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ABSTRACT

The disease facial eczema is caused by the fungal metabolite sporidesmin

which produces photosensitisation of animals whose liver and biliary tract have

been damaged by the toxin. Sporidesmin is produced by the pasture fungus

Pithomvces chartarum and affects ruminant animals that graze on contaminated

pasture. Previous studies have shown that sporidesmin is metabolised in the liver

and have suggested that the toxin is metabolically inactivated by enzymes in the

glutathione S-transferase and cytochrome P-450 families. The activities of these

enzymes were therefore measured in liver extracts from Romneys that had been

selected for resistance or susceptibility to sporidesmin - induced liver damage.

Although there were no differences in cytochrome P-450 CO binding

spectra or cytochrome c reductase between the selection lines, resistant Romneys

had greater nitroanisole O-demethylase activity and this difference was apparently

enhanced two days after dosing with sporidesmin. Dose-dependent differences

occurred in the absence of major hepatocellular injury suggesting that they

reflected changes in enzyme activity rather than changes in tissue mass.

Aminopyrine N-demethylase did not vary significantly between the selection lines.

Some differences in GSH-dependent metabolism were also observed. Undosed

resistant Romneys showed greater GSH-dependent metabolism of sporidesmin in

a spectrophotometric assay. lt is possible that glutathione S-transferase Mu or

Theta isoforms had greater activity in the resistant lines as differences were

observed using p-nitrobenzyl chloride and 1,2 epoxy-3-p-nitrophenoxypropanol but

not with 1-chloro-2,4-dinitrobenzene or 1,2-dichloro-4-nitrobenzene that are good
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substrates for these isoforms. 2-D PAGE was applied to the separation of whole

homogenate and soluble proteins. Variations in expression of some proteins

including GST Mu isoforms were found between the selection lines'

Roles of cytochrome P-450 and glutathione S-transferase in the hepatic

detoxication of sporidesmin have previously been demonstrated. Results obtained

in this study suggest that resistant Romneys may have greater cytochrome P'450

O-demethylase and glutathione S-transferase activities that could be responsible

for increased metabolic inactivation of sporidesmin. These differences may in the

future be of use in design of DNA probes to enhance detection and seleclion of

facial eczema resistant livestock.
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CHAPTER I

INTRODUCTION

1.1 Facial eczema

FE is a hepatotoxic disease affecting ruminant animals such as sheep, cattle,

and deer. lt is caused by a mycotoxin named sporidesmin (Mortimer and

Ronaldson, 1983). The source of sporidesmin is Pithomvces chartarum, a

saprophytic fungus that grows on decaying plant material in pasture. Pithomvces

chartarum has a worldwide distribution but FE occurs mainly in the North lsland and

the northern part of the South lsland of New Zealand. The high rate of FE in New

Zealand is due to the use of pasture for animal production. Growth of fungal spor€s

is rapid during the summer and autumn when the weather is warm and humid. FE

has also been reported as an outbreak disease in farm animals in Australia, South

Africa, and France (Bezille et al., 1984). The fungus is capable of producing a

complex mixture of sporidesmin A (Figure 1.1) and closely related metabolites that

affect animals in field outbreaks or when introduced experimentally by dosinE or

feeding. Campbell et al. (1981) and Morris et al. (1994) suggested that the

susceptibility of animals, especially sheep, to FE is very variable and this variability

is heritable. Therefore, if resistant flocks can be selected without exposing the

animals to toxic challenge, breeding programmes could largely decrease the

incidence of FE. Selection of FE resistant livestock has been in progress since

1975-1981 when Campbell and his co-workers conducted test trials at Ruakura

Agricultural Research Centre to group animals on the basis of of liver damage
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scores after sporidesmin challenge. Attempts to identify genetic markers of FE

resistance have been only partially successful.

FE affected animals, with dysfunctional livers, accumulate the chlorophyll

degradation product phylloerythrin in the circulatory system, and later in skin,

leading to the.sensitivity of skin to ultraviolet light. This causes local lesions

particularly around exposed facial tissues. Effects have been described in guinea

pigs (Bonnefoi et al., 1989; Mortimer, 1970), mice (Mortimer, 1970; Bhathal et al.,

1990), rabbit (Peters, 1966), rats (Rimington et al., 1962; Slateret al., 1964; Hove

and Wright, 1969), chickens (Moftimer, 1967), sheep (Mortimer and Taylor, 1962;

Smith and Payne, 1991), goats (Smith and Embling, 1991), cattle and deer

(Mortimer, 19V1; Mortimer and Smith, 1981).

cl

CH30

CHg

Figure 1 ,1: Structure of sporidesmin A

l- i 
-c=0

1... ? -N-cH3
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1.2 Patholoqical effects of sporidesmin

Experimental intoxication of sheep by oral administration of sporidesmin

produced similar lesions to those of naturally affected animals (Mortimer, 1963;

Mortimer and Smith, 1981; Mortimer and Ronaldson, 1983). The liver of dosed

sheep was firmer in texture than normal and the lobular morphology was somewhat

exaggerated, especially in the left lobe which was characterised by fibrous edges'

Mortimer (1963) also found that on slicing the liver, the large and medium sized bile

ducts were moderately thickened with fibrous connective tissues to a degree, which

caused reduction in the size of their lumina, Closer examination showed firre

granular fibrosis throughout the substance of the liver. The gallbladder showed an

abnormal appearance with histological changes similar to that of liver lesions. The

urinary bladder displayed sub-mucosal petechial haemorrhage and cortical

enlargement of the adrenal gland was noted. No lesions were found in other

organs. Similar lesions were obtained by experimental dosing of sporidesmin to

rabbits flNorker and Dodd, 1960), guinea pigs (MacKinnon and Te Punga, 1960;

Bonnefoi et al., 1989), rats and mice (Mortimer et al., 1977).

Liver from sheep affected by a natural outbreak of FE showed numerous

areas of focal necrosis involving small groups of hepatocytes. Lymphocytes and

polymorphonuclear leukocytes accumulated around the necrotic cells (Done et al.,

1960). The portal triads were also obvious sites of necrosis, and some liver cells

showed basophilic staining of cytoplasm with pyknotic nuclei. The intra-lobular bile

canaliculi showed distension and irregularity. The Kupffer cells were swollen and

many contained bile pigment. The smaller portal tracts were infiltrated with

inflammatory cells, mainly lymphocytes and histiocytes, and fibroblasts were
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proliferating with fibrous connective tissues through the enlarging portal tracts. Bile

ductules were also proliferating.

The most obvious changes in larger portal tracts were oedema, necrosis of

biliary epithelial cells and fibrosis. The epithelial lining cells of the bile ducts showed

mild to severe necrosis. The portal vein and hepatic ar1ery also showed signs of

degeneration of the muscle cell nuclei of the wall. ln severe cases necrosis of the

intima occurred and the lumen of the portal vein and hepatic array were occluded by

oedema infiltrated with fibrous tissue. The extrahepatic bile duct and gall bladder

showed the same lesions including oedema and necrosis of the epithelial cells,

especially the mucosal layer.

The adrenal gland showed a hyperplasia of the cells in the zona fasciculata

and isolated necrosis areas in the zona reticulata, while the spleen showed no

significant changes. ln severely jaundiced conditions bile pigments were

precipitated in the epithelial cells of the proximal convoluted tubules, while the

bladder showed oedema and haemorrhage beneath the mucosal layer.

Mortimer (1963) produced lesions experimentally by dosing a group of

Romney sheep with sporidesmin, He found that necrosis and inflammation of the

bile ducts were the primary lesions in FE. Some minor changes were noticed such

as vacuolation and accumulation of triglycerides in hepatocytes within 48 hours of

dosing with sporidesmin (Mortimer, 1962). Mortimer (1962, 1963) found

widespread necrosis of the epithelium of the bile ducts associated with oedema of

the inflammatory cells such as leukocytes. Also, in the advanced stages, he noticed

numerous proliferation of fibrous connective tissue and granulation tissue which had

accumulated and replaced the necrotic ducts.
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Other studies indicate that sporidesmin can produce similar damage in the

liver and the biliary tract of rabbits (Dodd, 1960; Clare, 1969), lactating dairy cows

(Mortimer, 1971), deer (Mortimer and Smith, 1981) and mice (Bhathal et al., 1990).

1.3 Sporidesmin toxicitv in animals

Sporidesmin is thought to be directly toxic to cells, either by interaction with

protein thiols or through generation of oxygen radicals (Munday, 1989). The liver is

an active organ in metabolising foreign compounds such as sporidesmin. Although

the biotransformation reactions generally parallel a detoxification process, there are

many cases in which drug metabolism causes deleterious effects to cells due to the

production of reactive metabolites (electrophiles, radicals, active oxygen species)

which in turn react with macromolecules or initiate radical chain reactions within

cells (Boobis et al., 1989; Zimmerman and lshak, 1995; Castell et al., 1997).

Hepatic injury is a common feature of many intrinsic hepatotoxins and is shown by

morphological changes in hepatocytes such as vacuolation, steatosis and

acidophilia and is accompanied by a large increase of serum hepatic enzymes

(Zimmerman and lshak, 1995).

1.4 Mechanism of sporidesmin toxicitv in sheep

1.4.1 Mechanism of action of sporidesmin on hepatocvtes and bile duct cells.

Sporidesmin appears to have immediate effects on hepatocellular function

followed by hepatocellular necrosis, possibly secondary to bile duct and blood
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vessel damage. peters (1963) showed that sporidesmin inhibited or destroyed one

or more steps in the conversion and secretion of liver triglyceride to plasma

lipoprotein which led to a decrease in the level of plasma triglycerides and

increased the liver triglyceride levels. Clear evidence was provided by Mortimer

(1963) of the biochemical effects of sporidesmin on sheep liver, suggesting that one

of the highty important facets of sporidesmin intoxication was injury to cell

membranes which caused increasing permeability of the cells. lt was also reported

that sporidesmin has the ability to alter adrenaline stimulated glucose output from

hepatocytes (Cordiner et al., 1983). Jordan (1986) studied the effects of

sporidesmin on the plasma membrane function of hepatocytes and found that

sporidesmin can alter membrane function either by direct attack on membranes or

by modification of processes which control membrane composition and function. ln

1g86 Jordan and Pedersen demonstrated that the effects of sporidesmin on

cultured liver cells included changes in liver actin microfilament organisation.

Mortimer (1970) found that the toxic effect of sporidesmin appeared to be

mainly directed against the epithelial cells that line the bile ducts. More recently

Bhathal et al. (1990) confirmed that sporidesmin was more toxic to bile duct cells,

causing coagulative necrosis of the large segmental bile duct and periductal

connective tissue, than to hepatocytes after four days of a single dose of

sporidesmin.

The cytotoxic effects of sporidesmin were studied in cell culture (Done et al',

1g60; Ferguson et al., 1gg2). Sporidesmin toxicity in cell culture was associated

with an intact epidithiodioxopipiperazine ring. Alteration to the disulphide bridge

resulted in a marked reduction of the biological activity of sporidesmin. Munday

(1982, 1984, 1987 and 19Bg) demonstrated formation of superoxide from
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sporidesmin in vitro and suggested that toxicity was due to formation of active

oxygen species including superoxide, hydrogen peroxide and hydroxyl radicals.

Munday suggested that sporidesmin is reduced to sporidesmin dithiol by GSH and

that auto-oxidation of sporidesmin leads to superoxide production. Munday

suggested that when sporidesmin dithiol undergoes metal (M) ion catalysed auto-

oxidation to the disulphide, reactive superoxide be produced in a cyclic reaction, as

shown in Figure 1.2 below:

/ispl
GSH GSSG

\_/
SH

SH

M (n-1) *

Figure 1.2: The production of oxygen free radicals by redox cycling of sporidesmin (Munday, 1982,

1 e89).

The superoxide then, either by itself or through generating other reactive

oxygen species such as hydrogen peroxide or hydroxyl radical, may react with

tissue molecules to produced tissue damage (Munday, 1989; White, 1991). Lipid

peroxidation (Poli et al., 1987) is a frequent phenomenon in the course of toxin

induced liver injury in which free radical processes lead to the oxidalive

degeneration of lipid present in cell membranes. This can lead to alteration of the

physico-chemical properties of the membrane and indirectly affect functionality of

membrane enzymes (Ross, 1989).
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Ames (1989) has shown that mutagenicity and carcinogenesis are caused by

many naturally occurring or synthetic toxic compounds that produce oxidative

damage of DNA. The finding that sporidesmin produced oxygen radicals in vitro

therefore caused concern about possible mutagenic effects of this toxin. Munday et

al. (1993) showed that sporidesmin, however, was not genotoxic in vivo although it

caused DNA damage in vitro (Ferguson et al., 1992).

An alternative hypothesis is that the disulphide bridge of sporidesmin may

react with protein thiol groups, which are essential for normal function (Cordiner

et al., 1983). One possibility is that sporidesmin interacts with protein thiols to form

mixed disulphides.

Sp

t-t-[ 
,/.-t-[

[- sP i.r, t
(Protein thiol) (Mixed disulphide)

Slater (1981) reported that electron micrographs of sporidesmin infused rat

livers showed bile canalicular distortion and loss of microvilti. Other changes in the

structure of biliary canalicular membranes were observed by Bullock et al. (1974). lt

was also found that the degeneration of the canalicular membrane was

accompanied by an inhibition of bile flow and bile acid secretion. Similarly,

Middleton (1974a) confirmed that sporidesmin produced rapid and reversible

swelling of guinea pig liver mitochondria by altering the permeability of

mitochondrial membranes. This action of sporidesmin on swelling and respiration of

liver mitochondria, and the inhibition of this toxic effect by dithiothreitol, but not by a

S

\l
S
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number of other mono or dithiols (Middleton, 1974b), could imply some reactions

between the disulphide group of sporidesmin and reactive thiol groups of membrane

proteins. Cordiner et al. (1983) exposed rat hepatocytes to sporidesmin and

studied changes in membrane function. They found that the toxin inhibited a

number of plasma membrane functions including bile acid transport and hormone

stimulated glucose efflux which is a sensitive measure of plasma membrane

integrity (Cordiner et al., 1983).

It has been suggested that sporidesmin might act directly on cytoskeletal

microfilament proteins (Bullock et al., 1974; Cordiner and Jordan, 1983; Jordan,

1986; Jordan and Pedersen, 1986). Jordan (1986) also demonstrated changes in

liver microfilament organisation in BALB/c and C57BL/6 mice that had been

exposed to sporidesmin, but subsequent studies indicated that sporidesmin did not

directly affect aggregation of the microfilament protein actin in vitro (Jordan and

Mclean unpublished observations). More recently Dentri and Bhathal

(unpublished) have shown that sporidesmin is substantially more toxic to bile duct

cells than to hepatocytes rn vitro but the molecular basis of this phenomenon is still

unclear.

1.5 Metabolism of sporidesmin in sheep

The role of enzymatic transformation in detoxification of foreign compounds

is well established. Aust (1977) and Mortimer et al. (1978) showed that hepatic

cytochrome P-450 mixed function oxidase enzymes play a role in the inactivation of

sporidesmin. Sissons, Clark and Ronaldson (1980) found that sporidesmin

interacted directly with cytochrome P-450 and gave unusual binding spectra
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indicating a direct interaction of P-450 with the sporidesmin sulphur atoms.

Sporidesmin metabolism in sheep was studied by incubation of extracted sheep

liver microsomes witfr 13ss1-labelled sporidesmin in the presence of an NADPH

generating system (Fairclough et al., 1978). They found eight different metabolites

but only monohydroxy and dihydroxy derivatives of sporidesmin were identified.

Two other metabolites did not contain sulphur atoms and were of low toxicity. The

results of Fairclough et al. (1978) showed a 2 to 3- fold difference in the rate of

metabolism of sporidesmin among sheep and greater metabolism in Merinos than in

Romneys. Differences observed between animals in response to sporidesmin

challenge may therefore be due in part to differences in detoxification of

sporidesmin S/Vright and Forrester, 1965; Towers, 1972). Sissons and Fairclough

(1978) showed that sporidesmin metabolism was likely to be greater in hepatic

microsomes taken from liver biopsies of FE resistant Romneys than from FE

susceptible animals. Resistance to FE might also be affected by the ability of

animals to excrete sporidesmin (Towers, 1970a, 1970b).

Sissons et al. (1980) suggested that sporidesmin may react spontaneously

with GSH and that this reaction may be catalysed by GSTs. The products of this

reaction may be sporidesmin-GSH mixed disulfide or reduced sporidesmin (Figure

1.3)

/i /""

Sp

-+ 
SP

S- SG

GSH

->
sp+

\,,
GSSG

\S \,,

Figure 1.3: Proposed reaction between sporidesmin and GSH (Sissons et al., 1980).
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Since GSH is present at high concentrations (5 -10 mM) in cells, the metabolism of

sporidesmin by the enzyme GST may be a major feature of cellular sporidesmin

metabolism. Sissons et al. (1980) established that sheep have at least four forms of

GST, with different substrate specificities, and that these enzymes catalysed a

sporidesmin-GSH reaction.

1.6 Cvtochrome P-450

It is usual now to refer to detoxification as being divided into three phases:

phase 1 modification through oxidation, reduction or hydrolysis, phase 2;

conjugation with a hydrophilic residue (Gilman et al., 1990) and phase 3; an efflux

transport mechanisms (e.9. GS-X pump) for xenobiotic metabolites that can act

synergistically with phase ll conjugating glutathione S-transferases (GST) (Awasthi

et al. 1997; Morrow et al. 2000). Accordingly the enzymes responsible are classed

as phase 1 or phase 2 enzymes, and the effects of drugs and toxins on the

mammalian organism depend in great measure on the activity of the corresponding

enzymes (Gilman et al., 1990).

The cytochrome P-450 dependent mono-oxygenase is an important system

in the metabolism of a vast array of structurally unrelated substrates. Oxidation of

toxic compounds by P-450 often leads to excretion of undesirable foreign xenobiotic

compounds. The cytochrome P-450 system is a membrane bound haem-carrying

protein of 52-55 kDa, which has a cysteine residue as an axial ligand co-ordinated

to the iron atom of its porphyrin ring. The cytochromes P450 are arranged in

multigene families which together constitute a cytochrome P450 gene superfamily

(Nebert and Gonzalez, 1987; Nebert et al., 1991). The eukaryotic enzymes are
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widely distributed throughout the organism and are located in two cellular

components, the mitochondria and endoplasmic reticulum (De Waziers et al.,

1990). The mitochondrial P-450s utilise electrons from adrenodoxin to activate

molecular oxygen and catalyse initial steps in the conversion of cholesterol into

steroid hormones. In the case of the endoplasmic reticulum P450s (microsomal P-

450s) the flavo-protein cytochrome P-450 reductase catalyses the electron transfer

from NADPH to the microsomal P450 enzymes. Each P450 isozyme exhibits its

own, although overlapping, substrate specificity which may be quite broad (Ryan

and Levin, 1990).

The cytochrome P-450 system plays three distinct roles in the living

organism. Firstly, this enzyme system is a major route by which a living organism

can convert lipophilic foreign compounds into water-soluble products, which can be

eliminated from the body, i.e. detoxification. Secondly, P-450 may convert

xenobiotics to more toxic products (Swick, 1984). The P-450 system also

metabolises numerous body constituents including certain steroids, biogenic

amines, pheromones, fatty acids, bile acids and prostaglandins (Gonzalez and

Nebert, 1990; Ryan and Levin, 1990). Lu and Coon (1968) resolved this system

into its two protein components, namely cytochrome P-450 and NADPH cytochrome

P-450 reductase. Further purification of the cytochrome P-450 system resulted in a

heat stable component which was identified as phosphatidylcholline (Lu et al., 1969;

Strobel et al., 1970). The reconstituted cytochrome P-450 system which contains

the three major components, namely, cytochrome P-450, cytochrome P-450

reductase and phosphatidylcholine, was found to have the ability to catalyse the

oxidation of a variety of drugs and fatty acid substrates (Lu et al., 1969, 1970), as

shown below in the illustrated hydroxylation reaction.
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RH + NADPH + H" + Oz 
--> 

ROH + NADP' + HzO

RH is the substrate which represents a large variety of compounds including N- and

O-alkyl drugs, polycyclic aromatic hydrocarbons, alkanes, fatty acids, pesticides and

chemical carcinogens (Gillette, 1979; Conney, 1982). NADPH is a required co-

substrate and ROH is the hydroxylated product.

The cytochrome P-450 dependent drug metabolism system is present in a

wide range of animal and plant species as well as in many microorganisms. In

mammals the highest concentration is in the liver but expression of the P-450

system has been reported in all tissues including lung (Guengerich, 1977a), small

intestine (Stohs et al., 1976), kidney (Ellin et al., 1971), colon (Fang and Strobel,

1978) and brain (Bergh and Strobel, 1992; Hodgson et al., 1993). Cytochrome P-

450 was recognised as existing in multiple forms by purification and definition of

catafytic activities (Ryan et al., 1975; Guengerich, 1987). Nelson et al. (1996)

reported more than 400 forms of cytochrome P450 when they studied the gene

mapping and sequence homologies of the P450 super-family, and classified it into

families and sub-families. P450 isoforms have been classified into major classes

of families such as, Cypl , 2, 3, 4, 7 , 11, 17, 19, 21, 27, on the basis of sequences

(Nebert et al., 1987; Nebert et al., 1989; Nebert et al., 1991; Nelson et al., 1993;

Nelson et al., 1996). Each family consists of a number of subfamilies (Table 1 .1).



14

P450 isoform Tissue or

subcellar location

Subfamily References

cvp 1

cyp2

cyp 3

cvp 4

cvpT

Cyp 11

Cyp 17

CYP 19

CYP 21

Ayp27

Liver (human)

Liver (human)

Liver (human)

Liver (human)

Liver (human)

Liver (rat)

Liver (human, rat)

Lung (human)

Liver (human)

Liver (human, rat)

Lung (human)

Liver

Mitochondria

Mitochondria

(adrenal, human)

adrenal cortex

Osteoblast cells

(human)

Adrenaltissue

(Human)

Mitochondria

(Rabbit)

Liver (Hamster )

141

1M

2A

28

2A

2D

2E

2F

3A

4A

48

7cr (Rat)

A

B

17a (Gow)

Jaiswal ei al. (1985)

Jaiswal et al. (1987)

Miles et al. (1990)

Miles et al. (1988)

Shephard et al. (1989)

Gonzalez et al. (1988)

Song et al. (1986)

Nhamburo et al. (1990)

Nebert et al. (1987)

Shet et al. (1996)

Nhamburo et al. (1989)

Li et al. (1990)

Moore et al. (1990)

Mornet et al. (1989)

Bhasker et al. (1989)

Harada et al. (1990)

Enjuanes et al. (2003)

Goto et al. (2002)

Anderson et al. (1989)

Matsuzaki et al. (2002)

Table l.l: The major mammalian classes of cytochrome P-450 isforms and their subfamily

(Nebert et al, l99l).
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1.7 Species and strain differences in expression of cWochrome P450

Cytochrome P-450 multiple forms are differentially expressed among tissues

of different animals (Ryan et al., 1975; Guengerich, 1987; Porter and Coon, 1991),

There are species, strain and organ differences in the expression of cytochrome P-

450 (Guengerich et al., 1981; Vlasuk et al., 1982; Guengerich et al., 1982b).

Studies carried out by Haugen et al. (1975); Ryan et al. (1975) showed that many of

the major differences in the metabolism of various substrates seen under various

conditions (i.e. age, sex, and species, pre-treatment with various compounds) were

due to the presence of different forms of cytochrome P-450.

As previously indicated cytochrome P-450 is a superfamily of proterns

consisting of a number of families (Nelson et al. 1993). They have considerable

differences in their amino acid sequences and in substrate specificity (Beaune et al.,

1980; Krynetskii, 1996). Several studies showed that multiple forms of cytochrome

P-450 were present in the liver microsomes of animals treated with different

inducers or in different animals treated with the same inducers. For example,

cytochrome P-450 purified from phenobarbital-treated rats and rabbits, and

cytochrome P-448 from 3-methylcholanthrene-treated rats and rabbits, differ from

one another in catalytic, spectral, electrophoretic or immunological properties (Ryan

et al., 1975; Thomas et al., 1976). The presence of multiple forms of liver

microsomal P-450 in the same animal either treated with an inducer, or untreated,

has also been reported (Haugen et al., 1975; Huang et al., 1976; Bridges and

Fennell, 1980). A study by Krynetskii (1996) reported that inherited polymorphism

of drug metabolising enzymes including P-450 was an important determinant of

individual reactions to drug adrninistration.
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The variable enzyme activities observed in microsomes of animals treated

with different inducing agents suggested that numerous forms of cytochrome P450

might be involved (Porter and Coon, 1991). Different types of cytochrome P*450

were also found in the same species using the same inducer. Gemzik et al. (1992)

reported that an antibody against purified P-450 3A1 recognised two

electrophoretically distinct proteins (50 and 51 kDa) in liver microsomes from male

and female rats, as determined by Western immunoblotting techniques. The 51kDa

protein corresponded to P-450 3A1 and I or 3A2 while the other protein (50 kDa)

belonged to other members of the P-450 3A gene family. Both proteins were

induced by dexamethasone, pregnenolone-16 a-carbonitrile, troleandomycin or

chlordane (Gemzik et al., 1992). Cytochrome P-450 has been purified to apparent

homogeneity from rabbit liver (Coon et al,, 1977), rat liver (Ryan et al., 1975;

Guengrich, '1978; Guengrich et al., 1982; Okita et al., 1980), mouse liver (Huang et

al., 1976) and human liver (Beaune et al., 1gBO, 1g85a).

1.8 The role of cvtochrome P-450 as a biomarker of susceptibilitv and

resistance to environmental toxicitv.

All organisms are exposed to toxic chemicals. Many of these toxic chemicals

are found naturally in the environment. To ensure survival in the face of a wide

spectrum of harmful chemicals, various defense mechanisms have evolved to

protect cells against noxious compounds. Such protective mechanisms include

drug efflux pumps (Gottesman and Pastan, 1993), drug sequestration (Hanna et al.,

1993; Satoh et al., 1993), drug metabolism (Jakoby, 1980) and repair of drug-target

sites (Fox and Roberts, 1987; Sancar and sancar, 1988; Tanaka and wood, 1994),
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Although these processes provide protection against different groups of chemicals,

drug metabolism represents a particularly versatile protective mechanism. As a

major enzyme system in xenobiotic metabolism cytochrome P-450 enzymes are

responsible for the metabolism of numerous xenobiotics and endogenous

compounds, including the metabolic activation and/or inactivation of environmental

toxic chemicals and carcinogens (Guengerich, 1977a). Guengerich (1977b) studied

the role of cytochrome P-450 towards representatives of several classes of

compounds of environmental concern, and found that toxic compounds are

activated or metabolised by different forms of microsomal cytochrome P-450. In

some cases, cytochrome P-450 catalysed metabolism leads to the detoxification of

toxic chemicals. Of 15 human cytochrome P-450 enzymes so far characterised, T

forms of cytochrome P-450 (CyplAl , 1A2, 2A6, 2C9, 2D6, 2E1, and 3A4) have

been shown to be polymorphic at the phenotypic or genetic level, or both (Daly et

al., 1994; Pelkonen and Raunio, 1997). ln addition to metabolising various drugs,

these polymorphic cytochrome enzymes are involved in metabolising a large

number of environmental carcinogens and toxic compounds (Guengerich, 1992).

Because of individual differences in capabiliiy to metabolise, differences among the

genes coding for detoxicating enzymes can be used as biomarkers of susceptibility

to environmental carcinogenesis and toxicity. Hong and Yang (1997) showed that

cytochrome P-450 can be characterised in vivo by determining metabolic ratios; the

ratio of blood or urinary amount of the parent drug over its metabolite. ln vitro,

polymorphism of cytochrome P450 can be determined by enzyme activity, enzyme

protein levels detected by immunological methods such as immunoblot and

immunohistochemical analyses, cytochrome P-450 mRNA levels measured by

Nodhern and slot blotting, RNase protection, in situ hybridization and recently by
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RT-PCR techniques to detect cytochrome P-450 mRNA in small amounts of tissue

samples (Hong and Yang, 1997).

{.9 GST enzvmes

1.9.1 Functions of GST

GSH S-transferases (GSTs; EC 2.5.1.18) are an important phase 2 enzyme

system in the detoxification of electrophilic alkylating agents. They are a family of

multifunctional dimeric proteins that catalyse the conjugation of the sulphur atom of

GSH with a large variety of electrophilic compounds of both endobiotic and

xenobiotic origin, such as halogenoalkanes, quinones and isothiocyanates

(Chasseaud, 1979). The GSH conjugates thus formed are transported to the kidney

where they are transformed into the corresponding mercapturic acids by the action

of (1) y-glutamyl-transpeptidase, which removes the y-glutamic acid, (2) cysteinyl-

glycine dipeptidase, which splits off the glycine moiety and (3) N-acetyl transferase,

which acetylates the residual cysteine derivative (lnoue, 1985). For some classes

of substrates the initial conjugates are broken down by a second reaction with GSH,

for example organic hydroperoxides (Prohaska, 1980) and alpha-halogeno ketones

(Anders and Pohl, 1985). ln the latter case the result is the replacement of a

halogen atom by hydrogen; in the former, alcohol is formed in addition to GSH

disulphide (GSSG) as shown in Figure 1.4.
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l) R-x + --> R-SG + XH

(2) R-O-OH + GSH R-OSG + H2O

R-OSG + GSH 

-> 
ROH + GSSG

(3) R-CO-CH2-X + GSH --> R-CO-CH2-SG + XH

R-CO-CH].SG + GSH R-CO-CH3 + GSSG

Figure 1.4: Three representative reaction pathways for the conjugation of xenobiotics with GSH' In

case (2) (organic hydroperoxides and case) (3) (alpha-halogenoketones) a second reaction wrth

GSH gives rise to the observed products.

The end products of the above reactions are excreted as less toxic and water-

soluble metabolites through the bile and urinary systems (Jakoby, 1978; Habig'

1983; Mannervik and Danielson, 1988).

The role of GSTs is not limited to detoxification by conjugation of GSH with

electrophilic substrates and excretion of the products as mercapturic acids. The

GST enzymes also play a role in the intracellular binding, both covalently and

noncovalently, of a variety of chemicals. Compounds that are bound covalently by

GSTs include reactive metabolites formed from carcinogens such as

dimethylaminoazobenzene and 3-methylcholanthrene (Ketterer et al., 1967; Litwack

et al., 1971). However, not all compounds that are bound covalently by GST are

carcinogens, for example the diuretic ethacrynic acid can also be bound covalently

by GST isoenzymes other than ligandin (Phillips and Mantle, 1993; Ploemen et al.,

1994). Compounds that bind by non-covalent interactions include a range of neutral

or anionic lipophilic chemicals, including thyroid hormones, bile acids, bilirubin,

herne, fatty acids and penicillin (Ketley et al., 1975; Kirsch et al', 1975: Bhargava et
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al., 1978; Jackoby, 1978; Chasseud,1979; Hayes and Chalmbers, 1983; Hayes

and Mantle, 1986; Boyer, 1986; Mannervik and Danielson, 1988; lshigaki et al.,

1989; Coles and Ketterer, 1990; Danger et al., 1992; Listowsky, 1993). Non-

covalent binding contributes to the transport of these compounds across the liver

and facilitates their elimination into bile. Similarly, GSTs in the kidney and small

intestine are also involved in the transport of lipophilic compounds.

In addition to their catalytic properties, the GST enzyme systems have ability

to participate as anti-oxidants in the protection of tissues against free radical

damage to membrane lipids (Mannervik and Danielson, 1988; Pickett and Lu,

1989; Coles and Ketterer, 1990). GST appears to be involved in the metabolism of

compounds that are produced by the body including prostaglandins, steroid

hormones and the leukotrienes (A review by Clark, 1982). Listowsky (1993) has

suggested that as GSTs constitute a high-capacity intracellular-binding pool for

hormones, they might function as a binding reserve in target organs possibly

serving a buffering role to minimise the effects of transient fluxes in extra-cellular

hormone levels. ln support of this putative role for GSTs, it has been pointed out

that GSTs are the predominant cytosolic proteins labelled by steroid hormone and

thyroxine photoaffinity probes (lshigaki et al., 1g8g; Danger et al., 1gg2).

1.9.2 GST isoforms in eukarvotes

Eukaryotes possess multiple cytosolic and membrane bound GST

isoenzymes, each of which display distinct catalytic as well as non-catalytic binding

properties, Mammalian cytosolic GSTs occur as homo or heterodimers (Ketterer et
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al., 1g88). The cytosolic enzymes form at least eight main classes, according to

their sequence homologies and enzymatic, physico-chemical and immunological

properlies (Mannervik, 1985; De Jong et al,, 1988; Meyer et al., 1991). The classes

are named Alpha, Mu, Pi, Sigma, Theta, Zeta and Omega (Mannervik et al., 1985;

Meyer et al., 1991; Board et al., 1995, 1997) whereas the membrane bound

enzymes, microsomal GST and leukotriene C4 synthetase are all encoded by single

genes (Morgenstern et al., 1982; Anderson et al., 1994). A mitochondrial specific

class of GST has been isolated from the mitochondrial membranes of rat liver by

Harris et al. (1991). Little is known of the structure, function or evolution of this

class, which was described and designated as class Kappa GST (Pemble et al.,

1996), These classes contain more than 20 subunits that have been detected and

reported in the literature (Table 1.2).

1.{0 Tissue distribution of GSTs

Conjugation of xenobiotics with GSH has been shown to occur in mammals,

birds, reptiles, amphibians, fish, insects and other invertebrates (Boyland and

Chasseaud, 1969). A wide variety of organs have been tested for the activity of

GSTs. The enzymes have been found mainly in the soluble fractions of liver and/or

kidney in vertebrates, Multiple forms of GSTs have been isolated and purified from

different species and from most organs of mammals (Mannervik and Danielson,

1988; Board et al., 1990) including rat liver, kidney, brain, testes, ovaries, placenta

(Habig, 1983; Satoh et al., 1985; Singh et al., 1987; Hsieh et al., 1997; Roman-Rao

and Indira, 1997), mouse liver and lungs (Sherratt et al., 1997), sheep liver (Miller et

al., 1994; Lenartova et al., 1996), cattle liver (Smith and Watkins, 1984), porcine
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liver (Smith et al., 1984; Kunze, 1997), rabbit liver (Primiano and Novak, 1993) and

human liver, lung, heart, brain, placenta, skeletal muscles, pancreas, testis, ovaries,

uterus, platelets, leukocytes (van der Jagt et al., 1981; Federici et al., 1985;

Seidegard et al., 1986; Raney et al., 1992; Grant and lronside, 1995; Jemth and

Mannervik, 1997).

1.11 Prooerties of GSTs

Several properties of the GSTs have been used to classify these enzymes

(Mannervik et al., 1985). These properties are:

1 .1 1 .1 Molecular weiqht and subunit structure

The cytosolic GSTs in vertebrates are dimers with molecular weights that

usually vary between 38,000 and 50,000 (mean 43,000) and with mean subunit

molecular weight of 24,900 t 3100. The molecular weights of both mammalian and

non-vertebrate GST enzymes have been determined using gel permeation

chromatography and SDS-PAGE. The apparent molecular weights were noted to

be affected by factors such as pH and ionic strength, which may have contributed to

the variety of the molecular weights (Motoyama and Dauterman, 1979). Mannervik

et al. (1985) studied the main properties of the three main classes (Alpha, Mu and

Pi) of mammalian GSTs and found differences in the molecular weights among the

classes. They noticed that the subunits of class Pi showed the lowest apparent

molecular weight, class Alpha subunits had an intermediate molecular weight, while

the subunits of class Mu exhibited the highest molecular weight, with an exception
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in rat subunit 2 of class Alpha which revealed the highest molecular weight'



al

G'ET classes GSTsubunit Refarancec

Alpha

MUI

Pi

Sig'rna

Ttreta

lGppa

,Veta

@nega

41,1

A1-2

Ae-z

A3€

444

A5.5 (Rat)

A&6 (Rat)

AE€ (Bat)

M1a.M4a

Mla-ltil1b

M,lb-Itl1'b

iA2-2

M3-3

M4-4

M,5-5

M6-6

M9-9,

P'l -1

P2 -2 (Mo.use)

T1-{;

I2-2

r3-s (Ra0

Mitoohondtial

21.1

01.'l

TaveqEEtaleg l

$tockman et al. (198-f;)

Hayes et al. (1989)

S,r,rzuki et al. (1993)

Singhal et al, (199,4)

Hayes et al. (1994)

Hsfeh et a[ (1997)

Misra et al. (1995)

Board (1981), Seidegard ert al. (1988)

Hussey ahd Heyes (1993)

Hussey a,nd Hayes (1993)

I F{ussey et al. (1991)

Campbelletal, (1990)

Roqs:and Board (1'993j, Comstock et aL (1994)

I 
Takahashi et al. (1998)

I

I f,taye,s and Bulford (1gg5t
I

I 
erlmtano and Novak (1994)

I rrno el at. (loer)

I Banlmler et al. (1994)
I

I Meyer and Thomas (1 995)

I

I nusseyand Hayes (1992), $herattei al. {1997)
I

I Mainwaring et at (1996)

I

I Hanis et al. (1991)

I

I 
eemute et al. (1996)

I

I Board et al. (1997)

I

I Board et al. (200.O)

Table 1,2 The GST subunits are desig,nated acsofding to the claEs based subunit norrpnclaturi

proposed by Mannervlk et al. (1992),
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1.1 1.2 lsoelectric points

The isoelectric points of GSTs were studied using the isoelectrofocussing

method (Hales et al., 1978; Clark, 1989) or by chromatofocussing (Dierickx, 1985;

Keeran and Lee, 1987). Mannervik et al. (1985) found that the Alpha GST class

can be isolated by chromatofocusing in a basic media, class Mu in a neutral pH

media, while class Piwas isolated in acidic media, and the new class of GST, Theta

was isolated in a basic pH buffer (Mainwaring et al., 1996).

1 .1 1 .3 Catalvtic activities

The GSTs are a family of enzymes that catalyse a number of distinct GSH

dependent reactions. ln addition to their ability to catalyse the formation of

conjugates, GSTs can also serve as peroxidases and isomerases (Mannervik and

Danielson, 1988). The fundamental basis for all the various catalytic activities of

GST is the ability of the enzyme to lower the pK. of the sulfhydryl group of reduced

GSH from 9.0 in aqueous solution to about 6.5 when bound in the active site

(Armstrong, 1994). Chen et al. (1988), Graminski et al. (1989) and Huskey et al.

(1991) found that GSH exists as the thiolate (GS-) anion at neutral pH when

complexed with GST. X-Ray crystallographic studies showed that tyrosine (in

classes Alpha, Mu, Pi and Sigma), or serine (class Theta), was involved in

stabilising GS- through hydrogen bonding (Reinemer et al., 1991; Ji et al., 1992; Liu

et al., 1992; Sinning et al., 1993; Wilce et al., 1995). Jakoby (1978) proposed that

once GS- is formed in the active site of GST it becomes capable of reacting

spontaneously, by nucleophilic attack, with electrophilic xenobiotics that is situated
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in close proximity. The catalytic function of GST will take place through the

combined ability of the enzyme to promote the formation of GS- and to bind

hydrophobic electrophilic compounds at a closely adjacent site (Jakoby, 1978). The

GSH-binding site and the hydrophobic substrate-binding site have been called the

G- and H-sites, respectively (Mannervik, 1985).

1.12 General and specific substrates of GSTs

The GST isoenzymes display marked differences in their abilities to

conjugate GSH with various electrophiles. The range of compounds acting as

substrates for these enzymes is very wide, including xenobiotic and endogenous

compounds. The GST isoenzymes individually show a lack of specificity for

electrophilic substrates so that each isoform may catalyse conjugations with a wide

range of compounds. These include alkyl, aryl, halides, carboxylate, sulphate,

phosphate esters, epoxides, organic nitrates, thiocyanates and hydroxyperoxides

(Clark, 1989).

A number of substrates have commonly been used for enzyme assays. The

most widely used substrate to study GST is CDNB. When conjugated with GSH it

gives S-2, 4-dinitrophenylglutathione (Habig and Jakoby, 1981). However other

types of GST show relatively low activity toward CDNB, such as Theta class

enzymes which lack detectable activity toward this substrate (Meyer et al., 1991).

Other general substrates used include DCNB, EPNP and p-NBC (Table 1.3)
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Substrate Substrate

Conc.(mM)

pH

(mM)

Wavelength s

(nm) (rnM-l crnr)

1,2-Dichloro4-nitrobenzene

1 -Chloro-2,4-din itrobenzena"

4-N itropyridine-N-oxide

p-Nitrophenethyl bromide

p-Nitrobenzyl chloride

1,2-Epoxy-3-(p-n itroph enoxY)

propane.

1,2-Naphthalene oxide

Bromosulphophthalein

1-Menaphthyl sulphate

1.0

1.0

0.2

0.1

1.0

0.5

7.5

6.5

7.0

6.5

6.5

6.5

345

340

295

310

310

360

8.5

9.6

7.0

1.2

1.9

0.5

8.1

4,5

2.s

-24.8

5.0

0.1

0.03

0.5

8.5

7.5

7.5

6.5

6.5

260

330

298

290

270

Trans-4-phenyl-3-buten-2-onsb 0.05

Ethacrynic acid 0.2

Table 1.3: Conditions for spectrophotometric enzyme assay towards various substrates in 0.1 M

potassium phosphate and 5 mM GSH at 25'C (Habig and Jakoby, 1981).

-'' At a GSH concentration of 1 mM.

-o' At a GSH concentration of 0.25 mM.

Although substrate selectivities of the GST isoenzymes are generally described as

broad and overlapping, major differences between GST classes (Alpha, Mu, and Pi)

were found. Some substrates are specific enough to be used for the classification

of the isoenzymes (Mannervik, 1985). Class Alpha isoenzyme generally exhibited
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high peroxidase activity with 1-methyl-1-phenylethyl hydroperoxide (cumene

hydroperoxide). Class Pi isoenzymes showed high activity toward ethacrynic acid

while trans-4-phenyl-3-buten-2-one, bromosulfophthalein or DCNB were used for

the classification of class Mu isoenzymes (Mannervik et al', 1985; Van Ommen et

al., 1990). The model substrates that display selectivity for particular subunits were

also used in a diagnostic sense to identify isoenzymes (Hayes and Pulford, 1995)'

Compounds that were used for this purpose Were: As androstene-3,17-dione'

selective for rat GST 41 and / or A2 subunits; 4-hydroxynonenal, selective for rat

GST A4; DCNB selective for rat GST M1; trans-4-phenyl-3-buten-2-one selective for

rat GST M2; EPNP selective for rat GSTT1;and 1-rnenaphthyl sulphate selective

for rat GSTT2. GST isoenzymes can demonstrate remarkable stereospecificity. lt

has, for example, been observed that rat GST containing the A5 subunits had high

activity for aflatoxin Br exo-B,g-epoxide, but essentially no activity toward aflatoxin

Br endo-8,9-epoxide. Conversely, rat GSTMz-z exhibited about 10-fold greater

activity toward aflatoxin Br endo-8,9- epoxide than the exo-8,9-epoxide (Raney et

al., 1gg2). Stereospecificity had been observed with other epoxides besides those

of aflatoxin, All rat GSTs displayed a 97% selectivity for (+)-79,8ct-dihydroxy-

9cr,10cr-oxy-7,8,9,1Q-tetrahydrobenzo [a] pyrene rather than (-)-7B, 8a-dihydroxy-

9a, 1Oo-oxy-7, 8,9,10-tetrahydrobenzo [b] pyrene (Robertson et al., 1986).

1.13 Development and variation of GST isoenzvmes

1 .1 3.1 Developmental patterns

Amino acid sequence studies of three main classes of mammalian
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GSTs were carried out by Mannervik et al. (1985)' In their studies they

demonstrated similarities in sequences within a class as well as between classes'

However, Mannervik et al. (1985) also found that the differences between the three

main classes of GST within a species were greater than the differences between

the enzymes within a class from different species. They explained the observation

by saying that the classes probably diverged before the evolution of different

mammalian species.

In foetal liver and the adrenal gland a major Alpha-class isoenzyme in

addition to the pi-class transferase has been observed as a representative of the

GSTs (Guthenberg et al., 1986; Faulder et al., 1987). Foetal liver expressed a

decline in the relative contribution of the Pi-class enzyme to total GST activity during

the gestation period, so at birth this isoenzyme was only expressed weakly.

Warholm et al. (1981) found only one type of Alpha-class was detected in foetal

liver, whereas several isoenzymes were expressed in adults.

Faulder et al, (1987) studied the development of basic, neutral, and acidic

isoenzymes of GST in human liver, adrenal, kidney and spleen and found that, in

kidney, the Pi-class isoenzyme was constantly expressed at a high level until

approximately 40 weeks post-natal age, after which a relative decline was noticed in

favour of the development of Alpha-class transferases.

The Mu-class GSTs are generally not detected in foetal tissues until

approximately 30 weeks of gestation (Strange et al., 1985). The level of these

enzymes is variable in adrenal gland, kidney and spleen, and no developmental

patterns have been observed for these tissues (Faulder et al., 1987).
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1.13.2 Factors influencinq GST class expression

1 .13.2.1 Hormonal infl uences:

Some evidence exists that GST isoenzyme patterns may be subject to

hormonal influence. lgarashi et al. (1987), McLellan and Hayes (1987), Singhal et

al. (1992) noticed differences in the expression and subunit composition of hepatic

GST in female and male rats and mice. They postulated that hormonal differences

could be responsible. Later studies showed that both the male rat and the male

mouse demonstrated higher specific activities in the liver than their female

counterparts.

A study carried out by Williams et al. (1986) found that the intra-

peritoneal injection of triidothyronine caused significant changes in the isoenzyme

pattern in the liver of female mice. Pickett and Lu (1988) demonstrated that surgical

thyroidectomy in the rat results in a 30o/o increase in isoenzyme A1-1. Prolonged

oral administration of thyroxine or tri-iodothyronine causes a decline in GST activity

in rat liver. They suggested that the decline in GST activity was partly due to

decrease in the levels of expression of isoenzymes A1-1 , A2-2 and M3-3.

1.13.2.2 Induction:

It has been speculated that the isoenzyme patterns can be subjected to

modulation by external factors. Thus, the activity of a set of isoenzymes can be

affected and may be modified by the presence of specific inhibitors or the level of

expression of each of these isoenzymes could be changed as a result of exposure
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to an inducing agent (lgarashi et al., 1987; McLellan et al., 1992). The diversity of

the organisms in which induction has been observed, and the spectrum of

xenobiotics that can serye as inducing agents, suggest that GST induction is part of

an adaptive response mechanism to chemical stress that is widely distributed in

nature. The induction of individual isoenzymes in rat liver has been studied

extensively using phenobarbital and 3-methylcholanthrene as inducers (Hales and

Neims, 1977; Ding and Pickett, 1985: Pickett et al., 1987). They found that both

compounds were involved in the activation of mRNA translation causing an

elevation of subunits 41-1 and M3 -3 which is an indication of a relative increase of

the isoenzymes containing those subunits (Hales and Neims, 1977; Bhargava,

1983; Ding et al., 1986). Ding and Pickett (1985) and Pickett et al. (1987) studied

the effects of phenobarbital and 3-methylcholanthrene on the transcription of the

genes encoding GST enzyme subunits. A study carried out by Hayes and Pulford

(1995) found that many inducers affect transcriptional activation of GST genes

through either the anti-oxidant responsive element (ARE), the xenobiotic responsive

element (XRE), the GST P enhancer 1 (GPE) or the glucocorticoid-responsive

element (GRE). Many of the compounds that induce GSTs are themselves

substrates for the enzymes, or are metabolised by cytochrome p-4s0

monooxygenases to compounds that can serve as GST substrates suggesting that

GST induction represents part of an adaptive response mechanism to chemical

stress caused by electrophiles.
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1.13.2.3 Tissue selective expression of GST subunits

ln rats and humans, the highest amount of total GST protein is present in the

liver, and is reported to account for up to 5-10% of the total soluble protein (Van

Ommen et al., 1990). The major protein consists of subunits 41-1 , A2-2, M3-3 and

M4-4 and only trace amounts of subunit P7-7 are present. The studies on tissue

distribution of subunits of GST in humans indicate a number of similarities to the

distribution of GSTs in rats. Fryer et al. (1986) found that the class-Pi isoenzynte

was rare in liver tissue, but it was present in large amounts in other organs, e.g.

placenta, kidney and intestine. The human lung was found to contain relatively low

amounts of Alpha-class subunits (Fryer et al., 1986).

1.13.2.4 Genetic variation in the expression of GST

Genetic variation in the expression of GST isoenzymes has been studied in

humans (Van Ommen et al., 1990), They found a considerable polymorphism in

Alpha-class isoenzymes of human liver, with two subunits, 81 (A1-1) and 82 ( 2-2).

For class-Mu GST isoenzymes in humans, Board (1981) demonstrated a clear

polymorphism, They were expressed in 60% of samples analysed. Singh et al.

(1987) indicated the presence of a second class of Mu isoenzymes when they

examined six liver samples. A study carried out by Seidegard and Pero (1985)

using trans-stilbene oxide as a model substrate for conjugation confirmed the

existence of two isoenzymes in human cytosolic class Mu GST. A marked inter-

individual variation also exists in human liver for the Alpha subunit containing GSTs

(i,e. GST 41-1, GST A1-2, and GST A2-2) (Hussey et al., 1986; Stockman et al.,
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1 987).

ln rats a Pi-class isoenzyme was found at a very low level in normal liver, but

it was expressed to a considerable extent in pre-neoplastic nodules of

hepatocellular carcinoma (Kitahara et al., 1984). A similar observation was made in

human hepatic tumours with regard to Pi class (Di llio et al., 1989).

1.14 Druq metabolisinq enzvmes in sheep liver

lnformation concerning the development of hepatic enzyme activities in

sheep is limited to comparative data involving liver enzymes in adult ewes and

foetal lambs (Dvorchik et al., 1986;Wang et al., 1986) or between different ruminant

species (Smith and Watkins, 1984; Wisniewski et al., 1987). Kaddouri et al. (1990)

reported the development of hepatic monooxygenases in liver microsomes and

cytosolic drug metabolising enzymes prepared from foetal, neonatal (one and four

week old), growing (several month old), pregnant (eleven month old) and adult (six

years old) female Lacaune sheep selected from the same flock. The ontogenesis of

sheep liver cytochrome subfamilies, P-450 28 and P-450 3A was studied in female

sheep by Kaddouri et al. (1992). They found thali the two types of P-450 were

involved in the metabolism of progesterone after measuring both the 6p and 16cx,,

21-hydroxylations of the hormone and it's reduction at the 2O-position leading to 20

a-hydroxy progesterone. Cytochrome P-450 28 was found to be at low level after

birth. In contrast, the isoenzyme P-450 3A was detected in sheep foetal liver at

48% of total P-450 content in one and four week old lambs. However, the

percentage of P450 3A was only about 20% of total P-450 in older animals (Braun

et al., 1992; Kaddouri et al., 1990). In other studies, it was noticed that the

\
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development of mono-oxygenase activities was variable during growth, some

increased regularly to adult levels, including aminopyrine, ethylmorphine N-

demethylase, ethoxycoumarin O-deethylase and benzopyrene hydroxylase.

Benzphetamine N-demethylation remained constant and was correlated with

cytochrome P-450 28 levels. Erythromycin N-demethylation and aniline

hydroxylation levels decreased from four weeks of age to adulthood and their

evolution paralleled that of isoenzyme P-450 3A (Galtier et al., 1991).

The investigation of phase 2 enzymes of sheep liver indicated that UDP-

glucuronyl transferase activity toward p-nitrophenol was present in foetal sheep liver

and increased at birth and decreased in adult animals (Wang et al., 1986). This

developmental pattern was found to be similar to that of hepatic y-glutamyl-

transferase in ovine liver (Braun et al., 1992). The cytosolic GSH S-conjugation of

CDNB was found to be constant during the first seven months of life and rapidly

increased by 8-fold during pregnancy, while cytosolic N-acetyltransferase using

isoniazide as a substrate was found to be below the detection limit of the method

(0.05 nmol/mg/min) (Kaddouri et al., 1990, 1992). lt was concluded that there were

similarities in ovine hepatic drug metabolising capabilities with those of other

mammals (Galtier and Alvinerie, 1996). The activities of the different P-450

dependent mono-oxygenases did not increase in sheep at the same rate since only

some could directly be correlated to the development of the total microsomal P-450.

Such an uneven development of the various MFO pathways in neonates and adult

animals (Kaddouri et al., 1990) had also been described in rats (Cresteil et al.,

1986), calves (Shoaf et al., 1987) and pigs (Shoft and Stith, 1973).
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1.15 Aims of this studv

This thesis contains a study of possible differences in the liver enzymes and

other proteins between the selected lines of FE resistant and susceptible Romneys'

The aims of this thesis were therefore:

1. To investigate the activities of liver microsomal cytochrome P -450 and cytosolic

GST in FE resistant and susceptible Romneys-

2. To study the ability of these enzymes to metabolize sporidesmin.

3. To investigate differences in potential sporidesmin metabolising enzymes,

including O and N-demethylase and GSTs, between FE resistant and

susceptible Romneys.

4. To identify any differences and variation in protein expression between

susceptible or resistant Romneys using the 2-D SDS-PAGE analysis method'

5. To identify a biochemical marker for inherited resistance or susceptibility of

Romneys to sporidesmin.
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2.1 Sources of Materials

2.1.1 Sources

AJAX

BDH

Bio-Rad

BMGB

M&B

Schleicher & Schuel Dassel, Germany

Sigma

XFORD

CHAPTER II

MATERIALS AND METHODS

AJAX Chemicals Ltd; Sydney, Australia

BDH Chemical Ltd; Poole, England

Bio-Rad Laboratories; CA, U.S.A

Boehringer Mannheim; GmBH Biochernica; Mannheim,

Germany

May and Baker Ltd; Dagenham, England

Sigma Chemical Co; Missouri, U.S.A

XFORD Biochemical Research lNC. Ml, USA

2.1 .2 Materials and their sources

The following chemicals were obtained from the sources listed below:

Chemical Companv Code

Acetonitrile-211 AJAX

Acrylamide BDH

Agarose Sigma
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Amonium persulphate

Aminopyrine

Bis

Bromophenol blue

CHAPS

CDNB

4-Chloro-1-naphthol

Coomassie brilliant blue G-250

Dexamethasone

DCNB

DTT

EPNP

GSH reduced

Glucose-6-phosphate

Glucose-6-phosphate

dehydrogenase.

HEPES

lodoacetamide

2-Mercaptoethanol

Molecular weight markers

NADPH

Nitrocellulose

PEG

Resolyte

SDS

Sodium cholate

Sporidesmin

BDH

Sigma

Sigma

BDH

Sigma

BDH

Bio-Rad Laboratories

BDH

XFORD

BDH

BMGB

BDH

Boehringer Mannhem

Sigma

Sigma

Sigma

Aldrich

BDH

Sigma

Sigma

Schleicher & Schuel

BDH

BDH

Bio-Rad

Sigma

AgResearch, Ruakura, Harnilton, N.Z.



38

TEMED

Tris

Tween-20

Urea

BDH

Bio-Rad

BDH

Sigma

2.2 Animals

2.2.1 Selection of the R and S flocks

The animals used were from two Romney flocks, which had been selected

for susceptibility (S flock) or resistance (R flock) to sporidesmin induced liver

damage (Campbell et al., 1975; Morris et al., 19Bg) at Ruakura Agricultural

Research Centre, Hamilton, New Zealand. The details of their selection have

been described by Morris et al. (1989). Briefly, the selection was based on

identifying the more resistant and susceptible sires from the resistant and

susceptible flocks, initially using a progeny-testing program. From 1981

onwards a performance test was used to select sires by monitoring the elevation

in serum of the liver enzyme GGT as an indication of the severity of liver injury

after sporidesmin dosing. Selected sires were only allowed to rnate with ewes

from their own flock. A control, unselected, "(C)" flock was also established in

1982. Animals in these flocks had breeding values (Morris et al., 1989) from -

0.8 to -1.03 for the resistant "R" flock, and from 0.43 to 0.59 forthe susceptible

"S" flock. These values were based on the amount of GGT elevation in the blood

after dosing the animal with sporidesmin. The most negative values were found

in most resistant animals and reflect the smallest increases in serum GGT after

dosing. Breeding values can only be compared for animals dosed with same

amount of sporidesmin. Because different dose rates were used to select the
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susceptible and resistant flocks, direct comparisons between these flocks can

not be made. Morris et al. (1989) indicated that within each experimental flock a

difference in breeding value of 0.1 was equivalent to a difference in resistance of

3.8%.

2.2.2 Animals used

Romney ram lambs weighing between 17-20 kg and aged between 4-8

months old were used in this study. The breeding values of the animals ranged

between -1.296 to -1.496 for resistant, and 0.952 to 1,214 for susceptible

animals. There were four groups of animals used in this experiment. Two

groups contained twenty animals each, born in 1994, 1ggs. Each group of

twenty animals contained four experimental subgroups. Two of the four

subgroups were undosed and contained ten animals, five from resistant and five

from susceptible lines. The remaining two subgroups also contained ten

animals, Five animals from the resistant (R) and five animals from the

susceptible (S) and were dosed by ruminal intubation with sporidesmin in 10%

(v:v) ethanol:water, and were killed two days after the sporidesmin

administration. The doses were 0.35 mg/kg live body weight for resistant and

0.15 mg/kg live body weight for susceptible animals. The third group contained

four animals born 1996, two animals were from the FE resistant line (Ruakura

resistant flock), and two were from the FE contemporary control (unselected)

flock (Ruakura control flock) (Morris et al., 1994). Finalty, the fourth group were

born in 1997, and contained sixteen animals. Ten of these animals were

undosed and they were divided into two subgrorlps, five susceptible and five

resistant. The other six animals were a dosed group, and were divided into two

subgroups, each contained three animals, three resistant and three susceptible.
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2.3 Preparation of liver microsomes

Liver samples were collected within 5 min of animals being killed in the

Ruakura abattoir and were either snap frozen in liquid nitrogen for storage or

were processed immediately for preparation of microsomes and post

microsomal supernatant. Subcellular fractionation was carried out using 20 - 40

g portions of liver suspended in ice cold 0.25 M sucrose. Liver samples were

diced into 5 - 10 cm3 pieces and the medium was then removed and replaced

with fresh 0.25 M sucrose, Homogenisation was carried out in 4 volumes of

sucrose using a Polytron Kinematica GmbH (Luzern, Switzerland) homogeniser

at speed setting 4-5 for 30 sec. Homogenates were initially centrifuged at 4'C

and 5000 rpm for five min. The supernatants were transferred to clean

polycarbonate tubes and were centrifuged at 10.000 g for fifteen min.

Microsomal pellets were prepared from the supernatant fractions by

centrifugation at 105,000 g (35,000 rpm) for one h in a Ti60 rotor and the

microsomal pellets were suspended in 0.1 M phosphate butfe r pH 7 .4 containing

10% (w/v) glycerol for storage at -80"C.

2.3.1 Partial purification of cvtochrome p-450

Microsomal samples were diluted to a protein concentration of 7 mg protein

permf using a buffersolution containing 20% glycerol 0.1 M phosphate pH7.4

and 1 mM EDTA. A solution of 10% sodium cholate, adjusted to pH 7.5, was

added, dropwise, to the microsomal suspensions with stirring to give a final

concentration of 3 mg cholate/mg protein. After gently stirring on ice for 30 min,

a solution of 50% PEG 6000 was added to a final concentration of 7% and
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stirred for an additional 30 min priorto centrifugation at 21,000 rpm (63,000 g)

for 30 min. The supernatant was decanted, and more 50% PEG solution was

added to a final concentration of 15% PEG. After stirring for 30 min at 4"C, the

suspension was centrifuged at 105,000 I (35,000 rpm) for 60 min in a Ti60 rotor'

The 7 -15% PEG pellet was collected for analysis.

2.4 Electrophoresis

Two-dimensional electrophoresis can be used to resolve complex protein

mixtures. This includes the separation of proteins according to charge, by

isoelectric focusing, and molecular mass, by SDS PAGE' In this study

isoelectric focusing was carried out using the immobilized pH gradient

technique.

2.4.1 IPG focusinq

First dimension IPG focusing was carried out using AP biotech, pH 3 - 10

IPG strips.

Rehydration was performed overnight by placing the IPG strips in the

Pharmacia reswelling cassette with 25 ml of a solution containing 8 M urea, 2%

CHAPS, 0,15% DTT, 2% Resolyte pH 3.5 -10. After the rehydration the strips

were transferred to the Pharmacia strip tray which contained a plastic liner

sheet. The electrodes were attached to the IPG strips using paper wicks and

the sample cups were placed near the anode region, the strips and cups were

covered with low viscosity paraffin oil.

The first dimension procedure was run using four programrned stages. The

first stage was for 0.1 h at voltages ranging between 300 - 50O V. The second
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stage was for 3 h also at 500 V, followed by the third stage that was for 5 h at

3500 V. The fourth stage lasted 12.5 h at 3500 V. Focused IPG strips were

equilibrated in two solutions to reduce disulphide bonds and alkylate cysteine

residues. The first solution consisted of 10 ml of 0.5 M Tris-HCL pH 6'8, 30 ml

glycerol,36g of 6Murea, l gof 1%SDSand l gof 1%DTT' Thesecond

solu1on was the same as the first solution except that 2.5 g of iodoacetamide

replaced the DTT.

2.4.2 2-D SDS PAGE

Electrophoresis was carried out at room temperature in the presence of

SDS at a constant current of 35 mA/gel for approximately 4-5 h until the tracking

dye reached the lower end of the gel, The SDS discontinuous buffer system of

Laemmli (1970) was used. The glass plates (185.5 mm x 180 mm) for casting

the gels were washed with detergent in hot water and were air-dried. The

surfaces of the plates were wiped with soft tissue and distilled water just before

use. The gel plates were set up as a sandwich with 1 mm thick Teflon spacers.

Vaseline was used to help to seal the joints.

Resolving gels contained 1 2% acrylamide - 03% Bis, 0.325 M Tris-HCt pH

8.8. The solution was mixed in a vacuum flask and was degassed using a Buchi

vacuum system for 15 min. lmmediately after degassing, 0.6 ml of 10% SDS

and 30 pl of TEMED were added to the gel mixture, and finally 0.3 ml of 10%

ammonium persulphate was added to start the gel polymerisation. The solution

was then quickly poured into the gel plate sandwich to the desired level, and

0J% aqueous SDS was sprayed over the top of the gel as an overlay. The gel

was allowed to polymerise for 30 - 45 min, then the overlay was removed and

distilled water was used to wash off the remaining overlay solution. The
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stacking gel solution pH 6.8was made from24.4 ml of distilled water,5.2 ml of

30% acrylamide stack and 10 ml of stacking gel buffer. The solution was

degassed for'10 min before adding 15 pl TEMED and 0'4 ml of 10% SDS

solution. Finally 0.2 ml of 10o/o ammonium persulphate was added to initiate

polymerisation of the stacking gel. A Pasteur pipette was used to add the

stacking gel solution to the space above the resolution gel. lmmediately a

Teflon spacer bar was inserted at the left end of the stacking gel to form a well

for the molecular weight markers. The stacking gel was set 1-2 cm below the top

edge of the glass plate, to make space so that the equilibrated strip could be laid

directly on the stacking gel. Melted agarose (1%) solution was poured on top of

the equilibrated strip to maximise the contact between the strip and the stacking

gel below. For 1-D gel analysis, a Teflon comb with thirleen teeth was inserted

into the gel solution to create sample wells. Afterthis 0.1% SDS was sprayed

over the top of the gel as an overlay. The gel was left for 30 min to polymerise,

then the spacer bar or the comb was removed and the wells were washed with

distilled water. The bottom rubber spacer was later removed and soft tissues

were used to wipe off the remaining Vaseline. Focused, equilibrated, IPG strips,

or the samples for 1-D analysis, were then loaded onto the gel and the plates

were fixed to the gel chamber. Diluted electrophoresis buffer (1x) with tracking

dye (10% bromophenol blue), was poured into the top chamber, slowly, in order

not to disperse the samples loaded in the wells in case of 1-D analysis. The

bottom chamber was filled with electrophoresis buffer. The gels were

electrophoresed at 70 mA constant current. Electrophoresis was terminated

when the tracking Bromophenol dye reached the bottom of the gel after about 4-

5h.

Proteins were detected on 2-D gels by staining with either colloidal

Coomassie blue G-250 or Coomassie blue R-250. For colloidal Coomassie blue
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G-250 staining, the gels were fixed overnight in water:ethanol (1:1) containing

2o/o (vlv) orthophosphoric acid, washed 3 times with distilled water and then in

aqueous 34% (v/v) methanol - 2o/o (v/v) orlhophosphoric acid containing 17%

(Wv) ammonium sulphate for an h before the addition of 0.1% (wlv) Coomassie

blue G-2S0. Gels were stained to equilibrium with gentle agitation for 4 days.

Gels were scanned using a Molecular Dynamics scanner and the images were

analysed using lmageQuantrM software version 4.2, For staining with

Coomassie blue R-250, the gels were stained for 3 ' 4 days, destained

overnight, and washed severaltimes with distilled water.

2.4.3 SDS rnolecular weiqht markers

Two types of nrolecular weight markers were used. A Sigma molecular

weight marker contained seven proteins with molecular weights from 14,000 to

70,000. The proteins were bovine serum albumin (MW 66,000), egg albumin

(MW 45,000), rabbit muscle glyceraldehyde-3-phosphate dehydrogenase (MW

36,000), bovine erythrocyte carbonic anhydrase (MW 29,000), bovine pancreas

PMSF treated trypsinogen (MW 24,000), soybean trypsin inhibitor (MW 20,000),

and bovine c-lactalbumin (MW 14,200). The lyophilized mixture, containing 3.5

mg of protein, was dissolved in 1.5 ml of 2X-sample buffer. The mixture was

mixed by inversion, and then vortexed for five sec to complete the solubilisation.

The mixture was then divided into aliquots of 30 pl, which were stored at -20"C

until required. Aliquots were incubated for 60 sec in a boiling water bath before

the application of the markers to the gel. Life Technologies BenchMarkrM

prestained protein ladders contained ten proteins ranging from approximately 10

to 200 kDa.
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2.5 Sample preparation for MALDI -TOF mass finqerprinting

All preparations were carried out in a laminar flow hood, wearing latex

gloves and using MilliQ water and high quality Eppendorf Safe Lock tubes.

2.5.1 Coomassie blue stained qels

Approximately 2 mm-sided triangular pieces of gel were cut from the spots

to be identified, Spots were cut using a sharp scalpel blade avoiding overlaps

between adjacent spots. The gel pieces were transferred to 0.5 ml Eppendorf

tubes. The gel pieces were washed in 100 pl of 100 mM ammonium hydrogen

carbonate and were vortexed for 10 min. The wash solution was then discarded

carefully so that the gel pieces were retained. The gel pieces were destained in

50-100 pl of 100 mM ammonium hydrogen carbonate / acetonitrile (DNA

synthesis Grade, Perkin Elmer, usA) (1:1 byvol.) byvortexing for30 min. The

destain solution was discarded and the destain process was repeated 2-3 times

until the Coomassie blue colour disappeared from the gel pieces. The destain

solution was then removed and the gel pieces were dried in a centrifugal

concentrator (Labconco centrevap concentrator, Kansas, Missouri, USA) for 30

min at 45 "c. The gel pieces were swollen in 20 pl of 100 mM ammonium

hydrogen carbonate, and the reswollen gel pieces were crushed with a pipette

tip. Two microlitre (0.5 pg) trypsin (modified sequencing grade, Roche

Diagnostic GmbH Mannheim, Ge1100-mM) in 100 mM ammonium hydrogen

carbonate was added to each Eppendorf tube containing the crushed gel pieces.

Each digest tube was capped and incubated in a heating block overnight at 37

oC. The digestion solution was then transferred to a fresh 0.5 ml Eppendorf
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tube, excluding the gel pieces. Residual peptide in the remaining gel pieces in

the original tubes wasthen extracted with 20 pl of 0.5% TFA-acetonitrile (1:1)

with vortexing continuously for 10 min. The supernatant solution from the

extracted gel pieces was added to the previous extracts. Care was taken not

transfer any of the gel pieces. The combined extracts were lyophilised to

dryness by vacuum centrifugation for t h at 45 'C. The residue was then

resuspended in 10 pl of 0.5o/o TFA for MALDI.

2.5.2 MALDI-TOF plate preparation and sample crvstallisation

PerSeptive Biosystems 100 well MALDI-TOF plates were cleaned with

Analar acetone (BDH, Poole, England). The rest of the washing process

consisted of a few sec wash in a '1:50 dilution of RBS-35 detergent (Pierce,

Biotechnology, Rockfield, lL, USA) followed by a gentle rub with a Kimwipe

(Kimberly-Clark, Australia, NSW). The plate was then washed with water,

followed by MilliQ water (2x) and dried with a Kimwipe. Finally the plate was

washed with Analar acetone for few sec and was left to air dry in the laminar

flow hood.

The matrix solution was 10 mg/ml cr-cyano-4-hydroxycinnarnic acid (CHCA)

in acetonitrile,0.5% TFA (1:1 byvol.). This mixture was vortexed fora minute

and centrifuged in a Sigma microfuge at 1000 rpm for a minute. Two pl of

CHCA matrix supernatant and 2 pl of the resuspended tryptic lyophilisate were

mixed in a new Eppendor-f tube and vortexed for a few sec, C'are was taken to

keep the Eppendorf cap closed to prevent evaporation. One pl of the matrix-

protein solution was spotted in duplicate onto the MALDI-TOF plate. The spots

were spread out to facilitate quicker drying and crystallisation. An external
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calibration mixture was made by mixing 1 pl of angiotensin 1 mlz 1296.68 and

ACTH peptide 18-39 mt22465.20 with 20 pl CHCA matrix. One pl of the mixture

was spotted close to the sample spots on the MALDI-TOF plate.

2.5.3 Samote purification with ZioTipsru

To clean and concentrate the samples for MALDI-TOF, Crs ZipTipsru

(Millipore Corporation, Bedford, MA, and USA) were used. One ZipTiprM was

used for each sample. The ZipTiptM was washed in the following order with 10

pl of ACN, 10 pl of ACN: 0.1% TFA (1:1 byvol.), 10 pl of 0.1%TFA and again

with 10 pl of 0.1% TFA. Eight pl of the re-suspended tryptic digested in 0.5%

TFA was sucked up and down the tip several times to allowed the sample to

bind to the Cre matrix. The ZipTiptt was washed with 10 pl of 0.1o/o TFA three

times. Finally 2 to 3 pl of CHCA matrix solution was sucked up and down the

ZipTiprM several time to elute the peptide, and then approximately 1 pl spots

were spotted onto a MALDI -TOF plate.

2.5.4 MALDI-TOF Mass Spectrometrv

The examination of samples was carried out using a PerSeptive Voyager-

DETMPRO BiospectrometryrM Workstation (MALDI-TOF mass spectrometer). A

U.V. laser beam was used to ionise the peptides crystallised in the matrix prior

to time-of-flight (TOF) based separation, which is proportional to the

mass/charge ratio (mlz) of the peptides. Spectra were collected using positive

ion mode, with use of the reflector to inerease mass accuracy and the mass gate

set at 500 Da to exclude low mass matrix ions.
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2.5.5 Analvsis of MALDI -TOF spectra

Analysis of the spectra was carried out using PerSpective Biosystem Data

Explorer Version 3.4 software. Sample and calibration peptide (angiotensin and

ACTH peptides were collected within 1-2 min of each other. External calibration

using the external standards was applied to the peptide mass fingerprint

spectra. The trypsin autolysis peaks in the peptide digest were checked

(expected mlz 2163.05 and 2273.15) to monitor mass accuracy, and if

necessary these peaks were also used for internal calibration of the spectra.

Peak detection was set for peaks greater than 5% of the highest peak intensity.

The ion m/z values were cut and pasted into the protein identification tool

ProFound (http://129.85.19.192/profound binANebProfound.exe) and were used for

mass fingerprint identification, using the SWISS-PROT and NCBlnr databases.

Proteins were identified using the databases of mammalian proteins. The

tolerance of the monoisotopic input masses was set to 0.1 Da and the number

of allowed missed cleavages was 2. The primary criteria that were used to

asses the likelihood of correct identification included the Probability and Z

scores, the difference in probability of the first and second matches and percent

coverage of sequence. A Z score of 1,65 means the search is in the 95th

percentile, while a score of 2,33 is in the 99th percentile

(http://129.85.19.192/profound/help.html#ZSCORE), Secondary criteria included

comparison of the predicted and observed pl and mass and information about

the known tissue distribution of the matched proteins.
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Sheep liver microsomes were analysed by Western blotting (Towbin et al.,

1979). Dexamethasone induced rat liver microsomes containing p450 3Al

were used as a positive control for cytochrome p-4s0. 1-D SDS-pAGE was

performed in a Bio-Rad mini-electrophoresis cell for 45 min, at a constant of 200

Volts in 12o/o polyacrylamide gels, as previously described in Materials and

Methods' The sandwich was then disassembled and removed from the glass,

after removing and discarding the stacking gel. The gels were then equilibrated

for 30 min at room temperature in the transfer buffer (0.5 M NazHpo4 with 0.5 M

NaHzPO4 made up to 2 litre with 1900 ml distilled water, pH adjusted to 6.6) to

remove the excess SDS detergent, and to prevent a change in the size of the

gel during the transfer. The transfer of protein to the nitrocellulose paper was

adopted from the method of Towbin et al. (197g). The blotting chamber was

filled with transfer buffer after the pH was adjusted to 6.6. The electrophoretic

transfer was accomplished at 999 Volts and a constant current of 20a mA, for 16

-18 h in a cold room (4'C). After the electrophoresis transfer was completed, the

SDS-gel was stained with Coomassie blue R-250 to asses the completeness of

the transfer. Also one of the nitrocellulose papers was stained with g.1o/oAmido

black in 100/o methanol/ 2o/o gracial acetic acid (v:v) to detect protein.

After electrophoretic transfer to the nitrocellulose membrane, the

immobilized proteins were probed with specific antibodies to identify any

antigens present. The procedure for immunoblotting was started by immersing
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the nitrocellulose membrane in 5% skimmed milk blocking butfer and it was

incubated for one h at room temperature, on a shaker, to fill all protein-binding

sites with a non-reactive protein. The nitrocellulose membrane was then washed

with TBS-Tween-2O buffer (50 mM Tris, 0.15 M NaCl, 0,1% Tween 20, distilled

water, pH 7,6) for 2 times quick wash and then 2 times for 10 min each. Next to

identify the cytochrome P-450 the membrane was treated with a solution

containing the primary antibody (anti-human cytochrome p450 3A4) polyclonal

Rabbit lgG, at a dilution of 111000 in TBS-Tween-2O buffer and it was incubated

with this primary antibody for approximately one h. After the one h incubation the

blotted membrane was washed as before, with TBS-Tween-20 buffer, and then

incubated with the secondary antibody for one h (HRP conjugated goat anti-

Rabbit lgG) from Vector Laboratories, at a dilution of 1/1000. Finally, after

discarding the secondary antibody, the blotted membrane was washed with

TBS-Tween-2O buffer, and the bound antigens were visualised by using a

mixture of chromogenic substrate which consisted of 3 ml (3 mg/ml) 4-chloro-1-

naphthol (Bio-Rad Laboratories) solution, I ml of TBS-Tween-2O buffer and 150

pl of 1% hydrogen peroxide. The membrane was incubated with the

chromogenic solution for 30 min at room temperature to develop a purple colour

at the site of immunoreactive antigens. Detection of imrnunoreactive

cytochrome P-450 was also achieved by using enhanced chemiluminescence

with reagents from Amersham Life Science.

2.7 Computerised densitometrv

2.7,1 Gel scanninq
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Colloidal Coomassie blue G-250 stained proteins on polyacrylamide gels

were scanned using a Molecular Dynamics model 375A laser densitometer. The

scanned gels were analysed using Molecular Dynamics lmageQuantru software

version 4.2.

2.7,2 lmaqe displav

The lmageQuant software displays the scan image of gels showing the

position of each detected band or protein spot. Each pixel of the display

contains densitometric absorbance information corresponding to the amount of

protein staining at that position. Scanned images were manipulated by setting

the lowest absorbance range to remove the background, and setting the higher

absorbance ranges to maximise spot detection. lmages of gels were often

magnified two to four fold so that the perimeters of protein spots could be most

clearly defined for quantitation. To obtain the most suitable absorbance range,

image tools were used to measure the lowest and highest points of absorbance

in the area of interest of the scanned image,

2.7.3 Drawino tools and inteqration

Several lmageQuant tools were used to define scanned irnages of protein

spots for quantitation. For differentiation of proteins separated by 1-D PAGE, a

line tool was used to mark the regions of interest. The marked regions were

scanned using the attribute manager method of imageQuantrM software version

4.2. The width of the scanned region for each lane of the sample was selected

to be 20 pixels. For analysis of proteins separated by 2-D PAGE, each gel was

divided into 5 rectangles, using a grid tool, and the individual protein spots, or
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groups of proteins, were visualised in each rectangle and their borders were

defined using the ellipse drawing tool. The protein spots were generally

numbered in the order of molecular weight and pl from upper left to lower right'

Quantitative analysis of proteins contained within the selected ellipses

was carried out using the method recommended by the suppliers of the

software. Integrated volumes were calculated using the 'volume report' option

with background calculated as the local average (the average absorbance at

each pixel in the perimeter of the object line). The results of the analysis were

saved and transferred to Excel for further analysis.

2.7.4 Quantitative analysis of 2-D qels

The amount of each selected protein was calculated as described above.

The abundance of each protein was expressed as a percentage of the total

abundances of all proteins measured on the gel. This method was used to

minimise variation due to differences in the amount of protein loaded on different

gels or to differences in staining,

2.8 Protein assavs

Protein concentrations in liver homogenates and in microsomal and cytosolic

preparations were determined using the colorimetric method of Petersen (1977)'

Samples containing homogenate or soluble fractions in distilled water (total volume 1

ml) was mixed with 2 ml of coppertartrate-carbonate (CTC): (0.1o/o (w/v) copper

sulphate, A.2o/o (wtv) potassium sodium tartrate, 10o/o (wlv) sodium carbonate), 0.8 M

sodium hydroxide, 10% SDS and distilled water in the ratio 1:1:1:1. After ten min 1 ml

of Folin-Ciocalteu reagent was added and the tubes were mixed and incubated for 30
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min at room temperature. Absorbance was measured at 750 nm and the amount of

protein was calculated by reference to standards containing up to 200 pg of bovine

serum albumin.

2.9 S pectroph otometric determi nation of cvtoch rome P450 concentrations

Cytochrome P-450 was measured as the carbon monoxide difference

spectra using an E450-490 value of 91 mM-tcm-t lOmura and Sato, 1964). Liver

microsomal fractions and sub-fractions were diluted in 0.1 M potassium

phosphate buffer pH 7.4, containing 20% (vlv) glycerol to 2 mg protein per ml.

Two ml aliquots of the diluted samples were added to test sample and reference

cuvettes, and a base line was recorded between 400 and 500 nm. Reduction

was achieved by the addition of a few grains of solid sodium dithionite to both

test and reference cuvettes, with gentle stirring, and the test sample cuvette was

gently bubbled with carbon monoxide for approximately one minute. Difference

spectra were measured from 400 - 500 nm.

2.10 Spectrophotometric determination of NADPH cvtochrome c reductase

activiW in sheep hepatic microsomal fractions

Sheep liver microsomal fractions (60 pg protein) were incubated in 3 ml of

72 mM Tris-HCl pH 7.4 containing 1.25 mg cytochrome c. Reactions were

started by the addition of 25 pl of 0.5 M NADPH to the test cuvette, and the

absorbance was measured at 550 nm in a Caryt 1E spectrophotometer.

Enzyme activities were calculated using an extinction coefficient of 19.6 mM-1

cm-t for the calculation of cytochrome c reduction.
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2.11 Enzvme assavs for cvtochrome P-450

2.11.1 Assav for 4-nitroanisol O-demethvlase activitv

Sheep liver microsomal aliquots (0.1 ml) were added to 2 rnl of 0.1 M Tris-

HCI pH 7.4, and incubated at 37'C for 2 min in a heating block (Techne Dri-block

DB-1) in 5 ml glass test tubes, One ml. of NADPH generating cofactor solution,

containing 0.1 M Tris-HCl pH7.4,0.15 M MgCl2 (1 ml),0.5 M nicotinamide (1

ml), 40 mg glucose-6-phosphate, glucose-6-phosphate dehydrogenase (40

units), and NADP (8 mg) was added to the mixture above. Finally 10 pl of the

substrate 500 mM 4-nitroanisole was added to initiate the reaction and the

mixture was incubated for 15 min at 37"C. The blank incubation was prepared

as above but without the microsomal solution. The reaction was terminated by

the addition of 1 ml ice cold 20% TCA solution and the mixture was allowed to

stand on ice for 5 min. The mixture was then centrifuged to obtain a clear

supernatant, using a bench centrifuge at maximum speed for 5 min. One ml of

the supernatant was added to 50 pl of 10 M NaOH and the absorbance of the

released 4-nitrophenol was measured at 400 nm. Enzyme activity was

calculated by reference to a standard curve for 4-nitrophenol (Figure 3.8).

2.11.2 Assav for aminopvrine N-demethvlase activitv

Incubation was as for the 4-nitroanisole O-demethylase assay except that

0.1 M semicarbazide was present to trap the HCHO product of the reaction and

the substrate was 0.2 mM aminopyrine. The incubation period for the reaction

was 30 min at 37"C. The reaction was stopped by adding 0.5 rnl 25% ZnSOn

solution followed by 0.5 ml of saturated Ba(OH)z solution and stored on ice for 5
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min. The sample then was centrifuged at 2000 g for 5 min using a Sorvall RC

58 centrifuge. Finally 1 ml of the clear supernatant was added to 2 ml of Nash

reagent (30 g ammonium acetate mixed with 0.4 ml of acetylacetone made up to

100 ml with distilled water), mixed well and left to incubate for 30 min in sealed

tubes at 60'C in a heat block (Techne Dri-block@ DB-1). Released

formaldehyde was measured at 415 nm by reference to a standard curve

constructed from 0.1 mM formaldehyde (Figure 3.10).

2.12 HPLG assav for the metabolism of sporidesmin bv cvtochrome P-450

HPLC was used to measure the interactions of sporidesmin as a substrate

with sheep liver cytochrome P-450 enzyme in the presence of NADPH as

cofactor. The assay was carried out in a total volume of 0.32 ml. The mixture

contained0.2ml of 0.1 MTris-HCl buffer(pH7.4), 10pl (1 F.g)of sporidesminin

ethanol and 0.1 ml of NADPH cofactor mixture. The cofactor was made of 4.25

ml of 0,1 M Tris-HCl buffer pH7.4,0.5 ml of 0.15 M MgClz, 50 prl of 0.5 M

nicotinamide, 20 mg of glucose-6-phosphate, 120 prl (1 unit) of glucose-6-

phosphate dehydrogenase and finally 4 mg of NADP*. The cofactor mixture

was prepared and kept on ice until used. The assay was started by adding 10 pl

of sheep liver microsome fraction containing 70-80 pg protein, to the mixture

assay, and was incubated for 30 min at 37oC, using a thermostatic control heat

block (Techne Dri-block@). At the end of 30 min incubation, the enzyme reaction

was stopped by adding 0.5 ml of ethanol (95%) to each assay tube. The assay

mixture was then mixed well by using a vortex mixer for a few sec and the

mixture in each tube was transferred to an Eppendorf tube and centrifuged for 5

min at 1000 g in a Biofuge A microcentrifuge (Heraeus Sepatech). The
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centrifuged mixtures were then filtered using 0.4 pm polypropylene disposable

filters, before analysis by HPLC.

HPLC was carried out on a 5 pm C18 Microsorb MV column (Rainin,

Waters, MA) with a dimension of 240 x 4 mm using a Waters (600 E)

instrument. Aliquots of the reaction mixture (100 pl) were analysed at a flow rate

of 1 ml min-l using acetonitrile: water (1:1) as the eluting solvent. Detection was

by UV absorption at 230 and 260 nm using a Waters 490E detector'

2.13 GST assavs

Spectrophotometric measurement of GSTs was carried out in a Cary@ 1E

spectrophotometer using 3 ml assay systems at 25 oC. Liver 100,000 g

supernatant (cytosol fraction) was used as a source of GST and controls from

which GSH or enzyme were omitted were carried out. Both sporidesmin and the

synthetic substrates CDNB, DCNB, p-NBC and EPNP (see abbreviations) were

used to test for differences in activity of various GST isoforms. Assays using the

synthetic substrates were carried out as described by Habig and Jakoby (1981)

(Table 1.3).

2.13.1 Assavs with svnthetic substrates

GST activity with DCNB as substrate was measured in 0.1 M phosphate

buffer pH 7.5, using 1 mM DCNB and 1 mM GSH. Absorbance changes were

measured at 345 nm. Enzyme activity was measured after addition of 50 pl of

liver cytosolic fraction containing 40 - 50 pg protein. Blank reactions from which

enzyme was omitted were subtracted from the enzyme rates for activity
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calculation. Specific activities were calculated by dividing enzyme activity by the

amount of protein measured as described in section 2.7 '

Assay conditions for other substrates were:

CDNB - 1 mM CDNB, 1 mM GSH, 0.1 M pH 6.5 phosphate butfer, 340 nm.

EPNP - 0.5 mM EPNP, 1 mM GSH, 0.1 M pH 6.5 phosphate buffer, 360 nm.

p-NBC - 1 mM p-NBC, 1 mM GSH, 0.1 M pH 6.5 phosphate buffer, 310 nm.

2.13.2 Spectrophotometric analvsis of sporidesmin metabolism bv liver cVtosolic

fraction.

To directly investigate the metabolism of sporidesmin by sheep liver

cytosolic fraction 50 prl of liver 100,000 g supernatant was incubated in 3 ml of

0.1 M potassium phosphate buffer pH 7.5 containing 5 mM GSH. Ten pl of an

ethanol solution containing 1 pg sporidesmin was added to the mixture. The

reaction was carried out at 25oC and absorbance change was measured

between 220 and 280 nm.

2.14 GSH dependent metabolism of sporidesmin

Sheep liver 100,000 g supernatant fractions (50 pg protein) were incubated

at 37"C in 2.25 ml of 0.1 M phosphate buffer pH 7 .4 in the presence or absence

of 5 mM GSH and 1 pg sporidesmin. After 30 min the reaction was stopped by

cooling in ice and 100 pl aliquots were used for HPLC on the C18 Rainin

column. Elution was carried out using acetonitrile - Milli-Q water (1:1) at a flow

rate of 1 ml min-1.
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2.15 Histopatholoqv

Liver tissue samples were collected immediately after the sheep were killed

and before autolysis could take place. All tissues taken were placed, within 10

min of slaughter, in 10% formalin as a fixative solution, and left for 24-48 h in the

fixative before processing. Two changes of the fixative were made on

subsequent days. Small pieces, 1-2 cm x 2-3 cm, were selected for slide

preparation. The tissues were passed through a series of alcohol solutions for

complete dehydration and then through a clearing agent, before embedding in

paraffin. Thin (5-6 prm) paraffin sections were cut using a microtome. The thin

slices of tissue were floated on water and were picked up on slides and dried for

staining. Paraffin-wax slide sections of the chosen tissues were stained using

the Ehrlich haematoxylin and eosin stain.

2.1 6 Statistical analvsis

Statistical analysis was carried out by Edith Hodgen of the Department of

Mathematics and Computing Science, Victoria University of Wellington. Initially

a linear model, including interaction effects, was fitted to test for the effect of

dose, resistance and year on enzyme activities among the four experimental

groups - undosed and dosed, susceptible and resistant Romneys. Such models

require an assumption of normality and constant variance (homocedasticity). An

examination of the residuals for the analyses for each of the untransformed

response variables indicated that these assumptions could not be substantiated,

and by using a combination of trial and error, examination of the residuals, and

an algorithm for the selection of a suitable transformation given on page 11-34
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division, MathSoft, Inc, Seaftle,

transformations were as follows:

Variable (v)

O-demethylase

N-demethylase

EPNP

p-NBC

CDNB

DCNB

GST- sporidesmin
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and Mathematical Analysis", 1995, Stat. Sci

Washington, it was determined that suitable

Transformation f (v)

inverse square root f (Y) = 1 | tf Y-
similar to O-demethylase

undosed 97 samples only, so non parametric 2-sample

test used.

inverse square root f (y)= 1 t fr-
log (natural): f (y) = In (y)

no transformation used.

log (natural): f (y) = ln (y)

inverse square rool f (y) = 1 | '/ V

In most (but not all) cases the design was unbalanced, as in 1994 and 1995

there were 10 dosed sheep and '10 undosed sheep, but in 1997 there were 6

dosed sheep and 10 undosed sheep. Forthis reason a general linear model (S-

PLUS lm function) was used. Once the full model had been fitted and residuals

were examined for goodness of fit and found to be acceptable, the interaction

terms in the model were examined. ln those cases where the interaction was

not significant, it was removed from the model and a reduced main - effects

model was fitted. This process was repeated and any non-significant main

effects that were not involved in an interaction term retained in the model were

also removed. A new model was then fitted. For some of the variables, a

simple main effect remained in the model (this was always the case for EPNP)

and in this case, because of the possible violation of the assumptions of

normality and homoscedasticity, a non parametic test requiring fewer
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assumptions but having almost equal power Was performed. For those

response variables for which several years of data were available, and where

there appeared to be differences of some sort across the years an equivalent

analysis was done within each year where first a model including interaction was

fitted and this model was then simplified by removing any effects that were not

significant.

2.16.1 Test of resistant vs susceptible where the interaction was siqnificant

ln the tests where the interaction between dose and resistance was

significant, such as in O-demethylase, and where the year 1997 was included in

the analysis (so that the design of the experiment was unbalanced), tests to

determine which categories of animals had significantly different results v/ere

non-standard. Because of the lack of balance, the pair-wise post hoc tests for

difference between the resistant and susceptible animals were conducted within

each ofthe dosed and undosed groups.

To maintain an experiment - wise significance level of at most SYo, a

Bonferroni correction was made to the significance level used for individual

tests. Thus the individual test significance zero level was 2.5o/o, and the

experiment - wise significance levelwas at least 5%.

The method employed to conduct the pair-wise tests was to fit a complete

model, in which the means of the four combinations of the factor levels (dosed

resistance, dosed susceptible, undosed resistance, undosed susceptible) were

allowed to be different, and a reduced model in which the two rneans (resistant

and susceptible sheep) of the undosed sheep were assumed to be equal. The

difference between the Error Sums of Squares of the two models is the Sum of

Squares due to the difference between resistant and susceptible sheep, and an
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F-tes.,t wds, us-od ts test the statistical signifi'canee of this, (the Enor Mean Square,

frorn the complete model was used in the denomin:ator of the F-statistic). The

eame method was used to test for a differenoe between the resistant and

susceptible dosed sheep, in whieh the two rneans for dosed sheep were

assumed to be equal in the r,edueed model.
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CHAPTER III

3.1 Liver histoloqv in sheep experimentallv dosed with snoridesmin

The effects of toxins include cellular degeneration, cell death by necrosis and

apoptosis. Toxins have a tendency to affect certain organs and types of cells. They

often cause acute or chronic damage by modification of cell metabolism and

function in subtle ways that take some time to develop, or by outright destruction of

organelles and cells. The susceptibility of animals to toxic compounds is often

related to age, sex, species and strain, as well as the activities of enzymes that

detoxify the pafticular compounds.

Mortimer (1963) carried out a histological study of orally dosed sheep. He

found lesions similar to those in animals affected naturally with facial eczema. The

hepatic cells of dosed animals showed vacuolation in the periportal zone of the

lobules. Oedema with signs of epithelial degeneration of the medium and large bile

ducts was accompanied by lymphocytic infiltration. There was focal necrosis

involving small groups of cells with lymphocytes, polymorphonuclear leucocytes,

fibroblasts and histiocytes that were the prominent inflammatory cells. In smaller

portal tracts bile ductule proliferation, which was often associated with the canals of

Herring, seemed to destroy and replace the isolated liver cells. Kupffer cells were

swollen and contained bile pigments and similar lesions were also found in the large

portal tract regions. Bhathal et al. (1990) found that there were relatively few

changes among parenchymal cells two days after dosing mice with sporidesmin.



63

Mortimer (1963) reported little early damage to hepatocytes in sporidesmin

affected sheep. One goal of the current study was to examine sporidesmin induced

changes in the expression of enzymes and other proteins in liver that might affect

responses of the liver to the toxin. The experimental design therefore included

groups of undosed animals and animals dosed for two days, from the resistant or

susceptible lines. Two days was chosen so that histological changes due to

necrosis, inflammation or repair should be minimal and so that changes in protein

expression might reflect initial responses to sporidesmin.

In our study, four groups of Romney lambs were used. The four groups

were susceptible, dosed and undosed, and resistant, dosed and undosed. To study

the histological changes in liver tissue, animals were dosed with 0.15 mg

sporidesmin / kg body weight for the susceptible line and 0.35 mg sporidesmin / kg

body weight for the resistant line. The dosed groups were killed two days after

dosing.

3.1.1 Undosed Romnevs

No pathological changes were found in liver from undosed susceptible sheep

(Figures 3.1 and 3.2). The livers contained normal polygonal intact hepatocytes

with a clear boundary of cytoplasm. The hepatocytes surrounding the centralvein

showed the normal fashion of hepatic cords (Figure 3,1) with clear rounded nuclei.

The nuclei of the hepatocytes were centrally located. No vacuolation was found in

the cytoplasm of the hepatocytes. Figure 3.2 shows the portal region with normal

bile ducts and a slightly dilated portal vein. A few inflammatory mononuclear and
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red blood cells were noticed in the portal region. Several Kupffer cells were present

in the sinusoidal spaces.

Normal hepatocellular architecture was present in the undosed resistant

animals (Figures 3.3 and 3.4). The hepatocytes surrounding the central vein

showed normal structure with clear, rounded and centrally located nuclei. The

sinusoidal spaces showed normal outlines. The endothelial cells of the central

veins also showed normal arrangement in the tunica intima layers. No fibrosis or

bile duct proliferation was observed in the portal region (Figure 3.4).

3.1.2 Dosed Romnevs

Histological examination of the livers from dosed susceptible animals showed

moderate pathological lesions two days after sporidesmin dosing. The lesions were

mild vacuolation of hepatic cells mainly in the area surrounded the portal vein

(Figure 3.5). The portal vein was dilated with some exudate that occupied the

central part of the portal vein as shown in Figure 3.5. No proliferation of bile ducts

was observed. No pathological change was detected in sections from liver of dosed

resistant animals. The minimal histological change observed in livers from the

dosed animals indicates that any protein changes detected later in this thesis were

not responses to major cellular injury.
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Figure 3.1: H & E stained section of Romney liver from an undosed susceptible Romney (x10 x 64).

The figure shows a centralvein (GV) surrounded by normal polygonal hepatocytes (medium arrows).

The hepatocyte nuclei are intact and centrally located (thin anow). The thick arrow shows a normal

bile duct. The portalvein (PV) is dilated with red blood cells.

Figure 3.2: H & E stained section of liver from an undosed susceptible Romney (x10 x 65). The

figure shows a portalarea with a normal bile duct (thick anow). The portalvein (PV) is dilated with a

few inflammatory cells, A few Kupffer cells are in the sinusoidal spaces (arrowhead).
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Figure 3.3: H & E stained section of liver from an undosed resistant Romney (x40 x 80).

The figure shows normal hepatocytes with centrally located nuclei (thin arrow)' surrounding

the centralvein (CV). The sinusoidalspaces show normaloutlines (arrow 1).

Figure 3.4: H & E stained section of liverfrom an undosed resistant Romney (x10 >: 91.5).

The figure shows a normal portal area containing a normal bile duct (thick arrow) and dilated

portalvein (PV). The sinusoidalspaces show normaloutlines (anow 1).
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Figure 3.S: H & E stained section from the liver of a dosed susceptible Romney showing

dilated portal vein occupied with some exudate (PV). A few vacuolated cells were present

around portalvein (thin arrow).



68

3.2 Metabolism of sporidesmin bv liver microsomes

Sporidesmin was incubated with liver microsomes, and loss of sporidesmin

was measured by HPLC as described in the Methods. Microsomal metabolism of

sporidesmin was measured as a reduction in the HPLC peak height for sporidesmin

as shown in Table 3.1 and Figure 3.6. Part A of Figure 3.6 shows the HPLC peak

from 10 pl (1 prg) sporidesmin. Part Br and Bz shows the HPLC analysis of

sporidesmin after incubation with NADPH generating system in the absence of

microsomal enzyme. No change in the peak height of sporidesmin was observed

after incubation with the cofactor NADPH. Part Cr and C2 shows duplicate analysis

of sporidesmin after incubation with microsomal enzyme alone. There was some

loss of sporidesmin after incubation with the microsomal fraction alone (Figure 3.6).

This result may indicate that microsomal protein could bind or metabolise

sporidesmin. There was greater loss of sporidesmin after incubation with

microsomal fraction plus NADPH generating system (Part Er, Ez). This result may

indicate that adding the NADPH cofactor enhanced the metabolism of sporidesmin.

Part Dr and Dz shows the HPLC analysis from microsomal fraction incubated with

NADPH generating system in the absence of sporidesmin.

Analysis of rates of NADPH dependent metabolism of sporidesmin by liver

microsomes showed some differences between 1997 born resistant and susceptible

animals. Loss of the sporidesmin peak was approximately 0ol0, 8.9%, 53.1%,

35.8% and 11.7% (mean = 27.4%, SD = *21.) of the original sporidesmin plus

microsomes plus NADPH (minus the control) peak height for five undosed resistant
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Romneys, and 36%, 11.40/o,5.5%, 18.60/o and 1z,B% (mean = 17.1%, sD = 111.6)

for five undosed susceptible Romneys. Duplicate measurements for each sample

varied by less than 1CIo/o, for example for animal 7305 (mean loss 53.1%) the

duplicate values were 46.70/o dnd 59.4o/o. The results indicate individual variation in

sporidesmin metabolism within the resistant and susceptible Romney lines as

shown in Table 3.1, but no significant difference between the resistant and the

susceptible animals.

Undosed
resistant samples

Animal

% of sporidesmin loss
minus cofactor control

7182 0.0

7350 10.7,7.1

7305 46.7, 59.4

7022 36.7, 34.9

7348 10.9, 12.5
Undosed

susceptible samples
Animal

7086 36,9, 35.1

7265 10.6,12,1

7052 7.6, 3.3

7197 18.7, 18.5

7211 13.0, 14.6

Table 3.1: Microsomal metabolism of sporidesmin. Results are for duplicate microsomal assays.

The % sporidesmin lost is calculated by comparison of peak heights for measurernents in which

sporidesmin was incubated with microsomes in the presence or absence of the NADpH generating

system.
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An attenr,pt was rfiade to deted possible sporidesrnin metahofttes that \^Fre

expeded to be rnsre polan and have shorter retention times than sporidesmin. This

'was difficr.llt beeause of the large cofactor pealt that eluted earlien than eporidesmin.

The^ eofecf,or pealt was 5.10 tlmes lhrger than the sporidesmin pealt,and could not

be separated from spoiidesmin on the C18 column Bvdh when the percentage,of

acetonitrile ums decrcased to i0%, or removed from the soJvent mlxture (Figure

3"6a). P'otential metabslite peaks werenot detected.
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Figure 3.6a: HpLC of sporidesmin and NADpH generating system

A. Peak of sporidesmin alone (10 prl injection).

B. The large cofactor peak dominated the sporidesmin peak even after the

acetonitrile was removed from the solvent mixture to enhance the separation.

c. The large cofactor peak dominated the microsomar fraction peak after the

acetonitrile was removed from the solvent mixture.

Thin short arrows: refer to 230 nm wavelength.

Thin long arrowst refer to 260 nm wavelength.

Thick short arrows: refer to injection point.
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3.3 Analvsis of P450 enzvme activities usino model substrates

Potential routes of P450 dependent metabolism of sporidesmin include O-

demethylation and N-demethylation. Both reactions may modify the toxicity of

sporidesmin. Model substrates, 4-nitroanisole (Odemethylase) and aminopyrine

(N-demethylase), were therefore used to measure potential differences in oxidative

metabolism of sporidesmin between the resistant and susceptible lines. Enzyme

activities were measured using microsomal preparations from 4-8 month old

Romneys born in 1994, 1995, and 1997.

3.3.1 The effect of enzvme. substrate concentration and time of incubation on O-

demethvlase assav

Although an established assay for liver microsomal O-demethylase was

used, the validation of the effect of enzyme and substrate concentrations (Figure

3.7a), (Figure 3.7b) and time of incubation (Figure 3.7c) were investigated. Enzyme

amount, substrate concentration and incubation time was each varied while

maintaining other conditions as for the standard assay. The investigation showed

that the maximum rate of reaction occurred when 0.7 mg of protein (Figure 3 7a)

and 1.67 mM nitroanisole (Figure 3.7b) were used. With these parameters, the

study found that the maximum rate of reaction obtained when the incubation time

was 15 min (Figure 3.7c).
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3.3.2. 4-Nitroanisole O-demethylase

Figure 3.8 shows the standard curve for the 4-nitrophenol product of 4-

nitroanisole O-demethylase activity. O-demethylase activity was calculated from

the absorption of 4-nitrophenol produced by the enzyme reaction.

Tables 3.2, 3.3, 3.4 show O-demethylase activity in Romney lambs born

1994,1995,1997 (n=5 for all experimental groups). Differences between individuals

in their specific activity toward the substrate 4-nitroanisole can be clearly seen

within the susceptible and resistant groups of animals, dosed or undosed, from all

three years. Tables 3.2 and 3.4 also show differences in specific activity between

the undosed susceptible and the undosed resistant animals born in 1gg4 and 1997.

The undosed resistant groups show a mean increase of 1.17 fold in enzyme activity

compared to susceptible for animals born in 1994, and an increase of 1.4 fold for

animals born in 1997. Table 3,3 shows differences between the dosed groups,

susceptible and resistant animals born 1gg5.
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Figure 3.8: The standard curve for 4-nilrophenol,
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ln all three years O-demethylase activity was greater in dosed resistants compared

to undosed resistants and was lower in dosed susceptibles compared to undosed

susceptibles. A two fold increase in enzyme activity after dosing occurred in

resistant animals born 1997 and a 1.5 fold increase in resistant animals born 1g95,

compared to the undosed resistant groups. A decrease in the enzyme activity of

35% occurred after dosing in the susceptible groups for the years 1gg4 and 1gg7

and by 8o/o in 1995.

Animals born 1994 O-Demethylase (pmol/h/mg protein)

Mean tSD

Undosed susceptible 20.{6 i 6.2

Undosed resistant 23.56 r 4.3

Dosed susceptible 13.27 t.3.3

Dosed resistant 26,71x6.1

Table 3.2: o-Demethylase activity in liver microsomes from Rornnev

lambs born 1994.
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Tablc 3,3: O.-Denrethylase adivity in liver micragomes frorn Rornney

lambsbsrn 199,5.

Table 3,4: O-Demethy,lase aetivity in livsr rnic,rosomes frorn Romney

lambs bsrn 1997.

Animals born 1995 O'Detnethylase (prnollh/mg proteln)

Mean SD

Undosed sUEesptibfe l€.6814.3

Undosed rcsistant 19;46 t6,3

Dosed suseeptible 15"41 r{0.2

Dosed r.Esistant 30.2t 1,t4.5

Anlrnals born 1997 O-Demethylase ('punollhlmg protein)

Mean lhSD

Undosed snsceptiblo 14.24*27

Ur{dosed resistant 14.46 r 6.6

Dosed susceptible 6,79 i 1.6

Dssed resisttnt 27,;2t8.1
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3.3.3 The effect of enzvme. subqtrate concentration and time of incubation. on

Ndemethvlase assav

Although an established assay for liver microsomal N-demethylase was

used, the etfect of enzyme (Figure 3.9a), and time of incubation (Figure 3.9b) were

investigated. The reaction was approximately linear up to 30 rnin incubation.
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Figure 3.9b: Effect of incubation time on
product formation.
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3.3.4 Aminopvrine N-demethvlase

Aminopyrine N-demethylase activity was measured in animals born 1994,

1996 and 1997. The standard curve for the formaldehyde product of N-

demethylase activity is shown in Figure 3.10.

Tables 3.5, 3.6, 3.7 show N-demethylase activity in Romney lambs born

1994, 1996 and 1997. Differences among individuals in their specific activity toward

the substrate aminopyrine were found within the susceptible and resistant groups of

dosed and undosed Romneys from the years 1994 and 1997. In 1996 two groups

were examined, undosed control and undosed resistant, with two animats in each

group.

The Tables show that no differences in specific activity occurred between the

undosed susceptible and undosed resistant groups of animals born 1994 and 1g97,

There were differences between the two groups from 1996, the resistant group

showing a 1.5 fold increase compared to the unselected control group. The dosed

susceptible and resistant groups also showed similar activity toward the substrate

aminopyrine. N-demethylase activity was greater in dosed animals. Both dosed

resistant and dosed susceptible groups from 1994 showed a 1.3 fotd higher activity

after dosing. The resistant and susceptible groups from 1gg7 showed a 2 fold

greater activity after dosing. The 1996 born animals showed an apparent difference

but the number of the animals were too small for statistical comparison.



80

0.12

E 0.1
rf}

5 0.08

3 o.oo
(!

€ 0.04

-B o.oz

0

y=01@4x+0.0ffi

f =0.9S4

Concentration (mM)

Figure 3.10: The standard curve for formaldehyde.



81

Table 3.5: N-Demethylase activity in liver microsomes from Romney

lambs born 1994.

Animals born 1996 N-Demethylase (pmol/h/m g protein)

Mean tSD
Undosed control 14.02 t11.8

Undosed resistant 21.48 f 18.6

Table 3.6: N-Demethylase activity in liver microsomes from Romney

lambs born 1996.

Animals born 1997 N-Demethylase (pmol/h/mg protein)

Mean tSD
Undosed susceptible 10.31 r 4.0

Undosed resistant 10.40 r 5.7

Dosed susceptible 19.95 r 1.6

Dosed resistant 20.54 x12.8

Anlmals born 1994 N-Demethylase (pmol/hlmg protein)

Mean *SD
Undosed susceptible 7.72+.2.3

Undosed resistant 7.96 *4.7

Dosed susceptible 10.01 r 3.7

Dosed resistant 10.92 r 6.8

Table 3.7: N-Demethylase activity in liver microsomes from Romney lambs born 1997.
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3.4 Statistical analvsis

3.4.1 O-demethvlase

The first set of analyses (analysis of variance) was carried out on all the

sheep born in 1994, 1995 and 1997 (Table 3.8). The factors in the experiment were

udose", "resistance", "year" and an interaction between "dose" and "resistance". Box

plots for each of the main etfects are shown in Figure 3.1 1. There were statistically

significant differences between the years (p. O.OOO1), Figure 3.12. The interaction

between dose and resistance was significant (p< 0.001), Figure 3.13. Because of

the significance of the interaction, any statistically significant main effects (in this

case "resistance" with p< 0.000002) must be interpreted with care, particularly as

the design of the experiment was not balanced (there were fewer sheep in 1gg7).

A pair-wise test was conducted to test for differences between resistant and

susceptible animals that were undosed. The results were not significant (p-

0.1247). A similar test was conducted to test for differences between resistant and

susceptible animals that were dosed. These results are illustrated in Figure 3.13.

Because the responses differed among the different years the next set of analyses

were carried out for each year separately.

Years Und. resistant Und. susceptible Dosed resistant Dosed susceptible
1994 5 5 5 5
1995 5 5 5 5
1996 2 2 (control flock)
1997 5 5 3 3

Table 3.8: Shows number of animals for each year used in the statistical analysis.
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3.4.1.1 Animals born 1994

Box plots of the main effects (dose and resistance) are shown in Figure 3.14.

The interaction effect (between dose and resistance) was significant (p= 0.03g,

Figure 3.15) as was the resistance effect (p< 0.002). Again, because of the

signiflcant interaction, the pair-wise differences between the resistant and

susceptible sheep were tested separately in the dosed and undosed groups. There

was no significant difference between resistant and susceptible sheep in the

undosed group (p= 0.326) but there was a significant difference between the

resistant and susceptible sheep in the dosed group (p< 0.001).

3.4.1.2 Animals born 1995

The plots of the main effects (dose and resistance) are shown in Figure 3.16.

In this year the interaction effect was not statistically significant at the 5% level (p=

0.106), although the observed differences between treatment means were similar to

those in other years (compare Figures 3.15, 3. 17, 3.1g). The resistance effect was

significant (p= 0.027). Although the interaction effect was not statistically

significant, pair-wise differences between the resistant and susceptible Romneys

were conducted as in the other years with the same results: for the undosed sheep

there were no significant differences between the resistant and susceptible strains

(p= 0.615) but for the dosed sheep there were significant differences (p< 0.01).
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3,4.1.3 Animals born 1997

Box plots of the main effects (dose and resistance) are shown in Figure 3.18.

The interaction was statistically significant (p= 0'011) Figure 3'19' as was the

resistance effect (p< 0.002). The test of pair-wise differences showed that for the

undosed sheep there were no significant differences between the resistant and

susceptible strains (p= 0.2t3) but for the dosed sheep there were significant

differences (p< 0.0005),

3.4.1.4 Summarv

Statistical analysis of the results of enzyme measurement for O-demethylase

showed significant difference between the resistant and susceptible lines (p=

0.0000013) when all of the animals were included in the analysis, Figure 3.12.

Analysis of the results for each birth year also showed significant differences

between the lines of animals born in 1994 (p= 0.002), 1995 (p= 0.02) and 1997 (p=

0.0017), Figure 3.12. There were also significant differences in enzyme activity

among animals born in different years (p= 0.000096).

Significant differences between dosed resistant animals were observed in

animals born 1994 (p= 0.038), and 1997 (p= 0.01), but not for 1995 animals (p=

0.1). Figures 3.15, 3.16 and 3.19. This might be due to individual variability in O-

demethylase activity for animals born 1995. Overall the statistical analysis for all

years showed a significant difference for the interaction of resistance and dosing

factors in all animals (p- 0.00069) (Figure 3.13). The statistical results for all years
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showed that dosing affected both lines, the susceptible line by decreasing the

enzyme activity compared to the resistant line which showed an increase in the O-

demethylase enzyme activity.
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There were significant effects for resistance, dose and year. Resistant animals(r), susceptible animals (s),
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by increasing the enzyme activity in the resistants and decreasing the enzyme activity in the susceptibles.
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3.4.2 N-demethvlase

First, the data for all sheep born in 1994 and 1997 was analysed. The

factors in the experiments were " dose', "resistance" and uyearn. Box plots for each

of the main effects are shown in Figure 3.20. A full factorial model was fitted

(including all 2 - way interactions and the 3 - way interaction dose, resistance and

year). The only significant interaction effect was between dose and year (p= 0.006,

Figure 3.21). A reduced model of the main effects and the year and dose

interaction was fitted. ln this model there was no significant difference between the

resistant and susceptible lines 1p= 0.9457) but there were significant differences

between the years (p< 0.02), Figure 3.22. Because of the significant interaction, the

analyses were repeated for the years separately.

3.4.2.1 Animals born 1994

As is shown in Figure 3.20, there were no significant differences between

resistant and susceptible sheep (p= 0.94), nor between dosed and undosed sheep

(p> 0.22) (Figure 3.21), nor was the interaction between dose and resistance

significant (p= 0.87).
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3,42.2 Anima,ls bom 19,96

No slatistical tests were conducted for this group of animals because there

was not enough d:ata to be analysed as only a few animale were involved in the

analyeis.

3.4.2.3 Arimals born 1 997

As is shown in Figure 3,.22, there was no significant interaction betwe,en dose

and resistance (p=0.95), nor was tftere a significant resistance effect (p> 0.8).

There were signifiq,ant difbrences between doeed and undoeed sheep (p< 0.013).
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3.5 Repeat assavs of O- and N- demethvlase

The O-and N-demethylase assays were repeated in 2003 to check the

previous results. The assays were carried out in triplicate for each animal using the

microsomal fractions that had been stored at -80 oC for up to 8 years. Replicate

assays varied approximately 1 0 - 5o/o from mean values, For example, for undosed

resistant year g4 born Romneys the replicate assays for 0-demethylase are shown

in Table 3.9:

Animals No. Absorbance

4110 0.4,0.44,0.44

4101 0.43, 0.45, 0.46

4040 0.5, 0.5, 0.51

4221 0.33,0.35,0.37

4304 0.45,0.43, 0.49

Table 3.9: Triplicate measurements for o-demethylase activity of 19g4 born,

undosed, resistant animals.

Table 3.10 shows the summary for repeat measurement (duplicate assays)

of all animals included in Tables 3.2 - 3.4. Although activities were, in general,

unexpectedly greater than previously measured trends were similar, i.e. dosed

resistants had greater activity than dosed susceptibles.
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Animals born 1994

O.Demethylase (pm/h/mg protein)

Mean * SD

Undosed susceptible 24t4
Undosed resistant 23.9 X7

Dosed susceptible 19.5 r 3.1

Dosed resistant 37.7 *2

Animals born 1995

Undosed susceptible 33.0 r 9.5

Undosed resistant 43.7 * 5.1

Dosed susceptible 28.3 * 9.7

Dosed resistant 44.4X 21.2

Animals born 1997

Undosed susceptible 21.1 * 10.3

Undosed resistant 32.4 r10.4

Dosed susceptible 15.4 r 6.0

Dosed resistant 33.8 r 3.6

Table 3.10: Summary for the repeated O-demethylase assays for

1994, 1995 and 1997 animals.
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For N-demethylase (Tables 3.11,3.12) rates were approximately 10 -20o/o of

those previously measured but were approximately proportional to the earlier

measurements. Aminopyrine N-demethylase therefore appeared to be less stable

than nitroanisole O-demethylase. N-demethylase showed no obvious differences

between resistant and susceptible animals in the dosed or undosed samples for all

years.

Undosed resistant Absorbance

7082 0.06, 0.06, 0.06

7022 0.08, 0.04, 0.06

7350 0.05, 0.05, 0.05

7348 0.04,0.05, 0.03

7305 0,05, 0.05, 0.05

Dosed resistant

7231 0.07,0.06, 0.06

7281 0.04, 0.05, 0.04

7330 0.06, 0.06, 0.06

Table 3.1 1: Triplicate measurements of N-demethylase activity

for 1997 born undosed and dosed resistant animals.

The results of the repeated assays for O- and N-demethylase were not used for

further statistical analysis.
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Animals born 1994

N-Demethylase (um/h/mg protein)

Mean iSD

UndosEd susceptible 1.41 t0.4

Undosed reslstant 1.4 *0.4

Dosed susceptible 0.85 r 0.3

Dosed resistant 1.3 r0.4

Animals born 1995

Undosed susceptible 1.610.4

Undosed resistant 1.55 r 0.3

Dosed susceptible 1.97 * 0.6

Dosed resistant 1.98 * 0.4

Animals born 1997

Undosed susceptible 1.17 t0.5

Undosed resistant 1.33 r 0.4

Dosed susceptible 1.5 * 0.3

Dosed resistant 1.56 t 0.1

Table 3.12: Summary for the repeated N-demethylase assays for 1g94, 1g95

and 1997 born animals.



99

3.6 Analvsis of cvtochrome P-450

Cytochrome P-450 can be detected by spectral analysis of the CO-binding

hemoprotein (Omura and Sato, 1964). Cytochrome P-450 levels were compared in

microsomal extracts from resistant and susceptible animals and after partial

purification of P450 from liver microsomes.

Figure 3.23 shows the CO-binding spectra of liver microsomes from undosed

resistant animal 6379 using 2 mg of liver microsomal protein per ml. The CO

absorption spectrum indicates the presence of both P-450 and P-420. P-420 is a

degradation product of P-450. Addition of excess dithionite to the samples of both

cuvettes lead to a loss of P-450 and relative increases in the P-420 peak (Figure

3.24).

3.6.1 Purification of cvtochrome P-450

Cytochrome P-450 heterogeneity has been previously detected using 1-D

PAGE for separation of microsomal proteins (Huang et al., 1976; Guengerich,

1978). Undosed resistant and susceptible Romneys were therefore analysed by 1-

D SDS PAGE of liver microsomal extracts and of partially purified cytochrome P-

450 isolated from microsomes by deoxycholate extraction and selective

precipitation with PEG 6000. Separated proteins were detected by staining with

Coomassie blue R-250 and by Western blotting using antibody to recombinant

human cytochrome P450 3A4.
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Figur.e 323: CO absorytion spectrurn of sheep liver cytochrom'e P-450, Liver microsomes, 2

rng proteinlnrl in 0.1 M phosphate buften pH 7.4 w,ere Incub.ated with sodium dithlonite. CO

was bubbled throug,h the test sample before rneaeuting the diffe,renee spectra.

Figu,re 3,24 A reduotion in the Beak he,ight of o$ochrorne P.450,and an incr'ease in the peak

height of cytochrome P*420, was observed after edra :additi,on of dithionite to bolh cuvettes,
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.1.1 Partial

The total P-450 concentration in normal liver microsomes was determined

from its CO difference spectra, obtained by gassing dithionite-reduced microsomal

suspensions (2-10 mg of protein/ml of 0.1 M phosphate buffer, pH7.4), with CO.

The amount of cytochrome P-450 was calculated from the absorbance (Aqso -

A,aso), using a molar extinction coefficient of 91 mM-1lcm-1 (Omura and Sato, 1964).

Cytochrome P-450 concentrations were expressed as nmol/mg of microsomal

protein. Table 3.14 shows the results of partial purification of cytochrome P450

from liver microsomes of a sheep obtained from the Wellington abattoir.

Approximalely 23o/o of the microsomal P-450 were recovered in the 7-15o/o PEG

pellet with a specific activity 2.3 times that of the deoxycholate extract.

Table 3.13: Partial purification of cytochrome P.450 from microsomes from 50 g control sheep liver'

P450 content was determined by the CO method. The results are the means of duplicate

measurements. The P-420 peak was excluded from calculation of total P-450.

volume

(ml)

Total protein

(mg)

Specific activity

(nmol P450/mg protein)

Total P450

(nmol)

Deoxycholate extract 200 1980 0.3 594

7Yo PEG Pellet 20 165 0.06 9.9

15% PEG Pellet 20 194 0.71 138

15% PEG supernatant 250 2083 0.01 12.5
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3.6.1.2 Partial purification and analvsis of cytochrome P-450 from undosed

Susceptible and resistant animals born 1994, and undosed control and resistant

animals born 1996

Table 3.14 shows the results of partial purification of cytochrome P-450 from

animals born 1994. The specific activity of cytochrome P-450 in the 7-15% PEG

pellets was lower than achieved in the previous separation and did not vary

between susceptible and resistant animals. Similar results were found for

cytochrome P-450 from sheep liver by Smith et al. (1984) 0.490 nmol/mg protein,

Smith and Watkins (1984) 0.316 nmol/mg protein and Dalvi et al. (1987) 0.323

nmol/mg protein.

Table 3.15 shows the P-450 content of 7-15% PEG pellets from unsetected

control and resistant animals born 1996. The Table shows that the specific activity

and recovery of cytochrome P-450 was greater in the resistant animals compared to

the unselected control animals. The cytochrome P-450 levels in the resistant

animals born 1996 were greater than those observed in the resistant animals born

1 994.

It was not clear whether the observed ditferences in specific activity reflected

differences in liver cytochrome P-450 concentration or whether they were due in

part to variability produced during partiar purification of p-450.



1994 born animals Specific activity

(nmol P.450/mg protein)

15% PEG Pellet 110.4,111.4
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Table 3.14: Partial purification of P-450 from microsomal samples. Microsomes were prepared from

30 g liver from undosed susceptible or resistant Romneys. P-450 content was calculated by the CO

method. Measurements are in duplicate for two animals one from the resistant and one fron the

susceptible born flocks.

Table 3.15: Partial purification of P-450 from microsomal samples. Microsomes were prepared from

30 g liver from unselected control or resistant Romneys, P-450 content was calculated by the CO

method. Measurements are in duplicate for one animal from the unselected control or resistant

Romney lines.

1996 born anirnals Volume

(ml)

Total protein

(mg)

Specific activity (nmol

P-450 /mg protein)

fotal P-450

nmol( % )

Control sample

Deoxycholate extract I 779.2,779.2 0.33, 0.33 257.',|-,257.1

15% PEG Pellet 4.1 226.3,226.4 0.27,0.27 61.11,61.4

Undosed resistant

Deoxycholate extract 8.4 410,410 0.37,0.37 151.8, {50.9

15% PEG Pellet 4.2 94.1, 94.3 0.5,0.5 47.1,47.2
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3.7 Analvsis of microsomal cvtochrome c reductase

Cytochrome P450 is reduced by an enzyme system that can be measured

as NADPH dependent reduction of cytochrome c in microsomal extracts. The

activity of this enzyme was compared using microsomes from undosed suscepttble

and resistant Romneys to test whether differences in reduction of cytochrome P-450

might be responsible for different rates of P-450 dependent metabolism of

sporidesmin. Analysis of five 1997 born undosed resistant Romneys (number 7348,

7182,7305, 7350, 7022) and five 1997 born undosed susceptible Romneys

(number 7086, 7052,7265,7197,7211), showed that there were not significant

differences (t - test p= 0.14) between the lines although the mean value for undosed

resistant sheep (8.98 t 1.84 nmol/min/mg protein) was lower than for undosed

susceptible animals (10.90 t 1.04 nmol/min/mg protein). The lack of significant

differences shown in the t-test was confirmed by using an Exact Wilcoxon rank-sum

test which showed no statistically significant difference between the resistant and

the susceptible animals (p= 0.15). lt is therefore unlikely that differences in

cytochrome P-450 reductase are responsible for differences in P-450 mediated

metabolism.

3.8 1-D qel electrophoresis of microsomal proteins

P450 isoenzymes generally electrophorese in the 45 - 61.5 kDa range. 1-D

electrophoresis and Western blotting of microsomal fractions were therefore carried
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out to search for evidence of P-450 polymorphism between undosed resistant and

susceptible Romneys. Figure 3.25 shows that there were some differences in the

P-450 region of Coomassie Blue R-250 stained SDS - PAGE separations of liver

microsomes between undosed resistant and susceptible animals.

The gel shown in Figure 3.25 resolved more than 40 discrete polypeptide

bands, 5 of which were in the 45 - 61.5 kDa region. These 5 bands, taken together,

represented the most polypeptide dense area of the gel, as estimated from the

intensity of Coomassie Blue staining. The bands were designated a - e (Figure

3.25), and assigned molecular weights relative to the standards with which they

were electrophoresed. By comparison with electrophoresis of cytochrome P-450

from other species (siekevitz, 1973; Haugen et al., 1g7s; Ryan et al., lgzs; welton

et al., 1975) the bands designated c, d, and e might represent cytochrome P-450s.

To test if there were any band abundance differences between undosed susceptible

and undosed resistant Romneys, scanning of the gels was carried out as shown in

Figure 3.25. The scanned images of the four samples were similar although there

were some individual differences. These differences can be seen in the scanned

region of the gel, region b for example being less prominent in one of the

susceptible Romneys.
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Western blotting was performed to confirm the presence of cytochrome P-

450 in microsomal fractions from undosed susceptible and undosed resistant

Romneys. Rabbit polyclonal anti-human cytochrome P-450 3A4 antibody was used

as the primary antibody, and HRP conjugated goat anti-rabbit lgG was used as the

secondary antibody, Dexamethasone - induced rat liver cytochrome P450 3A1

was used as a standard for blotting, as described in Materials and Methods.

The results obtained by immunoblotting (Figure 3.26) show that anti-human

cytochrome P-450 3A4 antibody bound to at least two immunoreactive bands in the

sheep liver microsomal extracts. The two immunostained bands of each sample

show a close similarity in pattern and intensity. The estimated apparent molecular

weight of the stained protein bands was between S1-S9 kDa. Because the four

samples from the selected lines did not show any pattern or intensity differences a

decision was made not to proceed further.
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Figure 3.26: lmmunoblot of sheep liver microsomal proteins from two undosed susceptible

and two undosed resistant animals reacted with anti-human cytochrome P-480 3A4

antibody. Lanel shows Benchmark molecular weight markers. Lane 2 positive control

contains the d:examethazone induced rat fiver cytochrome P-450 3A1. Lanes 3 and 4

contain undosed susceptible microsomal protein. Lanes 5 and 6 contain undosed resistant

microsomal protein.
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3.10 GSH dependent metabolism of sooridesmin

3.'10.1 Spectrophotometric analvsis of the reaction of sporidesmin with GSH

GSH dependent interactions with sporidesmin were studied initially using a

spectrophotometric assay. A spontaneous, non-enzymatic reaction between GSH

and sporidesmin was observed by Sissons et al. (1980) with a suggested pathway

as shown below:

/t
\

SH

p

\
SHS

S--SG

/ csH

sp 
--------+
\ \

SH

The initial aim of this study was to obtain absorption spectra for GSH and for

sporidesmin, and to determine any spontaneous chemical reaction, between them

prior to studying potential enzymatic catalysis of reactions. The interaction of 0.7

pM sporidesmin with 5 mM GSH was initially examined by analysis of changes in

the absorption spectrum in incubates containing 3 ml 0.1 M potassium phosphate

buffer pH7.4,5 mM GSH and 0.7prM sporidesmin at 2s"c. Figure 3.27 shows the

absorption spectrum of 5.7 pM sporidesmin in the absence of GSH. Sporidesmin

S

GSH

-+

+ GSSG
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absorbed maximally at approximately 254 nm with a smaller peak at-around 300

nm. The absorption spectrum of sporidesmin did not change with time,

Figure 3.28 shows the absorption spectrum of 5 mM GSH alone with an absorption

maximum less than 240 nm. Spontaneous reaction of 0.7 prM sporidesmin with 5

mM GSH (Figure 3.29) gave a progressive decrease in absorbance with greatest

change in the region 230 - 260 nm. The reaction products were not characterized.

Potential products include mixed disulphides such as Sp(SH)SSG, or possibly

products of the reaction of GSH with the chlorine atom of sporidesmin..
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Figure 3.97: Thd abeoqption spectnrm (200 - 400 n1rn) of 5.7 trr,M sp6ride-srnin in S,ml buffer.

There was an absofFltion maximum al2:84 nm, with a srnaller absorption peak at app,roxinrately

300,nrn' The absorptio,n spaetrur r of sporiflgsm,n in huffer did not chenge with time,

Wavelength (nrn)

Figure3.28:.Absorption spectrurn of E rnlVt GSH.
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3.10.2 Enzvme catalvsed reaction between sporidesmin and GSH

The effect of sheep liver cytosol on reaction between 0.7 prM sporidesrnin

and 5 mM GSH was examined by measuring the change in absorbance between

220 - 280 nm at 25"C. The rate of reaction between 0.7 pM sporidesmin and 5 rnM

GSH doubled compared to the spontaneous reaction when 100 pl (S0 pg protein) of

sheep liver supernatant from sheep 7305 was added to the reaction as shown in

Figure 3.30. The maximum decrease in absorbance occurred at the wavelength

previously detected for the spontaneous reaction (Figure 3.29). There was no

evidence of spectral differences reflecting formation of products other than those

produced by spontaneous reaction of sporidesmin with GSH.

The reaction was further investigated by changing the amount of the

cytosolic protein to see if there was any change in the rate of reaction. In a series

of reactions in which the spontaneous non-enzymatic rate between sporidesmin

and GSH was 0.083 A,/min, the enzymatic reaction rates (spontaneous rate

subtracted) were 0.095 and 0.19 fumin for 40 and 80 pg of cytosolic protein.

Spontaneous reaction
(A/min)

50 plenzyme
(A/min)

100 pl enzyme
(A/min)

0.086 0.1720 0.2540
0.080 0.1841 0.2920

Mean: 0.083 0.1781 0.2730

Table 3.16: Enzyme catalysed reaction of sporidesmin with GSH. Results are

duplicate measurements with means for the spontaneous and enzymatic

reaction of 40 and 80 pg cytosolic protein.

VICTOFI,A t lNll\rr:'PSI]"/ 0F \,ryELL|NGToN
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Wevelength (nm)

Figtrre 3:.30: The enzyme cata$sed reaction between sporidesrnln and GSH. The test r€astion

contained 0.7 pM sporidesmin and,b nrM G€H in tho presenoe of B0 pg livef supprna,tant protein,

Enztrrrne w,as omitted from the reference cuvelte.
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3.11 Spectrophotometric determination of GSH-dependent enzvme catalvsed

reaction with sporidesmin for the Romnev selection lines

Rates of GSH-dependent reaction with sporidesmin were measured using

Iiver supernatants from 1997 born undosed and dosed animals from the resistant

and susceptible selection lines, Mean rates (n= 5) of absorbance change (A / min /

mg protein) were 0.074 + 0.03 for undosed resistants, 0.042 + 0.014 for undosed

susceptibles, 0.039 t 0.01 for dosed resistants and 0.035 + 0.02 for dosed

susceptibles.

3.12 HPLC analvsis of the reaction of sporidesmin with GSH

GSH dependent metabolism of sporidesmin was investigated using HPLC.

Sporidesmin (5.7 prM) was incubated at 37'C for 30 min with approximately 50 prg

of liver cytosol protein with or without 5-10 mM GSH. Figure 3.31 shows separation

of sporidesmin from GSH but loss of sporidesmin occurred to a similar extent in the

presence of liver cytosol with or without added GSH. Cellular concentrations of

GSH are typically 5-10 mM. lt is therefore possible that endogenous GSH in the

cytosolic extract (calculated to be 1-2 mM after dilution of tissue with

homogenisation medium) was sufficient to catalyse reaction with sporidesmin in the

absence of added GSH. No attempt was made to repeat this rneasurement with

supernatant that had been depleted of GSH. lt was decided instead to use model

substrates to measure GST activities.
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Figure 3.31: The interaction of a cytosolic.enzyme with sporidesmin in the presence or absence of

GSH and the lnteraction of sporidesmirt with GSH alone. The measurement was carried out with

detection at 230 and 260 nm.

Part 1: Chromatogram of 5.7 pM sporidesmin.

Part2 Chromatogram'of S mM GSH.

Part 3: chromatogram of sporidesmin in the presence of liver cytosol.

Part 4: Chromatogram of sporidesmin in the presence of GSH.

Part 5: chromatogram of sporidesmin in the presence of liver cytosol and GSH.

Note:

Sp,: sporidesmin.

GSH: glutathione.

Thin short arrows refer to 230 nm wavelength.

Thin long arrows refer to 260 nm wavelength.

Thick short arrows refer to initial injection line.
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3.13 Analvsis of GST activities usinq model substrates

3.13.1 CDNB and DCNB

Animals born 1997

GST activity toward CDNB and DCNB substrates was measured using the

spectrophotometric method of Habig and Jakoby (1981). Assays contained

approximately 50 pg of sheep liver cytosol, 1 mM CDNB or 1 mM DCNB and 1

rnM GSH for CDNB and 5 mM GSH for DCNB. Activity with CDNB was greater

than with DCNB but for each substrate, activities were similar among the four

experirnental groups as shown in Tables 3.17 and 3.18. No statistically

significant differences were found among the groups for either substrate CDNB

(p= 0.78 for undosed susceptible and undosed resistant srd p= 0.95 for dosed

susceptible and dosed resistant animals) or DCNB (p= 0.1 for undosed

susceptible and undosed resistant and p- 0.84 for dosed susceptible and dosed

resistant animals).
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CDNB Specifle astlvlty (prnol/min/mg protein)

Mean tSD (n= 5)

Undosed susceptible 0.75 *0.2

Undosed resistant 0.79 t0.3

Ds-sed susceptlble 0.82 * 0.2

Dosed resistant 0,67t0.2

Table 3.,17: GST activity towards CDNB. Resutts are from duplicate

m'aasLuements Of rate-s for eac$ animal bom 1g97.

Table 3.18; GST actMty towands DONB. REsults.are from dupficate

rn€asurements: sf raloe for each anlnnal born 1997.

DGNB Specific activ,ity 0unol/.rnin/mg protei n|

Mean tSD (n= 5)

Undosed susceptible 0.14 * 0.1

Undosed resistant 0.16 i0.04

EDosed susceptible 0.15 t0.08

Dosed resistant 0.r3 *0.03
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3.13.2 p-NBC

Liver cytosolic GST activity towards p-NBC was measured at 310 nm and

25"C. This substrate is preferentially used by GST class Theta in rat (rT1-1)

(Meyer et al., 1991) and human (hr1-1) (Meyer et al., 1991; sherratt et at.,

1997). Activity was greatest in undosed resistants compared to undosed

susceptibles for animals born in 1995 and 1997 although standard deviations

were relatively large (Table 3.19).

3,13.3 EPNP

Table 3.20 shows the results of analysis of liver cytosolic enzyme from

undosed susceptible and undosed resistant animals born 1gg7. EpNp is

preferentially used to measure Theta class GST in rat (rT1-1) (Meyer et al., 1gg1)

and human (hT1-1) (Meyer et al., 19g1; Jemth and Mannervik, 1g97; sherratt et

al.' 1997). There was a 1.8 fold greater activity in undosed resistant animals

compared to undosed susceptibles. The data also show a moderate variation in

activity within each group,
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p.NBC spectftc aouvtty (nmourflin/mg, proteinl

Itlean t$D (n= 5)

Undossd suscoptlble

Bom 1995

2#.6*,39.7

Undosed resistant

BOrn 1995

317.6 x79.2

Undosed susceptible

Born 1997

235.87 r 106.8

Undosed resistant

Eor:n 1997

388.72 r 149.5

Table 3.19: Liver cylosolic GST activity totuar:dsp-NBG for undoeed

Rornneys born in 1-99.S and i9€7.

Tabb 3.2ft Liver cytosollc GsT activity towards EpNp as a substrate

for animals born 1997,

EPNP Spesiflrc aotlvlty (nmou rnln/mg proteinl

llllean tSD (ne 5)

Undosed susceptible 23"53 r7. 3

Uhdossd reeistant 41,21*,11.7
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3.13.4 Statistical analvsis for GST activities usinq model substrates

3.13.4.1 GST- CDNB activitv

The measurements were obtained from Romneys born in 1997. Analysis

of variance (ANOVA) was used to test for differences between the levels of the

factors "dose" and "resistance" and the interaction between "dose" and

"resistance". The analysis was carried out on the raw data and on log-

transformed data, and the results of these two analyses were very similar. The p

- values quoted are from the analysis on the log-transformed data. The

interaction effect was not significant (p= 0.41), neither were either of the main

effects (resistance: P= 0.66; dose: p= 0.87).

3.13.4.2 GST- DCNB activity

The measurements were obtained from Romneys born in 1997. Analysis of

variance was used to test for differences between the levels of the factors "dose"

and "resistance" and the interaction between "dose" and "resistance". The data

were not transformed. The interaction effect was not significant (p= 0,84), nor

was the resistance effect (p= 1.0 as the means of the resistant and susceptible

animals were in fact equal), nor was the dose effect (p> 0.8).



122

3.13.4.3 GST- p-NBC

ANOVA was carried out on the GSH-dependent enzyme measurement for

p-NBC, with factors "resistance", "year" and the interaction between "year" and

"resistance". The interaction effect was not significant (p= O.S5), nor was the

year effect (p= 0.48). The resistance effect was significant (p= 0.01), a result

confirmed by a Wilcoxon Rank - sum test (the mean for the resistant sheep was

higher in both years than was the mean for the susceptible sheep).

3.13.4.4 GST- EPNP activitv

Two sample t-test showed a significant difference (p= O.O174) between the

resistant and the susceptible animals, in the measurement of the enzyme activity

toward the EPNP substrate, in animals born 1997. This result was confirmed by

using the Exact Wilcoxon rank -sum test, which recorded a significant difference

between the resistant and the susceptible animals at the level of p= 0,01s.

3. 1 3.4.5 GST- sporidesmin activitv

Analysis of variance was carried out using the log-transformed data, with

the factors "dose" "resistance" and the interaction between ,,dose" and

"resistance". The interaction between dose and resistance was not significant at

the 5% level (p= 0.08). Neither of the main effects was statistically significant (p=

0.196 for resistance and p= 0.3 for dose).
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3.14 1-D PAGE of liver supernatant from undosed susceptible and undosed

resistant Romnevs

Multiple forms of GSTs have been isolated and purified from mammalian

organs (Mannervik et al., 1985; Board et al., 1990) including sheep liver (Miller et

al., 1994; Lenartova et al., 1996). Mammalian cytosolic GSTs have molecular

weights of approximately 48,000, with subunits of 23,000 to 25,000 (Mannervik et

al., 1985).

1-D PAGE of liver 100,000 g supernatant from four undosed susceptible and

four undosed resistant 1997 born Romneys was carried out to search for

possible differences in GST. Figure 3.32 shows Coomassie Blue stained gels of

four undosed susceptible and four undosed resistant 100,000 g supernatants.

Two animals from each of the undosed susceptible and undosed resistant lines

were analysed by scanning the 1-D gel lanes (Figure 3.33). The scanned region

of each gel contained bands within the region 12 - 28 kDa that was expected to

show GST subunits. There were no consistent differences between the resistant

and susceptible samples although there was some variation among individuals

from each of the experimental groups.
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Figure 3.32: 1-D PAGE of liver 100,000 g supernatant from four undosed susceptible and

four undosed resistant Romneys. Bars 2, 3, 4, and 5 show the scanned 12 - 2g kDa

protein regions. The MW lane contains protein markers where sizes are indicated in kDa.
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3.15 Analvsis of protein variation bv 2-D pAGE

2-D PAGE was used to search for protein variation between the Romney

lines. lnitially a comparison was made of variation among total homogenate

proteins using pools of liver from five resistant Romneys and from five

susceptible Romneys and this was extended to analysis of 100,000 g

supernatant protein. Variation among the GSTs may be detected in the whole

homogenates although some of these enzymes have alkaline pls and would not

be seen on the 2-D gels, lt is also possible that P-450 isoforms might be

detected but these microsomal proteins are expected to be low abundance in

whole homogenates and many have alkaline pls and would not be detected in

the focusing range used.

Figures 3.34 and 3.35 show pools of liver homogenate proteins from five

undosed susceptible and five undosed resistant animals separated by 2-D

PAGE. To simplify the anarysis, a pooling protocol was used whereby the

homogenates from five individuals in each group were pooted and examined on a

single gel. This technique allows rapid comparison of variation among groups.

Approximately 200-300 protein spots were observed on each gel and

approximately 130 of the most abundant spots were chosen for quantitative

analysis. The protein spots were located within a pl range of 3.5 - 7.S, and within

the size range 14 - 66 kDa. Spots were assigned a number that was consistenly

used for that protein on all of the gels prepared from the pools of the susceptible

and resistant animals. Visual inspection of the separated proteins from the

ilooled susceptible and resistant animals showed few changes in protein pattern
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although eighteen proteins appeared to show some variation in amount between

the susceptible and resistant lines (Figures 3.36a - d).
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Figure 3.34: 2-D PAGE of pooled liver homogenates from five undosed susceptible Romneys.

Numbered objects show the spots selected for quantitative analysis.
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Figure 3.35: 2-D PAGE of pooled liver homogenates from 1ve undosed resistant Romnevs. Numbered

objects show the spots selected for quantitative analvsis.

7.5
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3.1 5.1 Protein spot variation between resistant and susceptible lines

To allow for reproducibility of spot detection, two gels from each pool were

analysed separately. Quantitative analysis of protein variation was carried out on

scanned images of the gels for 137 of the most abundant protein spots. This

analysis included eighteen protein spots which appeared to vary in intensity

between pools (Figures 3.36a, 3.36b, 3.36c, 3.36d). The amount of each protein

spot was expressed as a percentage of the total amount of the 137 spots

measured on each gel. The data plotted in Figure 3.37a shows the range of

quantitative variation measured for the eighteen spots that had appeared to vary

when the gels were inspected by eye, Most of those spots varied, on average,

about two-fold between the resistant and susceptible lines. Results for ten spots

that showed no quantitative variation between the undosed susceptible and the

undosed resistant Romneys are shown in Figure 3.37b. Most of these spots

varied less than 50% between the resistant and susceptible animals. Fourteen

spots out of the eighteen selected variant spots showed higher abundance in the

undosed resistant samples, while only four spots showed higher protein

abundance in the undosed susceptible samples. From the undosed resistant

samples, five spots (4, 7, 46, s5 and 70), showed more than 3-fold greater

abundance compared to susceptibles. Two other spots (66 and 126) showed

2.S-fold variation. The remaining seven spots (1s, 30, E1, gz, g3, 110 and 1zz),

showed an average of 2-fold variation between the lines. The four spots (1T,lg,

80, and 131) that were more abundant in undosed susceptible animals showed
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an average of only 2-fold quantitative variation. The abundance of each

measured protein spot was calculated as a percentage of the abundance of all

other measured protein spots on the gel. This method allows for any differences

in staining between gels and allows for processing as compositional data

(Aitchison, 1986).

Figures 3,34 and 3.35 show that most of the variant protein spots were

present on the acidic side of the gels (eleven spots). Nine of these (4,7,15, 30,

46, 51, 55, 122, and 126), were predominant in the undosed resistant sample.

On the basic side of the gels seven spots showed differences in abundance

between resistant and susceptible lines. Out of the seven variant spots, two

spots only (73, 80) showed higher abundance intensity for the susceptible

animals, while the other five spots (66, 70, 82, 83 and 110) showed higher

abundance intensity for the resistant animals as shown in Figure 3.37a. Some of

the variation in protein abundance might reflect differences in the ability of the

Jiver, from resistant or susceptible animals, to bind or metabolise compounds

including sporidesmin. lt is therefore possible that some of the variation between

the undosed susceptible and undosed resistant animals may reflect segregation

of genes which affect resistance or susceptibility to FE.

The whole homogenate gels were prepared prior to availability of mass

spectrometry techniques at VUW so that no attempts were made to identify the

variant proteins.
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Figure 3.36a: spots showing ditferences in abundance (arrows) between
undosed susceptible and undosed resistanl Romnevs.
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Spot 55

Spot 51

Susceptible pool Resistant pool

Figure 3,36b: spots showing differences in abundance (arrows) between
undosed susceptible and undosed resistant Romnevs.
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Spot 70

Susceptible pool Resistant pool

Figure 3.36c: spots showing differences in protein abundance (arrows) between
undosed susceptible and undosed resistant Romneys.
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Figure 3.36d: spots showing the difference in protein abundance (arrows;

between undosed susceptible and undosed resistant Romneys.
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Figure 3.37a: Quantitative analysis for eighteen homogenate proteins that

varied between the selection lines. The amount of each of the proteins was

expressed as a percentage of the amount of the 137 proteins that were

quantified on each gel, The results are for two gels from each pool of five

animals. Light bars, undosed resistant pool. Dark bars undosed susceptible

pool.
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Figure 3.37b: Quantitative analysis of ten liver homogenate

proteins that did not appear to vary between the resistant and

susceptible Romney lines, Dark bars undosed susceptible pool.

Light bars, undosed resistant pool.
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3.16 Analvsis of 100. 000 q cvtosolic liver supernatant usinq 2-D qel

electrophoresis and MALDI-TOF mass spectrometrv

Differences among 100,000 g supernatant proteins were analysed using

2-D gels and MALDI-TOF techniques. This included a search for GST isoforms.

The 100,000 g supernatants had been prepared at the time when liver was

collected and the supernatants had been stored at - 80 "C. The 2-D gels of liver

supernatant from two resistant and two susceptible animals were used to

examine ditferences in protein expression between the resistant and susceptible

lines (Figures 3.38, 3.39, 3.40, 3.41). Differences in protein abundance were

quantified only for spots that showed obvious differences between resistant and

susceptible samples when the gels were inspected by eye. Eight protein spots

from each of the four gels were examined (Figures 3.42, 3.43). Four of the spots

analysed from each of the four samples showed higher abundance in susceptible

animals (spots 2b, 3b, 4b, 5b), similarly four spots in the resistant samples

showed higher abundance (spots 6, 7, 8 and g) than those in the susceptible

animals (Figure 3.43). Three out of the eight spots (spots 6, 7 and g) were

chosen for further analysis as they were in the expected pl and molecular weight

regions for GST isoforms. These spots were prominent in resistant animals

compared to those spots from the susceptible animals (spots 6b, 7b and 8b).

Spots 6, 7 and I of the resistant samples were used for MALDI-TOF analysis for

protein identifi cation.
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3.16.1 MALDI-TOF analvsis and identification of supernatant proteins

The predicted pl of some GST isoforms are between 5-8. These enzymes could

therefore potentially be detected on 2-D gels but more alkaline isoforms would be

excluded. Three protein spots that were more abundant in the resistant animals

were processed for mass fingerprinting. The selected protein spots 6, 7 and I
were in the pl range 4-7 and molecular weight range approximately between 26 -
30 kDa. The spectra collected for each protein were from duplicate spots. All

spectra were calibrated using close external standard monoisotopic masses of

mlz 1296.68 (angiotensin) and mlz 2465.20 (ACTH 18-39). The mass error

range was also monitored with internal common peaks from tryptic self-digestion

at mlz 21 63.05 and 2273.15.

The protein mass fingerprint tool ProFound (http://1 29.85. 1 9. 1 92/profound

binAlVebProFound.exe) was used to identify proteins using the SWISS-PROT

and NCBlnr databases. The ProFound system ranks protein candidates using a

Bayesian algorithm that takes into account the individual properties of the protein

as well as other information relevant to the experiment (Zhang and Chait, 2000).

The tolerance of the monoisotopic input masses were set to 0.1 Da, the number

of allowed missed cleavages was 2 and the searched species databases were

restricted to "Mammalian". The pl and Mr range constraints were 5-8 and 23 -38

kDa respectively. The primary criteria that were used to assess the likelihood of

correct identification included the Probability and Z scores, the difference in

probability of the first and second matches and percent coverage of sequence. A

Z score of 1.65 means the search is in the 95th percentile, while a score of 2.33 is
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in the 99th percentile http://129.85.19.192/profound/help.html#zscore).

Secondary criteria included comparison of the predicted and observed pl and

mass.

Figures 3.44, 3.45, 3.46 show the mass fingerprints and the ProFound

search result summaries for the selected spots. The mass fingerprint spectrum

of spot 6 (Figure 3.44) showed a moderate ion count and strong peptide signals

were observed. The highest ranked protein was mouse glutathione S-

transferase (Mu 5). A Z score of 1,51 and 1.00 probability was observed for the

highest rank protein. The protein mass and pl corresponded with the

approximate position of the protein spot on the gel and 35% sequence coverage

indicated a reasonable match. The second ranked protein had probability value

5 orders of magnitude lower, allowing reasonable confidence in the top match.

The mass fingerprint spectrum of spot 7 (Figure 3.45) showed strong

signal intensity. The highest ranked protein was glutathione S-transferase

subunit 9Yc (Mul), with a Z score of 1.66 and 1.00 probability. There was only

one other match, to an unrelated protein. Protein mass and pl data for the

matched protein corresponded with the approximate position of the protein spot

on the gel and the coverage 21o/o of the matched sequence suggested a

reasonable but not strong confidence in the match.

A good spectrum was observed for spot I (Figure 3.46) with low noise

background. There was only one match, to Bos taurus ranked protein identified

was MHC class ll BDR3. The candidate protein showed a high Z score of 2.43

with a probability of 1.00. The protein mass and pl of the matched protein
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corresponded to the approximate position of the protein spot on the 2-D gel and

the 26% sequence coverage indicated reasonable confidence in the match.
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Figure 3.38; 2-D gelof 100,000 gsupernatant from animal7022 (resistant line). Circled

regions show spots that differed in abundance between resistant and susceptible lines.
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Figure 3.39: 2;D gel of 100,000 g supernatant from animal 7S4B (resistant line). Circled

regions show spots that differed in abundance between resistant and susceptible lines.
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Figure 3.40: 2-D gel of 100,000 g supernatant from animal 7086 (susceptible line). Circled regions

show spots that differed in abundance between susceptible and resistant lines.
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Figure 3.41:2-D gel of 100,000 g supernatant from animal 7052 (susceptible line). Circled

regions show spots that differed in abundance between susceptible and resistant lines.
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7022

Name Volume

ELPS- 2 22.1

ELPS- 3 97.1

ELPS- 4 ',t2.1

ELPS- 5 250.2

ELPS- 6 3s0.6

ELPS- 7 343.5

ELPS. I 331.2

ELPS- I 1086.0

Pgrcent

0.89

3.9

0.5

10.0

14.1

13.8

13.3

43.6

PercEnt

13.7

32.0

11.9

16.4

0.8

0.7

0.0

24.4

7052

Nams Volume

ELPS- 2b '199.8

ELPS- 3b 466.7

ELPS- 4b 173.8

ELPS- 5b 239.1

ELPS- 6b 12.0

ELPS- 7b 10.1

ELPS- 8b 0.s

ELPS- 9b 347.3

*d'1-

.. il. ..... *
llliwv
..-,-.,.t:i,,

.:-',1,'" irid#

7348

Name Volume

ELPS- 2 24.92

ELPS- 3 106.71

ELPS- 4 18.8

ELPS- s 133.86

ELPS. 6 73.46

ELPS- 7 136.9

ELPS- 8 114.52

ELPS- 9 1497.02

Percent

1.26

s.41

0.97

19.5

3.72

6.94

5.81

56.39

7086

Name Volume Percent

ELPS- 2b 107.8 17.5

ELPS- 3b 152.3 24.7

ELPS- 4b 23.4 3.8

ELPS- 5b 171.3 27.7

ELPS- 6b -8.2' 0.0

ELPS- 7b 22.1 0.9

ELPS- 8b 0.5 0.0

ELPS- 9b 348.4 25.5

Figure 3.42 2-D gelof soluble fractions (100,000 g supernatant) from liver of two

susceptibles (7052,7086) and two resistant Romneys (7022,7348) with quantitative

analysis of eight selected protein spots that were present in each sample.

' The negative number represents the measurement of the background around spot

6b in the susceptible animal. Arrows indicate the locations of spots 6,7,8.
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Figure 3.44: Mass fingerprint for spot 6 showing the MALDI spectrum (top), ProFound search

result (middle) with murine GST Mu5 as the top ranked hit, and peptide coverage map (bottom,

six matched peptides) for the match to MuS.
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Figure 3.45: Mass fingerprint for spot 7 showing the MALDI spectrum (top), ProFound search

result (middle) with Cavia porcellus GST Mu1 as the top ranked hit, and peptide coverage map

(bottom, four matched peptides)for the match to Mu1.

Voy.got SPoc tl"BC.'MC'>gClBP s257Ot, llo:tl



150

80

70

60

!0

a0

1083 1t52

'fi1

Reprints of ourposten al lhe 48th AS|vl$ Confercnce are available in PDF formal (lhPB096,IhPB097),

ProFound . $euch Result $runmary

Ve sion 4.105

The Rodrefeller Univerity Edilion

Figure 3.46: Mass fingerprint for spot I showing the MALDI spectrum (top),

ProFound search result (middle) with MHC class ll as the top ranked hit, and

peptide coverage map (bottom, five matched peptides) for the match to MHC

class ll.
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CHAPTER IV

DISCUSSION

4.1 Effect of sporidesmin on liver histoloqv

A study was made of histological change in liver from susceptible and

resistant Romneys dosed with sporidesmin. The sheep were orally dosed with 0.15

mg/kg body weight for susceptible and 0.35 mg/kg body weight for resistant

animals. Dosed animals were compared with undosed control animals from the

undosed susceptible and the undosed resistant flocks.

Kellerman and Coetzer (1984) divided the hepatogenous photosensitization

diseases into two main groups, one group with damage primarily to the biliary

system and the other with damage primarily to the liver parenchyma. I wish to use

a similar classification to discuss the pathological changes in this experiment.

This study showed that, two days after dosing of susceptible animals, there

was moderate changes in the liver histology (Figure 3.5). Our finding is in

agreement with a previous histological study of mice dosed with sporidesmin

(Bhathal et al., 1990) that indicated little change one day after sporidesmin dosing.

Changes had occurred mainly in hepatocytes, especially in the dosed susceptible

animals (Figures 3.5). This result is also in accordance with the findings of

Thompson et al. (1983) who found changes in the morphology of rabbit hepatocytes

but no biliary lesions after one day of oral dosing with sporidesmin. The appearance

of mild vacuolation in the hepatocytes surrounded the portal area in the dosed

susceptible samples two days after dosing was in agreement with the finding of
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Mortimer (1963) who reported marked vacuolation and acidophilic cytoplasmic

staining of the liver hepatocytes, together with the loss of cellular and sinusoidal

outlines throughout the lobules. These changes were marked in the centrilobular

and portal areas. The relatively minor histological change detected in Romney liver

two days after dosing suggests that changes in enzyme activity in the sporidesmin

dosed sheep may reflect a primary response to the toxin rather than the effects of

cellular damage.

4.2 Metabolism of sporidesmin bv liver microsomes

HPLC analysis was used to measure the extent of microsomal metabolism of

sporidesmin in the presence or absence of the cofactor NADPH (Figure 3.6).

Previous work (Fairclough et al., 1978) indicated the possibility of cytochrome P450

dependent metabolism of the toxin. We therefore studied possible differences in

oxidative metabolism between the resistant and susceptible lines. Microsomal

extracts were incubated with sporidesmin in the presence or absence of NADPH

and the reaction products were examined by HPLC. Incubation of sporidesmin with

microsomes in the absence of NADPH produced some loss in the size of the

sporidesmin peak possibly indicating some binding of the toxin to microsomal

proteins (Figure 3.6). Further decreases in the size of the sporidesmin peak

occurred when the toxin was incubated with microsomes in the presence of NADPH

suggesting cytochrome P450 dependent metabolism (Figure 3.6).

Differences in the extent of NADPH dependent metabolism of sporidesmin

were detected using liver microsomes from five undosed susceptible and five un-

dosed resistant animals. Loss of the sporidesmin peak was approximately 27.4V0,
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SD= t21 of the minus NADPH control peak height for five undosed resistant

Romneys and 17.1o/o, SD= 111.6 for five undosed susceptible Romneys. Although

the mean values were slightly greater for resistant animals compared to the

susceptibles, there was not a significant difference between the lines. The results

also indicated variation in sporidesmin metabolism within the resistant and

susceptible animals. lt is possible that these variations may be due to differences in

the activities of specific P-450 isoforms between the individuals in the same line.

The HPLC conditions were modified in an attempt to detect possible spridesmin

metabolites that we expected to be more polar and with a shorter retention time

than sporidesmin. The attempt was not successful because it was not possible to

separate the sporidesmin peak from the cofactor peak which was larger by 5 - 10

times.

4.3 Enzvme activities in Romnev sheep from the resistant and susceptible

selected lines

4.3.1 Cvtochrome P-450

Although pathological changes caused by sporidesmin are well described

(Mortimer, 1963; Mortimer, 1969), there is still no clear understanding of the

biochemical bases for heritable resistance to sporidesmin induced liver damage.

Campbell et al. (1981) and Morris et al. (1995) suggested that the susceptibility of

animals to FE is variable and heritable. Therefore, if resistant animals could be
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selected without exposing the animals to toxic challenge the incidence of FE could

be decreased.

Some workers have suggested that resistance to FE may be due to

metabolic inactivation of the toxin. Direct biochemical evidence was also obtained

suggesting that sporidesmin was metabolised and detoxified by the liver microsomal

mixed function oxidase system (Aust, 1977; Fairclough et al., 1978; Sissons, 1981).

These studies also suggested differences in the metabolism of sporidesmin by liver

microsomal enzymes in susceptible and resistant animals. Based on the previous

preliminary finding of involvement of microsomal enzymes in the metabolism of

sporidesmin, one of the main aims of our study was to develop a biochemical

procedure by which we could differentiate between susceptible and resistant sheep.

Sporidesmin has O- and N-methyl groups that could be metabolised by cytochrome

P-450 O- or N-demethylases. Model substrates for these enzymes were therefore

used to test for differences in O- or N-demethylation between the resistant and

susceptible lines. Nitroanisole was used as a substrate for O-demethylase and

aminopyrine was used as a substrate for N-demethylase. Because it is known that

cytochrome P-450 plays a role in the detoxification and transforrnation of foreign

compounds into water soluble products, thereby facilitating elirnination from the

body, and that sporidesmin toxin targets the liver, we examined liver enzymes

including the cytochrome P-450s. This is of importance as metabolism of

sporidesmin is thought to inactivate the toxin.
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4.3.1.1 O-Demethvlase enzvme assav

The results of studies of cytochrome P-450 enzyme activi$ towards the

substrate nitroanisole are shown in Tables 3.2 - 3.4. There was no significant

statistical difference found between undosed resistant and the undosed susceptible

animals from all years. Dosing appeared to increase O-demethylase activity in the

resistant line but appeared to decrease activity in the dosed susceptibles, although

it is possible that some of the variation was due to inter-individual differences.

These results are in accordance with the finding of Sissons and Fairclough (1978)

who showed that sporidesmin metabolism was likely to be greater in hepatic

microsomes taken from liver biopsies of FE resistant Romneys than from FE

susceptibles. Aust (1977) found that after sporidesmin administration mixed

function oxidase activity decreased. The difference in response to sporidesmin

dosing might be caused by variation in induction of isoenzymes of cytochrome P-

450 by sporidesmin in the resistant line and possibly by an interaction leading to

inhibition or degradation of O-demethylase in the susceptible animals. ln a previous

study Sissons (1981) reported that sporidesmin gave an unusual binding spectrum

with cytochrome P-450 and suggested interaction of the sporidesmin sulphur with

P-450.

The presence of multiple forms of cytochrome P-450 in either untreated or

induced animals, or different species of animals, is an important concept since it

affects the interpretation of the results of drug metabolism studies. Variable

expression of multiple forms may explain the complexity of differences in the

metabolism of substrates due to different cytochrome P450 activities (Huang et al.,

1976). Guengerich et al. (1982) suggested a strong correlation between the inducer
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used and the type of cytochrome P45O expressed. They indicated that P-450

isozymes responded differently to administration of a common inducer such as

phenobarbital which induced four forms of P450 (P-450-pb, P-450pb-b, P450pb-c

and P-4sOpb-d). Activities of cytochrome P-450 isoenzymes among different

species of animals including sheep, rats, goats and cattle depend on the inducer

and the substrate used (Johnson and Shiverick, 1982). Turner and Green (1974)

found that sheep dosed with the inducer hexachlorobenzene showed increased

activities of aniline hydroxylase and 4-nitroanisole O-demethylase.

Species differences in the activity of cytochrome P-450 using the O-

demethylase substrates were reported in the study of Short et al. (1988). They

found that sheep microsomal enzyme activity was higher (24.4 t 4.8 nmol/g liver/

min) than that of cattle (10.3 t 5.7 nmol/g liver/min) and less than that of goats (30.9

t 9.5 nmol/g liver/min). A similar result was obtained by Van'TKlooster et al.

(1993,1994) using ethylmorphine as a substrate. They found that sheep

microsomal enzyme activity was higher (5.5 + 1.1 nmol/mg protein/h) than that of

rats (1 .6 + O.2 nmol/mg protein/h), cattle (2.9 + 0.6 nmol/mg protein/h) and goats

(2.8 t 0.3 nmol/mg protein/h). These results are in the same range as our results of

the O-demethylase cytochrome P-450 activity, Assuming that liver microsomal

protein content is approximately 40 mg protein per g liver (Lim and Jordan, 1981),

microsomal enzyme activities calculated in my thesis can be rnultiply by 0.4 for

approximate conversion to rates as nmol/min/g liver, the values are of the same

order as those I measured. A study of hepatic drug metabolism in normal and

vitamin E-deficient female Merinos (Gourlay et al., 1977) showed differences in the

activity of hepatic microsomal enzymes towards p-nitroanisole O-demethylase.
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Gourlay et al. (1977) reported that pre-treatment of sheep with phenobarbital gave a

significant increase in the activity of O-demethylase and other drug metabolism

enzymes in normal and vitamin E-deficient-sheep. Similarly, Buening and Franklin

(1976) reported an increase in p-nitroanisole O-demethylase activity in male rat

hepatic microsomes after the administration of SKF 525-A.

In summary, the differences in O-demethylase activity between the dosed

resistant and susceptible lines suggest that sporidesmin might induce O-

demethylase in the resistant animals. This difference in activity might contribute to

enhanced resistance through greater metabolism and metabolic inactivation of

sporidesmin.

4.3.1.2 N-Demethvlase enzvme assav

N-demethylase activity was similar in animals from the resistant and

susceptible Romney lines (Tables 3.5, 3.6, 3.7). There were no significant

statistical differences in the metabolic activity of cytochrome P-450 towarcis the

substrate aminopyrine, between the dosed resistant and the dosed susceptible

animals. The statistical analysis indicated a significant interaction between dosing

and resistance factors in liver from animals born 1997. The dosed resistant

samples showed greater N-demethylase (P= 0.012) than the undosed resistant

samples (Tables 3.7), The small differences detected in the 1994 born animals may

be due to normalvariation.

Previous studies showed that N-demethylase activities were substrate

dependent and species variable (Dalvi et al., 1987; George et al., 1995). Kaddouri

et al. (1990) and Galtier and Alvinerie (1996) reported a relationship between N-
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demethylase activity and age in sheep where aminopyrine N-demethylase activity

increased with age. A comparison study between different species, on the

N-demethylase activities of liver microsomes towards benzphetamine as a

substrate, was carried out by Dalvi et al. (1987). They reported variable activity in

the N-demethylase pathway, with goats showing the highest activity (9.4 nmol/h/mg

protein), followed by rabbits (7 nmol/h/mg protein), sheep (6.2 nmol/h/mg protein),

pigs (6.1 nmol/h/mg protein) and cattle (4 nmol/h/mg protein). The observation that

N-demethylase activity increased after dosing with sporidesmin is similar to the

finding of Gourlay et al. (1977) who found an increase in the in vitro metabolism of

aminopyrine after pre{reatment of the sheep with phenobarbital (control = 161

nmol/30 min/mg protein, treated = 519 nmol/30 min/mg protein). Similarly, Pineau

et al. (1990) also reported an increase in the N-demethylase activity of cytochrome

P-450 using aminopyrine as a substrate, after an oral administration of

troleandomycin to three adult male Lacaune sheep (control = 5.5 nmol/min/mg

protein, treated = 8.7 nmol/min/mg protein).

My results indicate that the undosed Romneys showed a metabolic activig

towards the model substrate aminopyrine. These results correspond to the finding

of Galtier et al. (1993) who reported aminopyrine N-demethylase activity in sheep

liver microsomes under standard experimental conditions (0.157 nmol/min/mg

protein). Similarly Kaddouri et al. (1990, 1992) showed low aminopyrine

metabolism in female sheep (6.9 nmol/min/mg protein) compared with the high

metabolic rate for benzphetamine N-demethylation (19 nmol/min/mg protein).

Shetty et al. (1972) reported that the rates of in vitro metabolism of aminopyrine N-

demethylation in phenobarbital treated Florida native sheep (12.29 pmol /h/mg

protein) were higher than in saline - treated control sheep (4.66 pmol/h/mg protein).
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Similarly Van'TKlooster et al. (1994) reported high N-demethylation activity, in

sheep, towards the substrate ethylmorphine (21.2 nmol/h/mg protein).

In summary, although aminopyrine N-demethylation increased after dosing

with sporidesmin there did not appear to be significant differences in this enzyme

activity between resistant and susceptible Romneys.

4.4 Analvsis of microsomal cvtochrome c reductase

NADPH cytochrome P-450 reductase is an essential component of the mixed

function oxidase system as the flavoprotein transfers reducing equivalents from

NADPH + H- to cytochrome P-450:

NADPH-cytochrome

NADPH + H- ------} FAD FMN+ Cyt-P-450

P450 reductase

The reduction of cytochrome P-450 is relatively difficult to assay directly,

therefore a simplified determination of enzyme activity is widely used, utilising

exogenous cytochrome c as an artificial electron acceptor. lt is well known that one

of the striking characteristics of liver microsomal P-450 reductase is its ability to

catalyse the reduction of cytochrome c with NADPH (Dignam and Stroble, 1975).

Results from many laboratories demonstrated that mammalian P-450 reductase

was able to bind NADPH and accept electrons in the absence of the terminal

electron acceptor in order to support the P-450 activity (Murataliev et al., 1999).
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However Louerat-Oriou et al. (1999) reported that the efficiency of NADPH-

cytochrome P-450 reductase to support P-450 activities were not simply related to

activities towards artificial acceptors like ferricyanide or cytochrome c. They

suggested important parameters may control the reductase efficiencies to support

P450 activities and these depend on the redox distribution of flavin species and

reductase affini$ for P-450. Accordingly, the reduction of cytochrome c by NADPH-

cytochrome c reductase only partially mirrors the reduction of cytochrome P-450.

There were no significant differences between the FE susceptible and resistant

lines for NADPH dependent cytochrome c reductase although the mean value of

undosed resistant Romneys (8.98 + 1.84 nmol/min/mg protein was lower than that

for undosed susceptible Romneys (10.90 + 1.04 nm/min/mg protein). Gourlay et al.

(1977) also found no difference in NADPH cytochrome P-450 reductase and

NADPH cytochrome c reductase values in their study on hepatic drug metabolism in

normal (4.95 t 0.1) and vitamin E-deficient (5.07 t 0.6) female Merinos.

4.5 Spectrophotometric determination of cvtochrome P450

Cytochrome P-450 was also investigated by spectrophotornetric

determination of CO-binding spectra. The cytochrome P-450 concentration of liver

microsomes was compared between control and resistant Romneys born 1996 and

resistant and susceptible Romneys born 1997. The CO-difference spectrum of

dithionite-reduced cytochrome P-450 in liver microsomes displayed an absorbance

maximum at 450 nm (Figure 3.24). Under the conditions used to measure the

spectra cytochrome-P450 was partially converted to cytochrome-P-4?} (Figure

3.25). The presence of a shoulder at 42A nm indicates significant amounts of
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cytochrom e-P-420 (denatured inactive cytochrome P450). The reason for this

conversion to P-420 might be due to a lack of sufficient detergent for the protection

of cytochrome P-450 hemoprotein against conversion to cytochrome P-420 (Ryan

et al., 1984). Arlotto et al. (1989) reported that conversion of cytochrome P450 to

cytochrom e P-420 can be controlled by recording the CO-difference spectrum of

dithionite reduced cytochrome P-450 in the presence of 1 pM methyl viologen,

which greatly accelerated the rate of formation of the complex between reduced

cytochrome P450 and CO.

Partial purification of P-450 was achieved using solubilisation with sodium

deoxycholate and fractionation with PEG 6000. The P-450 concentration was

determined from the CO-difference spectrum (Omura and Sato, 1964) using the

molar extinction coefficient 91 mM-1 cm-1. Although there appeared to be some

differences in speciflc activity of liver cytochrome P-450 between resistant and

susceptible or control sheep, it is likely that at least some of the difference was due

to experimental variation. Assuming, however, that cytochrome P-450 mediated

oxidation of sporidesmin contributes to resistance to the toxin, it is possible that

specific activities of cytochrome P-450 would be greater in resistant animals

although changes in specific isoforms may not contribute greatly to the total P-450

concentration.

Guengerich and Martin (1980) found that the P-450 content of a microsomal

fraction was 2.5 nmol/mg protein, and this specific content increased to 3.0 nmol/mg

protein when a deoxycholate extract was prepared. Cytochrome P-450

concentrations in our study were similar to those previously reported for sheep and

other species. Wisniewski et al. (1987) reported P450 concentrations (0.67, 0.64

and 0.4 nmol/mg protein) in sheep, goat and cattle respectively. Shimada et al.
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(1994) reported that human cytochrome P-450 content measured spectrally varied

among races and individuals. They found that Japanese men had cytochrome P-

450 content of 0.25 + 0.08 and Japanese women had 0,29 t 0.13 nmol/mg,

compared to men (0.43 t 0.18) and Caucasian women (O.42 + 0.2 nmol/mg). In

addition they found a correlation between changes in age and cytochrome P450

content in a comparison study of 60 human samples.

No significant differences in microsomal P-450 content (15o/o PEG Pellet)

were found between the undosed susceptible and undosed resistant 1994 born

Romneys (Table 3.14). However there was greater specific activity (nmol P-4SC/mg

protein) in 1996 born undosed resistant compared to control animals (Table 3.16).

The differences in P-450 might be due to inter-individual variation or to age

differences between the abattoir sheep (approximately lyear) and the other animals

used in this study (approximately 4 months). Kaddouri et al. (1992) repoded that

changes in liver cytochrome P450 concentration were age and isoform dependent

when they studied the contribution of female ovine cytochrome P-450 28 and P-450

3A in the ontogenic development of liver progesterone metabolism. They found that

cytochrome P-450 28 was detected in the foetal liver at a concentration belov'r 0.01

nmol/mg of microsomal protein and after birth was present at only low levels

ranging from 0.03 -0.07 nmol/mg. By contrast, isozyme P-450 3A was detected in

sheep foetal liver and represented 48% of the total P-450 in 1-4 week old lambs

(0.33 t 0.05 and 0.32 t 0.02 nmol/mg protein), respectively. This percentage

decreased in older animals (7-11 month) in which it represented 18 - 32o/o of the

total P-450 at concentration of 0.18 t 0.04 to 0.2310.06 nmol/mg protein.
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4.6 Electrophoresis and Western blottinq of microsomal proteins

A previous study of Welton et al. (1975) showed that P450 polymorphism

can be detected by 1-D gel electrophoresis of microsomal fractions. In our study 1-

D gel electrophoresis of microsomal proteins did not show consistent differences in

45-60 kDa possible P-450 bands between resistant and susceptible animals

although some individual variation was detected in microsomal cytochrome P450

activity. ln contrast Murray (1991) reported differences in 1-D gel protein bands

between untreated and dexamethasone or phenobarbital induced microsomes in

sheep lines.

Siekevitz (1973) reported in his study of rat liver microsomal proteins,

substantial variation of a band on 1-D gels at about 50 kDa. This was the major

protein band of microsomal membranes and varied from approximately 10% - 40%

of the microsomal protein (Siekevitz, 1973). Variation of this magnitude was not

detected among the sheep liver microsomal proteins.

Western blotting analysis of cytochrome P-450, from undosed susceptible

and undosed resistant samples, was carried out using rabbit anti-human

cytochrome P-450 3A4 antibody to detect the presence of the potential cytochrome

P-450 3A4 bands in sheep liver microsomes. Two microsomal protein bands were

recognized by the antihuman cytochrome P-450 3A4 antibody (Figure 3.26), Both

bands were detected in each of the undosed susceptible and undosed resistant

samples. lt therefore appears that there are two major cross-reactive cytochrome

P450s in susceptible and resistant Romney liver. In previous immunological

studies, cytochrome P-450 3A4 antibody was used to recognize the cytochrome P-

450 isozymes involved in aflatoxin Bl metabolism in human liver (Forrester et al.,
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1990). They found that polyclonal cytochrome P-450 3A4 antibody recognized

three distinct antigenically related forms of recombinant human P450 3A proteins.

Our results are also similar to the results of VanT'Klooster et al. (1993) who found

that polyclonal antibody against sheep cytochrome P-450 3A4 reacted with several

48-58 kDa liver proteins. They suggested that the presence of several stained

bands might be an indication of an incomplete specificity of the antibody. Hostetler

et al. (1987) found that cytochrome P-450 3A4 was expressed as two protein bands

in rat colon samples, using an immunoblotting assay with polyclonal cytochrome P-

450 344 antibody. Similarly Gemzik et al, (1992) reported that an antibody against

purified 3A1 recognized two electrophoretically distinct proteins in liver microsomes

from male and female rats as determined by immunoblotting techniques. Gemzik et

al. (1992) found that the two identified proteins corresponded to P450 3A1 and/or

3A2, and that both proteins were induced by dexamethasone. ln contrast to our

results, Pineau et al. (1990) and Kaddouri et al. (1992) found that antibodies to

sheep liver P450 3A, obtained from serum of immunized rabbits gave a single band

on Western blots of sheep liver microsomes.

In summary, although there appeared to be line specific differences in O-

demethylase activity no consistent differences between resistant and susceptible

animals were detected by electrophoresis or Western blotting with the anti P-450

antibody.

4.7 GSH dependent metabolism of sporidesmin

4.7.1 Spontaneous reaction between sporidesmin and GSH
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The non-enzymatic reaction of GSH with sporidesmin was studied

spectrophotometrically (Figure 3.29), There was a GSH - catalysed decrease in the

absorbance of the substrate sporidesmin, with greatest change in the region of 230

- 260 nm. This result is in agreement with the findings of Sissons et al. (1980) and

Sissons (1981)who also found that GSH reacted with sporidesmin and that addition

of GSH led to stimulation of the enzymatic reaction. Sissons et al. (1980) and

Sissons (1981) reported that the non-enzymatic reaction rate alone would react at

least 1o/o per minute of sporidesmin in the liver. Sissons et al. (1980) isolated

dimercapto seco-sporidesmin as the product of the non-enzymatic reaction. They

suggest that a thiol exchange occurred as shown below:

/i GSH

sp \l 
\>sp

S

-'ts-
SG GSH

,/"
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4.7.2 Spectrophotometric analvsis of the reaction of GSH with sporidesmin

An increase in the rate of the GSH reaction with sporidesmin occurred when

liver cytosol extracts were added to incubates containing GSH and the toxin (Figure

3.31). Sissons et al. (1980) also reported enzymatic reaction of GSH with

sporidesmin and suggested that this might occur through thioltransferase

(E.C,1 .8.4.1) or GST (E.C.2.5.1.13) activities. Our results also showed that adding
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the enzyme to the sporidesmin-GSH mixture caused a decrease in the absorbance

spectrum of the GSH-sporidesmin reaction in the same wavelength region

previously detected for the spontaneous reaction. No evidence was seen of

spectral differences between the enzymatic reaction and the non-enzymatic

spontaneous reaction of GSH with sporidesmin. This finding indicated formation of

similar reaction products in the enzymatic and non-enzymatic reactions.

4.7.3 Spectrophotometric determination of GSH-dependent enzvme catalvzed

reaction with sporidesmin for the Romnev selection lines

Analysis of 1997 born animals showed differences between the selection

lines for the activity of liver cytosol to catalyse an enzymatic reaction between

sporidesmin and GSH. Greater differences occurred in the undosed animals

(resistants O.O74 + 0.03 A/min/mg protein, susceptibles 0.042 t 0.014 A/min/mg

protein) than were seen two days after dosing where reaction rates appeared to be

lower. lt is possible that differences in GSH dependent metabolism of sporidesmin

may be related to resistance or susceptibility to FE. lt is also possible that exposure

to sporidesmin may lead to variation of GSH dependent metabolism of sporidesmin.

Srinivasan et al. (1997) have shown that the enzyme thioltransferase catalyses a

GSH-dependent reaction with sporidesmin. In addition they demonstrated that

thioltransferase is inactivated by sporidesmin in the absence of GSH. Hepatic

levels of GSH are normally 5 - 10 mM so it is unlikely that thioltransferase would be

directly inactivated by sporidesmin in liver. Other possible mechanisms of

inactivation of thioltransferase or GST might include free radical damage if

sporidesmin generates oxidative reactants as suggested by Munday (1982, 1984,



167

1987, 1989). Others have found differences in GST activity among selection lines

or have shown that inherited differences in GST are responsible for differences in

the hepatic metabolism of toxic compounds. Hohenboken and Blodgett (1997) and

Hohenboken et al. (2000) selected mice for differences in susceptibility to

endophyte toxin and found that resistant animals had greater GST activity than a

susceptible line. Degen and Neumann (1981), Monroe and Eaton (1987) and

Hayes et al. (1991) showed that mice resistant to the hepatocarcinogenic effects of

aflatoxin 81 had enhanced levels of cytosolic GST that conjugated aflatoxin 81

epoxide. The greater resistance of mice than rats to aflatoxin B1 also appeared to

be related to higher GST activity in mice. Similarly Mitchell et al. (1973) found that

pretreatment of mice with cysteine, a GSH precursor, before dosing with

acetaminophen prevented hepatic damage, whereas pretreatment of mice with

diethyl maleate, which depleted hepatic GSH potentiated acetaminophen-induced

hepatic necrosis.

In summary, inherited differences in GSH dependent metabolism of

sporidesmin may be responsible in part for resistance or susceptibility to the toxin.

Line specific differences in GST activities were therefore investigated using GST

isoform selective substrates to further characterize a possible basis of resistance to

FE. Our results also indicate small differences with CDNB (Table 3.17) after

sporidesmin dosing, with the dosed resistant animals apparently showing a small

increase in activity 1.14 times greater than the dosed susceptible animals. A similar

result was obtained by Makary et al. (1988) after Aroclor 1254 administration to

geneticalfy inbred mice. They found that Aroclor 12i4-treatment caused a 4.2 told

induction of GST in NFS/NCR mice, but only a 1.4 fold increase in AKR/NCR mice.

They also found there were much larger differences in constitutive GST activities
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and their inducibility in the 12 strains of mice used. The highest constitutive and

induced activity was observed in CSTBUONHSD mice (8.9 and 23 pmol/min/mg

protein), whereas the lowest values (2.5 and 7.1 pmol/min/mg protein) were

observed in SJUJCR mice. Variation in GST activity among inbred and line cross

mice in response to fescue toxicosis has also been reported (Miller et al., 1994).

4.8 Analvsis of GST usinq model substrates

4,8.1 CDNB and DCNB

The importance of GST in the hepatic detoxification of sporidesmin in sheep

and the availability of GSH for cellular protection against the toxin have been

reported by Sissons et al. (1980), Sissons (1981)and Fairclough et al. (1981)'

To measure the GST activity of cytosolic liver enzymes in samples collected

from undosed and dosed susceptible or resistant animals, the universal substrates

CDNB and DCNB were used. CDNB and DCNB were chosen because they have

been demonstrated to be substrates for rnany GST isoforms (Clark and Smith,

1975; Habig and Jackoby, 1981). Certain GST isoenzymes, however, have low

activity towards either CDNB or DCNB, or both, as reported in a study by Meyer et

al. (1ee1).

In our study differences in GST activity could not be detected between

resistant and susceptible Romneys using these substrates (Tables 3.17, 3.18). ln

contrast to activities measured using sporidesmin as substrate, there was no

decrease in activity for CDNB or DCNB in the dosed animals. These results

suggest that the apparent effect of sporidesmin dosing of decreasing activity in the
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reaction between sporidesmin and GSH (section 3.13) may either be an artifact due

to variation among the animals or that the activity measured in the assay with

sporidesmin as substrate may be due to an activity that is not specifically

distinguished from other isoforms using CDNB or DCNB. lt is also possible that

sporidesmin dosing might have initiated GST activity but it is not clear why

sporidesmin would have a greater effect on GST from the susceptible line. lt is

therefore possible that a GST isoform not readily detected with either substrate

might be responsible for the metabolism of sporidesmin. Although CDNB and

DCNB are good substrates for GST Alpha, Mu and Pi, they have low activity with

GST Theta in humans and some other mammals. Meyer et al. (1991) found that

CDNB was a poor substrate for human Theta GST T1 and GST T2. Jemth et al.

(1996) also reported that the T1 subclass of Theta GSTs showed a lack of ability to

catalyse the reaction of GSH with CDNB, although rat GST Theta T2-2 showed

activity with this substrate. They suggested that the low ability of class Theta GSTs

to utilize the substrate CDNB could be due to separation of the hydrophobic binding

pocket accommodating the benzene ring from the sulphydryl group of enzyme

bound GSH in this class of GST. ln the new work now added to the thesis GST Mu

1 and GST Mu 5 were shown to be more abundant in resistant Romneys. This may

be related to greater activities with p-NBC and EPNP in this selection line (Reddy et

al. 1983), although there were no obvious difference in GST activities measured

with CDNB and DCNB. Comstock et al. (1994) reported that human Mu class GST

showed relatively low speciflc activity with the substrates CDNB (1.4 10.2

pmol/min/mg protein) or DCNB (0.022 + 0.002 pmollminlmg protein). Lenartova et

al. (1996), however, reported that Mu class GST induced in sheep liverexposed to

pollutants showed a marked increase in activity with DCNB. Similarly, Primiano and
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Novak (1993) also reported that rabbit class Mu GST showed activity towards

CDNB (77.8 + 4.9 pmol/min/mg protein), and DCNB (0.25 pmol/min/mg protein).

These data are consistent with the findings of Alin et al. (1985), Mannervik et al.

(1985) and Miyaura and lsono (1986) who reported that class Mu GSTs exhibited

appreciable activity towards CDNB and DCNB. Carrillo et al. (1990) also reported

an increase in activity towards the CDNB and DCNB substrates in male Wistar rats

after oral administration of 100-500 pg aflatoxin B1/kg body weight.

Species variation in GST activity towards substrates CDNB and DCNB have

also been reported. Smith et al. (1984) showed that sheep, cattle, rats and swine

actively transformed the CDNB substrate but that sheep expressed less activity

towards CDNB while DCNB activities were more than four times greater in sheep

than in cattle. These differences may reflect species differences in the relative

activi$ of GST isoforms and possibly also strain differences in GSTs within species.

4.8.2 p-NBC and EPNP

The activity of the cytosolic enzyme collected from undosed susceptible and

undosed resistant animals born 1995 and 1997 was further tested using model

substrates p-NBC (Table 3.19) and EPNP (Table 3.20).

GST activity for both substrates was greatest in the resistant animals. P-NBC

activity was 1.5 fold greater in resistance compared to susceptibles (Table 3.20)

and EPNP was 1.8 fold greater in resistance compared to susceptibles (Table 3.21).

These results suggest that the selection lines may differ in a GST activity that is

detected with p-NBC and EPNP. The importance of the influence of the selection

line is shown in the ANOVA analysis. A significant difference was observed in the
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catalytic activity towards the model substrate p-NBC in the undosed resistant

samples (p= 0.0013) for animals born 1995 and 1997 compared to that of the

undosed susceptible animals. There were no significant differences in p-NBC

activity between the susceptible samples from animals born 1995 and 1997

(p=0.55). On the other hand a marked difference was recorded between the

resistant groups, born 1995 and 1997, with the 1997 group showing much more

activity (p=0.001) than the 1995 group. lt is possible that this might be due to

greater resistance in the 1997 born animals. A t-test and Exact Wilcoxon rank sum

- test, analysing the activity of GST towards the substrate EPNP also showed a

difference between the resistant and susceptible lines for animals born 1997. The

significant difference between the undosed resistance and the undosed

susceptibles from the t-test was p=9.90174 and 0.015 from the Exact Wilcoxon test.

It is possible that differences observed with p-NBC and EPNP reflect greater

GST activity in the resistant line. The subsequent identification of differences in

abundance of two isoforms of GST, Mu 1 and Mu 5, between resistant and

susceptible animals is consistent with differences in enzyme activity towards p-NBC

and EPNP. Although p-NBC and EPNP are commonly used substrates for GST

Theta isoforms (Sherratt et al. (1997), Jemth and Mannervik (1997) and Meyer et al.

(1991) they also show activity towards GST Mu isoforms (Reddy et al., 1983).

Although Mu isoform differences were detected using 2-D PAGE in my study it was

not possible to exclude differences in the Theta isoforms as these alkaline pl

enzymes would not have been detected on the 2-D gels.
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4.9 Analvsis of GST isoforms bv l-D PAGE of liver supernatant

Changes in GST isoenzyme pattern in sheep liver exposed to environmental

pollution were previously detected using 1-D PAGE (Lenartova et al., 1996). They

separated GST subunit A1-1 (class Alpha) and GST subunit M3-3 (Mu class), from

sheep grazed on polluted pasture, at 25.3 and 27 kDa respectively and GST subunit

A8-8 (class Alpha) and GST subunit 7 (Pi class) from control sheep at 27 and 27.2

kDa. Similarly Theta class subunit T1-1 and Zeta subunit Z1-1 was separated by 1-

D PAGE from human tissues at 28 and 24.2kDa (Meyer et al., 1991; Sherratt et al.,

1996; Board et al., 1997).

We expected, from the observed enzyme variations between the selected

susceptible and resistant Romney sheep, that GST band patterns might show

differences on 1-D gels. However, 1-D PAGE of four undosed susceptible and four

undosed resistant Romneys showed no consistent differences between resistant

and susceptible lines in the potential GST subunits (Figures 3.32, 3.33). Line

specific difference in GST expression could therefore not be detected, possibly due

to the abundance of other proteins in this size range.

4.10 Analvsis of protein variation bv 2-D PAGE

2-D PAGE protein mapping is a technique that allows the separation and

visualization of hundreds of proteins in a single analysis (O'Farrell, 1975; Anderson

and Anderson, 1978a, b). Through computer analysis of 2-D gels (Anderson et al.,

1981) it is possible to analyse the abundance of individual proteins. 2-D gel

electrophoresis analysis was used in our study to search for any differences in
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proteins between the resistant and susceptible Romney lines. The initial analysis of

whole homogenate proteins allowed detection of approximately 200 - 300 protein

spots in the pl range 3.5 -7.5 and size range 14 -70 kDa. Visual inspection of the 2-

D gels from the pools of undosed susceptible and undosed resistant samples did

not reveal proteins that were found in only one pool, This is in agreement wtth a

previous study of Lu et al. (199a) who found no qualitative protein variation between

susceptible and resistant Romney ewes. There were, however, quantitative

differences in abundance of individual proteins in Lu's study and in the present

analysis (Figures 3.36a - 3.36d). ln the present study an initial visual inspection of

the gels was used to identify proteins that appeared to vary between the two pools.

The abundances of these and other proteins were then measured using

lmageQuant software. Seven spots out of the eighteen selected variant spots

appeared to show greater than two-fold differences in expression between the

resistant and susceptible Romney liver pools (Figure 3.37a). Ten spots that

appeared by eye to be consistent in the resistant and susceptible pools showed less

than about 50% quantitative variation between the undosed susceptible and the

undosed resistant Romneys (Figure 3.37b). This is within the range of easy

detection of protein spot abundance differences during visual inspection of gel.

Previous studies had indicated that natural resistance to sporidesmin

induced liver damage might be derived from differences in the hepatic microsomal

drug metabolising enzymes (Fairclough et al., 1978). Also, as the liver and biliary

system are major targets for sporidesmin action (Mortimer, 1963 and Bhathal et al.,

1990) it was thought that there might be some variation between the liver proteins of

FE resistant and susceptible sheep. The variation in protein abundance detected in

this study might be a reflection of the genetic variation between the susceptible and
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resistant samples, especially as the selected lines of these animals were based on

the genetic variation in response to the sporidesmin challenge between the

susceptible and resistant Romney sheep (Campbell et al., 1975 and Morris et al.,

1g8g). Heterogeneity among wild populations of mice was also detected in 2-D

PAGE studies of liver proteins (Racine and Langley, 1980; Aquadro and Avise,

1981). In addition, changes in microsomal protein abundance in rat liver treated

with the hypoglycemic agent SDZ PGU 693 were reported in the study of Arce et al.

(1998). They found major changes in several microsomal proteins including

NADPH cytochrome P-450 reductase, cytochrome bs, and serine protease inhibitor,

which showed increases in abundance.

4.11 Analvsis of supernatant proteins usinq 2-D PAGE and MrdLDl-TOF mass

spectrometrv

2-D polyacrylamide gel electrophoresis was used to separate supernatant

samples from two resistant and two susceptible animals. The aim was to flnd

protein differences including GST isoforms that might be in the pl 4 - 8 region

resolved on these gels. Despite the use of a wide range (3 - 10) focusing higher pl

proteins (pl t7) were either difficult to detect at the smeared basic end of the strip or

were even too basic to focus. This limitation is typical of commercially available

wide range focusing strips but alkaline range strips have become available recently

and could be used in future studies.

Three protein spots that were more abundant in the liver of the resistant

animals, and that were in the size range and position expected for GST isoforms,

were used for MALDI mass fingerprinting. The peptide masses were submitted to
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ProFound for identification. Two proteins (spots 6, 7) gave a good match to GST

isoforms, Mu 5 and Mu 1, respectively. Spot 6 gave a best match to mouse Mu 5.

The probability and Z statistic allow reasonable confidence in this match that had

35% coverage of the matched protein sequence based on size matched peptides.

Mass fingerprinting is able to provide reasonable confidence matches for

comparison to sequence databases from other species. ln this case there were no

ovine or bovine Mu 5 sequences for matching in the databases. The identification

of spot 7 as GST Mu 1 was in agreement with the finding of Kitteringham et al.

(2003), who identified GST Mu 1 as one of other major isoforms present in liver

cytosol, representing 3.8% in wild type animals, The spot 7 GST matched to rabbit

GST Mu 1 (pl 6.4, 25.3 kDa) and human GST Mu 1 (pl 6.3, 25.6 kDa). There was

no ovine or bovine Mu 1 sequence in the databases. GST Mu 5 corresponded with

mouse GST Mu 5 (pl 6.82, 26.6 kDa) in the ExPASY databases. In spite of the fact

that all three spots were in close proximity on the 2-D gel, the third spot (spot 8)

matched to a MHC class ll protein with a high Z score and probability of 1.00. The

high Z score is probably due to matching to a sequence from a closely related

species. lt is possible that this MHC class ll protein is associated with FE

resistance although it may be artifact of the small sample size or FE selection

strategy. lt is possible that there is an association with response to sporidesmin

induced liver damage such as macrophage responses (Pillarisetty et al. 2003) or

some activity of liver sinusoidal endothelial cells (Knolle et al. 1999). MHC class ll

molecules are polymorphic peptide receptors of antigen presenting cells such as the

inflammatory cells that digest foreign proteins. The presence of MHC class il in the

resistant samples might be related to the capacity of these cells to respond to

sporidesmin-induced damage.
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4.12 Conclusions

The research presented in this thesis indicated that there were differences in

sporidesmin metabolism between the FE resistant and susceptible Romney lines.

The resistant animals appeared to have greater rates of potential sporidesmin

inactivation pathways that included P-450 mediated O-demethylation. Dosing the

two lines with sporidesmin showed an increase in the activity of the O-demethylase

pathway in resistant animals and decrease in the O-demethylase activity in the

susceptible Romneys. The cytoplasmic GSH dependent inactivation pathway also

appeared to play a role in the resistance towards the sporidesmin toxicity. In

addition two cytoplasmic proteins spots that were abundant in resistant animals

were identified as GST Mu 1 and Mu 5 isoforms and it is possible that these

enzymes could inactivate sporidesmin. lt is, however, not possible to exclude

involvement of GST Theta as these isoforms show substantial species differences

in sequence and pl and may be too basic to detect on the IPG strips that were used.

4.13 Future studies

The work presented in this thesis indicates that some GST isoforms and

potentially some P450s have greater activity in livers from the Ruakura FE resistant

Romney line compared to the susceptible line animals. These findings should be

invesiigated to determine the potential to develop blood DNA markers for selection

of resistant animals. Initially this work could be continued using the Ruakura FE

selection lines. There would be an advantage in collection of fresh tissue as the

lines are now more divergent (Chris Morris, personal communication to Bill Jordan)
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than the animals that were used for my studies. The GST isoforms could be

examined using an affinity chromatography approach for isolation but progress

might also be made through further 2D-PAGE using both wide range pl 3-10

focusing and alkaline range (up to pH 12) focusing of liversamples. The cytosolic

fraction of liver should be examined for further evidence of line-specific variation

among GSTs and a microsomal fraction could be studied to search for differences

among P-450s, most of which have alkaline pls. lt is also possible that this

proteomics approach might identify other proteins that are segregating between the

resistant and susceptible lines. Some of the proteins that segregate in a line

specific manner may have roles in FE resistance while others may be in linkage

with resistance or may be unrelated to FE, having resulted from the way the flocks

were created from a small number of sires. lt would therefore be useful to test the

coding gene sequences using linkage analysis in the AgResearch FE gene

mapping flocks (Phua et al. 1999). One way to do this would be to design PCR

primers, from the peptide mass fingerprint sequences, for DNA markers to be used

in the mapping studies. These studies could be used to test linkage of the proteins

to FE resistance and to test whether the degree of linkage is sufficient to confirm a

functional role for the proteins in responses to sporidesmin. DNA markers could

then be used for trailing detection of resistant Romneys. lf successful, use in other

sheep breeds and other livestock species should be examined.
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