
sheathed L3 O. circumcincta homogenates with increasing 
concentration of g lutamine. GOGAT activity was calculated from 
the rate of NADH uti l isation through the oxidation  of NADH , which 
was monitored spectrophotometrical ly at 340 nm .  

Homogenate Glutamine Vmax 

Km (mM) (nmoles min-1 mg-1 protein) 

SL80 0.2 27 

SL8 1  0.4 27 

SL82 0.5 22 

mean ± SEM, n =3 0.4 ± 0. 1 25 ± 2 
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Figure 5. 1 8. Glutamine synthetase (GS) activity of sheathed L3 
O. circumcincta homogenate SL77, monitored at 30°C in the 
direction of glutamate util isation, with increasing concentration of 
g lutamate. GS activity was estimated from the rate of formation 
of y-glutamyl hydroxamate from hydroxylamine.  

Table 5.14. Glutamine synthetase (GS) activities of sheathed L3 
O. circumcincta homogenates, monitored at 30°C in  the d i rection  
of glutamate uti l isation, with i ncreasing concentration of 
g lutamate. GS activity was estimated from the rate of formation of 
y-g l utamyl hydroxamate from hydroxylamine.  

Homogenate Glutamate Vmax 

Km (mM) (nmoles min-1 mg-1 protein) 

SL77 0.55 1 1 9  

SL78 0 .63 1 22 

SL79 0.60 46 

mean ± SEM,  n =3 0 .60 ± 0 .02 95 ± 25 
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Figure 5 .17. Glutam ine synthetase (GS) activity of sheathed L3 O. 
circumcincta homogenate SL75a, monitored at 30°C i n  the d i rection  of 
g lutamate uti l isation ,  with increasing concentration of ammonia .  GS 
activity was estimated from the rate of uti l isation of NADH in a coupled 
reaction with PK and LDH , monitored spectrophotometrical ly at 340 
nm.  

Table 5 . 13 .  Glutam ine synthetase (GS) activity of  sheathed L3 O. 
circumcincta homogenates monitored in the d i rection of g lutamate 
uti l isation with increasing concentration of ammonia .  GS activity 
was estimated from the rate of uti l isation of NADH i n  a coupled 
reaction with PK and LDH, monitored spectrophotometrica l ly at 
340 nm.  

Homogenate 

SL75a 

SL75b 

mean ± SEM, n = 2 

Ammonia 

Km (mM) 

1 .9 

1 .6 

1 .8 ± 0.2 

Vmax 

(nmoles min-1 mg-1 protein) 

1 01 

1 08 

1 04 ± 4 
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5.3.3 GLUTAMINE SYNTHETASE 

5.3.3. 1 Kinetic parameters 
GS activity at 30°C of dupl icate measurements on a homogenate of 

sheathed L3 (SL 75a) is shown in  Figure 5. 1 7  and the Km for ammonia and 

Vmax are shown in  Table 5 . 1 3 . The Km and Vmax were 1 .8 ± 0.2 mM and 1 04 ± 

4 nmoles min-1 mg-1 prote in (both mean ± SEM, n = 2) respectively. 

GS activity at 30°C of a homogenate of sheathed L3 (SL 77) is shown i n  

Figure 5. 1 8  and the Km for g lutamate and V max o f  the homogenates of 

sheathed L3 (SL77-79) are shown in Table 5 . 14 . The Km and Vmax were 0.60 ± 

0.02 mM and 95 ± 25 nmoles min-1 mg-1 protein (both mean ± SEM,  n =2) 

respectively .  

5.3.4 GLUTAMATE SYNTHASE 

5.3.4. 1 Kinetic parameters 
For the substrate g lutamine, the GOGAT activity at 30°C of a 

homogenate of sheathed L3 (SL81 ) and of a homogenate of adult worms 

(A1 2) are shown i n  F igures 5. 1 9  and 5 . 20 respectively. The Km for g lutamine 

and Vmax of the homogenates of sheathed L3 (SL80-82) are shown i n  Tables 

5. 1 5  and 5 . 1 6  respectively .  The Km values for g lutamine were 0.4 ± 0 . 1  mM 

(mean ± SEM,  n = 3)  for sheathed L3 and 2 .9  mM for the adult worm 

homogenate. The Vmax were 25 ± 2 nmoles min-1 mg-1 protein (mean ± SEM, n 

= 3) for sheathed L3 and 88 nmoles m in-1 mg-1 protein for the adult worm 

homogenate. 

For the substrate 2-oxoglutarate , the GOGAT activity at 30°C of a 

homogenate of adult worms (A 1 3) is shown i n  Figures 5 .21  and the Km for 2-

oxoglutarate and Vmax are shown in  Tab le 5 . 1 7 . The Km for 2-oxog l utarate was 

0 .7 mM and the Vmax was 20 nmoles min-1 mg-1 prote in .  

5.3.4.2 Comparison of GOGA T activities in sheep muscle and adult 
worms 
An experiment to compare the GOGA T activity of a homogenate of 

sheep muscle with adult worm homogenate A1 4 is i l lustrated i n  F igure 5 .22 .  

When the sheep muscle homogenate was added a t  point 8,  there was no 
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Figure 5.23. Assay of g lutamate synthase (GOGAT) activity at 30°C of 
adult O. circumcincta homogenate A 1 5  showing inh ib ition by 2 mM 
azaserine (added at D) .  Enzyme activity was determined from the rate 
of NAOH uti l isation through the oxidation of NAO H,  wh ich was mon itored 
spectrophotometrical ly at 340 nm.  The assay protocol was: A: 20 mM 2-
oxoglutarate in 1 00 mM phosphate buffer was placed in the cuvette at 
time zero; B: 0. 1 m M  NAOH was added at 200 seconds; C: 5 mM 
glutamine was added at 480 seconds to i n itiate the GOGAT reaction ; D: 
2 mM azaserine was added at 1 800 seconds. 
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Figure 5.24. Experiment to d istinguish activities of glutamate synthase 
(GOGAT) and glutamate dehydrogenase (GOH) at 30°C in  adult O. 
circumcincta homogenate A 1 6. Enzyme activity was determined from the rate 
of NADH uti l isation which was monitored spectrophotometrical ly at 340 nm.  
The assay protocol was: A: 20 mM 2-oxoglutarate in  1 00 mM phosphate buffer 
was placed in the cuvette; B: 0 .2  mM NADH was added ; C :  5 m M  glutamine 
was added to in itiate the GOGAT reaction ; D: 20 mM N H4CI was added to 
i n itiate the G DH reaction. 
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change in Abs340 due to GOGAT activity, whereas GOGAT activity was 

apparent on subsequent addition of the adult worm homogenate (C) . The rate 

of NADH uti l isation increased when 20 mM NH4CI added to i n itiate the GDH 

reaction .  

5.3.4.3 Effect of azaserine 
The inh ib ition by azaserine of GOGA T activity at 30°C in adult worm 

homogenate A 1 5  is shown in Figure 5.23. GOGAT activity was initiated by the 

addit ion of 5 m M  g lutam ine at pOint C. After 320 seconds, azaserine (final 

concentration 0 . 1  mM) was added at D and reduced the rate of NADH 

uti l isation to zero. 

5.3.4.4 Comparison of GOGA T and GDH activities 
An experiment to compare GOGAT and GDH activity at 300C in adult 

worm homogenate A1 6 is shown in  F igure 5 .24 .  GOGAT activity was in itiated 

by adding 5 m M  g lutamine at point C. Subsequently, 20 mM NH4C I  was added 

at point D to i n itiate the GDH reaction .  Both GOGAT and GDH activities were 

observed from the uti l isation of NADH,  the rate i ncreasing when both enzymes 

were active. 

5.4 DISCUSSION 

The m ost i nteresting aspect of  this study of  g lutamate metabol ism in  0. 

circumcincta was the demonstration of GOGAT activity, which had previously 

been known in  nematodes only from the sequence identified in the C. elegans 

genome. This further d ifferentiates the metabol ism O. circumcincta from that 

of its host and may have identified an enzyme which could become an 

anthelmi ntic target in the parasite. It also provides an a lternative pathway to 

GDH for the assimi lation of nitrogen into amino acids. 

5.4 . 1  GLUTAMATE DEHYDROGENASE 

G DH catalyses a reversible reaction ,  either deaminating g lutamate o r  

incorporating ammonia into 2-oxogl utarate (Figure 5 . 1 ) , although the affinity of 

the enzyme for ammonia usual ly determines which d i rection predominates. 

The 0. circumcincta GDH had a h igh Km for ammonia ( 1 8  mM in L3 and 4 1  

mM in adult  worm homogenates) , s imi lar to val ues for the GDH from other 

organisms (Table 5. 1 8) .  Despite rel atively high enzyme activity, this very low 
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Table 5. 1 8 . Km values for substrates ofr g lutamate dehydrogenases from d ifferent organisms. Q) 

Q. ::::l :0 
Km (mM) Reference 0 Q) :0 CD 

NH4+ NAD+ NADP+ 
-'" 

Source 2-oxo NADH NADPH Glu ....... 
co 

O. circumcincta L3 0 .06 1 8  0 . 03 0 . 1  0 .8 0 .7 1 . 5 Tables 5.2,  5 .4,  5 .5 ,  5 .7 ,  5 . 9  

adult 0.06 4 1  0 . 1 3  Tables 5.3 , 5.6,  5 .8 

H. contortus 0.74 42 0.03 3 . 3  0 . 3 1  Rhodes a n d  Ferguson { ! 973) 

A.  suum 0 . 0 1  0 . 006 0 . 0007 0 . 0 1  0.24 0 .002 0 .001  Langer ( 1 972) 

T. cruzi 3.6 1 6  0 . 1 7  23.5 2.9 Urbina and Azavache ( 1 984) 

3 .8 1 8  0. 1 6  1 1  1 .4 Cazzulo et a/. ( 1 979) 

Ovine liver 1 .2 20 0 . 03 1 .2 0.07 Rhodes and Ferguson { ! 973) 

Bovine liver 0. 1 2  57 0 . 02 1 . 9 0 .02 Strecker ( 1 953) 

0 .57 1 05 0 . 04 0.067 2.9 0 . 1 3  Prezioso et al. ( 1 985) 

D. melanogaster 1 .42 242 0 . 04 > 1 0  5.4 0 . 1 6  Prezioso et al. ( 1 985) 

Mytilis edulis 0 . 38 20 0 . 03 5 0 . 55 Ruiz Ruano et al. ( 1 985) 

Anthopleura anthogrammica 0 .59 6 1  0.009 4.7 0 .005 Male and Storey ( 1 983) 

Brassica napus 0.87 6.6 0 . 02 3.23 0 . 1 2  Watanabe e t  a/. ( 1 999) 

White turnip 2.0 22 0 . 09 28.6 0.25 Itagaki et al. ( 1 988) 

Ruminococcus flavefasciens 0 .41  1 9  62 Duncan et al. ( 1 992) 

P. islandicum 0 . 06 9.7 0.005 0 . 1 7  0.03 Kujo and Ohshima ( 1 998) 
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affinity for ammonia would suggest that in the reversible am ination of 2-

oxoglutarate to glutamate, the predominant direction is l i kely to be g lutamate 

deamination ,  and not incorporation of ammonia. 

Although GDH activity has been identified in  many helminths, including 

H. contortus (Rhodes and Ferguson, 1 973; Skuce et al. , 1 999b), A. suum 

(Langer, 1 972), D. immitis (Langer and J iamperpoon, 1 970; Turner et al. , 

1 986) ,  H. polygyrus, P. redivivus (Grantham and Barrett, 1 986a) ,  O. cuniculi 

(Hutchinson and Fernando, 1 975), L. carinii (Davies and Koh ler, 1 990) , F. 

hepatica (Prichard and Schofield , 1 968; Thorpe, 1 968) , M. similis (McManus 

and James ,  1 975) , only a few reports contain kinetic data . A feature of data 

from a d iverse selection of organisms included in Table 5 . 1 8  is the variation . 

Overa l l ,  the species with enzymes with simi lar properties to those of O. 

circumcincta are invertebrates, particularly in co-factor specificity. 

The activity of GDH in the aminating d irection was about 30% higher in  

adult worm homogenates than in  L3 homogenates with both ammonia and 2-

oxoglutarate as the variable substrate (Tables 5 .5-5.8) ,  but  in  the deaminating 

d irection ,  which is more l ikely to operate in vivo, the reverse was the case, with 

higher activity in L3 (Vmax of 70 and 1 21 nmoles min-1 mg-1 p rotein for adult 

worms and L3 respectively). Differences between adults and L3 were the 

lower Km for g lutamate in adult worms (0. 1 3  mM and 0 .8 mM in adult worms 

and L3 respectively) but higher Km for ammonia in adults (41 m M  and 1 8  mM 

for adult worms and L3 respectively). Some G DHs exhibit complex kinetics 

which deviate from Michael is-Menton kinetics (Hudson and Daniels, 1 993) , 

although this was not the case i n  the present study. Km values may be 

affected by pH in many species (Bond and Sang, 1 968; Itagak i  et al. , 1 988; 

Hudson and Daniels, 1 993) , e .g .  the binding of 2-oxoglutarate, but not 

g lutamate ,  was pH dependent in  H. diminuta GDH (Mustafa et a/. , 1 978). 

Cofactor requirements differentiate GDHs into three broad classes 

accordi ng to whether they are NAD+ specific (EC 1 .4 . 1 . 2) ,  NADP+ specific (EC 

1 .4 . 1 .4) or dual enzyme specific (EC 1 .4. 1 . 3) or have dua l  coenzyme­

specificity (reviewed by Goldin and Frieden, 1 97 1 ; Hudson and Daniel ,  1 993) . 

Although not universal ly true, in  many microorganisms, the aminating direction 

is catalysed by NAD-GDH and the deminating di rection by NADP-GDH 

(Hudson and Daniel ,  1 993). The O. circumcincta GDH belongs to the dual 
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coenzyme-specific g roup, functioning with both NAD(Pt and NAD(P)H,  

a lthough the activities were not equal .  Dual  co-factor specificity may resu lt 

from two isozymes or a single enzyme being present (Hudson and Daniel ,  

1 993) , but this cannot be resolved i n  the present experiments. 

The O. circumcincta L3 enzyme did not fit a pattern of the aminating 

direction being catalysed by NAD-GDH and the deaminating  d irection by 

NADP-GDH .  GDH was about fou r  times more active with NAD+ than with 

NADP in the deaminating direction and the Km for NAD+ was about half that for 

NADP (Figure 5.9, Table 5.4). I n  the aminating d irection ,  the activity was 

simi lar with either co-factor, but the Km for NADH was 2-3 times lower than for 

NADPH (F igure 5. 1 4  and Table 5 .9) .  Many other helminth GDHs seem to be 

more active with NAD+ or NADH than with NADP,  e .g .  H. diminuta (Mustafa et 

al. , 1 978) , F. hepatica (Prichard and Schofield, 1 968) and O. cuniculi 

(Hutch inson and Fernando, 1 975) . I n  both H. polygyrus and P. redivivus, GDH 

activity with NADH was twice the rate with NADPH in the aminating d irection 

and in the reverse d i rection, activity with NAD+ was three and eight times 

greater than with NADP+ in  P. redivivus and H. polygyrus respectively 

(Grantham and Barrett, 1 986a) .  I n  contrast, the O. immitis mGDH was equal ly 

reactive with NAD+ and NADP+ . 

The pH optima of the L3 O. circumcincta GDH with NAD+/NADH as 

cofactor were pH 7-8 in  both d irections, with much reduced enzyme activity 

above or below that pH range, particularly in the deaminating d i rection (F igure 

5 .5) .  Relative to the properties of mammal ian G DHs, which generally have pH 

optima of pH 8- 10  in the deamination d irection and 0 .5-2 pH units lower i n  the 

aminating d i rection, the O. circumcincta pH optima are s imi lar in the aminating 

d i rection ,  but lower in  the opposite direction. These values are s imi lar to those 

recorded for ovine l iver GDH by Rhodes and Ferguson ( 1 973) ,  rather than for 

purified H. contortus GDH, which had pH optima of 8.8 for NAD+ reduction 

(simi lar  to bovine and ovine l iver G DH) and pH 8 for NADH oxidation, the latter 

h igher than the pH  7 .5-7.6 the mammal ian enzymes. The O. circumcincta 

GDH pH optima a re consistent with those for O. immitis, i n  which mGDH had a 

pH optimum of 8 .4 and the cytosolic cGDH a narrow pH optimum of 7 .8-8 

(Turner et al. , 1 986). 
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The temperature optimum for the L3 enzyme was 30°C in  the direction 

of glutamate formation (Figure 5.6) ,  s imi lar to the 27°C for purified H. contortus 

GDH (Rhodes and Ferguson, 1 973) .  This may relate to l iving at lower 

environmental temperatures, since a temperature optimum (and optimum Kcat ) 

of 30°C has also been reported for three species of Antarctic fish (Ciardie l lo et 

al. , 1 997) and D. melanogaster (Prezioso et al. , 1 985) , whi l e  the opposite is 

the case in the hyperthermophi l ic bacterium Pyrobaculum is/andicum, which 

has a temperature optimum of 90°C (Kujo and Ohshima, 1 998) . Different 

isoforms may not have the same optima,  e .g .  the D. immitis cGOH had l ower 

activity at 37°C than  at 25°C, but the opposite was the case for the mGDH 

(Turner et al. , 1 986) and the mealworm ( Tenebrio molitor) fat body GDH had a 

temperature optimum just below 30°C for deamination with NAO+ but at 37°C 

with NADH in the aminating d i rection (Tel ler, 1 988a) . 

The regulation of the dual  specificity mammal ian enzymes is very 

complex, being strongly regu lated by purine nucleotides, particularly activated 

by ADP, AMP and some amino acids and inhib ited by GTP (Gold in and 

Frieden ,  1 97 1 ; Hudson and Daniel ,  1 993). However, i n  h umans, there is a 

nerve-specific GDH which is much more dependent on ADP activation than the 

"housekeeping" enzyme and is unresponsive to GTP (Mastorodemos et al. , 

2005) .  These activators and inh ibitors also affect the formation of 

multienzyme complexes of GDH with aminotransferases, 2-oxoglutarate 

dehydrogenase, citrate synthase and MOH,  which a l low the d i rect transfer of 2-

2-oxog lutarate, GTP and NADH between enzymes (Fahien and Smith , 1 974; 

Fahien et al. , 1985, 1 989) . The kinetics of GDH in vitro may therefore not 

reflect the situation in vivo, where there is substrate channel l i ng .  

The O .  circumcincta GDH differed from the mammal ian enzyme in  the 

regulation by puri ne nucleotides: i n  the deaminating d i rection, it was 

unresponsive to both ATP and ADP, but in the deaminating d i rection, activity 

was doubled by 1 mM ADP, but surprisingly increased 5-fold by 1 mM ATP 

(Table 5 . 1 ) . GDH from some species of invertebrates show the characteristic 

activation by ADP and inhibition by GTP or ATP (Prezioso e t  al. , 1 985; Teller, 

1 988b) but others are unresponsive (Bishop et al. , 1 978;  Hoffmann et al. , 

1 978) . Unl i ke bovine l iver GDH,  AMP,  ADP, ATP ,  GDP, GTP and amino acids 

had l ittle effect on H. diminuta GDH,  whereas the TCA intermediates fumarate, 
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Table 5.1 9 .  Km values for g lutamine for the reaction cata lysed by 
g lutaminases in d ifferent organisms. 

Source 

0. circumcincta L3 

0. circumcincta adults 

Lactobacillus 
rhamnosus 

Micrococcus luteus 
g lutaminase I 

G lutaminase 1 1  
B .  pasteurii 

Oebaryomyces spp. 

Rattus norvegicus 
Pancretic is lets 

Rat l iver 

Rat heart 

Rat kidney 

Pig bra in 
membrane-bou nd form 

Km (mM) 

glutam ine 

1 . 5 

7 .2  

4 .8  

4 .4 

6 .5  

9 .5  

4 .5  

2 .6  

6 

1 7  

4 

5 

1 .5 

Reference 

Table 5. 1 0  

Table 5. 1 1  

Weingand-Ziade et al. (2003) 

Moriguchi et a{ ( 1 994) 

Klein  et a/. (2002) 

Dura et al. (2002) 

Michal ik et al. ( 1 992) 

McGivan et al. ( 1 980) 

Smith and Watford ( 1 988) 

Nelson et al. ( 1 992) 

Curthoys et al. ( 1 976) 

N immo and Tipton ( 1 981 ) 
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malate and succinate were i nhibitory i n  h igh ,  probably not physiolog ical ly 

relevant concentrations (Mustafa et al. , 1 978) . 

The 5-fold stimulation of the O. circumcincta GDH in the aminating 

d irection by ATP is very unusual ,  a lthough Grantham and Barrett ( 1 986a) 

described s imi lar stimulation by GTP, but not ATP ,  in the reaction of P. 

redivivus GDH with NADH .  ATP also activated the G DH of a bacterium from 

h igh salt environments (Bonete et al. , 2003) . Whether GDH is functioning in 

the formation or deamination of g lutamate under particular cel lu lar cond itions 

wi l l  depend on the concentrations of activators and inh ibitors as wel l  as the Km 

for the substrates particularly for ammonia .  

5.4.2 GLUTAMINASE 

There were simi lar glutaminase activities in L3 homogenates and an 

adult worm homogenate (Tables 5 . 1 0-5. 1 1 ) ,  although the mean value for the 

L3 homogenates was reduced by the particularly low activity of homogenate 

SL7 1 . G lutaminase has previously been identified in nematodes, i n  H. 

polygyrus and P. redivivus at very much lower levels than in rat l iver 

(Grantham and Barrett, 1 986a) ,  whereas Davies and Koh ler ( 1 990) did not 

detect any in the fi lar ial nematode L. carinii. The g lutaminase activity in O. 

circumcincta was qu ite h igh in most homogenate in the range of 1 50-250 

nmoles min-1 mg-1 prote in .  

The O. circumcincta gl utaminase could resemble a number of d ifferent 

types of the enzyme found in vertebrates or lower organisms .  There are l iver­

and kidney-types isoforms of both vertebrate phosphate-activated g lutaminase 

I and g lutaminase 1 1 ,  which is a phosphate- independent g lutamine 

aminotransferase or a y-g l utamyltransferase (reviewed by Curthoys and 

Watford ,  1 995; Kvamme et aI. , 2000). There are several classes of 

g lutaminases of microorganisms which are not phosphate-activated and have 

different properties from the mammalian phosphate-dependent enzymes 

(reviewed by Nandakumar et al. , 2003) . Whi le some are s pecific for g lutamine, 

others are also active asparaginases. I n  the insect P. crassipalpis, the 

g lutaminase was described as l ike g lutaminase 1 1  and there was no type I 

enzyme present (Downton and Kennedy, 1 986) . The Km for g lutamine is the 

on ly property of the 0. circumcincta enzyme avai lable for comparison with 

enzymes from other species (Table 5 . 1 9) .  The mammal i an  kidney-type has a 
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l ow Km for g lutamine (2-5 m M),  whereas the l iver-type has a higher Km for 

g lutamine ( 1 7 mM or 6 mM depending on association with the mitochondrial 

membrane) (Curthoys and Watford ,  1 995) . 

The Km for g lutamine was much higher for the adu lt worm homogenate 

(7.2 m M) compared with 1 .5 m M  for the L3 homogenate. The closest Km to the 

low value estimated for L3 homogenates was for the membrane-bound pig 

brain g lutaminase (N immo and Tipton ,  1 98 1 ) , whereas the higher Km for the 

adult worm homogenate was simi lar to most values for other mammalian 

g lutaminases and the enzymes from microorganisms .  The effectors and 

inh ib itors used for the L3 homogenates had very l ittle effect and with the high 

variabi l ity no conclusions can be reached (Table 5 . 1 2) .  It was expected that 

Mg2+ might be stimu latory, as Mg2+ stimUlated rat l iver g lutaminase, a lthough 

the effect of Mg2+ was very sensitive to smal l  changes in pH: the increase was 

7-fold at pH 7 . 1 ,  1 -5-fold at pH 7.4 and there was virtua l ly no effect at pH 7.7 

(Szweda and Atkinson ,  1 990). Therefore, the 2 1 %  higher activity in  O. 

circumcincta L3 at pH 7 .5  may possibly be due to Mg2+ activation of 

g lutaminase (Table 5. 1 2) .  

Given that g lutamine is the substrate for a number of enzymes other 

than g lutaminase, such as g lutamine:fructose-6-phosphate amidotransferase 

and GOGAT, there is some question whether the enzyme activity 

demonstrated in 0. circumcincta is g lutaminase. It is un l ikely that the other 

substrates for the amidotransferase, the first and rate l imiting step in the 

hexosamine pathway (Section 1 .8. 1 ) , would be present in sufficient quantities 

for s ign ificant enzyme activity to occur. The fa i lure of the GOGAT inhibitor 

azaserine to inhibit g lutaminase activity (Table 5. 1 3) ,  whereas it was inh ibitory 

to GOGAT activity (Figure 5 . 23) is good evidence for g lutaminase and GOGAT 

being separate enzymes. 

5.4.3 GLUTAMINE SYNTHETASE 

Predictably, g lutamine synthetase (GS) activity was present in L3 O. 

circumcincta (Tables 5 . 1 3-5. 1 4) ,  as GS has been described as present in a l l  

o rganisms, i nclud ing fossi ls (Kumada et al. , 1 993) . I t  has been previously 

reported from the nematodes H. polygyrus and P. redivivus (Grantham and 
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Table 5.20. Km values for g lutamate and ammonia for the reaction cata lysed 
by g lutamine synthetase in  different organisms. 

Source Km (mM) Km (mM) Reference 

glutamate NH3 

O. circumcincta L3 0.6 1 . 8 Tables 5 . 1 3 , 5 . 1 4  

Human 3.5 0 . 1 5  Listrom et al. ( 1 997) 

Dog 1 . 1  Shin and Park (2004) 

Tuber borchii (fungus)  54 0 . 7 5  Montanin i  et al. (2003) 

S. cerevisiae 6 . 3  Mitchell a n d  M agasanik ( 1 983) 

Marine alga 9.7 0. 1 1  Rees et al. ( 1 995) 

Laccaria laccata 3.2 0 . 02 Brun et al. ( 1 992) 
(fung u s) 

Arabidopsis thaliana 3.8 2.4 Ishiyama et al .  (2004) 

Plants (7 species) GS I I  4 . 1 -9 .8 Acaster and Weitzman ( 1 985) 

Barley GS I 9 

Maize GS I I  5 .2 

E. coli 2.6 0 . 5  S i n g h  et al. (2004) 

S. typhimurium 2 . 1  0.46 Mil ler and B renchley ( 1 98 1 ) 

Cyanobacteria GS I I I  0 .9 0 . 1 9  Garcia-Dom ing uez et al. 
G S I I  2 . 3  1 . 33 

( 1 997) 

Synecoccus RF-1 5 0 . 2  
Yuan et  al. (200 1 ) 

Anabaena sp 2 . 1  0 . 02 
Blanco et al. ( 1 989) 

Orr and H aselkorn ( 1 9 8 1 ) 

Clostridium 3 . 7  Krishnan et al. ( 1 986) 
pasteurianum 
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Barrett, 1 988) . GS activity was about 1 00 nmoles min-1 mg-1 protein with either 

ammonia or g lutamate as the variable substrate. 

I n  addition to ATP, GS activity requires either Mg2+ or Mn2+ for activity, 

the preferred cation varying with the species and isoform (Eisenberg et al. , 

2000) . The metal binding site is separate from the adenylation site where the 

enzyme activity is largely contro l led (Stadtman, 2001 ) .  The cation can be 

tightly bound to the enzyme, particu larly to the unadenylated form , e.g. the 

metal could not be removed by d ialysis from the Azospirillium brasilense GS 

(Antonyuk et al. , 2001 ) and the GS of the sugar cane endophyte Acetobacter 

diazotrophicus was reported to be unresponsive to Mg2+ i n  some adenylation 

states (Ureta and Nordlund ,  200 1 ) .  The O. circumcincta enzyme was initia l ly 

assayed without added cation and found to be active, therefore this method 

was continued.  

The Km for g lutamate was at the low end of the values for other 

organisms in Table 5.20, which includes the three types of GS: GSI in  

p rokaryotes,  GSI I  in  eukaryotes and some bacteria and  GSI I I  expressed i n  a 

rumen anaerobe (Amaya et al. , 2005) and cyanobacteria (Pesole et al. , 1 995; 

Garcfa-Domfnguez et al. , 1 997) .  Whereas the Km for g lutamate was 

determ ined in the commonly used "biosynthetic reaction" in which 

hydroxylam ine replaced ammonium ,  the Km for ammonia was determined in a 

coupled assay, which was very difficult to stabi l ise, so that only dupl icate 

estimates from one homogenate are presented (Table 5 . 1 3) .  These are 

probably on ly approximate values, but are of interest in relation  to the Km for 

GDH ,  the competing pathway for ammonia assimi lation .  Notably the Km of 

ammonia of 1 .8 mM for GS was much lower than the Km for ammonia of 1 8  

m M  for GDH in L3 homogenates. Together with the presence of GOGAT 

activity, it would seem that ammonia is assimi lated i n  O. circumcincta via the 

GS-GOGAT pathway and not normal ly by GDH.  

5.4.4 GLUTAMATE SYNTHASE (GOGAT) 

The demonstration  of GOGA T activity in both L3 and adult O. 

circumcincta (Tables 5. 1 5-5. 1 7) was unexpected , as the enzyme is often 

described as not present in animals. Prior to the present experiments, the 

gene sequences for NADH-GOGA T in the genome of C. elegans (Vanoni and 

Curti , 1 999) was the on ly ind ication that GOGAT might be present i n  
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Table 5.21 . Km values for g lutamine for the reaction cata lysed by g lutamate 
synthase (GOGAT) in d ifferent organisms. 

Source 

O. circumcincta L3 

O. circumcincta adult 

B. mori 

S. sclerotiorum 

S. cerevisiae 

A. brasilense 

Nocardia mediterranei 

Bacillus megaterium 

Medicago sativa 
root nodules 

Km (mM) 

glutamine 

0 .4 

2 .9 

0 .22 

2.6 

0 .29 

0.45 

0.05 

0 .2  

0.47 

Reference 

Table 5. 1 5  

Table 5. 1 6  

Hirayama et al. ( 1 998) 

Rachim and N icholas ( 1 985) 

Cogoni et at. ( 1 995) 

Ratti et al. ( 1 985) 

Mei and J iao ( 1 988) 

Hemmila and Mantsala ( 1 978) 

Anderson et al. ( 1 989) 
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nematodes as wel l  as in  some insects. A search of B lastP using G I : 1 5375027 

from Klebsiella aerogenes revealed matches with unpublished sequences from 

C. briggsae and Trichinella britovi. GOGAT activity has been identified in the 

s i lkworms B. mari (H irayama and Nakamura ,  2002) and S. cynthia ricini 

(Osanai et al. , 2000), the mosquito A. aegypti (Scaraffia et al. , 2005) and in the 

S. frugiperda Sf9 insect cel l  l ine (Doverskog et al. , 2000; Drews et al. , 2000). It 

may be recognised as more widespread in invertebrates than at present, when 

more species are investigated . 

GOGAT activity was fairly low but consistently detectable in 

homogenates of L3 O. circumcincta with g lutamine as the variable substrate 

(mean 25 nmoles min-1 mg-1 protein) and in an adult worm homogenate with 2-

oxoglutarate (20 nmoles min-1 mg-1 protein) ,  but considerably higher with 

g lutamine as the variable substrate (88 nmoles min-1 mg-1 protein) .  As the 

GOGAT activity may depend on the metabol ic state of the organism , there may 

be a difference in activity of the two adult worm homogenates,  or it may relate 

to less than saturating concentration of glutamine in the 2-oxog lutarate 

experiment. Adult worm , not L3, homogenates were used for subsequent 

experiments with azaserine and comparison of worm GOGAT with sheep 

muscle GOGAT and worm GDH (Figures 5.22-5.24) . 

The Km for g lutamine for L3 and adult 0. circumcincta GOGAT are 

compared with those of the si lkworm, plants, yeasts and bacteria in Table 5 .21 . 

The L3 enzyme had a typ ical Km for g lutamine (0.4 mM) ,  whereas the Km of the 

adult enzyme (2 .9 mM) was more in the range of the enzyme of the fungus 

Sclerotinia sclerotiorum (Rachim and N icholas, 1 985) .  Values in Table 5 .21 

are for the forms of the enzyme which use NADH or NADPH as the electron 

donor and not Fd-GOGAT, which uses ferrodoxin as the e lectron donor in  

photosynthetic tissues i n  plants (reviewed by Vanoni  and Curti , 1 999; Suzuki 

and Knaff, 2003; van den Heuvel et al. , 2004; Vanoni et al. , 2005) . 

Experiments were carried out to val idate that the enzyme activity was 

GOGAT. As a negative control ,  to show that the apparent GOGAT activity i n  

O .  circumcincta homogenates was not due to a d ifferent enzyme, a sheep 

muscle homogenate (which would not contain GOGA T) was added to the 

standard reaction mixtu re to in itiate GOGAT activity (Figure 5 .22). When no 

NADH uti l isation occurred, an al iquot of a homogenate of adult 0. circumcincta 
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ATP 

NH4+ 
1 . 8  mM 

glutamine 
0.4 mM 
2 9 mM 

glutam i ne 1 . 5  mM 
rl"'1IJI 

GS 
glutaminase 

1 61 1 54 

95 glu 
1 04 NH/ 

0.6 mM 

glutamat 

GOGA T  
25 gin 

20 2-OG 

0 7  mM 

0 .8 mM 
0 1 3 mM 

0. 06 mM 
2-oxoglutarate 0 06 mM 

365 41  NH/ 
303 461 2-0G 
1 21 70 glu 

NH4+ 
1 8  mM 
41 mM 

Figure 5.25. Metabolic map of enzymes of g lutamate metabol ism 
identified in  L3 or adult 0. circumcincta homogenates. Enzymes 
are shown in blue; Km values (mM) for the substrates and Vmax 
(nmoles min-1 mg-1 protein) for the reactions for the variable 
substrate are shown in pink for L3 homogenates and green for 
adult worm homogenates. 
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was added to the cuvette and low GOGAT activity was initiated. Final ly NH/ 

was added and the resu lting GDH activity served as a contro l to show the 

homogenates had not been inactivated during preparation .  As GDH and 

GOGAT share the substrate 2-oxoglutarate, the two enzymes were 

disti nguished by the g reater rate of NADH uti l isation by GDH (adding NH/) 

than by GOGAT (adding g lutam ine) (F igure 5 .24) . 

The most convincing evidence of GOGAT activity was the inhibition by 

azaserine  ( Figure 5 .23) , a potent inhibitor of GOGAT, but a very weak inh ib itor 

of g lutamine:fructose-6-phosphate amidotransfe rase in S. typhimurium 

(Chmara et al. , 1 985) , N. crassa, E. coli and rat l iver (Ghosh et al. , 1 960) . 

Azaserine has been used to block GOGAT in A .  a egyp ti (Scaraffia et al. , 

2005), S. frugiperda i nsect cells (Doverskog et al. , 2000) and B. mori 

(H i rayama et al. , 1 998) . The importance of GOGAT to mosquito metabolism 

was demonstrated when azaserine fed with a blood meal increased glutamine 

levels and decreased prol ine concentrations in the haemolymph (Scaraffia et 

al. , 2005) .  GS was low and GDH activity was very high in the mosquito 

midgut, whereas, in the fat body, GDH was comparatively low, and GS was 

twice as high as in the midgut. GOGAT was exclusively located in the fat 

body. This suggests that oxidation of the amino acids in the meal takes place 

in the midgut, but the fat body is the site of detoxification and incorporation of 

ammonia i nto g lutamate by GS-GOGAT (Scaraffia et al. , 2005) .  As there is no 

equivalent of the fat body in  nematodes, the site of GOGAT activity in O. 

circumcincta may be i n  the intestine. 

5.4.5 GLUTAMATE METABOLISM 

A metabol ic map l inking the enzymes identified in L3 or adu lt o. 
circumcincta homogenates is shown in F igure 5 .25 .  The Km values for the 

substrates and the Vmax for the reactions are i ndicated. 

G lutamate metabol ism in  O. circumcincta is clearly d ifferent from that in 

mammals and strongly resembles metabol ism in insects , plants and 

microorganisms. The most sign ificant differences between vertebrates and 

lower organisms are the anabol ic reactions by which ammonia is incorporated 

into amino acids. The principal route in mammals is the formation  of g lutamate 

by GDH,  then aminotransferases use the g lutamate-2-oxog lutarate system to 

form several other a mino acids from glutamate. In O. circumcincta, and 
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possibly in  other nematodes, there is the a lternative GS-GOGAT pathway used 

by p lants, m icroorganisms and some insects to incorporate ammonia first i nto 

g lutamine then to form two g lutamate molecu les from g lutamine and 2-

oxoglutarate (Mifl in  and Lea, 1 976; Mifl i n  and Habash, 2002; Hodges et al. , 

2003; Magasanik, 2003) . The GS-GOGAT pathway, which requires ATP but 

has a higher affinity for ammonia,  is the preferred pathway in these species if 

ATP is readi ly avai lable (Helier, 1 994, 2002) . 

N itrogen assimi lation via GDH does not require ATP ,  but is l imited by 

the h igh Km for ammonia, which is the case for the O. circumcincta. I n  species 

with the GS-GOGAT pathway, GDH can operate in the aminating direction 

when ammonia concentrations are h igh,  energy is l imited or the organism is 

stressed (Fisher and S onenshein ,  1 991 ; Osuj i  and Madu, 1 996; Hel l ing ,  1 998; 

El-Shora and Abo-Kassem, 200 1 ) .  GDH probably functions in O. circumcincta 

as a catabol ic enzyme and , as in many organisms, is l ikely to be the main 

source of excreted a mmonia (Bidigare and King ,  1 98 1 ;  Batrel and Le Gal ,  

1 984) . I n  invertebrates ,  GDH may also be involved in  osmoregulation, as the 

activities of GDH and aminotransferases increase or decrease with changes i n  

sal in ity (Gerard and Gi l les, 1 972; Gi l les, 1 973; Wickes and Morgan, 1 976; 

Batrel and Le Gal ,  1 984; Reitze et al. , 1 989; Matsushima and Hayash i ,  1 992) . 

As the tissues in  which g lutaminase are located in O. circumcincta are 

unknown, its specific role can only be the subject of speculation.  One role may 

be to generate glutamate from glutamine, a non-toxic compound which is used 

to transport organic nitrogen between organs in vertebrates and some 

invertebrates, particu larly to skeletal muscle where it is read i ly converted to 

g lutamate by g lutaminase. The other end-product is ammonia ,  which is used 

in the mammal ian kidney to buffer an acid urine. G l utaminase may be used by 

adult 0. circumcincta to produce ammonia to buffer the acid environment of 

the abomasum, whereas bacteria use either urease or the d ihydrolase 

pathway to generate ammonia (Mobley and Hausinger, 1 989; Megraud et al. , 

1 992; Audia et al. , 200 1 ; Cotter and H i l l ,  2003) .  

G lutamine may be important in  the recycl ing of g lutamate in the 

neuromuscular system ,  as it is in vertebrates .  Glutamate is mainly a n  

inh ibitory neurotransmitter acting on chloride channels o n  the nematode 

pharyngeal muscles (Avery, 1 993; Adelsberger et al. , 1 999), whereas i n  
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vertebrates, g lutamate is an excitatory neurotransmitter (Alagarsamy et al. , 

2001 ; Mayer and Armstrong , 2004) .  Rapid rem ova l of g lutamate from the 

vertebrate synapse is achieved by the separation of g lutamine-g lutamate 

metabol ism between g l ia l  cel ls ,  wh ich convert g lutamate to g lutamine using 

mainly GS, and neurons, wh ich resynthesise g lutamate using phosphate­

dependent g lutami nase (Waagepetersen et al. , 2005) . The homologous 

nematode enzymes m ay have similar roles. 

The present in vitro studies of g lutamate metabol ism in O. circumcincta 

have been carried out on homogenates of whole parasites, which mixes 

together enzymes from a number of anabol ic and catabolic pathways for which 

g lutamate is a substrate. In vivo, enzymes which potentia l ly compete for a 

substrate or use the end-product of a reaction are often physical ly separated in  

d ifferent organs,  cel l s  or compartments within cel ls .  This separation is evident 

in the mammal ian l iver, where periportal cel ls express g lutam inase and oue 
enzymes, but perivenous cel ls express GS. There are a lso some examples in 

invertebrates. GDH activity was very high in  the mosqu ito midgut and 

comparatively low in the fat body; GS activity was low i n  the m idgut and twice 

as high in the fat body; GOGAT was exclusively located in the fat body 

(Scaraffia et al. , 2005) . GDH activity was located on ly in  the i ntestinal cel ls of 

H. contortus and a lmost exclusively i n  the blood-feeding stages (Skuce et al. , 

1 999b). The specific roles of the key enzymes in  g lutamate metabolism wi l l  

probably not be cla rified until the location of these enzymes in  O. circumcincta 

is known . 
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Fig u re 6. 1 .  Metabolic map of enzymes of n itrogen metabolism identified i n  L3 
or adult O. circumcincta homogenates. Enzymes are shown in blue; Km values 
(mM) for the substrates and Vmax (nmoles min-1 mg-1 protein) for the reactions 
for the variable substrate are shown in pi nk for L3 homogenates and g reen for 
adu lt worm homogenates. 
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Chapter 6 

G E N E RAL DISC U SSION 

The a im  of the experiments reported i n  this thesis was to investigate 

some key areas of nitrogen metabol ism, i n  anticipation of finding novel 

enzymes not present in mammals or with k inetic properties which clearly 

d ifferentiated the nematode and host enzymes. An additional outcome would 

be the identificatio n  of aspects of nematode metabol ism which would lead to 

improvements in in vitro culture of L3 and adult worms. 

A metabol i c  map l inking a l l  enzymes of n itrogen identified in L3 or adu lt 

O. circumcincta homogenates is shown in  Figu re 6. 1 .  The Km values for the 

substrates and the Vmax for the reactions are i nd icated . The most interesting 

findings were the p resence in O. circumcincta homogenates of three enzymes, 

creatinase, aspartase and GOGAT, which are bel ieved not to be expressed in  

the sheep host. Confi rmation of the activities found in whole worm 

homogenates will be needed in the future, preferably by identifying their  genes 

and local is ing their  expression to particu lar tissues in  the parasite . These 

enzymes wi l l  only be useful targets if their function ing is proven to be essentia l  

for worm survival. 

Nitrogen metabol ism has received much less attention than energy 

metabol ism in  nematodes, particularly the parasites of ruminants . The present 

studies of absorption ,  metabolism and excretion in L3 and adult o. 
circumcincta have revealed differences from these processes in their  

mammal ian hosts . This is a lso true of energy metabol ism , which i n  the la rger 

parasites , such as Ascarids, cestodes and trematodes, is considered to 

change from aerobic to more anaerobic during the transition to parasitism 

(Komunieki and Vanover, 1 987). There may not be as g reat a change in 

smal ler nematodes l ike O. circumcincta, because their h igher surface area to 

volume ratio may a l low more oxygen diffusion . Nevertheless, progression from 

free-l iving to parasitic stages may affect oxygen del ivery, as there is a 1 OD-fold 

difference in worm volume between L3 and adu lt O. circumcincta (Chapter 2, 
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2 .4). Oxygen avai labi l ity and changes in  nutrient supply may be key factors 

underlying some of the differences in nitrogen metabol ism. 

Both L3 and adult 0. circumcincta excrete ammonia as the principal 

n itrogenous compound.  This is consistent with previous observations in  free­

l iving and parasitic nematodes (Rogers, 1 952; Rothste in ,  1 963; Wright, 

1 975a , b) .  The rate of ammonia excretion in L3 was temperature dependent, 

l ink ing ammonia generation with the overal l  metabol ic rate . Excretion would 

be expected to be low in  relatively dormant L3 and probably equal ly l ow i n  

rapidly g rowing and  reproducing parasitic stages of nematodes with their g reat 

demands for amino acids. 

Of note was the plateau in ammonia excretion when the concentration 

in  the incubation med ium reached 1 20- 140 IJM ,  which suggests that ammonia 

excretion may be l im ited by external a mmonia concentrations. The 

concentrations of ammonia in the vicin ity of the parasitic stages in the rumen 

flu id , g land l umen or free in the abomasum are a l l  l ike ly to exceed this 

concentration ,  based on publ ished val ues of arteria l  blood (200 IJM), portal 

blood (487 IJM) (Parker et al. , 1 995) , rumen contents (5 mM) and abomasal 

flu id (1 mM) in  sheep (Harrop, 1 974; Harrop and Phi l l ipson ,  1 974) . Amm onia 

may, therefore, e ither be absorbed or excreted accord ing to the external  

concentration, which for parasitic stages of 0. circumcincta in vivo may 

frequently be ammonia absorption. The presence of GaGA T would a l low 

ammonia to be used to generate g lutamate and then other amino acids. 

Movement of ammonia across the cuticle may i nvolve ammonium 

transporters and perhaps also diffusion of ammonia .  Less ammonia and no 

u rea were excreted by bleach-exsheathed L3 , p robably because of damage to 

cuticular ammonium and urea permeases, as diffusion is not l i kely to be 

reduced , o r  could even increase. Some excretion may a lso be through the 

nematode excretory cell (Buechner et al. , 1999; Buechner, 2002) . Ammonium 

transporters are present in  a l l  classes of organisms (Howitt and Udvardi ,  2000; 

Wi l l iams and Mi l ler, 200 1 ; Javel le et al. , 2003 ; Khademi et al. , 2004) and there 

are homologues of h igh affin ity ammonium transporters in the C. elegans 

genome (Howitt and Udvardi ,  2000; ter Schure et al. , 2000). I n  plants, bacteria 

and yeasts , high affin ity ammonia permeases scavenge ammonia from the 
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environment, includ ing recovering ammonia l ost by d iffusion when growing on 

sources of n itrogen other than ammonia (Marin i  et al. , 1 997) .  

Ammonia is toxic in  h igh concentrations and must e ither be incorporated 

i nto urea by species which have a complete QUC,  or assimi lated into 

g lutamine by GS or GDH.  Even in high external ammonia concentrations, 

p lants and microorganisms maintain low cytoplasmic ammonia levels (Streeter, 

1 989; Roberts and Pang, 1 992) primari l y  using the ammonia-assimi lating 

pathway GS-GQGA T. GS has a greater affin ity for ammonia than does GDH 

i n  0. circumcincta, as in  other species, but uses large amounts of ATP ,  which 

has been estimated at 1 5% of ATP usage i n  E. coli (Reitzer, 2003). 

The presence of GOGAT differentiates g lutamate metabolism in  O. 

circumcincta from that in mammals in which g lutamate is formed by GDH,  then 

aminotransferases use the glutamate-2-oxoglutarate system to generate 

several other amino acids from glutamate. I n  the si lkworm, GOGAT maintains 

haemolymph g lutamine concentrations (H i rayama et al. , 1 997) and may have 

a s imi lar role in other i nvertebrates. The GS-GOGAT pathway is the preferred 

route for ass imi lation of nitrogen in plants and microorgan isms into g lutamate, 

g lutamine, asparagine and aspartate using the enzymes GS, GOGA T, GDH 

AspAT and AS (Mifl in and Lea, 1 976; Lam et al. , 1 996; Mifl in  and H abash, 

2002; Hodges et al. , 2003; Magasanik, 2003; Muro-Pastor and Florencio, 

2003) . The first four of these enzymes were establ ished as present in O. 

circumcincta. AS is known to be present in P. redivivus (Grantham and 

Barrett, 1 988) and H. diminuta (Zavras and Roberts, 1 984) and may a lso be 

present in other nematodes. 

GDH may become the main provider of the 2-oxogl utarate needed by 

GOGAT when there is low activity of isocitrate dehydrogenase. There is also 

i ncreased GDH activity duri ng carbohydrate starvation in  plants (Dubois et al. , 

2003) . Providing 2-oxoglutarate may be a key role for GDH in 0. circumcincta, 

as there is very l i ttle isocitrate dehydrogenase activity (D .C. Simcock, personal 

communication) .  In some plants, AspAT provides the 2-oxoglutarate (Hodges, 

2002) ,  but, un l ike isocitrate dehydrogenase, does not result in  net glutamate 

synthesis, however, the aspartate which i s  formed can be converted to 

asparagine or  other amino acids. The enzymes involved in  g lutamate 

metabol ism may have different roles in the various body organs. GDH activity 
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is h igh in  the mosquito midgut but GS i s  l ow and there i s  no GOGAT activity, 

whereas i n  the fat body there is GOGAT,  GS activity is greater and GDH is 

l ower (Scaraffia et al. , 2005) . 

Aspartase is the second non-mammal ian enzyme identified in O. 

circumcincta. It is not clear which would be the favoured d i rection of the 

reaction it cata lyses in vivo. There was considerable aspartase activity and the 

Km was favou rable ( 1 0-fold l ower) for competing for aspartate with AspAT, but 

5-fold lower Vmax. Alternatively, the reaction may favou r  aspartate formation 

from fumarate if the TeA cycle operates in the reverse anaerobic di rection or 

there is only a part ial cycle in the parasitic stages. The very h igh AspAT 

activity in  L3 decreased by about 80% i n  adult worms ,  perhaps reflecting a 

sh ift towards more anaerobic metabolism . The TeA cycle in  O. circumcincta is 

different from that in  mammals, having l ow isocitrate dehydrogenase and 2-

oxoglutarate dehydrogenase activities and a functiona l  glyoxylate cycle, but 

adult O. circumcincta metabol ism appears to be more aerobic than in Ascaris 

(D .e.  Simcock, personal communication) .  Aspartate may be needed as a 

substrate for AK to synthesis "essentia l  amino acids" if Rothstein  and 

Toml inson ( 1 96 1 )  and Kapur and Sood (1 984) are correct in  their  interpretation 

that nematodes are able to synthesise these amino acids .  

The th i rd enzyme found in  O. circumcincta, but not present in mammals 

is creatinase, which may be one of the sources of the excreted urea.  The most 

obvious advantage of being able to catabol ise creatine to urea and sarcosine 

wou ld be as a source of nitrogen ,  as there may be an abundant supply of 

creatine in fl u id exudates or intact or sloughed gut cel ls .  The lack of urease 

activity in O. circumcincta would preclude generating ammonia through th is 

enzyme, however, sarcosi ne can be degraded in mammals by sarcosine 

oxidase or dehydrogenase (Wittwer and Wagner, 1 98 1 ; Reuber et al. , 1 997) 

and nematodes may also have these enzymes. H. contortus, and probably 

also O. circumcincta, uses phosphoarg in ine rather than phosphocreatine as an 

energy buffer (Platzer et al. , 1 995) , which would a l low creati nase to be present 

without the risk of degradi ng  endogenous phosphagen.  

As the three enzymes of interest in O. circumcincta are normal ly present 

in m icroorganisms, there is the possibi l ity that the observed enzyme activity 

was caused by contaminating microbes, endosymbionts or residents of the 
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nematode g ut. It was considered unl ike ly that there was sufficient external 

contaminating materia l  after washing the parasites to account for q u ite large 

enzyme activities, however, this wi l l  be resolved by examining the type of RNA 

in the homogenates to d istinguish eukaryote and prokaryote types. It is 

interesting to speculate whether the three nematode enzymes may have been 

acquired by horizontal gene transfer from bacteria in the soil or in the sheep 

gastrointestina l  tract. 

Endosymbionts are essentia l  for some physiological processes in  

insects and the requirement of fi laria l  nematodes for their Wolbachia 

endosymbionts is wel l  established (Casiraghi et al. , 200 1 ) . Some insects, such 

as the pea aphid, use symbionts to recycle ammonia rather than excrete it 

(Sasaki and Ishikawa, 1 995) and u ric acid is recycled by yeast-l ike 

endosymbionts in the brown planthopper (Sa saki et al. , 1 996) and by gut 

bacteria in termites (Potrikus and Breznak, 1 98 1 ) .  Although urease is not 

usual ly present in animal tissues, the microorganisms in symbiotic 

relationships in the gut or tissues do usual ly contain the enzyme  and the 

ammonia that they produce can be absorbed by the host (Whitehead et al. , 

1 992; Stevens and Hume, 1 998). If O. circumcincta also has simi lar 

associated microorganisms contributi ng to its nutrition, these may be 

vulnerable to removal with deleterious effects on the nematode, as happens 

with tetracycli ne treatment of fi laria (Hoerauf et  al. , 1 999; Casiragh i  et aI. , 

2002) .  

The present experiments have shown that the n itrogen metabol ism in 0. 

circumcincta is not of the mammal ian type but more l ike that in lower 

organisms. Nematodes may be very flexible in their nutrient requirements and 

l ike S. cerevisiae (ter Schure et aI. , 2000) and cyanobacteria (Fisher, 1 999) be 

able to use a variety of n itrogen sources, choosing the ones that best support 

growth and repressing other metabol ic pathways . A range of forms of 

n itrogen, from ammonia to proteins, may be used by the free-l iving and adult 

stages of 0. circumcincta. Although their environments appear to be very 

d ifferent, both larvae and adult worms are closely associated with 

microorganisms wh ich inhabit the ruminant gut. These organisms may be very 

important i n  the nutrition of a l l  stages, but additional sources of nutrients for 

the parasitic forms may include mucins, cel ls ,  l eaked interstiti a l  fluid or 

abomasal d igesta .  
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The protein excreted by adult worms (Figu re 2. 1 0) is expected to 

contain the proteases identified in the ES products of L3, L4 and adult 0. 

circumcincta by Young et al. ( 1 995) . These enzymes break down external 

protein to peptides and/or amino acids for which transporters have been 

identified in helminths ( Isseroff et al. , 1 976; Jeffs and Arme, 1 985, 1 987; Fei et 

al. , 1 998; Meissner et al. , 2004) and amino acids are also taken in though the 

y-glutamyl cycle (Dass and Donahue, 1 986; Abidi and N izami ,  1 995). The 

prel iminary experiments reported in Chapter 2 ,  in which there was evidence of 

transport of radiolabeled amino acids in adult O. circumcincta, ind icates that 

simi lar amino acid permeases are l ikely to be present. Blocking the absorptive 

processes, which are present in the nematode cuticle and intestine (Weatherly 

et al. , 1 963; Chen and Howel ls ,  1 979), could potentia l ly starve the parasite. 

Many individual enzymes involved in nitrogen metabol ism have been 

identified in nematodes (Rogers, 1 952; Rothstein and Mayoh,  1 964a, b; Rasero 

et al. , 1 968; Langer and J iamperpoon ,  1 970; Paltridge and Janssens, 1 97 1 ;  

Langer, 1 972; Barrett, 1 973; Rhodes and Ferguson, 1 973; Hutch inson and 

Fernando, 1 975; Barrett and Lloyd , 1 981 ; Barrett, 1 983; Watts and Atkins , 

1 983, 1 984; Kawalek et al. , 1 984; Dubinsky et al. , 1 985; Grantham and 

Barrett, 1 986a,b ,  1 988; Jaffe and Lambert, 1 986; Turner et al. , 1 986; Wittich et 

al. , 1 987; Waiter, 1 988; Sharma et al. , 1 989; Wittich and Waiter, 1 989, 1 990; 

Davies and Kbhler, 1 990; Schaeffer and Donate l l i ,  1 990; Walker and Barrett, 

1 991 a ,b ;  Mu l ler and Waiter, 1 992; Macrae et al. , 1 995; Platzer et al. , 1 995, 

1 999; von Besser et al. , 1 995; N iemann et aI. , 1 996; Klein et aI. , 1 997; Liebau 

et al. , 1 997; Walker and Barrett, 1 997 ;  Da'dara et al. , 1 998; Lambert et al. , 

1 999; Skuce et al. , 1 999b; Tsuj i et al. , 1 999; Veronico et al. , 200 1 ;  Jones et al. , 

2003; Dufe et al. , 2005; Long et al. , 2006). There appears ,  however, to be 

insufficient information to create a model of metabol ic regulation as has been 

done for S. cerevisiae (ter Schure et al. , 2000; Magasanik and Kaiser, 2002), 

E. coli (Reitzer, 2003) and higher plants (Lam et al. , 1 996) . ter Schure et al. , 

(2000) have searched for homologues in  the C. elegans genome of S. 

cerevisiae genes i nvolved in the control of g lutamate metabol ism ,  to assess 

whether yeast control systems were an appropriate model model for those i n  

h igher organisms. They found 35 worm sequences for homologues of S. 

cerevisiae genes encoding GS, GOGAT, the ammonium permeases MEP1 , 
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MEP2 and M EP3, NAO-GOH, NAOP-GOH, fou r  transcription factors and a 

regulatory prote in ,  but no homologues of the genes GDH2 or  URE2. 

This study in 0. circumcincta has revealed d ifferences between 

nematode  and mammal ian nitrogen metabol ism and three enzymes worthy of 

further exam ination as potentia l  anthelmintic targets . Several other enzymes 

have been identified from reports in free-l iving and plant and an imal parasitic 

nematodes as potentia l ly also being in this category. In particu l ar, nematodes 

have a very h igh requ i rement for col lagen and chitin ,  their phosphagens are 

genera l ly different from the mammalian phosphocreatine a nd polyamine 

metabol ism appears to be d ifferent in some species .  The shik imate pathway is 

currently only known in a few plant parasites, but appears not to have been 

investigated in animal parasites . If present in parasites of domestic ruminants , 

this pathway may be amenable to inh ibition in both the free-l iving  and parasitic 

stages. The successful exploitation of any of these enzymes wi l l  be 

dependent on  their being essential to parasite survival . 
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APPEN DIX 1 :  PARASITOLOGY 

1 . 1 LARVAL CULTURE 

I nfective L3 were reg ularly passaged through parasite-free sheep to 

mainta in cultures of pure stra ins of 0. circumcincta. EXisting  worm burdens 

were removed from donor sheep by drenching with a double dose of Leviben 

(8mg/kg ricobendazole + 1 5mg/kg levamisole; Young's Animal Health Ltd . ,  NZ) 

and ivermectin (Ivomec, Merial, Auckland, NZ; 7ml) . Dexamethazone (Dex 5 ,  

Virbac NZ ,  O . 1 5mg/kg) was injected intramuscularly twice weekly. After faecal 

floats were negative, the sheep were infected intraruminally via stomach tube 

with L3. Faeces col lected in faecal bags were m ixed with vermicul ite (Grade Fine 

IVL2, Nuplex Industries Ltd) ,  moistened and i ncubated in  a 25-2rC room for 

1 0-14 days. The m ixture was moistened and mixed dai ly. 

L3 were recovered by a Baermann technique. The faeces mixture was 

placed i n  sieves l i ned with tissue paper in bowls of RO water and left for 24h. 

The water contain ing the larvae was then passed through a 20-j../m filter, the 

larvae resuspended and placed in a funnel l ined with a single layer of tissue for 

a further 24h. L3 were stored at 4 QC in RO water. 

1 .2 FAECAL EGG COUNTS 

The method was the modified McMaster method of  Stafford et al. 

( 1 994) .  2g of faeces were passed through a smal l  s ieve i nto 30ml of saturated 

NaCI solution .  Al iquots of the resu lting suspension were transferred with a 

Pasteur  p ipette into the chambers of a McMaster sl ide. The suspension was 

contin uously stirred while al iquots were being removed to assure an even 

distribution of eggs .  After 2 m in ,  eggs were counted under a microscope. 

Each egg represented 50 e .p .g .  

1 .3 EXSHEATHING L3 

Larvae were counted , transferred to a 50 ml tube and centrifuged at 

1 800 g for 5 m in. L3 were exsheathed at 3rC in 0.2% sod ium hypochlorite. 

Exsheath ing was monitored m icroscopically and when complete, the 

suspension was centrifuged, the L3 washed several times by resuspension 
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and centrifugation  with water and finally Baermannized to remove i nactive 

worms, as described above in  Appendix 1 . 1 .  

1 .4 RECOVERY O F  ADULT WORMS 

Ugated abomasa were removed from donor animals immediately after 

death , opened and the contents collected. The luminal surface of the mucosa 

was washed with warm 0.9% NaC\. The washings were mixed with the 

abomasal contents and the worms were allowed to settle i n  a large measuring 

cyl inder in a waterbath at 37°C .  The volume in the cyl inder was reduced by 

aspirating fluid at the surface fluid from which worms had sedimented. 

A solution of 3% agar (Bacto Agar, D IFCO Laboratories, USA) was 

heated i n  a microwave oven and allowed to cool. When it had cooled to 40-

50°C, it was rapidly m ixed with twice its volume of worm mixture (final 

concentration 1 %  agar) and immediately poured into trays to set. Saline (0.9%) 

warmed to 37°C was careful ly poured over the agar blocks until they were 

completely covered .  The agar blocks were placed in larg e  trays of saline at 

37°C .  The worms migrated out of the agar blocks into the saline and formed 

clumps .  About 90% of those worms that migrated from the agar had done so in  

the first two hours. Clumps of  worms were picked out of  the saline and 

suspended in the appropriate medium . 

1 .5 BAERMANNISA TION AND COUNTING OF LARVAE 

Before use i n  experiments, L3 were resuspended i n  RO water and 

placed i n  a funnel l ined with a s ing le layer of tissue for 2 hours to allow active 

larvae to migrate through the tissue i nto RO water. The worm suspension was 

well m ixed and an al iqot of 20- 1 00 /-ll placed on the graduated counting s l ide. 

A d rop of iodine was added to i nhibit worm motil ity and larvae were counted 

under 1 0x magnifi cation .  Counts were made in trip l icate and worm density 

calculated before use i n  experiments . 
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APPENDIX 2 :  ASSAYS 

2 . 1  AMMONIA ASSAY 

The assay was based on the reaction  of ammonia with hypochlorite and 

phenol to produce indophenols, which were monitored spectrophotometrical ly 

at 635nm. 

Assay solutions: 

0 . 1  mM NH4CI (positive control) 

Mi l l i  Q H20 (negative control) 

Reagent A (kept at 4°C) 0.5 M phenol and 0.4 mM sod ium n itroferricyanide 

Reagent B (kept at 4°C) 0 .67 M NaOH and 0 .45 mM sod ium hypoch lorite 

Method: 

Set up i n  d upl icate in 5ml plastic test tubes: 

N egative control 0 .5  ml Mi l l i  Q H20 

Positive control 0 .5  ml 0 . 1  mM N H4CI 

Standard solutions 0 . 5  ml of 0 .00 1 - 1  m M  N H4CI i n  Mi l l i  Q H20 

Sample 0 .5  ml  sample 

To each tube, add 1 00 1-11 of reagent A and b riefly vortex the tubes. 

Then add 1 00 1-11 of reagent B and again briefly vortex the tubes. 

Place the tubes on a 50°C heating block for at least 30 min .  

Remove the tubes and cool to room temperature. 

Read the absorbance at 635 n m  against the negative control .  

Construct a standard curve from which ammonia concentrations can be read. 

2.2 UREA ASSAY 

The assay was based on the conversion of urea to ammonia and 

carbon d ioxide by u rease fol lowed by the estimatio n  of the ammonia 

concentration  as i n  Appendix 2 . 1 .  

Set up  i n  dupl icate i n  5ml plastic test tubes: 

Ammonia blank 

U rea 

0.5 ml  sample 

0 .5 ml  sample plus 1 unit of urease (Sigma) 
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The tubes were incubated at 37°C for 30 min .  

Ammonia was estimated in  both sample and b lank tubes and the urea 

concentration calculated after the ammonia blank had been subtracted . 

2.3 PROTEIN MICROASSAY 

The assay was based on the method of Bradford ( 1 976) . 

Set up i n  dupl icate in  5 ml p lastic test tubes: 

Negative control 

Standard solutions 

Sample 

0 . 2  ml  incubation medium 

5 - 1 00 I-Ig BSA in incubation medium 

0 .2  m l  sample 

Add 0 .8  ml of Bradford reagent (Sigma) to each tube, mix and leave for 1 0  min 

Read the absorbance at 595 nm against the negative contro l .  

Construct a standard curve to obtai n  protein concentrations .  

2.4 TOTAL AMINO ACID  ASSAY 

The assay was a modification of the method of Magne and Larher 

( 1 992). 

0.5 ml sodium citrate buffer (O .2M,  pH 4.6) was pipetted into a test tube, 

fol lowed by 1 ml of sample or amino acid standards and 1 ml of 1 % n inhydrin 

solution  (Sigma) .  The tubes were shaken wel l  and heated to 1 00°C in a 

heating block for 1 5  min .  After cool ing to room temperature, 3 m l  of 60% ethyl 

a lcohol (d i luted in disti l led water) was added to each tube and the absorbance 

read at 570 nm with in 1 hour .  Amino acid concentrations were read from 

standard curves constructed with either g lutamate or aspartate i n  

concentrations from 0- 1 mM. 

2.5 URIC ACID ASSAY 

The method was a mod ification of that of Sasak i  et al. ( 1 996) .  The 

wavelength of 290 nm at which absorbances were read was selected from the 

h igh absorbance detemined in a prel iminary spectral study.  

Method : 

Set up  i n  dupl icate i n  1 ml  Eppendorf tubes: 
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0 .5  ml 1 00 mM phosphate buffer, pH 7 .5  Negative control 

Standard solutions 

Sample 

o to 0. 1 mM u ric acid (Sigm a) in  phosphate buffer 

0 .5  ml sample 

Absorbances were read at 290 nm against the negative control .  Uric 

acid concentrations of the samples were read from  the standard curve 

constructed with the uric acid standards. 

2.6 PREPARATION OF HOMOGENATES 

About 50,000 L3 O. circumcinta were centrifuged at 600 9 for 5 min in a 

bench centrifuge and then  resuspended in  assay buffer. The larvae were 

washed by repeating this treatment twice and final ly resuspended i n  about 1 

m l  of buffer. The concentrated L3 suspension was transferred to a chi l led 

mortar and frozen at -20°C for at least 1 5  minutes. The frozen pel let was then 

d isrupted using a chi l led pestle and the homogenate was examined under the 

microscope to ensure the complete disruption of the parasites. 

About 5 mg of clumped adult O. circumcinta were suspended in about 1 

m l  of buffer. The suspension was transferred to a ch i l l ed mortar, frozen and 

homogenised as for L3. 

About 5 mg of sheep muscle was cut into smal l  pieces using a sharp 

razor blade and suspended in  about 1 ml  of buffer. The suspension was 

transferred to a chi l led mortar, frozen and homogenised as for L3. 

When homogenates were to be used for more than  one assay, a l iquots 

were frozen and kept in Eppendorff tubes i n  l iquid n itrogen  unti l required. 

2.7 CONTINUOUS ENZYME ASSAYS 

All enzyme assays were carried out using an U ltraspec I I I  (Pharmacia 

LKB) equipped with a temperature control unit (Pharmacia LKB - autofi l l  I l l )  

which was control led, and the data were collected, b y  a computer using 

software and hardware developed in-house (Brown , unpublished). The 

software also al lowed the estimation of the slope (chan ge in the absorbance 

over time) by least squares regression. An example of using this method is 
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shown below in Figure A2. 1 for an assay in  which the rate of NAOH uti l isation 

was fol lowed at 340 nm .  

E 1 .4 
c: o � 1 .2 M 
� 1 . 0  
c: .� 0.8 -c. o 0.6 
tn J:I "' 

2) NaDH was added 

/ ,) Substrafe w"' added to start the 'eaotioo 

jl'Slope was estimated 

:::I: 0 2 1 )  Buffer and homogenate 
-

� . )I' Z O. O·+"----,r----�---..__--....., 
o 250 500 

Time (s) 

750 1 000 

Figure A2. 1 . Example of a continuous assay i n  which the rate of NAOH 

uti l isation was monitored spectrophotometrical ly at 340 nm.  

( 1 ) Buffer, homogenate and specific assay components were mixed in the 

cuvette, which was p laced in the cuvette housing, and data collection 

was in itiated. This first stage was useful to (a) check whether there 

was interference in  the assay at the wavelength selected due to any of 

the components present and (b) monitor the stabi l ity of the homogenate 

in the suspension. 

(2) Cofactor was added (frequently this was NAOH or NAO+) ,  usual ly after 

a fixed period of t ime, and the absorbance was monitored . This was 

useful to establ ish whether there was any other reaction arising from 

the components present in the cuvette that m ight have been mistakenly 

attributed to the enzyme of interest. 

(3) Substrate was added to the cuvette to in itiate the reaction and the 

absorbance was monitored continuously for an a ppropriate t ime. 

(4) Frequently other compounds were added to the cuvette after this point 

to assist in qual ity control . Various control s  were carried out as 

appropriate to ensure that the reported activity was dependent on the 
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added protein ,  on the substrates added and  on any coupl ing enzymes 

present, and was not affected unexpectedly by any assay 

2.8 DETERMINATION OF EXTINCTION COEFFICIENT 

Solutions of  the analyte of interest were prepared at a range of 

concentrations in the relevant medium. Spectra were obtai ned for each 

concentration at 30°C , at 1 nm i ntervals over the a ppropriate wavelength range 

(see figu re 2 . 1  for an example using phenylalan ine) using the U ltrospec I I I  

(LKB Pharmacia) .  I n  each case the reference was the medium i n  which the 

analyte was dissolved. Having identified the relevant peak position (Amax) for 

this analyte in these conditions, the absorbance at Amax was plotted as a 

function of analyte concentration and the slope of  the reg ression l ine was 

taken as the extinction coefficient (see Figure A2 .2 i nset for an example). 

1 .0 

1 .0 7 mM Phe slope = 0.1 39 mM·' 
r ' =  0.999 

ID 0.8 
u c: CO 0.6 .0 '- 0 1 2 3 4 5 6 7 0 Cl) IPhenylalanine] (mM) .0 0.4 « 

0.2 

0.0 

225 250 275 300 325 350 

Wavelength (nm)  

Figure A2.2. The spectra of  1 -7 mM phenyla lanine i n  phosphate medium at 
30°C. The apparent Amax was 257 nm and the inset shows A257 as a function 
of the concentration of phenylalanine. The slope of the regression l ine was 

Phe 
0. 1 39 mM-1 , corresponding to 5257 = 1 39 M-1 cm-1 . N either the apparent Amax 

nor the &;;� d iffered sign ificantly from that reported by M inke et al. (2000) for 

phenyla lanine, a lthough they reported that Amax = 255 n m .  
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As standard cuvettes were used at a l l  times,  it was assumed that the 

optical path length was 1 cm. In some instances (fumarate, for example), the 

extinction coefficient was estimated at a wavelength other than Amax. 

The advantages of this approach were that ( 1 )  it faci l i tated identification 

of the relevant Amax rather than simply assuming a g iven value, (2) it provided 

some ind ication as to the region over which the absorbance depended l inearly 

on analyte concentration and (3) it provided independent samples from which 

analyte 
to determine £ A, 

2.9 CALCULATION OF ENZYME ACTIVITY 

The rate of enzyme activity based on NADH oxidation was calcu lated 

based on the equation 2 :  

NADH 
V = ( Slope estimation�£340 ) x t x Vt (Equation 2) 

Protein 

Where .' 

NADH 
V = rate of activity; &340 = extinction coefficient of 340nm i . e .  6220M-1 ; 

t = timeframe of assay in m inutes ;  

Vt = final volume of assay in  Litre ; 

Protein = amount of homogenate used in  the assay i n  mg.  

Data were p lotted us ing Graphpad Prism version 4. Vmax and Km were 

obta ined by fitting the data to a hyperbola using the with non-l inear regression 

function to obtain Bmax and KJ values. 

2 . 1 0  GLUTAMINE SYNTHETASE ASSAY 

GS activity was determ ined by the rate of conversion of hydroxylamine 

to y-g lutamyl hydroxamate ,  which was determined by a colorimetric method 

(Vorhaben et al. , 1 973). 

Set up in  dupl icate in  5 ml plastic tubes : 

Negative control O .2ml  i ncubation medium 



Standard solutions 

Sample 

o to 0.6 mM y-g lutamyl hydroxamate i n  

i ncubation  medium 

0 .2 m l  sample 

19 1  

Add 1 . 5 m l  of a solution contain ing 3 .5% FeCb, 2% trichloroacetic acid 

and 0 .25 N HCI .  A brown colour developed . Read the absorbance at 500 nm 

in  a Pharmacia LKB N ovaspec 1 1  against the negative control .  

Construct a standard curve to obta in  y-g lutamyl hydroxamate 

concentrations GS activities were calcu lated from the equation i n  Appendix 

2 .9 ,  using the extinction coefficent for y-g l utamyl hydroxamate at 500nm i .e 

842 M-1 . 
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APPENDIX 3 :  SOLUTIONS 

3 . 1  PHOSPHATE BUFFER 

1 00 mM phosphate buffer was m ade by d issolving 1 7.8 g 

N a2H P04.2H20 (MW 1 78) in 950 m l  RO water, adjusting the pH  with HCI and 

maki ng up to 1 l itre. 

0 .8  mM phosphate buffer was made up s im i larly with 0 . 1 42 g per l itre. 

3 .2 TRIS BUFFER 

1 00 mm Tris buffer was made up by was made by dissolving 1 57 .8 9 
Tris-HCI in 950 ml RO water, adjusting the pH with NaOH and making up to 1 

l i tre. 

3.3 PHOSPHATE BUFFERED SALINE 

9 g N aCI  was dissolved in 1 l itre of 1 00 mM phosphate buffer pH 7 .0 .  


