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ABSTRACT

The constitutive hepatic glutathione S-transferase (GST)

isoenzyme content has been investigated in both sexes of three inbred

strains of mice (DBA/2, C3H/He, C57BL6). Mouse cytosolic GST are

dimeric and three classes of enzyme, comprising YfYf, YaYa or YbYb,

have been isolated. The Yf, Ya and Yb subunits have Mr values of 24

800, 25 800 and 26 400, respectively. The YfYf isoenzyme was found to

be expressed as a major form in all male mouse livers, but was

represented only as a minor enzyme form in female mouse liver. The

YaYa and YbYb GST were present in males and females of all three

strains under investigation. Cytosolic isoenzymes from all strains

and sexes were purified to apparent homogeneity and no significant

inter-strain differences in the properties of the individual forms

were observed.

The effects of the anticarcinogenic agent, butylated

hydroxyanisole (BHA), on the hepatic GST content of two strains of

mice, BALB/c and CD-I, have been determined, to allow characterization

of inducible GST. BHA was found to selectively increase the hepatic

content of Yb-containing enzymes; levels of induction appear similar

in both strains. Six inducible Yb-containing transferases have been

purified and characterized from BHA-treated mice, YbiYbi, YbiYb2,

Yb2Yb2, YbsYbs, YbxYbx and YbiYn, four of which have been classified

according to similarities with known rat GST. GST which comprise Ybi

subunits were found to be the main constituent of the Yb-containing

GST from untreated mice. The N-terminal amino acid sequences of mouse

Ybi and Yb2 have been determined.

(iii)



Microsomal GST. a membrane-bound form, which is the product

of a fourth, separate GST gene family, was purified from rat livers.

Antiserum raised against this protein, cross-reacted with proteins

with a similar subunit Mr of 17 300, in males and females of three

strains of mice (DBA/2, C3H/Be, C57BL6). No significant difference

was observed in the levels of microsomal GST from either sex and all

strains.

Anti-rat microsomal GST was also used to probe microsomes

from five human livers. All individuals were shown to express this

protein. Microsomal GST has been purified from human liver and has

been shown to have characteristics similar to the rat microsomal GST,

described by Morgenstern & DePierre [(1983) Eur. J. Biochem. 134, 591-

597]. The specific activity of both human microsomal GST and rat

microsomal GST, with l-chloro-2, 4-dinitrobenzene and with cumene

hydroperoxide, can be stimulated by treatment with N-ethylmaieimide.

The subunit Mr values of the rat and human enzymes are closely similar

and both proteins possess high Km values for glutathione. The human

and rat microsomal GST are the only hepatic microsomal proteins which

show activity with hexachloro-1.3-butadiene as a substrate.
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Section 1 : Introduction

1.01 Glutathione

1.01a Structure, properties and _sy11thesis,

Glutathione occurs almost universally in all forms of

aerobic life and is the most abundant cellular thiol in nature

(Kosower, 1976). It is a tripeptide with the sequence, y-glutamic

acid-cysteine-glycine and may exist in either a reduced (GSH) or

oxidized (GSSG) form (Fig.1.01). The Y -glutamyl linkage is unusual in

peptides and it is thought that this may provide a mechanism of

resistance to degradation by cellular proteases.

GSH has a net negative charge at physiological pH and is

highly water soluble. The nucleophilic thiol group, present on the

cysteine moiety, confers a reactivity towards electrophilic compounds.

In mammals, glutathione is present in the reduced form, in

high cellular concentrations, which vary between 0.5 and lOmM.

depending on the organ, and in significantly lower concentrations in

the oxidized form (4-50mM) (Tietze, 1969; Kosower & Kosower, 1976;

Meister & Anderson, 1983). The maintenance of this balance is

critical, as elevated levels of GSSG can prevent protein synthesis and

inhibit activity of certain enzymes (Kosower & Kosower, 1976).

Furthermore, the conservation of high cellular levels of GSH is of

central importance to cell viability, as this molecule is thought to

be crucial in the protection of DNA and cellular macromolecules from

attack by reactive products of oxygen metabolism and xenobiotics

(Meister & Anderson, 1983). Xenobiotic metabolism is of particular

relevance in the liver, as this is the major' organ in mammals for

detoxification of exogenous chemicals and drugs.
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Figure 1.01 The structure of glutathione

Panel (a). The structure of reduced glutathione (GSH), Y -glutamyl-

cysteinylglycine [(1), y-glutamyl peptide link (2). cysteinyl thiol].

Panel (b). The structure of oxidized glutathione, glutathione

disulphide (GSSG).
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Hepatocellular concentrations of GSH are maintained by

achieving a balance between the rate of synthesis and the rate of

utilization. GSH may be foimied either from reduction of the oxidized

form, GSSG, by glutathione reductase or by direct synthesis from the

constituent amino acids (Kaplowitz et al., 1985). Synthesis is an

ATP-requiring process which involves the initial formation of the Y -

glutamyl peptide link with cysteine, catalysed by Y-glutamylcysteine

synthetase, followed by the formation of a peptide bond between the

cysteine moiety of this dipeptide and glycine, catalysed by

glutathione synthetase.

1.01b Functional aspects

It is thought that the occurrence of glutathione coincided

with the appearance of oxygen in the atmosphere and that its evolution

was based on a cellular requirement for lowering the toxic products of

oxygen metabolism (Mannervik, 1986). These oxidative products include

hydrogen peroxide and organic peroxides, disulphides, aldehydes,

activated alkenes and various epoxides, all of which may be rendered

less toxic by reduction or conjugation with reduced glutathione (GSH).

As GSH reacts readily with compounds containing an electrophilic

centre, it is of major importance in the conjugation of reactive

xenobiotics (Chasseaud, 1979; Ketterer, 1982).

Numerous glutatbione-metabolizing enzymes exist, and these

include glutathione peroxidase, glutathione reductase, glyoxalase,

thiol transferase (glutathione transhydrogenase) and glutathione S-

transferase (Flohe & Gunzler, 1974, 1976; Mannervik & Eriksson, 1974;

Carlberg & Mannervik, 1975; Mannervik, 1980, 1985). In the present

study, it is those reactions, which can be catalysed by glutathione S-

transferases (GST) which will be considered.
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GSH is a powerful biological nucleophile and in many

instances may react readily with electrophiles without requiring

catalysis for the reaction to proceed (Ketterer, 1982). Nucleophilic

attack by GSH, typified by substitution and/or addition reactions, may

occur with compounds possessing eiectrophilic carbon, nitrogen,

sulphur or oxygen atoms, that will react with the sulphur atom of

GSH (Kosower, 1976).

Conjugation of eiectrophilic xenobiotics with GSH usually

results in a decrease in the reactivity and toxicity and an increase

in the solubility of the compound. Many GST substrates are highly

lipophilic and their conjugation with GSH confers a polarity on the

hydrophobic molecule. As a consequence, the affinity of the conjugate

for lipids in the cell membranes is less than that of the

electrophilic substrate. The anionic nature of GSH and its low

molecular weight favours the excretion of the conjugate in bile

(Chasseaud, 1974). The conjugation of xenobiotics or endogenous

metabolites with GSH, is the first step in the formation of

mercapturic acids, which may be readily excreted in urine (Boyland &

Chasseaud, 1969a).

1.01c Mercapturic acid biosynthesis

The mercapturic acid pathway provides a means for the

elimination of toxic metabolites (Boyland & Chasseaud, 1969a).

Mercapturic acids comprise thio-ethers of N-acetylcysteine and are the

end product of a stepwise degradation of the GSH moiety of the GSH-

electrophile conjugate, followed by acetylation. The mechanism for

mercapturic acid biosynthesis and the involvement of GSH as the

precursor molecule of the N-acetylcysteine moiety of mercapturic acids

was established in 1959 (Barnes et al., 1959; Bray et al., 1959a,b).
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Catabolism of the GSH conjugate in mammals first involves

the removal of glutamic acid which is transferred to neutral amino acid

or peptide acceptors. This is catalysed by the microsomal enzyme, y -

glutamyl transferase, which is present in the kidneys and liver of

most species, except for the rat, where only the kidneys and pancreas

can transfer g;lutamyl residues. The cysteinylglycine conjugate is

then hydrolysed by cysteinylgl5rcinase (dipeptidase), present in

kidney, liver and pancreas, to the cysteine derivative, with the

removal of glycine. The final stage of mercapturic acid biosynthesis

is the acetylation of the cysteine derivative by acetylase and acetyl

CoA, also present in the liver. Mercapturic acid biosynthesis is

described by Boyland & Chasseaud (1969a) and the pathway is depicted

in Figure 1.02.

Hepatic GSH conjugates and catabolites are excreted in bile.

There may be further catabolism in the intestine, and conjugates may

undergo enterohepatic circulation and/or be excreted in the faeces

(Chasseaud, 1976). Because of their high solubility, mercapturic

acids and related conjugates are likely only to be present in tissues

and blood for a short time.

1.01 d Glutathione : A specific substrate for the glutathione S-

transferases

An early description of GST showed that, although non-

enzymatic conjugations of various electrophiles with either cysteine

or N-acetylcysteine could occur, these latter compounds are not

substrates for the enzymes responsible for the catalysis of GSH

conjugation and the initiation of mercapturic acid biosynthesis (Booth

et al., 1961). Subsequent studies have also shown that only GSH may
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Figure 1.02 Mercapturic acid biosynthesis

Conjugation of an electrophilic compound (RX) with

glutathione is catalysed by glutathione S-transferases, and the

glutathione conjugate may be excreted directly into bile. Once in the

gut, the conjugate can be excreted in faeces or reabsorbed from the

intestine, after which it may undergo enterohepatic circulation.

Catabolism of unexcreted or reabsorbed glutathione conjugates usually

occurs in the kidney. In this organ Y-glutamyl transferase (Y -

glutamyl transpeptidase) catalyses the transfer of the Y-glutamyl

moiety to neutral amino acids (AA) or peptides, after which cysteinyl-

glycinase (dipeptidase) catalyses the hydrolysis of the cysteinyl-

glycine peptide bond; glycine is released. The cysteinyl derivative

can then be converted by N-acetyl transferase to a mercapturic acid by

N-acetylation with acetyl CoA (AcCoA). Alternatively, the cysteine

conjugate can be converted to the thiol derivative, pyruvate and NH3

by cysteine conjugate b-lyase [see Section 1.04g (Fig. 1.10)].
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act as the nuc-leophilic substrate for GST, although it has been

reported that homoglutathione ( y-glutamylcysteinylalanine), found in

certain plants as a substitute for GSH, is an equally good substrate

for mammalian GST (Habig ejt al., 1974a). More recently, Sugimoto et

al. (1985) showed that y-glutamylcysteine may serve as a substrate

for GST. The rat enzymes possess a significantly lower binding-

affinity for Y-glutamylcysteine than GSH, and it is thought that

glycine is an essential component for efficient binding to a specific

catalytic sub-site (Mannervik, 1985). Other simple exogenous thiols,

such as mercaptoethanol, cannot replace GSH as a substrate for GST.

1.02 Glutathione S-transferases (GST) : Historical aspects

1.02a Cytosolic GST

The majority of the early work on GST was performed using

rat liver cytosol preparations, and the rat liver enzymes have provided

the foundation for subsequent study.

The first report regarding the enzyme-catalysed conjugation

of GSH with electrophilic compounds was by Booth et al. (1960) who

showed that rat liver slices converted naphthalene and 1,2-

dihydronaphthalene into corresponding glutathione conjugates. Booth

et al. (1961) subsequently showed that an enzyme in the soluble

fraction of rat liver, catalysed GSH conjugation with a variety of

compounds, including isomers of dichloronitrobenzene. Several of the

compounds investigated, had been shown previously to be excreted in

urine from rat as mercapturic acids. In the same year, the existence

of a soluble rat liver enzyme was described, that catalysed the

conjugation of GSH with bromosulphophthalein (Combes & Stakelum,

1961). Shortly after these initial reports on GST, it was recognized
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that several types of GST activity were represented in rat liver. For

example, the enzyme(s) which catalysed the conjugation of GSH with

aromatic halogen and nitro compounds, was shown to be separate from

the GST which catalysed the conjugation of GSH with aliphatic halogen

compounds (Johnson, 1963). It was therefore proposed that the GST

originally described by Booth et al. (1961), which was active with

halogenated aromatic hydrocarbons, should be named glutathione S-

aryltransferase (Grover & Sims, 1964) rather than "thiokinase", the

name which had been used previously (Al-Kassab et al., 1962, 1963;

Cohen et al., 1964). The various GST forms which were subsequently

described, were then named according to the type of reactions which

they catalysed (Boyland & Chasseaud, 1969a; Chasseaud, 1974). This

early nomenclature for GST included glutathione S-aryltransferases,

which acted on aromatic and other cyclic compounds containing labile

halogens or nitro groups, glutathione S-alkyltransferases, which

utlized alkylhalides as substrates, glutathione S-aralkyltransferases

which were specific for aralkylhalides and esters, glutathione S-

epoxide transferases which conjugated various epoxides with GSH, and

glutathione S-alkenetransferases which catalysed conjugations with

a,£)-unsaturated carbon compounds.

At the time when such designations were made, homogeneous

enzyme preparations were not available, and as different GST were

purified, it became clear that the separate isoenzymes had overlapping

substrate specificities. The nomenclature based on the structure of

the substrate was abandoned (Fjellstedt et al., 1973; Pabst et al.,

1973, 1974; Habig et al., 1974a). These early purification schemes

described the isolation of four distinct GST isoenzymes from rat

liver, which were named A, B, C and E in reverse order of their
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elution from CM-cellulose columns. The existence of a transferase D

was recognized, but it was not purified. Later, the same group of

workers described transferase AA; this enzyme eluted at a higher ionic

strength from CM-cellulose than transferases A-E (Habig et al., 1976).

The purified transferases were shown to have a native molecular mass

of 45 000 and to comprise two subunits with an approximate Mr of 25

000 (Habig et al., 1974a).

As further GST forms have been described, the nomenclature

originally devised by Habig et al. (1974a) has become less frequently

used; the original purification procedure does not resolve all the

hepatic GST. The relationship between these early designations, and

the currently used nomenclature, is described in Section 1.03b.

1.02b Identity of GST with ligaridin

During the period when early studies on GST isoenzymes were

being performed, a separate body of literature grew up around a

cytosolic protein from rat liver which had a high binding affinity for

various endogenous and exogenous organic anions.

Three groups of workers independently isolated a carcinogen-

binding protein (Ketterer et. al., 1967), a Cortisol metabolite binding

protein (Morey & Litwack, 1969) and a bilrubin- and bromosulphoptha-

lein-binding protein (Levi et al., 1969). The binding proteins were

named "basic azo-dye carcinogen-binding protein (J3-ABP)",

"Corticosteroid Binder I" and "Y protein", respectively. As a result

of collaboration between these laboratories, it was reported that the

three proteins were identical. Because of the binding properties of

this protein, Litwack, Ketterer and Arias each renamed their

preparations "ligandin" (Litwack et al., 1971).
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Ligandin was shown to be capable of binding, non-covalently,

a large number of organic anions, including bilirubin, and dyes such

as bromosulphophthalein (BSP) and Indocyanine Green, which are used in

tests for hepatic function. It was proposed that ligandin is involved

in the selective uptake by the liver, of small molecules from plasma,

and may function as a carrier protein, transferring insoluble

compounds from the hepatic plasma membrane to the canalicular membrane

and into bile (Levi et al., 1969; Reyes et al., 1971; Fleischner et

al., 1972). The capacity for binding, non-covalently, organic anions,

was also shown to be accompanied by the ability to covalently bind

certain carcinogens, notably azo-dye carcinogens and metabolites of

polycyclic aromatic hydrocarbons (Ketterer et al., 1967; Ketterer,

1972).

The function of ligandin was studied extensively as a

binding protein until, during studies on the binding of BSP and other

anions to this protein, Kaplowitz et al. (1973) reported an

association between BSP binding to ligandin and its conjugation with

GSH. This report was followed by evidence presented by Jakoby and his

colleagues that ligandin was identical to glutathione S-transferase B

(Habig et al., 1974b). Since this report, however, the historical

relationship between ligandin and the GST became complicated by the

fact that early preparations of ligandin, described by different

groups of workers, may have contained separate transferases or been

heterogeneous GST mixtures. Unfortunately, all those research groups

employed electrophoretic methods of low resolving power to analyse

their ligandin preparations. Although the transferases are dimeric,

the quaternary structure of ligandin preparations was unclear.
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Using discontinuous sodium dodecy] sulphate/polyacrylamide-

gel electrophoretic (SDS/PAGE) techniques, Bass et al. (1977)

described the major subunits of the BSP-binding Y fraction of rat liver

cytosol as Ya, Yb and Yc, with Mr values estimated as 22 000, 23 500

and 25 000 respectively; the purified ligandin fraction was found to

contain unequal amounts of Ya and Yc subunits. Based on differential

induction of the GST subunits by phenobarbital, this group of workers

proposed that a protein comprising Ya subunits was the main component

of ligandin. This proposal was substantiated by Hayes et al. (1979),

who demonstrated the non-identity of ligandin with transferase B,

which was found to be a heterodimer comprising Ya and Yc subunits.

Ligandin was shown to be a YaYa homodimer.

The ligandin preparation described by Arias and his

colleagues comprised two major subunit types and appears to have been

a YaYc heterodimer (Listowsky et al., 1976). However, Ketterer's

research group reported that the ligandin described from their

laboratory, was a mixture of YaYa and YaYc (Carne et al., 1979). The

subunit composition of the ligandin preparation from Litwack's

laboratory is unclear.

The term "ligandin" is now seldom used to describe this

cytosolic binding protein and it is currently incorporated into the

nomenclature for GST (see Section 1.03b). It still, however, may

cause confusion in the interpretation of "historical" data and it is

important that it is recognized that early reports of ligandin from

different laboratories may not be describing the same protein.
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1.02c Microsomal GST

During the initial studies of rat liver GST activity by

Booth et al. (1961), the intracellular localization of enzyme activity

with l,2-dichloro-4-nitrobenzene (DCNB) as a substrate was

investigated. It was found that 82% of the total activity was

associated with the soluble fraction and that 4%, 5% and 5% of

activity towards DCNB was recovered in the microsomes, nuclei and

mitochondria respectively. Subsequent studies of GST concentrated

mainly on the cytosolic enzymes, and it was not until 1973 that the

existence of a distinct microsomal GST was proposed (Kraus et al.,

1973). This group of workers examined the rates of conjugation of a-

hexachlorocyclohexane with GSH by various sub-cellular fractions of

rat liver. They found that the specific activity, per milligram of

protein, of microsomal and mitochondrial preparations was in the same

order of magnitude as the liver cytosol, and when rats were injected

with cr-hexachlorocyclohexane, the cytosolic activity with this

substrate was induced, but the activity in the microsomes and

mitochondria was not.

Further investigation into the GST activity of microsomal

and mitochondrial preparations by Kraus and his colleagues,

demonstrated that a range of substrates exist, which could be

conjugated with GSH by these subcellular fractions, although at a

significantly lower rate than cytosol (Kraus & Gross, 1979).

Glatt & Oesch (1977) showed that the mutagenic compound,

benzo[a]pyrene-4,5-oxide, is slowly conjugated with GSH by the

microsomal fraction of rat liver. The high lipophilicity of this

compound and many other substrates of GST, led Friedberg et al. (1979)
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to predict that, as such substrates may not be readily available to

cytosolic GST, the existence of a membrane-bound GST may be of

particular importance in detoxification. Friedberg et al. (1979)

investigated the existence of a distinct microsomal GST by repeated

washing of microsomes, followed by solubilization with detergent and

purification of proteins by isoelectric focusing. These workers

concluded that microsomal GST activity was based solely on a stable

localization of the cytosolic transferases A, B and C in the

microsomal membrane.

In the same year, however, Morgenstern et al. (1979)

demonstrated that microsomal GST activity, towards l-chloro-2,4-

dinitrobenzene as a substrate, could be selectively stimulated 8-fold

by treatment of microsomes with N-ethylmaleimide (NEM) and 4-fold,

with iodoacetamide; cytosolic GST activity was not affected by such

treatment. This finding substantiated the belief in the existence of

a distinct microsomal GST and also provided a means to study this

microsomal GST in vitro (Morgenstern et al., 1980). Morgenstern and

his colleagues have since purified and characterized the NEM-

activatable microsomal GST and have shown that it is distinct from the

cytosolic GST (Morgenstern et al., 1982a).

1.03 Multiple forms of GST

1.03a Occurrence of GST

Cytosolic GST activity has been described in livers of all

vertebrates so far examined (Grover & Sims, 1964; Chasseaud, 1979;

Mannervik, 1985) and has also been found in many other aerobic life

forms, including insects (Cohen et al., 1964; Jansen et al., 1984;

Clark & Carrol, 1986), plants (Mozer et. al., 1983) and microorganisms
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(Shishido, 1981). Microsomal GST has been reported to be present in

the majority of mammalian livers examined (Morgenstern et al., 1984)

but significantly less is known about the interspecies distribution of

this microsome-specific form.

Particular attention has been paid to the existence of

alternative cytosolic GST forms in the rat, and knowledge about the

rat isoenzymes has been the foundation for much of the subsequent work

on GST from other species.

1.03b Nomenclature

Many isoenzymes of cytosolic GST have been described in rat

liver and extra-hepatic organs. The quaternary structure has provided

a basis for the currently used nomenclature, with the various GST being-

named according to the subunits which they comprise. Nomenclatures

which are now commonly used are either based on the original work by

Bass et al. (1977), who named the major subunits of the soluble BSP-

binding Y fraction of rat liver as Ya, Yb and Yc, according to their

mobility on SDS/PAGE, or on the proposal by Jakoby et al. (1984), that

subunits should be assigned Arabic numerals. The relationship between

both forms of current nomenclatures is shown in Table 1.01, which also

includes early trivial GST designations.

The system based on the mobility of subunits on SDS/PAGE, is

widely used and has been augmented to include Ybi and Ybs, Yf, Yk and

Ym and Ym (Hayes, 1983, 1986; Hayes & Mantle, 1986c; Ishikawa eh

al., 1987). The relative mobilities of the subunits on SDS/PAGE in

12.5% polyacrylamide resolving gels (Cbi= 2.6%) are Yf>Yk>Ya>Yn>Yb>Yc

(Hayes, 1986; Hayes & Mantle, 1986c).
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Table 1.01 Alternative nomenclatures for GST isoenzymes :

References

(1) Jakoby et al. , 1984; Meyer et a1., 1984, 1985; Guthenberg et al.,

1985a, b; Jensson et al., 1986.

(2) Carne et al., 1979.

(3) Fjellstedt et al., 1973; Habig et al., 1974a, 1976.

(4) Hayes et al., 1979; Hayes, 1984, 1986.

(5) Kitahara et al., 1984

(6) Li et al., 1986

(7) Boyer & Kenney, 1985

(8) Reddy et al., 1984.
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Table 1.01 Alternative nomenclatures for GST isoenzymes

GST* Alternative nomenclatures**

12345678

YaYa 1-1) 1 Ligandin
} Ligaridim B

YaYc 1-2) J B

YcYc 2-2 AA

YkYk 8-8 K Y5Y5

ND ND YaYa

YbiYbi 3-3 A

YbiYbz 3-4 C

YbzYbz 4-4 D

YnYn" 6-6 N Y(3YB YtYt

YbiYn 3-6 P

YbzYn 4-6 S

ND 5-5 E

YfYf 7-7 P(YpYp)

Abbreviation : ND,no designation

* Nomenclature currently in use in this laboratory (Hayes, 1986; Hayes

&. Mantle, 1986a,b,c) and utilized during this thesis

** References shown on facing page

° The existence of two forms of the Yn subunit, Ym and Ynz, which

can form homo - or hetero-dimers has recently been described

(Ishikawa et al. , 1987)and although the hybridization of Yb

subunits with Yn subunits has previously been reported (Hayes,

1984), it has not been established if Ym and Ynz can both

hybridize with Yb subunits.
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The Yf subunit is also known as Yp (Kitahara et al., 1984)

and the Yn subunit appears to be identical to Yt described by Boyer &

Kenney (1985) and may also be the same subunit as Y(3 described by Li

et al. (1986). Two subunits known as Ya (Reddy et al., 1984) and Y5

(Li et al., 1986) have also been described from rat and it is thought

that Y5 may be identical to Yk (Hayes & Wolf, 1988). The relationship

between Ya and the GST subunits described from this laboratory is

unclear.

The nomenclature used in this thesis will be that which has

been described by Hayes (1986) and Hayes & Mantle (1986b,c), in which

the subunits are named according to their mobility on SDS/PAGE. As

the existence of only one microsomal GST has been described to date,

the term "microsomal GST" will be used to denote the microsome-

specific GST described by Morgenstern et al. (1982a); this form is

distinct from cytosolic GST which may be associated with the

microsomes.

Cytosolic GST isoenzymes have been described from various

human tissues and they are generally divided into three categories,

namely "basic", "neutral" (or "near-neutral") and "acidic" GST,

depending on their isoelectric point (Mannervik et al,, 1983;

Mannervik, 1985). Within these categories, GST isoenzymes have

usually been assigned a Greek letter, but, as is the case with the rat

isoenzymes, there is some variation in nomenclature between

laboratories. The most widely used designations will now be

described.

Five "basic" GST from human liver (pi 7.8-8.8) were

described by Kamisaka et al. (1975). and named a-£. It was assumed
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that these GST were formed as a result of deamidation of a single gene

product. Recently, it was demonstrated that three of the "basic"

transferases are homo- or hetero-dimers of two distinct subunits, with

the same molecular mass, and they were named B1B1, BiBz and B2B2

(Stockman et al., 1985, 1987). It is thought that these forms

correspond to transferases €, 5 and Y respectively.

Two "neutral" type GST have been described and have been

named p (pi 6.1) and y (pi 5.5) (Warholm et al., 1983; Hussey et al.,

1986; Singh et al., 1987a). A third form, which is immunologically

related to transferases u and Y , but has a significantly lower

isoelectric point (pi 4.5), has also been described and named

transferase 0 (Stockman & Hayes, 1987).

The "acidic" human GST, isolated from lung erythrocytes and

placenta have been named X , p and tc respectively, but these forms

are thought to be identical, and have a pi value of 4.8 (Guthenberg &

Mannervik, 1981; Dao et al., 1984).

It has been shown that the human GST have physicochemical

properties which are similar to certain of the previously described

rat GST. The rat and human enzymes also share immunological properties

(Mannervik et al., 1985; Hayes & Mantle, 1986b,c). The "basic",

"neutral" and "acidic" human GST isoenzymes are dimers comprising

subunits which appeal' to be analagous to rat Ya-, Yb- and Yf-type

subunits respectively. The existence of a microsomal GST has not been

described in human (see Section 1.06d).

A nomenclature for mouse GST has not been definitively

established, as it has been predicted that strain differences may
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exist (Warholm et. al., 1986), and correlations between separate GST

described by different groups of workers have not been established.

This will be described in Section 1.06b.

1.03c The isoenzymes of GST : The existence of distinct multigene

families

Previously characterized cytosolic GST isoenzymes from human

and rodents can be grouped into three distinct families, based on

structural, catalytic and immunochemical differences and similarities

between separate forms (Mannervik et al., 1985; Hayes & Mantle, 1986b;

Tu et. al., 1986). The three families have been classified as a, p and

tc (Mannervik et al., 1985) or, alternatively, as groups I, II and III

(Hayes & Mantle, 1986b). Group I (or a) comprises Ya-. Yc- and Yk-

type subunits, group II (or p) contains Yb- and Yn-type subunits and

group III (or 7u) is represented by Yf-type subunits.

Each family of enzymes is thought to represent the products

of a related group of genes, and within the gene families, the

polypeptide products may hybridize to form homo- or hetero-dimeric

enzymes. The definition of a gene "family" has not been firmly

established because, although a high degree of amino acid sequence

homology is seen between subunits within a group, some doubt remains

about the assignment of Ya, Yc and Yk subunits from rat, to the same

group. The amino acid sequences of the Ya and Yc subunits from rat

have been deduced from cDNA clones and the overall sequence homology

is 68% (Pickett et al., 1984; Telakowski-Hopkins et al., 1985).

Furthermore, the subunits may exist in. vivo in hetero- or homo-dimeric

forms. However, it has been shown that expression of both subunits is

subject to differential control mechanisms, both biologically, with
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tissue-specific differences in expression of the separate subunits (Li

et al., 1986) and by exogenous inducers of transcription (Pickett et

al., 1982, 1984) (See Section 1.05a).

Telakowski-Hopkins et al. (1985) have shown major

differences in the 5 '-untranslated regions between cDNA clones for Ya

and Yc subunits, and suggest that these divergent regions may play an

important role in the differential regulation of the Ya and Yc mRNAs

by xenobiotics and endogenous controlling factors. It is suggested

that these genes arose from a common ancestral gene which has

duplicated and diverged during the course of evolution. The

similarity between the protein-coding regions of the Ya and Yc mRNAs

is not as great as that seen between the Yb mRNAs, where there is 84%

nucleotide sequence homology in the translated regions (Ding et al.,

1986) for Ybi and Yb2, but the degree of similarity between the

sequenced Ya and Yc subunits is significantly greater than that seen

between the separate designated groups. Approximately 30% amino acid

sequence homology exists between members of different groups

(Mannervik et al., 1987).

The assignment of the Y'k subunit to group I, based on shared

structural and immunological properties with Ya and Yc subunits, is

also uncertain as it has been shown that a lower degree of similarity

exists between Yk and the Ya/Yc subunits than the Ya and Yc subunits

share with each other (Hayes, 1986; Hayes & Mantle, 1986b; Hayes et

al., 1987b). Hybrid enzymes comprising YaYk or YcYk have not been

described.

Within group II, the amino acid sequences of Ybi and Yb2

from rat, have been elucidated (Ding et al., 1985, 1986). More
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recently the existence of a third Yb-type subunit (which has been

named Ybs) and its amino acid sequence, deduced from a cDNA clone,

has been reported (Abramovitz & Listowsky, 1987). Between the three

forms, a high degree of nucleotide sequence homology is observed

(greater than 80% in the protein coding region) and there is little

doubt that these polypeptides belong to the same gene family. The Ybi

and Yb2 subunits may hydridize to form homo- or hetero-dimers and the

various combinations have been found to exist jn vivo (Hayes, 1983);

the Yb3 form has not been characterized at a protein level. The Yn

subunit, which has been assigned to group II, may hybridize with Ybi

and Yb2 (Hayes, 1984) and has been shown to share common structural

properties with Yb-type subunits (Hayes & Mantle, 1986b; Li et al.,

1986). Less is known about the relationship of transferase 5-5,

described by Meyer et al. (1984), and other GST, but it is thought

that subunit 5 may be related to Yb-type subunits. A Y nomenclature

has not, as yet, been assigned to 5-5.

The only member of group III is the Yf subunit, and the

existence of related subunits has not been established convincingly.

Furthermore, it has been reported that only one active gene, encoding

the Yf polypeptide, appears to exist in the rat genome (Okuda et al.,

1987). Hybrid enzymes, comprising Yf and alternative subunits have

not been described.

The existence of a rat hepatic transferase, known as

transferase M (Gillham, 1971, 1973; Jakoby et al., 1976), has been

established. This enzyme has not been purified and it is not known how

transferase M relates to other, more thoroughly characterized

cytosolic GST.
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Microsomal GST from rat has not been investigated at a DNA

level, but heterogeneity has not, as yet, been demonstrated. It was

speculated by Mannervik (1985) that the microsomal GST may represent

an ancestral form of the cytosolic GST, and, that by gene

recombination and fusion, the ancestral gene coding for a polypeptide

the size of the microsomal subunit, has given rise to the cytosolic

GST. However, subsequent elucidation of the primary amino acid

sequence from rat microsomal GST, has shown that very little

relationship in primary protein structure exists between microsomal

GST and the other cytosolic GST (Morgenstern et al., 1985). Thus, the

microsomal GST can be considered to represent a fourth gene family and

can be classified as belonging to group IV.

N-Terminal amino acid sequences of representatives of the

four groups of transferases are shown in Table 1.02.

At present, it is convenient to regard the cytosolic

transferases as a family of isoenzymes which may be divided into three

distinct groups, but recently it has been suggested that the GST

isoenzymes represent a "super-gene" family, where there are several

representatives for each subunit type (Tu et al., 1987). There is

strong evidence to suggest that more than one type of Ya subunit is

expressed in both rat and human (Sheehan & Mantle, 1984; Stockman et

al., 1985, 1987; Hayes & Mantle, 1986a; Wang et al., 1986) and it has

been shown that several genes exist which encode this subunit

(Rothkopf et al., 1986). Rothkopf et al. (1986) have also reported

the presence of, at least, two genes which encode the Yc subunit, and

there is evidence that more than one type of Yc subunit is expressed

in the rat in vivo (Ketterer et al., 1983; Hayes & Mantle, 1986b).

The existence of multiple genes which encode the Yb-type subunits has

also been reported (Tu et al., 1987)
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Table 1.02 N-Terminal amino acid sequences of rat GST from groups I

II. III and IV

Position Group 1° Group IIb Group IIIc Group

Ya Yc Ybi Yba Yf Micros<

(1) Met Met Met — Met
1 Ser Pro Pro Pro Pro Ala
2 Gly Gly Met Met Pro Asp
3 Lys Lys lie Thr Tyr Leu
4 Pro Pro Leu Leu Thr Lys
5 Val Val Gly Gly lie Gin
6 Leu Leu Tyr Tyr Val Leu
7 His His Trp Trp Tyr Met
8 Tyr Tyr Asn Asp Phe Asp
9 Phe Phe Val lie Pro Asn

10 Asn Asp Arg Arg Val Glu
11 Ala Gly Gly Gly Arg Val
12 Arg Arg Leu Leu Gly Leu
13 Gly Gly Thr Ala Arg Met
14 Arg Arg His His Cys Ala
15 Met Met Pro Ala Glu Phe
16 Glu Glu lie He Ala Thr
17 Cys Pro Arg Arg Thr Ser
18 lie lie Leu Leu Arg Tyr
19 Arg Arg Leu Phe Met Ala
20 Trp Trp Leu Leu Leu Thr
21 Leu Leu Glu Glu Leu He
22 Leu Leu Tyr Tyr Ala lie
23 Ala Ala Thr Thr Asp Leu
24 Ala Ala Asp Asp Gin Ala
25 Ala Ala Ser Thr Gly Lys
26 Gly Gly Ser Ser Gin Val
27 Val Val Tyr Tyr Ser Met
28 Glu Glu Glu Glu Trp Phe
29 Phe Phe Glu Asp Lys Leu
30 Glu Glu Lys Lys Glu Ser
31 Glu Glu Arg Lys Glu Ser
32 Lys Gin Tyr Tyr Val Ala
33 Leu Phe Ala Ser Val Thr
34 lie Leu Met Met Thr Ala
35 Gin Lys Gly Gly lie Phe

* Deduced from cDNA (Telakowski-Hopkins et ad., 1985)

b Deduced from cDNA (Ding et al. , 1986)

c Deduced from cDNA (Suguoka et al., 1985)

d Protein sequence (Morgenstern et al., 1985)
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An alternative viewpoint to the concept of a "super-gene"

family of isoenzymes is that of Mannervik et al. (1987), who proposed

that only GST within a given group should be considered as true

isoenzymes, that is, as a family of proteins which are closely

related, both structurally and functionally. The separate groups of

GST, which are more distantly related, could be considered to

represent an intermediate evolutionary stage between isoenzymes and

discrete enzymes. Although all GST conjugate GSH with electrophiles,

the differences in the physical properties, and specificities for

certain electrophiles, of GST between separate groups (see Section

1.04d) give credence to this concept.

1.04 The structure and function of GST

1.04a Structural aspects

The quaternary structure of cytosolic GST is based on the

interaction of two related subunits (Mr 24 800 - 27 500). Isoenzymes

with a dimeric combination of subunits from separate classes

(described in Section 1.03c) have not been isolated nor has in vitro

hybridization, after denaturation, of Ya with Yb or of Yc with Yb, been

demonstrable (Boyer et al., 1983). The mechanisms and requirements

for iri vivo hybridization within a gene family have not been firmly

established, but in vitro denaturation and rehybridization experiments

with rat GST have shown that the re-association of subunits probably

involves a "self"-recognition between the interaction sites of

hybridizing subunits, and that this would require areas of amino acid

sequence homology between separate or identical subunits (Hayes,

1984). This recognition requirement would explain the absence of

hybrid enzymes containing subunits from separate gene families.
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Reported Mi- values of GST subunits, which have been

determined from mobility in SDS/polyacrylarnide-gels, often vary

between laboratories. Furthermore, the apparent Mr values, estimated

using SDS/PAGE, may differ from the true molecular mass values,

calculated from total amino acid sequences. The most notable example

of the latter discrepancy is for rat Ya and Yc subunits. The Ya and

Yc subunits migrate during SDS/PAGE, with apparent Mr values of 25 500

and 27 500 respectively (Hayes & Mantle, 1986c). However, the true

molecular weights of both subunits are virtually the same, being 25 322

and 25 567 for the Ya and Yc subunits respectively (Telakowski-Hopkins

et al., 1985). The different mobilities on SDS/PAGE are thought to be

due to differential binding of SDS by the separate subunits. Relative

mobilities of the separate subunits are also dependent on the

concentration of the cross-linker, NN'-methylenebisacrylamide in the

polyacrylamide resolving gel (Hayes & Mantle, 1986c).

In contrast to the apparent Mr values of the rat cytosolic

GST (24 800 - 27 500), the rat microsomal GST was reported as having a

subunit Mr of 14 000 (Morgenstern et al., 1982a). Subsequently,

sequencing data has shown the true molecular weight to be 17 237

(Morgenstern et al., 1985). Table 1.03 shows apparent Mr values of

the separate cytosolic and microsomal subunits, as estimated from

SDS/PAGE, and, where data is available, corresponding calculated

molecular weights.

Although elucidation of the quaternary structure of the

microsomal GST has been complicated by the binding of detergent

(Triton X-100) to purified microsomal preparations, it is proposed

that this protein is trimeric, comprising three identical subunits
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Table 1.03 Subunit Mr values of cytosolic and microsomal GST from

rat

GST group Subunit Apparent* Calculated**
designation molecular mass molecular mass

(Da) (Da)

I Ya 25 500 25 567

I Yc 27 500 25 322

I Yk 25 000 ND

II Ybi 26 300 25 919

II Yb2 26 300 25 705

II Yn 26 000 ND

III Yf 24 800 23 307

IV Microsomal 14 000 17 237

* Molecular mass values estimated from mobilities of subunits in

SDS/PAGE. Values for cytosolic GST from Hayes & Mantle (1986c)

[12% (w/v) polyacrylamide resolving gels (Cbi5 2.6%)]. Values for

microsomal GST from Morgenstern et etL. (1982a).

** Molecular mass values for cytosolic GST calculated from amino acid

sequences deduced from cDNA clones. Values for the separate

subunits are from the following publications; Ya and Yc,

Telakowski-Ilopkins et al. (1985); Ybi , Ding et al. (1985); Yb>2 ,

Ding et al. (1986); Yf, Suguoka et al. (1985); Microsomal GST,

Morgenstern et al. (1985).
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(Morgenstern et al., 1985). Microsomal GST is a true integral

membrane protein, although probably partially exposed to the cytosol,

rather than a membrane-associated protein. It cannot be removed from

membranes by excessive washing, sonnication, or filtration through

Sepharose 6B in the presence of 10% glycerol. It requires detergent to

release it from microsomes (Morgenstern et al., 1980, 1982a), The

hydrophobic amino acid content of this protein (54%), as determined

from quantitative amino acid analysis, is not significantly greater

than the majority of soluble proteins (53%) (Morgenstern & DePierre,

1983). However, analysis of the amino acid sequence of microsomal

GST, and calculation of hydrophilicity values, indicated the presence

of several hydrophobic segments, one of which is sufficiently long and

uninterrupted by hydrophilic regions, to be implicated in direction of

integration with cell membranes (Morgenstern et al., 1985). It is

thought that the active sites are on the cytosolic side of the

endoplasmic reticulum, as GST activity is lost after treatment of

microsomes with pronase (Morgenstern et al., 1980) and stimulated by

treatment of microsomes with trypsin (see Section 1.05b).

1.04b GST as catalysts

Hybridization between two cytosolic GST subunits does not

appear to have an allosteric or co-operative effect on catalysis; both

subunits are thought to be kinetically independent (Danielson &

Mannervik, 1985). Each subunit displays a distinct substrate

specificity which is not affected by the dimeric combination with

another different or identical subunit.

Conjugation of electrophilic compounds with GSH involves

interaction of the separate substrates with the enzyme, at distinct
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binding sites. Jakobson et al. (1977) proposed that each subunit

contains an active centre composed of two binding sites, with one sub-

site possessing a high affinity for GSH and one hydrophobic sub-site,

specific for the second electrophilic substrate. The binding sites

have since been named the G-site and H-site respectively (Mannervik,

1985). This, however, may be an over-simplification as the existence

of more than one hydrophobic substrate binding site has been predicted

(Ketterer et al., 1987).

It is thought that the glutathione molecule adopts an

extended Y-shaped configuration, and GSH-binding sites for glyoxalase

I and selemium-dependent glutathione peroxidase are both complementary

to this shape (Rosevear et al., 1984: Mannervik, 1986). The shape of

the GSH-binding site in GST has not been elucidated, but it is thought

that similarities may exist between glutathione-linked enzymes

(Mannervik, 1986). Peptides which are implicated in substrate binding-

have not been isolated from GST. The proposed model for the relative

positions of the active sites is shown in Figure 1.03 (Mannervik,

1985). This model is based on kinetic studies rather than X-ray

crystallography. The quaternary structure of GST has not, as yet,

been elucidated by this method, but preliminary data have been

published for the YbiYbi GST (Sesay et al., 1987).

The most detailed studies on the kinatic mechanisms have

been carried out on rat YbiYbi (transferase A). It is notable that

this enzjrme, even when deemed homogeneous by rigorous criteria,

displays a characteristic non-Michaelian substrate-rate saturation

curve, similar to the curves obtained when a heterogeneous mixture of

enzymes with unequal Km values, act on the same substrate (Pabst et
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Figure 1.03 Proposed model for the localization of the two active

sites of a dimeric glutathione S-transferase molecule
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Figure 103
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al., 1974; Askelof et al., 1975; Mannervik, 1985). The possibility

of, either impure enzyme preparations, or a co-operative interaction

of the two identical subunits, contributing to this effect, is thought

to be unlikely (Jakobson et al., 1977, 1979a,b; Danielson & Mannervik,

1985).

It was originally assumed that the rate behaviour of YbiYbi

was based on a branched reaction scheme involving alternative reaction

pathways, but it is now generally accepted that the kinetic model

proposed by Jakobson et al. (1977) is the most feasible mechanism for

catalysis. This group of workers suggested a steady-state random

sequential mechanism and have shown that the original mechanism

proposed by Pabst et al. (1974), which is a hybrid mechanism involving

an ordered sequential pathway at high concentrations of GSH, where GSH

binds first, and a ping-pong pathway at low concentrations of GSH,

where the electrophilic substrate binds first, is unlikely to be

correct. The steady-state random sequential reaction scheme for the

enzymic conjugation of DCNB with GSH, involves the initial binding of

the substrates, where either GSH or the electrophilic substrate can

bind first to the enzyme. The products of the reaction are then

released in random order. Two intermediate enzyme-product complexes

may exist, enzyme-chloride and enzyme-[-S-(2-chloro-4-nitrophenyl)-

glutathione] and these, in turn, are capable of forming ternary

enzyme-product-substrate complexes. The ternary complexes may then

dissociate into enzyme-substrate complexes by release of the products

(Jakobson et al., 1977). Such a mechanism allows for the existence of

several possible enzyme forms which can bind GSH, DCNB and/or product.

It is thought that the kinetic mechanism, however, may be complicated

by an enzyme memory mechanism, involving slow conformational changes
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of the protein, which is responsible for the non-Michaelian substrate-

rate saturation curves displayed by GST (Mannervik, 1985; Danielson &

Mannervik, 1985)

The catalytic mechanism for the trimeric microsomal GST has

not been elucidated, nor has a topology for the active sites been

proposed.

The catalytic mechanism by which GST afford an increased

rate of conjugation with electrophiles is thought to be a simple one,

as the rate enhancement of reactions, the majority of which can

proceed non-enzymatically, is not great (Jakoby, 1978). This indicates

that these isoenzymes are not powerful catalysts, and that the major

means of rate enhancement results from GST bringing the two

substrates into close juxtaposition; this has been referred to as a

proximity effect. An additional factor is thought to be that the GSH-

binding site may lower the pKo of the thiol moiety (pK<, 9.2) of GSH,

promoting its ionization to GS- and H+, thereby making it a more

powerful nucleophile at physiological pH.

1.04c Multifunctional enzymatic action of GST : Types of reaction

The "proximity effect" catalytic mechanism of GST means that

a large variety of reaction types, in which the glutathione thiolate

ion (GS~) acts as a nucleophile, may be catalysed by this group of

enzymes. The requirements for the second, electrophilic substrate, are

that it should bear a sufficiently electrophilic atom and should have

a hydrophobic region to promote binding (Keen et al., 1976; Keen &

Jakoby, 1978).
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Reactions which involve nucleophilic attack at an

electrophilic carbon, include substitution reactions where

nucleophilic displacement occurs, and addition reactions. GST can

also catalyse thiolysis and isomerization reactions (Benson et al.,

1977; Keen & Jakoby, 1978). Specific examples of the various types of

reaction involving- an electrophilic carbon atom are shown in Figure

1.04 and are as follows;

(1) Substitution reactions.

Conjugation reactions involving substitution of a "leaving"

group with GSH may occur with the following classes of compounds:

(la) arylhalides (e.g. l-chloro-2,4-dinitrobenzene).

Nucleophilic displacement occurs at an aromatic carbon and the leaving

group is a halogen (Fig. 1.04a). Certain aromatic halogen compounds

(e.g. 1,2,4,5-tetrachloro-nitrobenzene) undergo substitution of a

nitrite group at the aromatic carbon (Fig. 1.04b) (Al-Kassab et al.,

1963).

(lb) aralkylhalides (e.g. benzyl chloride) and aralkyl sulphate

esters (e.g. 1-meriaphthyl sulphate). Substitution occurs at a

saturated carbon atom, and the leaving group is a halogen from

aralkylhalides, and a sulphate group from aralkyl sulphate esters

(Figs. 1.04c and 1.04d) (Boyland & Chasseaud, 1969a,b; Gillham, 1971).

(lc) alkylhalides (e.g. iodoinethane). Nucleophilic displacement

occurs, with the alkylation of GSH and the liberation of the halogen

(Fig. 1.04e) (Johnson, 1963, 1966; Boyland & Chasseaud, 1969a).

(2) Addition reactions.

Various epoxides, including compounds with an oxirane ring

at the end of an alkyl chain (e.g. l,2-epoxy-3-(p-nitrophenoxy)
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Figure 1.04 Substrates for GST which contain an electrophilic

carbon, and their reaction with glutathione

Panels (a) to (k) depict different types of reactions

of GSH with various electrophilic compounds which are as follows:

(a) l-Chloro-2,4-dinitrobenzene (substitution)

(b) 1,2,4,5-Tetrachloro-nitrobenzene (substitution)

(c) Benzyl chloride (substitution)

(d) 1-Menaphthyl sulphate (substitution)

(e) Iodomethane (substitution)

(f) 1,2-Epoxy-3-(p-nitrophenoxy)propane (addition)

(g) Benzo[a]pyrene-4,5-oxide (addition)

(h) (3-Propiolactone (addition)

(i) Ethacrynic acid (addition)

(j) p-Nitrophenyl acetate (thiolysis)

(k) A 5-Androstene-3,17-dione (isomerization)

* The product of reaction (g) may be either benzo[a]pyrene-4-SG or 5-

SG. (Gelboin, 1980)

** The product of reaction (h) is thought to be a mixture of the

thioethex1 (structui'e shown) and the thioester (Chasseaud, 1979).
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propane) and arene oxides (e.g. benzo[a]pyrene-4,5-oxide) may be

conjugated with GSH by nucleophilic attack, involving the addition of

GSH and the opening of the oxirane ring (Figs. l,04f and 1.04g)

(Fjellstedt et al.. 1973; Nemoto et al., 1975; Gelboin, 1980).

The conjugation of GSH with ]3-propiolactone, which involves

the opening of the lactone ring and addition of GSH, is also thought

to be catalysed by GST (Fig 1.04h) (Johnson, 1966; Chasseaud, 1974;

1979).

Addition reactions may also occur with a j3-unsaturated

carbonyl compounds (e.g. ethacrynic acid), where GSH may react

additively with the 0-carbon atom of an activated a 0 double bond

(Fig. 1.4i) (Boyland & Chasseaud, 1968, 1969a; Chasseaud, 1979).

(3) Thiolysis.

Thiolysis reactions are exemplified by the reaction of p-

nitrophenyl acetate and GSH, with the products being p-nitrophenol and

S-acetylglutathione (Fig. 1.04j) (Keen & Jakoby, 1978).

(4) Isomer ization.

GST have been shown to have A5-3-ketosteroid isoemerase

activity, catalysing the conversion of AB-androstene-3,17-dione to

A*-androstene-3,17-dione (Fig. 1.04k), and are also reported to be

active in the conversion of rnalylacetone to fumarylacetone (Benson et

al., 1977; Keen & Jakobsr, 1978). Both reactions are of physiological

importance. In such isomerization reactions, GSH serves the role of a

true coenzyme and is not consumed. It is thought that a transient

glutathione adduct may be formed, which then rearranges to GSH and the

more stable isomer (Habig, 1983).
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In addition to compounds with electrophilic carbon,

compounds with electrophilic nitrogen, sulphur and oxygen are also

substrates for GST.

The reaction of GSH with organic nitrate esters (e.g.

nitroglycerin), involves the enzymatic formation of a transient

intermediate [GSNO2], which is followed by the non-enzymatic reaction

of this compound with GSH to form GSSG + HNO2 (Fig. 5.01a) (Keen et

al., 1976). The overall reaction can be written as follows:

RONO2 + 2GSH — ROH + GSSG + HNO2

The transferases may also catalyse the reaction of GSH with

organic thiocyanates (e.g. ethyl thiocyanate), where nucleophilic

attack is on the electrophilic thiocyanate sulphur atom (Fig. 1.05b)

(Keen et al., 1976). This results in the formation of an asymmetric

glutathionyl disulphide, with the liberation of HCN.

RSCN + GSH — GSSR + HCN

GST are also capable of catalysing thio-disulphide

interchange reactions, provided that the disulphide compounds are

sufficiently electrophilic to promote binding (Keen & Jakoby, 1978).

Neither cystine nor GSSG may act as substrates for GST for this type of

reaction, but if the anionic functional groups of cystine are blocked,

the less polar derivative (e.g. L-cystine dimethylester) becomes a

substrate for GST-catalysed disulphide interchange with GSH (Fig.

1.05c).

RSSR' + GSH — GSSR + R'SG
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Figure 1.05 Substrates for GST which contain electrophilic nitrogen,

sulphur or oxygen, and their reaction with glutathione

Panels (a) - (d) depict the following reactions:

(a) Conjugation of GSH with nitroglycerin

(b) Conjugation of GSH with ethyl thiocyanate

(c) Thio-disulphide interchange of L-cystine dimethyl ester with GSH

(d) GSH-mediated reduction of cumene hydroperoxide
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The GST-mediated catalysis of organic hydroperoxide (e.g.

cumene hydroperoxide) reduction, involves nucleophilic attack at

electrophilic oxygen. The reaction is thought to proceed in two

stages, involving the enzymatic formation of a transient intermediate

[GSOH], followed by non-enzymatic reduction of this compound by a

second GSH molecule to form GSSG + H2O (Fig. 1.05d). In this respect,

the reaction can be seen to be analagous to that of the reaction with

nitrate esters (Prohaska, 1980; Habig, 1983). The overall reaction

can be written as follows;

ROOH + 2GSH — ROH + GSSG + H2O

Reduction of organic peroxides is also catalysed by

selenium-dependent glutathione peroxidase, but unlike the GST, this

enzyme may also utilize hydrogen peroxide as a substrate (Lawrence &

Burk, 1976; Prohaska & Ganther, 1977). Selenium-dependent GSH

peroxidase and selenium-independent GSH peroxidase (GST) are known

glutathone peroxidase I and II respectively.

1.04d Substrates for assay of GST : Distinctions between subunit

types

Many of the conjugation reactions of electrophiles with GSH

may be followed spectrophotometrically and thus, rate enhancement by

GST can be readily measured (Jakoby, 1978). Individual cytosolic GST

isoenzymes from rat liver have been shown to display a distinctive

spectrum of catalytic activities with certain substrates (Jakoby et

al., 1976; Habig & Jakoby, 1981; Mannervik & Jensson, 1982; Tu &

Reddy, 1985). Distinct extra-hepatic GST isoenzymes also have unique

catalytic characteristics (Hayes, 1984; Guthenberg et al., 1985b).

Although the substrate specificities of the various isoenzymes may,
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for some compounds [e.g. l-chloro-2,4-dinitrobenzene(CDNB)], be

broadly overlapping, rapid catalysis with certain other substrates may

be characteristic for a particular isoenzyme form. Since each subunit

of the dimer is kinetically independent, each substrate can therefore

be considered to be a characteristic substrate for one particular

subunit (Mannervik & Jensson, 1982). In this context, measurements of

the specific activities, of an homogeneous isoenzyme, for a variety of

substrates, will provide information about the subunit composition of

the enzyme.

Characteristic substrates for the individual subunits of rat

GST are shown in Table 1.04. The specific activities are, where
V

possible, those which have been determined in this laboratory,

performed at 37°C, under standard assay conditions (Habig & Jakoby,

1981). Transferase M from rat liver (Gillham, 1971, 1973; Jakoby et

al., 1976), is not included in this table, as the subunit composition

of this protein has not been determined. The characteristic substrate

for this isoenzyme is 1-menaphthyl sulphate. The structure of this

substrate, and those of cumene hydroperoxide, A6-androstene-3,17-

dione, CDNB, l,2-epoxy-3-(p-nitrophenoxy)propane and ethacrynic acid

are depicted in Figure 1.04.

As the Ybi and Yb2 subunits from rat cannot be separated on

SDS/PAGE (see Table 1.03), the existence of substrates which can

discriminate between the two subunits, is particularly important. The

Ybi subunit has a high specific activity with l,2-dichloro-4-

nitrobenzene (DCNB), but little activity with trans-4-phenyl-3-buten-

2-one (tPBO), whereas the Yb2 subunit has a relatively high specific

activity with tPBC and little activity with DCNB. Analytically,
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Table 1.04 Characteristic substrates for cytosolic GST subunits from

rat

Subunit Characteristic substrates Specific activity of
homodimer
(pmol/min/mg)

Ya AE-Androstene-3,17-dione
Cumene hydroperoxide

2.4"
3.6"

Yc Cumene hydroperoxide 11.7°

Ybi 1,2-Dichloro-4-nitrobenzene 10.7b

Ybz trans-4-Phenyl-3-buten-2-one 3. 0b

Yf Ethacrynic acid 4.0 =

Yn l-Chloro-2,4-dinitrobenzene 248b

Yk Ethacrynic acid 9. 5d

5* 1,2-Epoxy-3-(p-nitrophenoxy)propane 25.5 =

* A subunit designation, using the "Y" nomenclature has not been made.

° Data from Hayes ej; al. (1987a)
b Data from Hayes (1984)

c Data from Meyer et al. (1985)

d Data from Hayes (1986)
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discrimation between the Yb-type subunits by their activity with these

substrates, has been used to predict the subunit composition of Yb-

containing enzymes (Mannervik & Jensson, 1982; Hayes, 1983). The Ybi

subunit also has a relatively high specific activity with BSP (0.79

pmol/min/mg) whereas the Yb2 subunit displays little activity for this

substrate (0.03 pmol/min/mg) (Mannervik & Jensson, 1982). The

structures of these substrates are shown in Fig. 1.06.

Microsomal GST, purified from rat liver, has not been shown

to have a particularly high specific activity for any one particular

substrate; basal levels of activity with all substrates so far

examined, tend to be lower than many of the cytosolic GST

(Morgenstern & DePierre, 1983). If the enzyme is treated with NEM,

the specific activities for CDNB and cumene hydroperoxide are

increased by up to 30- and 10-fold respectively. However, even at

the NEM-stimulated levels, the specific activity towards CDNB and

cumene hydroperoxide are only 30 and 0.8 nmol/min/mg respectively,

which are not particularly high values when compared with rat

cytosolic GST which have the highest specific activities for these

substrates.

In certain instances, characteristic trends for substrate

specificities, have been shown to exist for analagous cytosolic

isoenzymes from separate mammalian species. The human "basic" GST,

which are analgous to YaYa-type GST from rat (Hayes et al., 1983) have

a high specific activity for cumene hydroperoxide and A 5-androstene-

3,17-dione, both of which are characteristic subrates for rat YaYa. It

is notable that separate human Ya-containing GST display different

specific activities for both substrates (Benson et al., 1977; Stockman
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Figure 1.06 Characteristic substrates for Yb-contajning GST from rat

Panels (a) - (c) depict the following compounds:

(a) 1,2-Dichloro-4-nitrobenzene

(b) trans-4-Phenyl-3-buten~2-one

(c) Bromosulphophthalein

Leaving groups are circled. The arrow indicates the site of addition

of GSH.
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Figure 1-06
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et al., 1987). The human "acidic" GST (YfYf) has a high specific

activity for ethacrynic acid (Marcus et al., 1978; Guthenberg &

Mannervik, 1981; Stockman et al., 1987), which is the characteristic

substrate for rat GST YfYf (Guthenberg et. al., 1985b; Meyer et al.,

1985).

In addition to the individual subunits having distinctive

catalytic properties, with regard to substrate specificities, they

also differ with respect to sensitivity to inhibition of activity by

various lipophilic compounds. In view of the partially overlapping

substrate specificities of the GST isoenzymes, the use of inhibitors

is an additional means for discriminating between related forms and

determining subunit composition (Yalcin et al., 1983; Tahir &

Mannervik, 1986). A wide range of inhibitors of catalytic activity

exist, which include cibacron blue, triphenyltin chloride,

bromosulphophthalein, hematin, bilirubin and bile acids (Ketley et

al., 1975; Hayes & Chalmers, 1983; Yalgin et al., 1983; Tahir et al.,

1985). The inhibitors of particular interest are those which may

reflect modification of GST activity in vivo, or provide information

about the alternative endogenous function of GST as binding and

transport proteins. Inhibition of GST activity by bile acids and

hematin has been investigated as a means to elucidate the dual funtion

of GST as catalysts and transport proteins (Boyer et al., 1984; Vander

Jagt et al., 1985; Hayes & Mantle, 1986a).

1.04e Non-covalent binding of small molecules by GST ; Transport

and storage

The GST enzymes are capable of binding, non-covalently, a

number of lipophilic compounds which are not substrates, and although
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many of the early protein-binding studies were performed using

preparations of ligandin (YaYa/YaYc, see Section 1.02b), Ketley et al.

(1975) demonstrated that, in addition to transferases B (YaYc) and AA

(YaYc), transferases A (YbiYbi) and C (YbiYbz) are also capable of

binding non-substrate ligands.

The mechanism of non-covalent binding of compounds such as

hematin, BSP, bile salts and bilirubin, and the nature of the binding

site(s), has been investigated by several research groups. The

methods used have included inhibition kinetics, equilibrium dialysis

and chromatography, non-equilibrium gel filtration, quenching of

intrinsic tryptophan fluorescence and circular dichi'oism (Ketterer et

al., 1976; Listowsky et al., 1976; Hayes et al., 1980; Hayes &

Chalmers, 1983; Sugiyama et al., 1984a; Boyer et al., 1984; Hayes &

Mantle, 1986a; Takikawa et al., 1986). However, controversy exists

regarding the nature and number of binding sites for each isoenzyme

form.

The binding of bile salts to GST has received considerable

attention, as these compounds are likely to be the major physiological

group of ligands encountered by the GST. Proteins containing the Ya

subunit have been shown to have a higher affinity for lithocholic acid

than GST which comprise Yb subunits, and have been shown to be the

only transferases in hepatic cytosol which bind this bile acid with

high affinity (Hayes et al., 1979, 1981). It is thought that a high-

affinity binding site exists, which is separate from the catalytic

site, and that this binding site is responsible for binding

lithocholic acid and bilirubin (Sugiyama et al., 1984b). It is

predicted that the high-affinity binding site resides on the Ya
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subunit and that homodimeric forms can bind 2 mol. ligand/mol. dimer

(Bhargava et al., 1980; Takikawa et al., 1986).

GST, including the Yb-containing forms, are also capable of

binding other bile acids, although apparently at lower-affinity

binding sites, distinct from the lithocholic acid/bilirubin binding

site (Takikawa et al., 1986). Binding of non-substrate ligands with

low affinity is, however, likely to be of physiological significance,

due to the high hepatic cytosolic concentrations of GST (3-8% of total

cytosolic protein)

Bile acids have been shown to inhibit cytosolic GST activity

and the various subunits display distinct sensitivities to separate

bile acids (Boyer et al., 1984; Hayes & Mantle, 1986a). Both groups

of workers found that the YaYa homodimer was inhibited by bile acids

to a much greater extent than the YcYc homodimer. Because GST can

comprise non-identical subunits, it has been proposed that, based on

the differential sensitivity to inhibition by bile acids, GST can

simultaneously act as transport/binding proteins and catalysts, with

the two subunits functioning independently (Boyer et al., 1984).

The GST (particularly ligandin) have been implicated in

influencing hepatic and renal uptake of organic anions, not only by

knowledge of their binding capabilities, but also from certain

physiological observations. Levi et al. (1969) showed that animal

tissues, which do not preferentially extract bilirubin or BSP from

plasma, do not contain ligandin. This group of workers subsequently

demonstrated that newly-born animals, which had low hepatic levels of

ligandin, showed impaired organic-anion uptake by the liver (Levi et

al., 1970). Fleischner et al. (1972) reported that an increase in
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hepatic concentrations of ligandin, achieved by treating rats with

phenobarbital, was accompanied by an increased rate of clearance of

exogenous organic anions from plasma.

Additional non-catalytic roles for GST, which involve non-

covalent binding, may be to act as storage proteins to minimize

hepatic efflux of organic anions back into plasma, or to bind

compounds which are insoluble at physiological pH, to facilitate

movement within the cell (Kaplowitz, 1980). GST have been implicated

in intracellular haem transport (Ketterer et al., 1976; Husby et al.,

1981; Senjo et al., 1985), and hematin has been shown to inhibit

cytosolic GST activity (Tahir et al., 1985; Vander Jagt et ad., 1985;

Stockman et al., 1987). It is thought that a separate haem-binding

site may exist, which is distinct from the bilirubin/lithocholate

binding site (Vander Jagt et al., 1985). Hematin has also been shown

to inhibit rat microsomal GST activity, with differential effects on

NEM-activated and unactivated enzyme forms (Mannervik, 1985;

Morgenstern & DePierre, 1985).

1.04f Covalent binding of carcinogens by GST

Azo-dye carcinogen metabolites have been shown to combine

specifically with three soluble proteins of rat liver, and the

original description of ligandin was as one of these azo-dye

carcinogen-binding proteins (Ketterer et al., 1967). The binding of

azo-dye carcinogens to ligandin is covalent, and it has been shown

that it is the Ya subunit which selectively binds this type of

compound (Ohmni et al., 1981). Ligandin has also been shown to bind,

covalently, activated metabolites of 3-methylcholanthrene (Ketterer,

1972). The covalent binding of activated polycyclic aromatic



hydrocarbons, to cytosolic proteins, has also been extensively

investigated in the mouse, and has led to the identification of the h-

protein, which is present in mouse liver, skin and lung (Sarrif et

al., 1975; Sarrif & Heidelberger, 1976). A common identity between

the h-protein and a protein in mouse liver cytosol that is equivalent

to ligandin, was speculated, as both proteins have similar physical

properties. Subsequent studies demonstrated that a protein,

immunologically related to rat ligandin, was present in mouse liver

(see Section 1.06b for a description of current knowledge of mouse

GST), but this protein was distinct from the h-protein (Sarrif et al.,

1976, 1978). The h-protein was found to bind 3-methylcholanthrene to

a greater extent than "mouse ligandin". Interestingly, low levels of

GST activity were associated with highly purified preparations of the

h-protein (Sarrif et al., 1978), and although such activity may

represent impurities in the preparation, the possibility remains that

the h-protein is a GST.

In the rat, the Ya/Yc-containing GST are not solely

responsible for covalent. binding of toxic compounds, as it has been

reported that YbiYb2 from rat liver is responsible for the covalent

binding of ethacrynic acid in vivo (Yamada & Kaplowitz, 1980).

Furthermore, microsomal GST is also implicated in the covalent binding

of metabolites of benzo[a]pyrene, trans-stilbene oxide and phenol

(Morgenstern & DePierre, 1987).

The physiological significance of covalent binding of GST to

electrophilic compounds is unclear, but it has been speculated that,

in addition to participating in detoxification by catalysing

conjugation reactions with GSH, GST may play a sacrificial role, in the
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detoxification of reactive metabolites and thereby, together with the

capacity for non-covalent binding of organic anions, may function in

three separate ways in detoxification (Jakoby, 1978).

1.04g In vivo catalysis by GST

Apart from AE-androstene-3,17-dione, the "model" substrates

described in Section 1.04d, which are used for assay of GST, are not

normally compounds which GST would encounter in vivo, unless

specifically administered to laboratory animals. Conjugation of such

substrates with GSH, and the subsequent formation of mercapturic

acids, have been demonstrated in vivo (see Boyland & Chasseaud, 1969a;

Chasseaud, 1979, for reviews), but these substrates are generally

regarded as analytical tools. GST are, however, known to be of

central importance in the detoxification of carcinogens which are

present in the environment and diet, and of theraputic drugs

(Chasseaud, 1979). It is notable that such drugs include the

diuretic, ethacrynic acid, which is one of the "model" substrates for

assay of GST (Habig et al., 1974a; Mannervik & Jensson, 1982).

The metabolism of polycyclic aromatic hydrocarbons, in

Particular, benzo[a]pyrene (BP) and the subsequent involvement of GST

in the detoxification of the carcinogenic activated metabolites, has

received considerable attention, as these compounds are common

environmental pollutants (Gelboin et al., 1976; Gelboin, 1980).

The primary metabolism of BP is by the cytochrome P-450-

dependent monooxygenases [also known as mixed function oxidases

(MFO)], present in the endoplasmic reticulum. Other enzymes of BP

metabolism that act subsequent to the initial interaction with the
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MFO, include epoxide hydratase, UDP-glucuronyltransferase,

sulphotransferase and GST (see Gelboin, 1980, for a review). The

initial oxidation of BP by the MFO may occur at different aromatic

carbon sites, and results in the formation of several different

primary metabolites, which may then be conjugated to form more

soluble, excretable products. Epoxide products of primary metabolism

(e.g. BP-4,5-oxide) have been shown to be mutagenic, and GST mediated

conjugation with GSH is a major route for detoxification (see Fig.

1.04). The primary BP epoxides may, alternatively, be hydrated by

epoxide hydratase to form BP diols, but these compounds can then be

further metabolized by the MFO system to form diol epoxides, of which

the anti-isomer of BP-7,8-diol-9,10-epoxide (BPDE) is the most toxic

(Fig. 1.07). BPDE is considered to be the most mutagenic and

carcinogenic metabolite of BP and recently is has been shown that it

is a good substrate for rat YbzYba (Jernstrom et al., 1985).

GST have also been shown to be important in the

detoxification of epoxide metabolites of aflatoxin Bi (AFBi). AFBi is

a naturally occurring mycotoxin and has been shown to be carcinogenic

in certain species, including man, with the target organ being the

liver (Neal, 1987). Like BP, AFBi undergoes initial metabolic

activation by the MFO. The major toxic metabolite is AFBi-8,9-epoxide,

which can bind DNA and promote mutagenesis. Alternatively, it can be

hydrated by epoxide hydratase, or be conjugated with GSH (Fig. 1.08).

The latter fate, catalysed by cytosolic GST, is thought to be the main

mechanism for detoxification (Degan & Neumann, 1978).

In addition to conjugating toxic metabolites from exogenous

sources, cytosolic GST also participate in the protection of the cell
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Figure 1.07 Enzymatic activation of benzo[a]pyrene to the mutagen.

benzo[a]pyrene-7,8-diol-9,10-epoxide

Benzo[a]pyrene (BP) is metabolized by the mixed function

oxidases (MFO) to form various epoxides, phenols and quinones. Of

these reactive metabolites, the most mutagenic is the anti-isomer of

BP-7,8-diol-9,10-epoxide. This compound is formed by initial

epoxidation of BP by the MFO, followed by hydration by epoxide

hydratase (EH). The resulting BP-7,8-diol is reactivated by the MFO

to form BP-7,8-diol-9,10-epoxide.
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Figure 1.08 Oxidation of aflatoxin Bi and alternative fates for the

reactive epoxide

Aflatoxin Bi (AFBi) may initially be metabolized by

mixed function oxidases (MFO) to aflatoxin-8,9-epoxide (AFBi-epoxide).

This, in turn, can bind to DNA, RNA and protein. Alternatively, the

epoxide product may be hydrated by epoxide hydratase to form 8,9-

dihydro-8,9-dihydroxy-aflatoxin Bi (AFBi-dihydrodiol) or be conjugated

with GSH to form 8(-S-glutathionyl)-9-hydroxy-8,9-dihydro-aflatoxin Bi

(AFBi-SG).
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against oxidizing free radical damage, by inhibiting lipid

peroxidation (Burk et al., 1980; Tan et al., 1984; Ketterer et al.,

1987). This is thought to be mediated, in part, by the ability of Ya-

and Yc-containing GST and transferase E to reduce organic

hydroperoxides, including fatty acid hydroperoxides, and thus

participate in breaking a chain reaction which will proceed if lipid

peroxidation is allowed to go unchecked. Oxygen radicals, formed from

oxygen-utilizing enzymes in membrane systems, and reactive free

radicals, formed from xenobiotics, can attack the polyunsaturated

fatty acids contained in the phospholipids of biomembranes and thereby

initiate lipid peroxidation (Slater, 1984). This initiation can lead

to the formation of unstable lipid hyddroperoxides, which may in turn

give rise to an accelerating sequence of reactions, which include the

formation of new free radicals, and result in the ultimate destruction

of cellular membranes and release of aldehydic toxic break-down

products (e.g. 4-hydroxyalk-2-enals) (Esterbauer, 1985).

Microsomal GST in rat is also thought to participate in the

inhibition of lipid peroxidation; this enzyme has activity with cumene

hydroperoxide and linoleic acid hydroperoxide, which can be stimulated

by treatment with N-ethylmaleimide (Reddy et al., 1981; Morgenstern &

DePierre, 1983, 1987). Burk (1983) has shown that an unidentified

membrane-bound enzyme, present in rat liver microsomes, which requires

GSH, is active in the protection of microsomal lipids from

peroxidation. The microsome-specific GST described by Morgenstern et

al. (1982a) has since been implicated in this protection (Morgenstern

& DePierre, 1987).
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The toxic products of lipid peroxidation, 4-hydroxynon-2-

enal and 4-hydroxydec--2-enal, are substrates for GST (Fig. 1.09a), and

isoenzymes comprising Yk subunits have been shown to be the most

active with these compounds (Jensson et al., 1986). The Ybz-

containing GST also contribute significant activity (Alin et al.,

1985a). A further toxic metabolite of lipid peroxidation, cholesterol

cv.-oxide, has also been shown to be a substrate for YaYa and YaYc

(Meyer & Ketterer, 1982).

Detoxification is not the sole function of GST, as these

enzymes have also been shown to participate in certain reactions of

biological importance. The GST-catalysed isomerization of AE-

androstene-3,17-dione to A4-androstene-3,17-dione, described in

Section 1.04c (see Fig. 1.04), is likely to be of physiological

significance, as the latter compound is a precursor for testosterone.

Cytosolic GST have been reported to be involved in the

biosynthesis of prostaglandins by utilizing unstable intermediate

prostaglandin endoperoxides and catalysing the formation of

prostaglandins F2», Dz and E2 (Fig. 1.09b) (Christ-Hazelhof et al.,

1976). Recently, Meyer & Ketterer (1987), have shown that cytosolic

GST may also catalyse the conversion of PGF20 to PGE2 and PGD2. The

cytosolic GST have also been shown to be active in conjugating

prostaglandin A and certain prostaglandin metabolites with GSH, but

the physiological significance of these latter conjugation reactions

is unknown (Cagen et a]., 1975; Chaudari et al., 1978).

An, additional biological role for GST may be to catalyse the

conjugation of reactive intermediates of oestradiol, with GSH

(Mannervik, 1985)-. metabolites of oestrone and 2-hydroxyoestrone, have
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Figure 1.09 Some endogenous reactions catalysed by GST

Panels (a), (b) and (c) depict the following reactions:

(a) Conversion of 4-hydroxyalk-2-enal to the glutathione conjugate

(b) The conversion of the prostaglandin endoperoxide,

prostaglandin H2 (PGH2), to prostaglandins F20, E2 and D2

(c) The conjugation of leukotriene At (LTA4) with glutathione to form

leukotriene C4 (LTC4)
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been shown to be conjugated with GSH in crude rat liver preparations

(Marks & Hecker, 1969). However, the involvement of GST has not been

established.

A further endogenous substrate, of physiological importance

is leukotriene A4 (LTA4), which is the parent compound for the three

leukotrienes, LTC*, LTD4 and LTE4. Together, these compounds

constitute the slow-reacting substance of anaphylaxis (SRS-A) (Lewis &

Austin, 1981). These latter peptide leukotrienes are involved in

allergic reactions and are thought to mediate the response of

ischaemia and shock (Lefer, 1986). The conversion of LTA4 to LTC4,

which in turn is the precursor for LTD4 and LTE4, involves the

addition of glutathione (Fig. 1.09c). This reaction has been shown to

be catalysed by a microsomal GST, which is present in rat basophilic

leukaemia cells (Each et al., 1984) but purified cytosolic GST from

rat liver may also be capable of LTC4 synthesis. Mannervik et al.

(1984) have shown that the cytosolic GST can catalyse the conversion

of the methyl ester of LTA4 to LTC4 methyl ester. More importantly,

this group of workers indicated that the free acid of LTA4 may also

serve as a substrate for cytosolic GST.

GST are implicated in mediating the toxicity of certain

exogenous compounds, notably the potent nephrotoxin, hexachloro-1,3-

butadiene (HCBD). This compound has no adverse effects in the liver,

and the toxicity of HCBD has been shown to be mediated by the initial

GST-catalysed direct conjugation of this compound with GSH in the

liver, to form pentachlorobutadienyl-glutathione (PCBG). It is

thought that PCBG is further converted to the corresponding

intermediate metabolites prior to mercapturic acid formation (see
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Section 1.01c and Fig. 1.02), and that in the kidney, cysteine

conjugate 0-lyase may act on pentachlorobutadienyl-cysteine (Fig.

1.10), forming a compound which is either directly or indirectly toxic

(Wolf et al., 1984; Gram et al., 1986; Jones et al., 1986). Wolf et

al. (1984) reported that rat hepatic microsomal preparations had a

significantly higher sp«;cific activity with HCBD than liver cytosols,

but the identity of the microsomal GST involved, was not established.

It is, at present, unclear if the microsomal GST responsible for

activity with HCBD shares identity with the microsomal GST described

by Morgenstern et al. (1982a), or if this represents a novel,

previously undescribed form. The purified microsomal GST from rat

liver, has been reported to have low levels of activity with this

substrate (Morgenstern & DePierre, 1983).

1.05 Control and distribution of GST

1.05a Determinants of GST expression

In mammals, the highest concentrations of both cytosolic and

microsomal GST are in the liver, which is the major site for

detoxification, but they are also present in significant amounts in

other organs (Morgenstern et al., 1984; Hayes & Mantle, 1986b).

Separate isoenzymes of cytosolic GST are subject to tissue-specific

control of expression. The organ distribution of various cytosolic

subunits has been examined in the rat (Hayes & Mantle, 1986b; Ketterer

et al., 1986; Pemble et al., 1986, 1987) and Table 1.05 shows the

organs in which Ya, Ybi, Yb2, Yc, Yf, Yk and Yn subunits are expressed

as major GST components. The majority of organs contain trace

quantities of all subunils examined, and it is recognized that extra-

hepatic organs probably contain subunits which have not, as yet, been

described.
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Figure 1.10 Pathway for the synthesis of the nephrotoxic

metabolite of hexachloro-1,3-butadiene
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Table 1.05 Tissue distribution of cytosolic GST subunits

Organ Subunits present as major forms*

Liver Yap* Ybipr Yba"' Yc Yk°

Kidney Ya Yb2™ Ycp* Yf Yk

Lung Ybi Yhz Yc Yfp* Yk

Heart Ybi Yb2 Yc Yfp* Yk Yn

Spleen Ybi Ybz" Yc Yfp* Yk Yn»

Testis Ybip* Yb2p* Ycp* Yk*» Ynpi

Thymus Ybi Yb2 Yc Yfp* Yk° Yn»

Small
intestine Yap* Ybi Yb2 Yf Yk

Colon Ybi Yb2 Yfp* Yk

* Distribution of subunits determined by immuno-blotting of

affinity-purified isoenzyme mixtures. Data from Hayes & Mantle

(1986b).

p" Subunits which are predominant.

™ Subunits which are present at lower levels.
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Less is known about the cellular localization of the

different isoenzymes within the separate organs. Immunohistochemical

examination of rat liver, using antibodies raised against YaYc, YbiYb2

and transferase E, have shown that each form is present in parenchymal

cells throughout the liver, although not uniformly distributed (Redick

et al., 1982). The highest concentrations of each form was found to

be in the centrilobular region of the liver lobule, an area which

possesses high concentrations of cytochrome P-450. Transferases E and

YbiYba, but not YaYc, were also reported to be present within the bile

duct epithelium. More recently, it has been reported that in human,

YfYf is the predominant GST in the biliary epithelium, but it is not

present elsewhere in normal liver (Hayes et al., 1987c).

The Yf subunit is present as a major form in many rat extra-

hepatic organs, but is only present in trace amounts in rat liver.

Although YfYf has glutathione peroxidase activity with fatty acid

hydroperoxides (but not with the model substrate, cumene

hydroperoxide), the peroxidase activity is not as great as that

displayed by the Ya and Yc subunits (Meyer et al., 1985). An unique

physiological function for Yf has not, as yet, been ascribed. it is

notable that the Yf subunit is present in high concentrations in

chemically induced, rat hepatic pre-neoplastic foci and nodules

(Kitahara et al., 1984; Jensson et al.,, 1985; Meyer et al., 1985).

It has been shown to be identical to the Mr 21 000 protein described

by Eriksson et al. (1983), which is one of several proteins elevated

in hepatic pre-neoplastic nodules (Satoh et al., 1985).

GST YfYf can be used as an immunohistochemical marker for

the presence of pre-neoplastic tissue in rat liver and has been found
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to be a more accurate determinant for carcinogen-altered cells, than

the widely used pre-neoplastic marker, y -glutamyltransferase

(Tatematsu et al., 1987). GST YfYf (also known as tc, p or X in

human) has also been reported to be a useful marker for the detection

of early pre-cancerous states in human (Sato et al., 1987).

The Ya, Yc and Ybi subunits are also elevated in rat hepatic

pre-neoplastic foci, but the Yba subunit is thought to be repressed

(Kitahara et al., 1984; Jensson et al., 1985). Alterations in levels

of expression of microsomal GST in cancerous or pre-neoplastic cells

have not been investigated. The mechanism for induction or repression

of GST in morphologically altered cells, is unknown. So too, is the

basis for the organ specific control of expression of GST.

The Yf subunit has attracted considerable interest because

of the dramatic alterations in its expression during hepatic

carcinogenesis. A genomic clone for this subunit has been isolated

from rat, and the regulatory upstream regions of the gene have been

examined to determine which non-coding regions are responsible for

control of expression (Muramatsu et al., 1987). This was carried out

bsr excising the upstream region of the structural gene and linking it

to the chloramphenicol acetyltransferase (CAT) gene of E.coli. The

construct was then cut with restriction enzymes, so that a series of

mutants were obtained, which had decreasing amounts of the upstream

nucleotide sequence. The DNA was then transfected into a hepatoma

cell line and CAT activity was measured after a time delay. From

determining levels of CAT expression, it was deduced that at least

two, and probably more, enhancer-like elements, and one silencer-like

region, exist upstream from the protein coding region.
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The cellular mechanisms and endogenous factors involved in

control of gene expression are still, as yet, unresolved. It has been

shown that genes coding for separate subunits, even within gene

families, have widely different upstream non-coding DNA sequences

(Telakowski-Hopkins et al., 1985; Pickett et al., 1987), which

suggests that, expression of the different GST subunits is under

complex multi-control mechanisms. This complexity of control is also

evident from the differential induction of the separate GST isoenzymes

by xenobiotics.

It has been shown that concentrations of constitutive

cytosolic GST in rat liver can be considerably elevated by the

administration of various xenobiotics (notably phenobarbital and 3-

methylcholanthrene) and that such increases are related to increased

rates of transcription of corresponding mRNAs (Ding & Pickett, 1985).

Different induction mechanisms appear to exist for the separate

isoenzymes, and phenobarbital and 3-methylcholanthrene also seem to

act as inducers by different means (Pickett et al., 1984; Ding &

Pickett, 1985; Ding et al., 1986).

Conventional inducers of drug metabolizing enzymes have not

been shown to elevate levels of YfYf in rat liver. However, lead

nitrate, a compound which causes liver cell proliferation and perturbs

the expression of liver proteins, so that they exhibit a biochemical

pattern similar to that exhibited by hepatic pre-neoplastic nodules,

has recently been shown to cause an increase in the hepatic expression

of this isoenzyme (Roomi et al., 1986). Thus it appears that the

control of expression of GST, both biologically and by exogenous

inducers, is highly complex, and several control mechanisms may exist.
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In this context, it has also been demonstrated that, in rat, sex

differences in the expression of the Ya/Yc and Yb subunits, exist

(Hales & Neims, 1976; Lamartiniere, 1981; Igarashi et al., 1985).

Male rats are thought to express higher hepatic levels of Yb subunits

than females, whereas female rats express higher levels of Ya and Yc

subunits.

1.05b Control of microsomal GST activity

No exogenous inducers of rat hepatic microsomal GST have

been described to date. However, phenobarbital administration has

been reported to increase cellular levels of the endoplasmic reticulum

(DePierre & Dallner, 1975), but whether this is also accompanied by-

increased rates of transcription of microsomal GST, is unknown. The

catalytic activity of microsomal GST can be enhanced by treating the

enzyme with N-ethylmaleimide (NEM). The activation of microsomal GST

activity towards l-chloro-2,4-dinitrobenzene (CDNB) by NEM, in hepatic

microsomes from rat, was first described by Morgenstern et al. (1979).

Iodoacetamide was also shown to stimulate activity. It was later

shown that NEM-treatment also increases microsomal glutathione

peroxidase activity towards organic peroxides (Reddy et al., 1981).

Subsequent purification and characterization of microsomal GST has

shown that the low, basal specific activity that the microsomal GST

possesses with CDNB and cumene hydroperoxide as substrates, can be

stimulated 15- and 10-fold respectively, by incubation with NEM

(Morgenstern & DePierre, 1983).

The purified microsomal enzyme is dependent on detergent for

activity, and the extent of enhancement of activity by NEM-treatment is

dependent on the type of detergent used, with maximum activation being

achieved in the presence of the non-ionic detergent, Triton X-100.
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Determination of the amino acid composition of the enzyme,

revealed the presence of a single cysteine residue (Morgenstern &

DePierre, 1983). The maleic acid derivative of the cysteine residue

was detected after amino acid analysis of the NEM-treated protein, and

studies of the interaction of radio-labelled NEM with microsomal GST,

showed that one molecule of NEM was incorporated in each polypeptide

chain (Morgenstern & DePierre, 1983). It was therefore proposed that

NEM selectively interacts covalently with the cysteine residue to

cause activation. Prolonged treatment of the enzyme with NEM results

iir inhibition (Morgenstern et ah, 1982a), a finding which is also

true for cytosolic GST, and is probably due to interaction of NEM with

other amino acids which are essential for catalytic activity (Strange

et al., 1984). If the reaction of microsomal GST with NEM is

terminated by adding GSH, which will conjugate with free NEM, the

elevated activity will not deteriorate (Morgenstern et al., 1982a).

The microsomal GST has low levels of activity with a wide

range of substrates, but NEM-activation has only been demonstrated

towards CDNB and the related arylhalides, l-fluoro-2,4-dinitrobenzene

and l-iodo-2,4-dinitrobenzene, cumene hydroperoxide and linoleic acid

hydroperoxide (Morgenstern & DePierre, 1987; Morgenstern et al.,

1987).

It has recently been shown that activation of GST activity

in rat liver microsomes, towards CDNB, can also be achieved by limited

proteolysis with ti'ypsin, incubation with endogenous thiols (e.g.

cystine, cystamine and glutathione disulphide) or interaction with

reactive metabolites of phenol (Masukawa & Iwata, 1986; Morgenstern et

ah, 1987).

72



1.06 GST expression in species other than rat

1.06a Inter-species distribution of GST

Considerably less is known about the expression of GST in

species other than rat and human, and although it is recognized that

other vertebrates possess organs which express GST, it is rarely known

which enzymes are responsible for activity. Even when various

isoenzymes have been purified from other species, relationships with

characterized rat GST have not always been established. Knowledge

about expression of GST isoenzymes in various species is important,

because of the putative role of GST in detoxification and cellular

resistance to chemical carcinogens (Jakoby, 1978; Chasseaud, 1979;

Sparnins & Wattenberg, 1981). The fact that rodents other than the

rat are also used in drug metabolism studies and toxicity testing, and

as models for the initiation of chemically induced carcinogenesis,

means that an understanding of the relationship of GST expression

between rodent species is desirable.

A recent study by Hayes & Mantle (1986c) has shown that

variation exists in expression of GST isoenzymes in mammalian livers.

Expression of subunits which cross-react with antisera raised against

rat Ya- and Yb-containing GST appear to be common to all rodent

species examined [Polymorphism exists in expression of the Yb-type

subunit in human and 40% of the population do not express this

polypeptide (Warholm et al., 1981)]. The Yc subunit is expressed in

rat and hamster livers, but it was not detected in either mouse,

guinea pig or human livers. Of particular interest is the finding

that mouse liver, but not the livers of other rodents, expresses high

levels of a polypeptide with a similar subunit molecular mass as the

Yf-containing GST from human lung.
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1.06b Cytosolic GST in mouse

Although GST expression in mouse has received considerably

less attention than rat, cytosolic GST from mouse liver have been

studied in several laboratories. However, the physical properties of

the enzymes isolated by separate groups of workers, differ (Lee et

al., 1981; Pearson et ah, 1983; Agius & Gidari, 1985; Warholm et al.,

1986; Hayes et al,, 1987a).

Lee et al. (1981) described three major cytosolic forms,

named Fl, F2 and F3, and a minor form named F4, purified from DBA/2

mice. Fl and F2 were reported to be charge isomers (pi values of 6.5

and 8.2 respectively) with a subunit Mr of 22 000, whereas F3 was

reported to have a pi of 8.8 and a subunit Mr of 27 000. The minor

form named F4 was reported to be a mixture of interconvertable isomers

of F2 and F3 transferases.

By contrast, Pearson et al. (1983) isolated, from CD-I mice,

a major and minor enzyme form, which were designated according to

their isoelectric points, as GT 8.7 and GT 9.3 respectively. Both

these GST were reported to have a subunit molecular mass of 24 000.

It is notable that the mice had been fed previously with a diet

containing 2(3)-tert-butyl-4-hydroxyanisole [butylated hydroxyanisole

(BHA)], a known inducer of hepatic cytosolic GST activity in mice

(Benson et al., 1978). The GT 8.7 isoenzyme was reported, however, to

be constitutively expressed in mouse liver at high levels, whereas the

levels of GT 9.3 in untreated mice were shown to be very low. In

preliminary studies by this group of workers, it was reported, in an

abstract, that six chromatographically distinct GST isoenzymes can be

resolved from BIIA-induoed mouse liver. Three of these GST were

thought to be closely similar, but the GST described in this abstract
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were incompletely characterized (Benson et al., 1982).

Using the same strain of mice, Agius & Gidari (1985)

described two distinct hepatic cytosolic isoenzymes, isolated from

animals which had been treated with streptozotocin, a compound which

has antitumour activity, but is known to induce diabetes in rats and

mice. Both enzymes were reported to be homodimers with subunit Mr

values of 27 500 and 28 000. The Mr 28 000 polypeptide was reported

to be induced by streptozotocin, whereas the Mr 27 500 polypeptide was

not. The pi values were shown to be 9.2 for the isoenzyme with

subunit Mr of 27 000 and 8.2 for the form with subunit Mr 28 000. It

was proposed that these forms may correspond to GT 9.3 and GT 8.7,

described by Pearson et al. (1983) and that the differences in subunit

Mr and isoelectric points; between the forms described by the separate

groups of workers, may have beeen due to technical factors.

The purification schemes described by these three separate

groups of workers had a similar basis, in that affinity chromatography

techniques [i.e. S-hexylglutathione-Sepharose 6B or glutathione-

Sepharose 6B chromatography (Simons & Vander Jagt, 1977; Mannervik &

Guthenberg, 1981)] were not utilized, and purification involved

chromatography on CM-cellulose or CM-Sephadex.

More recent work from this laboratory (Hayes & Mantle,

1986c; Hayes et al. 1987a) has described the purification of three

distinct GST isoenzymes from LACA mice; these enzymes were reported to

be homodimers and comprise subunits with molecular mass values of

either 24 800 (Yf-type), 25 800 (Ya-type) or 26 400 (Yb-type) and have

pi values of 8.6, >9.2 and 7.8-8.2 respectively. These findings are

75



similar to those of Warholm et al. (1986), who described the

purification of three distinct homodimeric GST isoenzymes, named MI,

Mil and Mill. Subunit Mr values were reported as being 25 000, 23 000

and 26 500 and the isoelectric points were calculated to be 9.7, 8.7

and 8.5 for MI, Mil and Mill respectively. Both groups of workers

utilized an initial S-hexylglutathione-Sepharose 6B affinity

chromatography step in purification, and final purification was

achieved, either by hydroxapatite h.p.l.c. (Hayes et al., 1987a) or by

FPLC preparative chromatofocusing and cation-exchange chromatography

(Warholm et al., 1986).

Table 1.06 summarizes the properties of the isoenzymes

purified by the different research groups.

The reasons for the lack of consistency of results from

different research groups are not clear, but they suggest that strain-

specific variations in mouse GST might occur. In this context,

Wheldrake et al. (1981) reported that inter-strain variations exist in

mouse liver GST activity, and, in recognition of this possibility, Warholm et

al. (1986) proposed a mouse GST nomenclature that incorporates a

strain designation. Alternatively, or in addition to inter-strain

variation, sex-specific expression of GST isoenzymes could account for

the apparently anomalous results reported for mouse enzymes, since

Pearson et al. (1983) and Agius & Gidari (1985) used female mice,

whereas others (Hayes & Mantle, 1986c; Warholm et al., 1986; Hayes et

al., 1987a) used male mice; it is not clear if Lee et al. (1981) used

male or female mice. Furthermore, the effects of inducing agents

could be partially responsible for the discrepant results.
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Table 1.06

Reference

Physicochemical characteristics of hepatic mouse

cytosolic GST, purified from separate laboratories

Tissue GST Subunit
source designation Mr

Lee et al.

(1981) ~

Pearson et al.

(1983)

Agius &. Gidari
(1985)*

DBA/2

CD-I

CD-I

Warholm et a1. NMR-1
(1986)

Hayes & Mantle,
(1986c)
Hayes et al.
(1987a)

LACA

F1

F2

F3

GT 8.7

GT 9.3

C/S2

C/S3

MI (N4-4)

Mil (N3-3)

MilI(Nl-1)

PI & 2(YfYf)

22 000

22 000

25 000

24 000

24 000

28 000

27 500

25 000

23 000

26 500

24 800

pi Specific activity
with CDNB
as a substrate
(pmol/min/mg)**

6.5

8.2

8.8

8.7

9.3

8.2

9.2

9.7

8.7

8.5

8.6

P3(YfYe) 24 800+24 000 ND

P4(YaYa) 25 800 >9.2

P5(YbYb) 26 400 7.8-8.2

104

281

143

95

22

[7.1 - 7.5)

(1)

19

119

148

115-130

100

35

181

Abbreviations : MD, not determined; CDNB, l-chloro-2,4-dinitrobenzene

* A nomenclature was not proposed for these GST. The numbers

represent peak numbers from CM-Sephadex from control (C) or

streptozotocin (S) treated mice.

** Values in parenthesis are those which were not determined on

homogeneous enzyme preparations.
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1.06c Physiological effects of treating mice with butylated

hydroxyanisole (BHA)

As described in Section 1.06b, Pearson et al. (1983) treated

CD-I mice with dietary BHA prior to purification of cytosolic GST.

BHA (Fig. 1.11), which is commercially available as a mixture of the

isomers, 3-tert-butyl-4-hydroxyanisole (85%) and 2-tert-butyl-4-

hydroxyanisole (15%), is a widely used antioxidant in human and animal

food. It is generally accepted that the feeding of rodents with BHA,

prior to the initiation of chemically induced carcinogenesis, reduces

the incidence of neoplasia in certain target organs (Wattenberg, 1972,

1986; Wattenberg et al., 1980). Although this compound has, in

itself, been shown to be carcinogenic to rodents in long term feeding

studies (Ito et al., 1983, 1985) and in certain instances acts as a

promoter of carcinogenesis (Imaida et ah, 1983; Hagiwara et al.,

1986), the majority of biological investigations have been based on

the protective nature of BHA. It is thought that BHA, and other

related phenolic antioxidants, protect against carcinogenesis mainly

by causing elevation of enzymes which catalyse conjugation reactions,

leading to detoxification of reactive metabolites arising from

activation of pre-carcinogens. Enzymes of this type, which are

affected significantly by BHA, include GST, epoxide hydratase and UDP-

glucoronyl transferase (Benson et al., 1979; Rahimtula et al., 1982;

Sato et al., 1984).

Hepatic levels of the GST isoenzymes GT 8.7 and GT 9.3,

described by Pearson et_ al. (1983) are dramatically elevated by

feeding mice with a diet containing BHA. The mRNA for GTS.7 is

increased more than 20-fold in the liver RNA of BHA-fed mice. The

N-terminal amino acid sequences of both proteins were determined. By
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Figure 1.11 Structure of the antioxidant , butylated

hydroxyanisole

Butylated hydroxyanisole, as a dietary additive,

commercailly available as a mixture of the isomers, 3-tert-butyl-4

hydroxyanisole (85%) and 2-tert-butyl-4-hydroxyanisole (15%).

79



och3

3-tert-bufyl-4-
hydroxyanisole

oh

OCH3CH3

2-tert-butyl-4-
hydroxyanisole

Figure 1-11

80



comparing the sequences with recently described rat cytosolic GST,

Ding et al. (1985) proposed that both forms were related to the GST in

the rat which comprise Yb-type subunits. Mannervik (1985) speculated

that GT 8.7 and GT 9.3 may correspond to rat YbiYbi and rat YbzYb2

respectively.

The relationship between the inducible cytosolic GST in the

CD-I strain of mice and constitutive cytosolic GST is not clear.

Furthermore, it is not known if BHA has a similar effect on the

selective induction of Yb-type GST in other strains of mice, as it has

been reported that, in the rat, Ya- and Yc-containing GST are also

elevated by BHA-treatment (Sato et al., 1984).

1.06d Microsomal GST in species other than the rat

There are discrepant reports regarding the expression of

microsomal GST in mouse liver. Lee & McKinney (1982) purified GST

from hepatic microsomes of male DBA/2 mice and demonstrated that the

GST content of the microsomes was based on a localization of cytosolic

enzymes, which showed immunological identity with F2 and F3 (Lee et

al., 1981), in the microsomal fraction. These workers therefore,

failed to identify a distinct microsome-specific GST in DBA/2 mice.

In contrast, Morgenstern et al. (1984) showed that GST activity in the

liver microsomes from male and female mice of the C57BL strain and

female mice of the NMR 1 strain, could be stimulated by NEM-treatment,

and that a polypeptide, which cross-reacted with antisera raised to

rat microsomal GST, was present in the mouse hepatic microsomal

preparations. It is therefore unclear if strain or sex differences

exist for the expression of microsomal GST.
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Morgenstern et al. (1984) showed that the microsome-specific

GST was present in all mammals investigated, with one notable

exception. No evidence for the expression of this GST in human liver

could be found. The microsomal fractions of four human livers were

examined for activation by NEM-treatment, and for the existence of a

polypeptide which was immunoreactive with antisera raised against rat

microsomal GST. No activation or cross-reactivity was found,

suggesting that the microsomal GST was not expressed in human liver,

although it was recognized that a lack of availability of fresh human

material, may have contributed to the absence of NEM-activation. It

is possible that polymorphism may exist, as this has been demonstrated

in human for the cytosolic Yb-containing enzymes (transferase g)

(Warholm et al., 1981).

Human Liver microsomes have been shown to have GST activity

with HCBD as a substrate (F. Oesch & C.R. Wolf, unpublished results),

and as the identity of the microsomal enzyme from rat, which is

responsible for GST activity with HCBD, has not been established, it

is therefore possible that, if human microsomes do not express the

microsomal GST described by Morgenstern et al. (1982a), a separate

microsome-specific GST is present, which is responsible for activity

with HCBD.
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1.07 Aims of the thesis

The aims of this thesis were as follows:

(i) To investigate the existence of strain and/or sex

differences in cytosolic GST expression in the livers of separate

inbred strains of mice, as a basis for the anomalous results reported

for mouse GST.

(ii) To establish a relationship between constitutively expressed

cytosolic GST in mouse liver and the BHA-inducible forms, GT 8.7 and

GT 9.3, described by Pearson et al. (1983), and to determine if the

effects of BHA in mouse are specific to the outbred CD-I strain. For

this study, a separate inbred strain (BALB/c) was investigated.

(iii) To characterize any additional BHA-inducible GST isoenzymes.

(iv) To investigate the existence of microsomal GST in separate

mammalian species (i.e. rat, human and mouse) and to determine if

strain or sex differences exist in mouse microsomal GST expression.

(v) To purify and characterize human microsomal GST if expressed

in human liver.

(vi) To determine whether alternative microsomal GST exist, which

are active in conjugating the toxic haloalkene, hexachloro-1,3-

butadiene.
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Section 2 : Materials and Methods

2.01 Materials

2.01a Chemicals; Suppliers

Aldrich Chemical Co., Gillingham, Dorset, UK

trans-4-Phenyl-3-buten-2-one.

BDH Chemicals Ltd., Poole, Dorset, UK

Acetic acid; acrylamide; 2-amino-2-(hydroxymethyl)propane-l,3-diol

(Tris); ammonium persulphate; ammonium sulphate; bromophenol blue;

butan-l-ol; calcium chloride; l-chloro-2,4-dinitrobenzene; cocktail

T 'Scintran' scintillation fluid; diethanolamine; dipotassium

hydrogen orthophosphate; disodium hydrogen orthophosphate; ethanol;

ethylenediaminetetra-acetic acid (EDTA); glycerol; glycine;

hydrochloric acid hydrogen peroxide; 2-mercaptoethanol; methanol;

NN'-methylenebisacrylamide; molecular mass protein standards for

SDS/PAGE; orthophosphoric acid; potassium chloride; potassium

dihydrogen orthophosphate; potassium hydroxide; sodium chloride;

sodium dihydrogen orthophosphate; sodium dodecyl sulphate; sodium

hydroxide; sucrose; 5-sulphosalicylic acid; NNN'N'-tetramethyl

ethylenediamine (TEMED); trichloroacetic acid; Triton X-100.

Bio-Rad Laboratories, Watford, Herts., UK

Nitrocellulose paper; immuno-blot assay kit; Tween-20.

LKB-Products, Bromma, Sweden

Ampholine solutions.

Millipore (UK) Ltd., Harrow, Middlesex, UK

Membranes for ultrafiltration of buffers.
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Pharmacia Fine Chemicals, Uppsala, Sweden

Protein standards for isoelectric focusing.

Rathburn Chemicals Ltd., Peeblesshire, Scotland, UK

Trifluoroacetic acid (sequencer grade).

Scientific Instrument Centre Ltd., London, UK

Visking dialysis tubing (molecular cut-off approximately M* 10 000).

Serva Feinbiochemica, Heidelberg, West Germany

Coomassie Brilliant Blue R (Serva blau R).

Sigma Chemical Co. (London) Ltd., Poole, Dorset, UK

2 (3)-tert-Bu ty1-4-hydroxyan isole (mixed isomers); bovine serum

albumin; cholic acid; 1,2-dichloro-4-nitrobenzene; l,2-epoxy-3-(p-

nitrophenoxy(propane; ethacrynic acid; N-ethylmaleimide; Freund's

adjuvant (complete and incomplete); gelatin; glutathione (reduced

form); glutathione reductase; hematin; nicotinamide adenine

dinucleotide phosphate (reduced form, type X); p-nitrobenzyl

chloride; p-nitrophenyl acetate; Pharmalyte pH 3-10 and pH 8-10.5;

Polybuffer 96; triethylamine.

2.01b Materials for chromatography; Suppliers

Bio-Rad Laboratories, Watford, Herts., UK

Bio-Gel HT-grade hydroxyapatite; Bio-Gel HPHT h.p.l.c. grade

hydroxyapatite column.

Eastman Kodak Co., Rochester, New York

Pre-coated flexible thin layer chomatogram sheets with silica gel

adsorbent.
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Pharmacia (Laboratory Separation Division), Milton Keynes, Bucks.,UK

Mono P HR5/20 FPLC grade chromatofocusing column.

Sigma Chemical Co., (London) Ltd., Poole, Dorset, UK

CM-Sepharose; epoxy-activated Sepharose 6B; Sephadex G-75; Sephadex

G-100.

2.01c Materials and reagents not obtained from commercial sources

A E-Androstene-3,17-dione was a generous gift from Mr. P.K.

Stockman. Radiolabelled hexachloro-l,3-butadiene [ (14C) HCBD ] was a

gift from Dr. C.R. Wolf, and was synthesized by Physics and

Radioisotope Services, Imperial Chemical Industries PLC, Billingham,

UK. Unlabelled hexachloro-l,3-butadiene was also a gift from Dr. C.R.

Wolf. S-Hexylglutathione was a generous gift from Dr. J.D. Hayes.

S-Hexylglutathione-Sepharose 6B affinity matrix was made by

coupling the y -glutamyl moiety of S-hexylglutathione to epoxy-

activated Sepharose 6B as described by Mannervik & Guthenberg (1981).

2.Old Antisera and protein standards

Antisera raised against rat YaYa, YbiYbi, YbzYb2, YfYf and

antisera against the human basic GST, BiBi and B2B2, were

provided by Dr. J.D. Hayes. Affinity purifed cytosolic GST isoenzyme

mixtures from rat lung and rat liver were also supplied by Dr. J.D.

Hayes. The human liver affinity-purified cytosolic GST isoenzyme

mixture, was a gift from Miss A.J. Hussey.

2.01e Human tissue

Human liver samples were obtained from patients where

traumatic injury was the cause of death. Livers were obtained within

two hours of death and were frozen immediately in liquid nitrogen.
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The liver samples were stored at -80°C until use. The tissue sources,

used for microsomal preparations for immunoblotting, corresponded to

the patient numbers 1, 2, 4, 7 and 8 described by Hussey et al.

(1986). The purification of microsomal GST was undertaken using

livers from patient numbers 7 and 8. In the present study, the

microsomal preparations were numbered 1-5 respectively. The data on

the human liver samples is summarized in Table 2.01.

2.01f Animals

Sprague-Dawley rats and inbred mice of the strains DBA/2,

C3H/He, C57BL6 and BALB/c were from Bantin and Kingman, Hull, UK.

Outbred CD-I mice were from Charles River Breeding Laboratories, UK.

Animals were maintained on Rat and Mouse No. 3 Breeding Diet

(SDS, Essex, UK). Male rats (200 - 250g), which were used for liver

microsomal preparations, were fasted overnight, before being killed,

to reduce the glycogen content of liver. Male and female mice of the

strains DBA/2, C3H/He and C57BL6, were fed ad libitum before being

killed at 13 weeks old.

Female mice of the strains BALB/c and CD-I, were 7-8 weeks

old when received, and were acclimatized for approximately one week

before being fed with a diet containing 0.75% by weight, of butylated

hydroxyanisole (BHA). Compressed pellets of Rat and Mouse No. 3

Breeding Diet were ground to a fine powder, with BHA, in a domestic

blender. The mice were fed ad libitum with the powdered BHA-

containing diet for 14 days, as described by Pearson et al. (1983),

before being killed.

2.02 General analytical methods
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Tab1e 2.01 Data on human liver samples

Sample No. Patient No.* Age Sex Smoker Drugs

40 female no ampicillin
sulphonamide
alcuronium
phenoperidine
dexamethasone

68

55

female

female

no

no

flucloxacillin
phenytoin
alcuronium

phenoperidine

insulin
dexamethasone

phenoperidine
frusemide

4

5

7

8

49

34

male

male

yes

yes

none

dopamine
ampicillin
mannitol

* Patient numbers from Hussey et al. (1986)
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2.02a Protein determination

Protein concentrations for soluble samples, unless otherwise

specifically stated in the text, were determined by the method of

Bradford (1976), with bovine serum albumin as the calibration

standard.

Protein concentrations for microsomal samples were

determined by the method of Peterson (1977). This method is a

modification of the protein assay method of Lowry et al. (1951) and

overcomes the problem of interference by Triton X-100 and glutathione,

in protein determination, by a trichloroacetic acid-deoxycholate

precipitation step.

2.02b Sodium and potassium determination

Na+ and K+ concentrations in column chromatography eluates,

were measured by flame photometry using an IL343 photometer

(Instrumentation Laboratory (UK) Ltd., Warrington, Cheshire, UK).

Sodium phosphate and potassium phosphate concentrations were estimated

by measuring Na4 and K4 concentrations respectively, in standard

solutions of known sodium and potassium phosphate concentrations (10 m

mol/1); the levels of sodium and potassium phosphate in column

chromatography fractions were calculated from the measured Na+ and K+

levels respectively.

2.03 Enzyme activity analysis

2.03a GST enzyme assays

All enzyme assays were carried out in duplicate or

triplicate at 37°C. Non-enzymic rates were determined for all

substrates and subtracted from the rates observed in enzyme-containing

samples.
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Assays for cytosolic GST, with l-chloro-2,4-dinitrobenzene

(CDNB) as a substrate, were carried out using a Cobas Fara centrifugal

analyser (Roche Diagnostica, Wellwyn Garden City, UK) essentially as

described by Hayes & Clarkson (1982). Up to 29 samples were

simultaneously pre-incubated with GSH, and the reactions started by

the addition of CDNB, followed by automatic mixing by centrifugration.

The final substrate concentrations were 2mM and ImM for GSH and CDNB

respectively, in a reaction volume of 250 jrl containing O.lM-sodium

phosphate buffer, pH 6.5. The reactions were monitored by initial

measurement of absorbance at 340 nm, 10 s after mixing, followed by 7

absorbance measurements at 5 s intervals. Reaction rates were

determined by an integral kinetic data analysis program, which

performed linear regression analysis on the 8 absorbance readings from

each cuvette. The A A/min was multiplied by a pre-programmed

conversion factor, which depended on the sample volume, and the

results obtained were calculated as A A/min/ml of enzyme. Assays for

microsomal GST, with CDNB as a substrate, were performed manually,

using a standard spectrophotometer, as described by Morgenstern et al.

(1980), although column profiles were monitored using the centrifugal

analyser.

Other spectophotometric assays with either l,2-dichloro-4-

nitrobenzene, ethacrynic acid, p-nitrophenyl acetate, p-nitrobenzyl

chloride, trans-4-phenyl-3-buten-2-one, l,2-epoxy-3-(p-nitrophenoxy)

propane and AE-androstene-3,17-dione, were carried out manually, as

described by Habig & Jakoby (1981). Glutathione peroxidase activity

using cumene hydroperoxide was determined using the coupled assay

system described by Reddy et al. (1981).
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One unit of enzyme activity is defined as the amount of

enzyme activity which will catalyse the formation of 1 gmol of product

per minute at 37°C. Units were calculated by using the appropriate

extinction coefficient for that substrate. Details of assay conditions

and extinction coefficients for the spectrophotometric assays are

summarized in Table 2.02.

The assay for microsomal GST with hexachloro-l,3-butadiene

(HCBD) as a substrate, was carried out by a modification of the method

of F.Oesch & C.R. Wolf (unpublished data). The assay system contained

5 mM-GSH, ImM-HCBD and 0.2 M-potassium phosphate buffer, pH 7.4, and

had a final volume of 200 pi which contained 0.2 pCi [14C] HCBD. The

reaction was started by the addition of HCBD, as a solution in

ethanol, and incubation was carried out for one hour in a shaking-

water bath at 37°C. Samples were placed on ice to terminate the

reaction, and 10 pi portions were applied to thin layer

chromatography plates (polyester sheets with silica gel adsorbent).

Chromatography was carried out using an Eastman Chromatogram Chamber

Plate Set (Distillation Products Industries (Eastman Kodak),

Rochester, New York, USA) with butan-l-ol : acetic acid : water

(12:3:5 by vol.) as the running solvent. The plates were cut into 1

cm strips and mixed with 1 ml water in scintillation vials. This was

followed by the addition of 5 ml scintillation fluid, and radioactivity

was determined using a Packard Model 3255 Liquid Scintillation

Spectrometer. Conjugated HCBD, using this TLC system, had an rf value

of 0.42 which is similar to that reported by Wolf et al. (1984).

91



Table2.02Conditionsforspectrophotometricassays Substrate[Substrate][GSH]pHWavelengthExtinction^coe^f (mM)(mM)(nm)(mMcm)
l-Chloro-2,4-dinitrobenzene
1.0

2.0*

6.5

340

9.6

1,2-Dichloro-4-nitrobenzene
1.0

5.0

7.5

345

8.5

Ethacrynicacid

0.2

0.25

6.5

270

5.0

p-Nitrophenylacetate

0.2

0.5

7.0

400

8.8

p-Nitrobenzylchloride
1.0

5.0

6.5

310

1.9

trans-4-Phenyl-3-buten-2-one
0.05

0.25

6.5

290

-24.8

1,2-Epoxy-3-(p-nitrophenoxy) propane

0.5

5.0

6.5

360

0.5

5

A -Androstene-3,17-dione
0.068

0.1

8.5

248

16.3

Cumenehydroperoxide**
1.2

1.0

7.2

340

-6.2

*Forassayswithmicrosomal
GST,GSH

concentration
is5mM

**Selenium-independentglutathioneperoxidaseactivitywasdeterminedasdescribedbyReddyetal.(1981)



2.03b Treatment of microsomes and microsomal GST with N-

ethylmaleimide

Activation of GST activity in microsomes, towards CDNB as a

substrate (Morgenstern et al., 1980), for non-preparative purposes,

was carried out by incubation of microsomes (2-3 mg of protein/ml)

with 2mM-N-ethylmaleimide (NEM) for 2 min at room temperature (20°C).

Treatment was terminated by the addition of an equimolar amount of GSH

and returning the incubation mixture to 4°C. Purified microsomal GST

(0.05-0.1 mg/ml) was treated in an identical manner, prior to assay

with a variety of substrates.

2.03c Treatment of mouse cytosolic GST with N-ethylmaleimide

Purified GST (3-6 jig protein) was incubated at 20°C for 5

min with ImM-NEM, in a final reaction volume of 200 jil- Treatment was

terminated by the addition of an equimolar amount of GSH. Control

values were determined in each instance.

2.03d Km determination

Km values for GSH and CDNB were determined graphically using

Hanes plots (Dixon and Webb, 1979a). The Km values were determined by

measuring reaction rates where one substrate was held at a constant

concentration, whilst the other was varied. In the experiments to

establish the Km for GSH, concentrations of GSH were varied between

0.5 mM and 15 mM, where the CDNB concentration was fixed at 1 mM. To

establish the Km for CDNB, concentrations of this substrate were

varied between 0.04 mM and 2 mM, whilst the GSH concentration was

fixed at 6.7 mM. Plots of [S]/v (vertical axis) against [S]

(horizontal axis) were constructed and Km values were calculated by

linear regression analysis, using the computational method described

by Wilkinson (1961).
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2.03e Inhibition of GST activity by non-substrate ligands

Inhibition of GST activity was determined by adding

increasing concentrations of either hematin or cholic acid, to the

reaction mixture, and measuring the conjugation rate of GSH with CDNB.

The Iso value, which is the concentration of compound at which 50%

inhibition of enzyme activity is achieved, under standard assay

conditions (Yalcin et al., 1983), was determined for hematin and

cholic acid, by plotting the percentage of transferase activity

remaining, against the concentration of inhibitor. The effect of these

inhibitors on enzyme activity was determined at 3 separate

concentrations of CDNB (0.01 mM (or 0.02 mM), 0.05 mM and 0.5 mM);

the GSH concentration was constant at 6.7 mM. Dixon plots were

constructed from the data obtained, as described by Dixon & Webb

(1979b).

2.04 Electrophoretic methods

2.04a Discontinuous SDS/polyacrylamide-gel electrophoresis

Discontinuous SDS/polyacrylamide-gel electrophoresis

(SDS/PAGE) was carried out essentially as described by Hayes et al.

(1979). Electrophoresis was performed in slab gels (15 cm x 14 cm x

0.1 cm) at room temperature, using an LKB 2001 vertical

electrophoresis unit (LKB Instruments, Selsdon, Surrey, UK) in the

presence of 0.1% (w/v) sodium dodecyl sulphate (SDS) and using the

buffer system described by Laemmli (1970). The polyacrylamide gels

comprised a "stacking gel" [3% (w/v) polyacrylamide in Tris/HCl buffer

(0.125 M, pH 6.8)] which was 2 cm long and a "resolving" gel [12% or

15% (w/v) polyacrylamide in Tris/HCl buffer (0.375 M, pH 8.8)] which

was 12 cm long. The concentration of the cross-linker, NN -
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methylenebisacrylamide, in both the resolving and stacking gels was

0,32% (w/v) (CBis 2.6% or 2.1% for 12% or 15% polyacrylamide gels,

respectively).

Protein samples were prepared for electrophoresis by heating

at 90°C for 10 min in an aqueous solution containing 1% SDS (w/v), 1%

2-mercaptoethanol (v/v), 0.002% (w/v) bromophenol blue and 10% (v/v)

glycerol. Portions were applied to wells in the "stacking" gel and

electrophoresis was carried out, at 50 mA per gel, though the stacking

gel, and then at 25 mA per gel, though the resolving gel. The

procedure was terminated when the bromophenol blue marker had reached

0.5 cm from the end of the gel. The gels were stained (30-45 min,

20°C) in a 0.2% (w/v) solution of Coomassie Brilliant Blue R in a

solution comprising water:methanol:acetic acid (50:50:7 by vol.) and

destained in several changes of a solution composed of water:methanol:

acetic acid (88:5:7 by vol.).

Molecular mass values for subunits of cytosolic GST were

estimated by using GST isoenzyme mixtures from rat, where subunit Mr

values had previously been determined (Hayes & Mantle, 1986c). The

molecular mass value of microsomal GST subunits was estimated by using

polypeptide molecular mass standards, which were as follows;

ovotransferrin (Mr 76 000 - 78 000), albumin (Mr 66 250), ovalbumin

(Mr 45 000), carbonic anhydrase (Mr 30 000), chymotrypsinogen A (Mr 25

700), trypsin inhibitor (Mr 24 000), myoglobin (Mr 17 200) and

cytochome c (Mr 12 300).

2.04b Analytical isoelectric focusing

Isoelectric focusing (IEF) was performed in 4.85% (w/v)

polyacrylamide slab gels (24 cm x 11.5 cm x 0.2 cm), containing 10%
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(v/v) glycerol and 5% (v/v) Carrier Ampholine mixture (pH range, 3.5-

9.5 or 3-10). Electrophoresis was performed, using an LKB 2117

Multiphor and an LKB 2103 power supply, as described by the

manufacturer (LKB-Producter, Bromma, Sweden). The elctrode solutions

were 1M - ELPCh (anode) and 1M - NaOH (cathode). Samples (5-25 pg

protein) were applied to strips (1 cm x 1-2.5 cm) of Whatman No. 1

paper, approximately 3 cm from the cathode. Protein pi markers were

included in all analyses and comprised amyloglucosidase, pl=3.5;

methyl red, pi 3.75; soybean trypsin inhibitor, pi 4.55; £-

lactoglobulin A, pi 5.2; bovine carbonic anyhydrase B, pi 5.85;

human carbonic anyhdrase B, pi 6.55; horse myoglobin, pi 6.85 and

7.35; lentil lectin, pi 8.15, 8.45 and 8.65; and trypsinogen, pi 9.3.

Isoelectric focusing was carried out at a constant power of

25W and was allowed to proceed for 1 h before removal of sample

application strips Focusing was continued for a further 2.5 h prior

to fixing and staining. Proteins were fixed for 30 min in an aqueous

solution of sulfosalicylic acid (3.5%, w/v) and trichloroacetic acid

(11.5%, w/v). After washing for 30 - 60 min in destaining solution

(water:ethanol:acetic acid (67:25:8 by vol.)], gels were stained by

immersion in staining solution [0.12% (w/v) Coomassie Brilliant Blue R

in destaining solution] at 60°C for 10 min. Destaining was achieved

by passive diffusion using several changes of destaining solution.

2.05 Immuno-chemical methods

2.05a Western blotting

Western blotting was performed by the method of Towbin et

al. (1979), as described by Hayes & Mantle (1986b). Proteins were

resolved by SDS/PAGE, and following electrophoresis, the gel slabs
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were equilibrated with 25 mM-Tris/192 mM-glycine buffer, pH 8.3, for

30 min at room temperature (20°C). The polypeptides were then

transferred from the gels, to nitrocellulose paper, by

electrophoresis. This was carried out in the same equilibration

buffer, using a Bio-Rad Trans-blot cell and Bio-Rad model 250/2.5

power supply (Bio-Rad Laboratories, Watford, Herts., UK). The

electrophorertic transfer of protein to nitrocellulose paper was

performed at 0.25A at 10°C and allowed to proceed for 4 h. The paper

was then treated with a gelatin-containing solution (3% (w/v) in 20

mM-Tris/HCl, pH 7.5, containing 500 mM-NaCl) for 16 h at 20°C, to

block the remaining protein binding groups on the nitrocellulose.

After treating with gelatin, nitrocellulose papers were

incubated for 2.5 h at 20°C with the primary antibody which was

diluted 1:300-3 000, depending on the titre of the particular

antiserum, in 150 ml of 1% (w/v) gelatin in 20 mM-Tris/HCl buffer, pH

7.5, which contained 500 mM-NaCl and 0.05% (v/v) Tween-20. Following

extensive washing of nitrocellulose papers, to remove unbound primary

antibody, visualisation of the polypeptides which cross-reacted with

the specific antibody, was achieved by using a Bio-Rad goat anti-

(rabbit IgG)antibody-horseradish-peroxidase conjugate immunoblot

assay kit, as described by the manufacturer (Bio-Rad Laboratories,

Watford, Herts., UK). As an internal standard, to allow the Mr value

of immuno-reactive polypeptides to be determined, a portion of the

immunogen for the primary antibody, was normally run in parallel with

the test proteins, on the SDS/PAGE gel.
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2.05b Dot blotting

Dot blotting was performed by using a method similar to the

Western blotting procedure previously described, but omitting the

SDS/PAGE and electrophoretic protein transfer steps.

Nitrocellulose paper was soaked in 20 mM-Tris/HCl buffer, pH

7.5, containing 500 mM-NaCl, then air-dried on filter paper for 5 min.

Portions of the purifed GST to be analysed were separately applied in

a grid, on the nitrocellulose paper, using a fixed volume (2 pi) glass

micropipette. Multiple applications of each GST were made, so that

the final loading of each, was 1 jig. Several sheets of nitrocellulose

paper, with replica grids (i.e. containing an identical loading

pattern of the various GST), were then treated with 3% (w/v) gelatin

in 20 mM-Tris/HCl buffer, pH 7.5, containing 500 mM-NaCl for 16 h at

20°C. The absorbed proteins on separate nitrocellulose sheets, were

then probed for cross-reactivity with specific antisera, as described

for the Western blotting procedure.

2.06 Preparation of subcellular fractions

2.06a Preparation of cytosols

Liver tissue was finely minced by hand, then homogenized in

3 vol. of ice-cold 20 mM-Tris/HCl buffer, pH 7.8, containing 200 mM-

NaCl. Liver homogenates were centrifuged at 10 OOOg (4°C) for 20 min

and the resulting supernatants were centrifuged at 100 OOOg (4°C) for

60 min. The 100 OOOg supernatants were retained as the cytosolic

fraction and were filtered though glass wool to remove lipid.

Cytosols were dialysed for 18 h at 4°C, against two changes of 2

litres of 20mM-Tris/HCl, pH 7.8. containing 200 mM-NaCl.
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2.06b Preparation of microsomes

Liver tissue was minced, then homogenized in 3 vol. of ice-

cold 150 mM-Tris/HCl buffer, pH8.0. The liver homogenates were

centrifuged at 10 000 g (4°C) for 20 min. Sediments were discarded and

the supernatants were centrifuged at 100 000 g (4°C) for 60 min. The

resulting sediments were retained and further processed. In each

instance, the sediment that could easily be loosened by gentle

agitation (using a rotary mixer), from the glycogen, which had formed

a pellet at the bottom of the centrifuge tube, was retained as the

microsomal fraction; the glycogen pellet was discarded. The

microsomes were washed by resuspending the protein sediment in a

volume of 150 mM-Tris/HCl buffer, pH 8.0, (4°C), which corresponded to

half the volume of the 10 000 g supernatant from which the microsomes

were prepared (approximately 10 vol. of the microsomal pellet). The

particulate material was harvested by centrifugation and the washing-

procedure was repeated. Following the third 100 000 g centrifugation,

the pellet was either suspended in 12 mM-potassium phosphate, pH 7.0,

containing 250 mM-sucrose, 1 mM-GSH and 0.1 mM-EDTA, if microsomes

were being used for analytical purposes, or treated as described in

Sections 2.10a or 2.11a if being used for preparative purposes.

2.07 Chromatography of proteins

2.07a Affinity chromatography

Affinity chromatography of cytosolic proteins was performed

at 4°C using the S-hexylglutathione-Sepharose 6B affinity matrix

described by Mannervik & Guthenberg (1981). Columns of affinity gel

(1.6cm x 12 or 1.6cm x 20cm) were equilibrated with 20 mM-Tris/HCl

buffer, pH 7.8, containing 200 mM-NaCl, before the liver cytosols,
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which had been dialysed at 4°C against the same equilibration buffer,

were applied. The affinity matrices were washed with 20 mM-Tris/HCl

buffer, pH 7.8, containing 200 mM-NaCl, until all non-specifically

bound material had been removed. The eluate was monitored at 280 nm

and when Azso was <0.02, the GST were eluted with a solution of 5mM-S-

hexylglutathione in the equilibration buffer. The GST-containing

fractions were combined and dialysed against two changes of 2 litres

of lOmM-sodium phosphate buffer, pH 6.7, containing 2 mM-2-

mercaptoethanol, for 18 h at 4°C.

2.07 b Hydroxyapatite chromatography

Chromatography of microsomal proteins on hydroxyapatite was

performed at 4°C, using columns of Bio-Rad HT grade hydroxyapatite

(2.2 cm x 28 cm) which had been equilibrated with 10 mM-potassium

phosphate buffer, pH 7.0, containing 1 mM-GSH, 0.1 mM-EDTA, 1% (v/v)

Triton X-100 and 20% (v/v) glycerol (see Section 2.10b).

Hydroxyapatite chromatography of cytosolic proteins, at 4°C,

was carried out using columns of Bio-Rad HT grade hydroxyapatite (1.6

cm x 36 cm) which had been equilibrated with lOmM-sodium phosphate

buffer, pH 6.7, containing 2 mM-2-mercaptoethanol (see Section 2.09b).

Alternatively, chromatography of the cytosolic enzymes on

hydroxyapatite. was performed at room temperature (20°C) using

hydroxyapatite h.p.l.c. (see Section 2.08b). Bio-Gel HPHT, an

h.p.l.c. grade hydroxyapatite column, was equilibrated with lOmM-

sodium phosphate buffer, pH 6.7, which contained 2mM-2-mercaptoethanol

and 0.4mM-CaCl2. Proteins were eluted with a linear gradient of 10-

350 mM-sodium phosphate buffer, containing 2mM-2-mercaptoethanol and

0.4mM-CaCl2, at 0.5 ml/min. The h.p.l.c. system was from Waters
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Associates (Instruments), Cheshire, U.K. and comprised two model 510

pumps, a model 680 automated gradient controller, a model 481 Lambda-

Max absorbance detector and a model U6K universal injector. Peaks

were detected by U.V, absorbance at 280 nm.

2.07c Conventional ion-exchange chromatography

Cation-exchange chromatography of both microsomal and

cytosolic proteins was performed at 4°C, using CM-Sepharose.

Chromatography of the microsomal proteins was carried out using

columns of CM-Sepharose (2.2 cm x 11 cm) which had been equilibrated

with 10 mM-potassium phosphate buffer, pH 7.0, containing 1 mM-GSH,

0.1 mM-EDTA, 1% (v/v) Triton X-100 and 20% (v/v) glycerol (see Section

2.10b), whereas the cytosolic enzymes were chromatographed on columns

of CM-Sepharose (1.6 cm x 26 cm) which were equilibrated with 10 mM-

sodium phosphate buffer, pH 6.7 (or pH 6.0), containing 2-

mercaptoethanol (2 mM) (see Section 2.09c).

2.07d Chromat-ofocusnng

Chroma:ofocusing of cytosolic proteins was carried out at

4°C using conventional methods or at room temperature using FPLC.

Chromatofocusing at 4°C, with a pH range of either 10.4 - 7

or 10.4 - 8, was performed using PBE 118 anion exchange gel, as

directed by the manufacturer (Pharmacia Fine Chemicals, Milton Keynes,

Bucks., U.K.). The polybuffer exchanger (1cm x 48cm) was washed and

equilibrated with 25mM-triethylamine/HCl buffer, pH 11.0. A small

volume (approximately 5 ml) of the eluent buffer (Pharmalyte pH 8 -

10,5/HCl buffer, pH 7.0 or 8.0) was applied to the column before the

protein sample, to start the formation of the pH gradient and to avoid

exposing the protein to the buffer at pH 11.0.
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Chromatofocusing using FPLC was carried out with a pH

gradient of 9-6 and was achieved by using a Mono P HR5/20

chromatofocusing column on a Pharmacia FPLC system, which comprised a

model GP-250 gradient programmer, two model P-500 pumps, a UV-'l U.V,

monitor, a pH monitor and flow though pH electrode (Pharmacia,

Laboratory Separation Division, Milton Keynes, Bucks., U.K.). The Mono

P column was equilibrated with 25 mM-diethanolamine/HCl buffer, pH 9.6,

as described by the manufacturer. After application of the sample (up

to 20ml, by multiple 5 ml injections), the column was developed at a

flow rate of 1 ml/min with Polybuffer 96, diluted 1 in 30 with water

and adjusted to pH 6.0 with 1M-HC1. Peaks were detected by U.V.

absorbance at 280nm.

2.08 Purification of constitutive cytosolic GST from the livers

of male and female mice

2.08a Preparation of purified GST isoenzyme mixtures

Ten livers (10 - 18g) from both sexes of DBA/2, C3H/He and

C57BL6 strains of mice were separately homogenized with 3 vol. of ice-

cold 20mM-Tris/HCl buffer, pH 7,8, containing 200 mM-NaCl. The

homogenates were centrifuged at 10 OOOg (4°C) for 20 min and the

resulting supernatants were centrifuged at 100 OOOg (4°C) for 60 min.

The supernatants from the 100 OOOg centrifugation were retained as the

cytosolic fraction and filtered, at 4°C, through a plug of glass wool

to remove lipid. Cytosols were dialysed at 4°C for 18 h against two

changes of 2 litres of 20mM-Tris/HCl buffer, pH 7.8, containing 200

mM-NaCl before being applied to columns of S-hexylglutathione-

Sepharose 6B (1.6cm x 12cm), equilibrated at 4°C with the same buffer.

The affinity matrices were washed with the equilibration buffer until
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all non-specif ically bound material had been removed. GST were eluted

with a solution of 5mM-S-hexylglutathione in 20mM-Tris/HCl buffer, pH

7.8, containing 200mM-NaCl. The GST-containing fractions were

combined.

2.08b Isoenzyme purification

GST isoenzymes were isolated from the S-hexylglutathione-

Sepharose-6B purified material as described by Hayes et al. (1987a).

The affinity-purified GST isoenzyme mixtures from the separate strains

and sexes were dialysed at 4°C against two changes, each of 2 litres,

of lOmM-sodium phosphate buffer, pH 6.7, containing 2mM-2-

mercaptoethanol, for 18 h. Portions (2ml, 5.8 mg, 6.4 mg and 3.2 mg of

protein from male mice of the strains DBA/2, C3H/He and C57BL6

respectively and 2.4 mg protein from female mice of all three strains)

were subjected to chromatography on hydroxyapatite, using h.p.l.c.

with a Bio-Gel HPHT h.p.l.c. grade column, GST were eluted from the

hydroxyapatite at 0.5 ml/min with a linear gradient of 10 - 350 mM-

sodium phosphate buffer, pH 6.7, which contained 2mM-2-mercaptoethanol

and 0.4 mM CaCH. Protein peaks were detected by monitoring

absorbance of the eluate at 280 nm. The GST peaks which were eluted

from 17 to 39 min were designated PI a, b and c, and those which were

eluted at 45 and 55 min were named PII and PHI respectively.

2.09 Purification of Yb-containing isoenzymes from BHA-treated

mice

2.09a Preparation of purified GST isoenzyme mixtures

Cytosols were prepared at 4°C from 75g of mouse liver as

previously described (Section 2.06a). Following dialysis against two

changes of 2 litres of 20 mM-Tris/HCl buffer, pH 7.8, containing 200
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mM-NaCl, hepatic cytosols (6.3g and 5.3g protein from BALB/c and CD-I

mice, respectively) were applied to columns of S-hexylglutathione-

Sepharose 6B (1,6cm x 20cm) which had previously been equilibrated

with the same buffer. The affinity matrix was extensively washed,

before GST were eluted with 5 mM-S-hexylglutathione as described in

Section 2.07a. GST-containing fractions were combined and dialysed

for 18 h against 10 mM-sodium phosphate buffer, pH 6.7, containing 2

mM-2-mercaptoethanol (two changes of 2 litres at 4°C).

2.09b Separation of Yb-containing GST

Columns of hydroxyapatite (1.6 cm x 36 cm) were equilibrated

with 10 mM-sodium phosphate buffer, pH 6.7, which contained 2 mM-2-

mercaptoethanol, before application of affinity-purified GST (720 mg

and 589 mg protein from BALB/c and CD-I mice respectively). GST were

separated into three pools of activity by elution with a linear

gradient (500 ml) of 10-300 mM-sodium phosphate buffer, pH 6.7,

containing 2 mM-2-mercaptoethanol. The flow rate was 19.2 ml/h and

fractions of 4.4 ml were collected. Column eluates were monitored by

measuring the absorbance of fractions at 280 nm and by measuring GST

activity with CDNB as a substrate for both strains of mice, and

activity with DCNB and tPBO for the BALB/c strain. The peaks of

activity were named I, II and III and eluted at 70-75, 115-120 and

140-240 mM-sodium phosphate, pH 6.7, respectively. The peak fractions

were separately combined. Peaks I and II contained YfYf and YaYa GST

and were not further purified; peak III contained YbYb GST.

2.09c Resolution of multiple forms of YbYb-type GST

The peak of enzyme activity, from hydroxyapatite

chromatography, which eluted between 140 and 240 mM-sodium phosphate,
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pH 6.7, comprised YbYb GST. This material was combined and was

dialysed for 18 h against two changes of 2 litres of 10 mM-sodium

phosphate buffer, pH 6.7, containing 2 mM-2-mercaptoethanol, at 4°C.

The non-diffusable material (440 mg and 401 mg protein from BALB/c and

CD-I mice respectively) was applied to columns of CM-Sepharose (1.6 cm

x 26 cm) which had previously been equilibrated with 10 mM-sodium

phosphate buffer, pH 6.7, containing 2 mM-2-mercaptoethanol at 4°C,

The columns were developed with linear gradients (750 ml) of 0-100 mM-

NaCl. in the running buffer, at a flow rate of 19.2 ml/h. Fractions

of 4.4 ml were collected and monitored for absorbance at 280 nm. GST

activity of fractions towards CDNB, DCNB and tPBO as substrates, was

measured. Three areas of GST activity were eluted and were named peaks

I, II and III. Peak I comprised material which was not absorbed to

CM-Sepharose, peak II was eluted at 12-15 mM-NaCl and peak III was

eluted at 20 - 25 mM-NaCl. The peak fractions were separately pooled.

The unabsorbed material, peak I, was dialysed at 4°C against

two changes of 2 litres of 10 mM-sodium phosphate buffer, pH 6.0,

which contained 2 mM-2-mercaptoethanol. The dialysed protein (85 mg

and 103 mg protein from BALB/c and CD-I mice, respectively) was

subjected to chromatography on CM-Sepharose which had been

equilibrated (4°C) with 10 mM-sodium phosphate buffer, pH 6.0,

containing 2 mM-2-mercaptoethanol. A linear gradient (500 ml) of 0-200

mM-NaCl, in the running buffer, at a flow rate of 19.2 ml/h was used

to develop the column. The eluate was collected in fractions of 4.4

ml, from which absorbance at 280 nm and GST activity with CDNB, DCNB

and tPBO were determined. Four peaks of GST activity were recovered

and each was combined separately. These were named la, lb, Ic and Id,

and eluted at 10-16, 30-36, 50-58 and 85-88 - mM - NaCl respectively.

105



2,09d Purification of Yb-containing GST

Peaks Ia-d, II and III were dialysed separately against two

changes of 2 litres of 5mM-Tris/HCl buffer, pH 8.2, containing 2mM-2-

mercaptoethanol, at 4°C. The dialysed protein fractions were each

subjected to chromatofocusing at 4°C on columns of PBE 118 (1cm x

48cm), which had been equilibrated with 25mM-triethylamine/HCl buffer,

pH 11.0. The loadings were as follows; peak la, 6 mg protein from

both BALB/c. and CD-I mice; peak lb, 20 mg and 14.5 mg protein from

BALB/c and CD-I mice, respectively; peak Ic, 34 mg and 33 mg protein

from BALB/c and CD-I mice, respectively; peak Id, 2.5 mg protein from

both BALB/c and CD-I mice, peak II, 23 mg from both BALB/c and CD-I

mice; peak III, 249 mg and 187 mg from BALB/c and CD-I mice

respectively. The pll gradients (pH 10.4-7) were established by using

Pharmalyte pH 8.5-10, which had been diluted 1 : 80 with water and

adjusted to pH 7.0 with HC1, at a flow rate of 13.8 ml/h. Fractions of

3.2 ml were collected and monitored for absorbance at 280 nm and GST

activity with CDNB as a substrate. The pH value of every 5th fraction

was determined at 4°C. The peaks resolved by chromatofocusing were

numbered in order of the pH at which they eluted.

Chromatofocusing of peak la yielded one peak of activity,

named peak 5. Peak lb yielded two peaks of activity, named 1 (iii)

and 3. Peak Ic yielded four peaks of activity, named l(i), 2(v),

2(vi) and 4. Peak Id yielded one peak of activity, designated

2(iv). Peak II yielded thee peaks of activity, referred to as 1 (ii),

2(ii) and 2(iii). Peak III yielded one peak of activity, named 2(i).

Roman numerals in parenthesis, denote forms which are probably

identical. The peaks of GST activity were separately pooled. Peaks

l(i) and 2(v), from BALB/c mice, were further purified by
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chromatofocusing on columns of PBE 118, under the same conditions as

previously described, but with a pH gradient of 10.4-8, which was

established by pre-equilibrating PB 118 with 20 mM-triethylamine/HCl

buffer. pH 11.0,and developing the column with Pharmalyte pH 8-

10.5 which had been diluted 1:80 with water and adjusted to pH 8.0

with HC1.

Final purification of GST from peaks 3, 4 and 5, obtained

from columns of PBE 118 was achieved by chromatofocusing using FPLC.

This last step was performed at room temperature (20°C) on a Mono P

I1R5/20 column, using the Pharmacia FPLC system. The samples were

adjusted to pH 9.0 at room temperature (20°C) with a solution of 25

mM-diethanolamine, before being applied to Mono P which was

equilibrated with 25 mM-diethanolamine/HCl buffer, pH 9.6. The column

was developed at a flow rate of 1 ml/min with Polybuffer 96, diluted 1

in 30 with water and adjusted to pH 6.0 with 1M-HC1; this established

a chromatofocusing gradient of pH 9-6. The pH gradient was measured

with a continuous flow-though electrode and monitor; the pH of

every 5th fraction was checked manually. U.V. absorbance of the

eluate at 280 nm, was monitored continuously and 1 ml fractions were

collected. Peak 5 from PBE 118 was resolved into 2 peaks named peaks

5a and 5J3. Peak 4 yielded one major peak, and was therefore not

redesignated. Peak 3 was resolved into thee peaks, named 3a, 3{3 and

3 Y .

The purification scheme is summarized in Scheme 2.01, and

the identity of the Yb-containing peaks shown in Table 2.03.
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Scheme 2.01 Purification scheme for Yb-c-ontaining isoenzymes from the

livers of BHA-fed mice

Procedure GST-containing fraction

Liver tissue homogenized with 3 vol. of
ice-cold 20mM-Tris/HCl buffer, pH 7.8,
containing 2mM-2-mercaptoethanol

Homogenate centrifuged at 10 OOOg
for 20 min at 4°C

10 OOOg supernatant centrifuged at
100 OOOg for 60 min at 4°C

Affinity chromatography of liver cytosol
on S-hexylglutathione-Sepharose 6B (4°C)

Chromatography of affinity-purified
GST on hydroxyapatite (4°C)

CM-Sepharose chromatography of
PHI (YbYb)at PH 6.7 (4°C)

CM-Sepharose chromatography at pH 6.0,
of peak I obtained from
CM-Sepharose at pH 6.7 (4°C)

Chromatofocusing on PBE 118 at 4°C,
of peaks from cation-exchange
chromatography

Chromatofocusing on Mono P at
room temperature (20°C), of
peaks from PBE 118

la
lb
Ic
Id
II
III

3
4
5

Liver homogenate

10 OOOg supernatant

100 OOOg supernatant
(1iver cytosol)

Affinity-purified GST
isoenzyme mixture

PI, (YfYf),
PII, (YaYa)
PIII, (YbYb)

— peaks (T] III and III]

—- peaks Ia,b,c and d

if
I(iii)

I<i) 2(v) 2(vi)
— — 2(iv)

1 (ii) 2(ii) 2(iii1
2 (i )

3a, 3b, 3 Y

4
— 5a, 5b
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Table 2.03 Identification of Yb-containing GST from chromatofocusing

columns

Peak No. GST identification

l(i) YbsYbs

1 [ (ii ) & (iii)] (YbsYbs + YbiYbi)*

2[(i) -(vi)] YbiYbi

3 a YbiYbi

3 (3 YbiYb2

3 Y Yb«Yba

4 YbxYbx

5 a Yb2Yb2

5 (3 YbiYn

* Peaks I (ii) and (iii) were not purified to homogeneity and

identities were not firmly established.

2.10 Purification of microsomal GST from rat liver

2.10a Treatment of microsomes, prior to purification of GST

Microsomes were prepared from approximately 40g of liver

from Sprague-Dawley rats, as described in Section 2.06b. Treatment of

microsomes with NEM to stimulate GST activity, and solubilization with

Triton X-100, was performed at 4°C, essentially as described by

Morgenstern et al. (1982a).

The washed microsomes were pooled and suspended in 12 ml of

a solution of 250 mM-sucrose. This was followed by the dropwise

addition of 8ml of lOmM-NEM (in lOmM-potassium phosphate buffer, pH

7.0) with gentle stirring of the microsomal fraction, over the course

of 5 min. Gentle mixing was continued for a further 2 min, before the
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addition of 0.8 ml 100 mM-GSH (adjusted to pH 7.0 with potassium

hydroxide) to terminate the acion of NEM on protein.

Solubilization of microsomal transferase (28 ml) was carried

out by the addition of 4 ml 10% (v/v) Triton X-100, dropwise, over the

course of 5 min, with gentle stirring, and stirring for an additional

20 min, after the addition of 8 ml glycerol. The potassium phosphate

concentration of the mixture was subsequently adjusted to

approximately 10 mM by the addition of 320 ql lM-potassium phosphate

buffer, pH 7.0.

2.10b Purification of microsomal GST

Purification of microsomal GST was performed by a method

closely similar to that described by Morgenstern et al. (1982a). The

solubilized and NEM-treated microsomal protein (approximately 400 mg)

was applied to a column of hydroxyapatite (2.2cm x 28cm) which had

been equilibrated with 10 mM-potassium phosphate buffer, pH 7.0,

containing 1 mM-GSH. 0.1 mM-EDTA, 1% (v/v) Triton X-100 and 20% (v/v)

glycerol. The column was developed with a gradient (500 ml in a

constant-volume mixing reservoir) of 10 - 300 mM-potassium phosphate

buffer, pH 7.0, containing 1 mM-GSH, 0.1 mM-EDTA, 1% (v/v) Triton X-100

and 20% (v/v) glycerol, at a flow rate of 13.8 ml/h. Fractions of 5 ml

were collected; these were monitored for GST activity with both CDNB

and HCBD as substrates. One major peak of GST activity was

eluted at 130 - 150 mM-potassium phosphate, and the peak fractions

were combined.

The partially purified microsomal GST was desalted by gel-
,

. 2-5
filtration. The protein was applied to a column of Sephadex GyfOO (4.4

cm x 80 cm), which had been equilibrated with 10 mM-potassium
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phosphate buffer, pH 7.0, containing 1 mM-GSH, 0.1 mM-EDTA, 1% (v/v)

Triton X-100 and 20% (v/v) glycerol, and filtration was carried out in

the equilibration buffer at 25.2 ml/h. Fractions of 8 ml were

collected and monitored for GST activity with CDNB as a substrate. The

GST-containing- fractions were combined. Final purification of

microsomal GST was achieved by cation-exchange chromatography. CM-

Sepharose columns (2.2cm x 11.0cm) were equilibrated with 10 mM-

potassium phosphate buffer, pH 7.0, containing 1 mM-GSH, 0.1 mM-EDTA,

1% (v/v) Triton X-100 and 20% (v/v) glycerol. Approximately lOOmg of

microsomal protein was applied to CM-Sepharose, which was developed

with a gradient (150 ml in a constant-volume mixing reservoir) of 0 -

200 mM-KCl in the running buffer. The columns were eluted at a flow

rate of 13.8 ml/h and fractions of 2.2 ml were collected. These were

monitored for GST activity with both CDNB and HCBD. One major peak of

GST activity was found to elute at 60 - 75 mM-KCl and the peak

fractions were combined.

2.11 Purification of microsomal GST from human liver

2.11a Treatme nt of microsomes, prior to purification of GST

Microsomes were prepared from 55g of human liver as

described in Section 2.06b. The washed microsomes were resuspended in

14 ml of a solution of 250 mM-sucrose, and 9 ml of 10 mM-potassium

phosphate buffer, pll 7.0 was added. Subsequent solubilization was

carried out by the dropwise addition of 4 ml of 10% (v/v) Triton X-100,

over the course of 5 min, with gentle stirring of the microsomal

fraction. Glycerol (8 ml) and 300 jal IM-potassium phosphate buffem

pH 7.0, were then added, and mixing was continued for a further 20

min.
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2.11b Purification of microsomal GST

Purification of microsomal GST from human liver was carried

out by a method identical to that described for rat liver microsomal

GST.

2.12 Removal of ampholines from purified protein samples

Ampholines, from chromatofocusing of GST, were removed from

samples, where necessary, by either gel-filtration, ammonium sulphate

precipitation or trichloroacetic acid (TCA) precipitation.

Gel filtration of proteins, at 4°C, on columns (1.6cm x

58cm) of Sephadex G-75, which were equilibrated and developed with 10

mM-sodium phosphate buffer. pH 6.7. containing 2 mM-2-mercaptoethanol,

resulted in complete separation of ampholines from GST activity.

Removal of ampholines from protein samples which were in

short supply was achieved by ammonium sulphate precipitation of GST.

Solid (NH4)2 SO4 was slowly added, at 4°C, with gentle stirring, to

the purified preparation of GST at 4°C, until 90% saturation was

achieved (650g/litre). The solution was left to stand for 3 h at 4°C

before being centrifuged at 20 OOOg for 30 min (4°C). The supernatant

was discarded and the resulting protein sediment was resuspended in a

90% saturated solution of (NH4>2 SCb (4°C). The protein suspension

was centrifuged (20 OOOg, 30 min, 4°C) and the resulting pellet was

dissolved in a minimum volume (approximately 1 ml) of 0.1% (v/v)

trifluoroacetic acid (TFA) in water.

Removal of ampholines from GST samples, prior to SDS/PAGE

was achieved by precipitation of protein with TCA, followed by washing

with a TCA-containing solution. An aqueous solution of ice-cold TCA
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(40% w/v) was added to protein samples to give a final concentration

of 10% (w/v) TCA (Hayes, 1984). Samples were left to stand on ice for

30 min, before centrifugation (10 OOOg, 30 min, 4°C). The

supernatants were discarded and the protein sediments were separately

suspended in 2 ml ice-cold 10% (w/v) TCA. Following a further 10 OOOg

centrifugation step (30 min, 4°C), the supernatants were discarded and

the protein sediments were dissolved in water to which was added SDS,

glycerol, 2-mercaptoethanol and bromophenol blue to give final

concentrations of 1% (w/v) and 0.002% (w/v) respectively. This

solution was titrated to neutral pH with 0.375 M-Tris/HCl buffer, pH

8.8.

2.13 Preparation of samples for N-terminal amino acid sequencing

Ampholines were removed from purified GST by either

gel-filtration or ammonium sulphate precipitation of protein as

previously described in Section 2.12. Samples were then dialysed for

24 h at 4°C, against 3 changes of 0.1% (v/v) TFA in water to remove

non-volatile salts, then freeze dried.

2.14 N-Terminal amino acid sequence analysis

N-Terminal amino acid sequencing of purifed GST was

performed by Mr. B. Dunbar, University of Aberdeen. Automatic Edman

degradation from the NID-terminus was carried out by using an Applied

Biosystems model 470A Gas-Phase Sequencer. The phenylthiohydantoin

derivatives of the amino acid residues were identified on a Waters

amino acid analysis h.p.l.c. system (Waters Associates (Instruments),

Cheshire, UK), using an Apex Cyano column (0.5 cm x 35 cm) with an

acetate buffer (pH 5.0)/acetonitrile system and a 254 nm detector.

Chromatography was performed at 40°C.
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2.15 Preparation of antisera

Antisera was raised against mouse YfYf (purified from male

DBA/2 mice), mouse YaYa (purified from male DBA/2 mice), and rat and

human microsomal GST. Purified GST (0.1 - 0.2 mg/ml) were separately

emulsified with an equal volume of Freund's complete adjuvant. The

protein-containing emulsions were injected subcutaneously, at multiple

sites, into female New Zealand White rabbits, so that each rabbit

received 200 pg of purified GST. After 6 weeks, each rabbit was re-

inoculated in a similar fashion, with 200 pg of the same immunogen,

which had been emulsified with Freunds incomplete adjuvant. Two weeks

later, the animals were killed and bled. The rabbit sera was stored

at -20°C.
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Section 3 : Results

Mouse cytosolic GST

3.01 Cytosolic GST in males and females of separate inbred

strains of mice

3.01a Polymorphism and sex differences of mouse cytosolic GST

Murine hepatic cytosolic GST have been studied in several

laboratories; the physical properties of the enzymes isolated by the

various groups of workers differ (Lee et al., 1981; Pearson et al.,

1983; Warholm et al., 1986; Hajres et al., 1987al., The reasons for the

lack of consistency of results from different research groups are not

clear, but the conjecture that strain-specific variations in mouse GST

might occur is substantiated by the work of Wheldrake et al. (1981),

who reported that inter-strain variations exist in mouse liver GST

activity. Alternatively, or in addition to inter-strain variation,

sex-specific expression of GST isoenzymes could account for the

apparently anomalous results reported for the mouse enzymes.

Examination of hepatic GST from both sexes of three strains

of mice, was undertaken to investigate polymorphism and sex

differences.

3.01b Strategy

In addition to using SDS/PAGE and immunoblotting techniques,

with antisera raised to rat cytosolic GST, it was decided to isolate

mouse hepatic GST, using the rapid h.p.l.c. technique described by

Hayes et al. (1987a). The purification strategy entails the use of

hydroxyapatite h.p.l.c. to separate affinity-purified GST isoenzymes.

This method is highly reproducable and facilitated a comparison, at a
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protein level, between sexes and strains. Furthermore, the method is

semi-preparative and would permit subsequent characterization of mouse

hepatic GST.

3.02 Comparisons of hepatic cytosols from both sexes of three

strains of mice

Hepatic cytosols were prepared from 10-18g liver from males

and females of DBA/2, C3H/He and C57BL6 mice as described in Section

2.08a. The levels of GST activity in the mouse liver cytosols were

determined for a number of different substrates (Table 3.01).

Table 3.01 Levels of GST activity in hepatic cytosol from different

strains and sexes of mouse

Specific activity (qmol/min/mg)

Strain Sex CDNB DCNB Ethacrynic Cumene
acid Hydroperoxide

DBA/2 Male 14.1 0.10 0.12 1.04

Female 9.7 0.12 0.05 1.30

C3H/He Male 17.4 0.13 0.20 1.48

Female 8.9 0.12 0.03 1.66

C57BL6 Male 12.8 0.13 0.14 1.12

Female 7.1 0.10 0.04 1.50

Abbreviations : CDNB,l-chloro-2.4-dinitrobenzene; DCNB,1,2-dichloro-4-

nitrobenzene.

In all strains, specific activities towards ethacrynic acid

and CDNB as substrates are considerably higher in male mice than in

females. GST activity for DCNB is similar in both sexes, whereas
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activity for cumene hydroperoxide is significantly higher in females

than in males. The C3H/He strain appears to possess greater GST

activity for CDNB and ethacrynic acid than either DBA/2 or C57BL6

mice. Moreover, C3H/He mice exhibit a marginally higher glutathione

peroxidase activity (using cumene hydroperoxide as a substrate) than

the other mice studied.

Analysis of the hepatic cytosolic protein from both sexes of

the three strains of mice, by SDS/PAGE, demonstrated that all male

mice contain a polypeptide of Mr about 24 800. This apparently male-

specific polypeptide co-migrated during SDS/PAGE with the Yf GST

subunit obtained from rat lung (Fig. 3.01).

3.03 Analysis of mouse he patic GST isoen zymes

3.03a Examination of affinity-purified isoenzyme pools

GST isoenzyme mixtures were isolated from the mouse livers

using S-hexylglutathione-Sepharose 6B as described in Section 2.08a,

and were analysed by SDS/PAGE and immunoblotting using antisera

against the rat Ya, Ybi and Yf subunits. Figures 3.02 and 3.03

demonstrate that, in all strains, only male mouse liver contains the

Yf subunit in significant amounts, and that it is the major subunit in

that sex. The Ya and Yb subunits were found in both sexes from all

strains.

Isoelectric focusing of the purified GST mixtures revealed

the existence of a band with pi 8.7, that appeared to be a major

protein in all male strains, but was only weakly represented in

females (Fig. 3.04). It is highly probable that this protein of pi

8.7 is the GST YfYf, since previous work in this laboratory has shown
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Figure 3.01 Electrophoretic analysis of cyiosois from both sexes of

three strains of mice

Cytosols from mouse livers (30pg protein each) were

analysed by SDS/PAGE by the method of Laemmli (1970) using a 12% (w/v)

resolving gel. The gel was loaded as follows: lanes 1 and 8, rat

lung GST isoenz5rme mixture [Yf, (Mr 24 800) Yb, (Mr 26 300) Yc, (Mr

27 500)]; lane 2, male DBA/2 hepatic cytosol; lane 3, female DBA/2

hepatic cytosol: lane 4, male C3H/He hepatic cytosol; lane 5, female

C3H/He hepatic cytosol; lane 6, male C57BL6 hepatic cytosol; lane 7,

female C57BL6 hepatic cytosol.
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Figure 3.01

119



Figure 3.02 SDS/PAGE of purified hepatic isoenzyme mixtures from

different strains and sexes of mouse

Mouse GST from liver cytosols of each strain and sex

were purified by S-hexylglutathione-Sepharose 6B affinity

chromatography and the subunit content was analysed by SDS/PAGE in

12% (w/v) polyac-rylamide resolving gels. The gel was loaded with 4 jug

of GST in each lane as follows: lanes 1 and 8, rat lung GST (Yf, Yb

and Yc subunits); lane 2, male DBA/2 GST; lane 3, female DBA/2 GST;

lane 4, male C3H/He GST; lane 5, female C3H/He GST; lane 6, male

C57BL6 GST; lane 7, female C57BL6 GST.
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Figure 3.02
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Figure 3.03 Immunoblotting of purified hepatic isoenzyme mixtures

from different strains and sexes of mouse

Hepatic mouse GST from each strain and sex were purified

by affinity chromatography and subjected to SDS/PAGE as described in

the legend to Figure 3.02. Proteins were transferred to

nitrocellulose paper and analysed by immunoblotting as described by

Hayes & Mantle (1986b). The gel was loaded as follows: lane 1, rat

lung GST (Yf, Yb and Yc subunits) for panels (a) and (b); or lane 1,

rat liver GST (Ya, Yb and Yc subunits) for panel (c); lane 2, male

DBA/2 GST; lane 3. female DBA/2 GST; lane 4, male C3H/He GST; lane 5,

female C3H/He GST; lane 6, male C57BL6 GST; lane 7, female C57BL6 GST.

Panels (a), (b) and (c) show the immunoblots developed with anti-(rat

YfYf) IgG, anti-(rat YbiYbi) IgG and anti-(rat-YaYa) IgG respectively.
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• ' f 1

Figure 3.03(a) Immunoblotiing of purified hepatic isoenzyme mixtures

from different strains and sexes of mouse

Anti-(rat YfYf) IgG : lane 1, rat lung GST (Yf, Yb and Yc subunits);

lane 2, male DBA/2 GST; lane 3, female DBA/2 GST; lane 4, male C3H/He

GST; lane 5, female C3H/He GST; lane 6, male C57BL6 GST; lane 7,

female C57BL6 GST.
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Figure 3.03(b) Immunoblotting of purified hepatic isoenzyme mixtures

from different strains and sexes of mouse

Anti-(rat YbiYbi) IgG : lane 1, rat lung GST (Yf, Yb and Yc subunits);

lane 2, male DBA/2 GST; lane 3, female DBA/2 GST; lane 4, male C3H/He

GST; lane 5, female C3H/He GST; lane 6, male C57BL6 GST; lane 7,

female C57BL6 GST.
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Figure 3.03(c) Immunoblotting of purified hepatic isoenzyme mixtures

from different strains and sexes of mouse

Anti-(rat YaYa) IgG : lane 1, rat liver GST (Ya, Yb and Yc subunits);

lane 2, male DBA/2 GST; lane 3, female DBA/2 GST; lane 4, male C3H/He

GST; lane 5, female C3H/Be GST; lane 6, male C57BL6 GST; lane 7,

female C57BL6 GST.
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Figure 3.04 Isoelectric focusing of purified hepatic GST from

various strains and both sexes of mouse

Analytical isoelectric focusing with a pH gradient of

3-10 was performed in thin layer 4.85% (w/v) polyacrylamide gel using

an LKB Multiphor apparatus according to the manufacturer's

instructions. The gel was loaded with 25 us purified GST mixtures from

each sex and strain, and protein pi markers. Loadings were as

follows: lanes 1 and 8, pi marker proteins (pi values indicated);

lane 2, male DBA/2 GST; lane 3, female DBA/2 GST; lane 4, male C3H/He

GST; lane 5, female C3H/He GST; lane 6, male C57BL6 GST; lane 7,

female C57BL6 GST.
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Figure 3.04
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that GST YfYf from male LACA mice has a closely similar isoelectric

point (Hayes et al., 1987a). The focusing' gel also showed that all

the GST bands fx-om the three strains co-focused, indicating that all

the GST in the DBA/2, C3H/He and C57BL.6 strains possess similar

isoelectric points.

3.03b Purification of GST from mouse liver

To investigate sex-specific differences in mouse GST, the

individual isoenzymes were prepared. This was achieved by using

hydroxyapatite h.p.l.c. and resulted in the resolution of three

subunit types, Yf, Ya and Yb. The Yf-containing GST was found to be

the major enzyme in males of all strains investigated, but was only

pi'esent as a minor form in females. Figures 3.05, 3,06 and 3.07 show

the h.p.l.c. traces from hydroxyapatite chromatography of hepatic GST

isoenzymes from males and females of the strains DBA/2, C3H/He and

C57BL6 respectively. Peaks eluting between 17 and 39 min were named

PI a - c (since they are closely related; see Section 3.03c). The

peak which eluted at 45 min was called PII and that at 55 min was

referred to as PHI.

3.03c Identification of GST, purified from mouse liver

SDS/PAGE analysis was cari'ied out on peaks fxem all strains

and sexes and the SDS/PAGE gels of the h.p.l.c.-purified GST from

males and females of the C3H/He strain, is shown in Figure 3.08. In

every case, PI a - c comprised Yf subunits (Mr 24 800) with a

contaminating lower Mr subunit in Pic, named Ye (Mr 24 200); Ye may

represent glyoxalase I subunits. PII comprised Ya subunits (Mr 25 800)

and PHI, Yb subunits (Mr 26 400).
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Figure 3.05 Use of hydroxyapatite h.p.l.c. to resolve mouse liver

GST from males and females of the strain DBA/2

Affinity-purified pools of GST were dialysed against 10

mM-sodium phosphate buffer, pH 6.7, containing 2 mM-2-mercaptoethanol

before being subjected to chromatography on Bio-Gel HPHT. Portions (2

ml; 5.8 mg and 2.4 mg of protein for male and female respectively) of

the dialysed GST pools were applied to hydroxyapatite and were eluted

from the h.p.l.c. column at 0.5 ml/min with a linear gradient of 10-

350 mM-sodium phosphate which contained 2-mercaptoethanol (2mM) and

CaCh (0.4mM) throughout. Protein peaks were detected by monitoring

absorbance of the eluate at 280 nm. The GST peaks which were eluted

from 17-39 min were designated Pla and b, and those which were eluted

at 45 and 55 min were named PII and PHI respectively. Panels (a) and

(b) show elution profiles of hepatic GST from male and female DBA/2

mice respectively.
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Figure 3.06 Use of hydroxyapatite h.p.l.c. lo resolve mouse liver

GST from males and females of the strain C3H/He

Affinity-purified GST (2 ml; 6.4 mg and 2.4 mg of

protein for male and female respectively) were subjected to

chromatography on Bio-Gel HPHT as described in the legend to Figure

3.05. The GST peaks which were eluted from 17-39 min were designated

PI a, b and c and those which were eluted at 45 and 55 min were named

PII and PHI respectively. Panels (a) and (b) show elution profiles

of hepatic GST from male and female C3H/He mice respectively.
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Figure 3.07 Use of hydroxyapatite h.p.l.c. to resolve mouse liver

GST from males and females of the strain C57BL6

Affinity-purified GST (2ml; 3.2 mg and 2.4 mg protein

for male and female respectively) were subjected to chromatography on

Bio-Gel HPHT as described in the legend to Figure 3.05. The GST peaks

which were eluted from 17-39 min were designated PI a, b and c and

those which were eluted at 45 and 55 min were named PII and PIII

respectively. Panels (a) and (b) show elution profiles of hepatic GST

from male and female C57BL6 mice respectively.
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Figure 3.08 SDS/PAGE analysis of purified hepatic GST from C3H/He

mice

Purified GST from hydroxyapatite h.p.l.c. were analysed

by SDS/PAGE in 12% (w/v) polyacrylamide gels (Laemmli, 1970). Gels

were loaded with 2-4 MS of protein as follows: lanes 1 and 7, rat

lung GST markers (Yf, Yb and Yc subunits); lane 2, Pla; lane 3, PIb;

lane 4, Pic; lane 5, PII; lane 6, PHI. Panels (a) and (b) show

SDS/PAGE gels of the protein peaks from males and females of the

C3H/He strain, respectively.
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The retention time of GST YfYf varied between 17 and 39 min,

but the variability was not thought to reflect any covalent

differences in the YfYf forms that eluted at various positions, since

individual YfYf peaks appeared to interconvert when re-applied to

hydroxyapatite. Furthermore, when the various YfYf-containing forms

were subjected to analytical isoelectric focusing, they were found to

co-focus with pi values of 8.7 (Fig. 3.09). Figure 3.09 also shows

the presence of an acidic protein, which probably corresponds to Ye,

in Pic. This further supports the belief that Ye represents

glyoxalase I, as this protein has been reported to have a pi value of

4.8 (Aronsson & Mannervik, 1977).

The retention times for mouse YaYa and YbYb were 45 min and

55 min respectively in all cases.

3.03d Levels of GST isoenzymes in mouse liver

The relative yields from h.p.l.c. of the individual forms

from all strains and sexes are shown in Table 3.02. In all strains,

the levels of GST recovered from hepatic cytosolic protein is

significantly higher in males than females, with the levels of

recovery being approximately 4% and 2% respectively of total cytosolic

protein. The levels and proportions of the separate isoenzymes vary

slightly between strains, with male C3H/He having the highest levels

of recovery of GST and the greatest proportion of YfYf. When levels of

YaYa are expressed as a percentage of YaYa plus YbYb, female mice

appear to have proportionately higher levels of this GST than males.
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Figure 3.09 Analytical isoelectric focusing of PI from

hydroxyapatite h.p.l.c.

Forms of FI from hydroxyapatite h.p.l.c. with varying

retention times, were subjected to analytical isoelectric focusing in

4.85% (w/v) polyacrylamide gels which incorporated a pH gradient of 3-

10. The gel was loaded with 10-20 jjg of protein as follows: lane 1,

Pic from female C3H/He; lane 2, Pic from male C3H/He; lane 3, PIb

from male C3H/He; lane 4. protein pi markers; lane 5, PIb from male

C57BL6; lane 6, Pla from male C3H/He; lane 7, Pla from female C57BL6;

lane 8, Pla from male C57BL6; lane 9, PI from DBA/2; lane 10, protein

pi markers.
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Figure 3.09
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Table3.02Proportionsofindividualisoenzymesrecoveredfromh.p.l.c. StrainSexLevelofGSTasa percentageoftotal cytosolicprotein
YieldsofGSTsubunittypes fromh.p.l.c.asapercentage oftotalproteinrecovered

LevelsofYfexpressed asapercentageof Ya+Yb

LevelsofYaexpressed asapercentageof Ya+Yb

Yf

Ya

Yb

DBA/2

Male

3.4

51

14

35

104

28

Female

1.4

15

37

48

18

44

C3H/He

Male

4.0

70

10

20

228

34

Female

1.8

22

35

43

29

45

C57BL6

Male

3.8

52

18

30

110

37

Female

1.9

15

32

53

18

38



3.04 Characterization of GST from mouse liver

Specific activities of peaks from hydroxyapatite

chromatography for all strains and sexes for a range of electrophilic

substrates were determined (Table 3.03). Within strains, peaks I, II

and III all have distinct catalytic activities. Peaks la and lb have

similar specific, activities, whereas Ic has significantly lower levels

of activity, probably due to the presence of Ye which may represent

contamination by glyoxalase I. Between strains and sexes, the

catalytic properties of the individual peaks show only minor

differences.

The effect of' N-ethylmaleimide (NEM) on the various peaks

from all strains and both sexes was determined. Table 3.04 shows the

effects of NEM on activity with CDNB, of the individual isoenzymes

from male C3H/He mice. This is representative of the findings for

males and females of all three strains, where only GST YfYf is

significantly affected, with approximately 90% of activity with CDNB

being lost, after treatment for 5 min at room temperature with lmM-

NEM.

Table 3.04 Effect of N-ethylmaleimide on the individual isoenzymes

from male C3H/He mice

Activity with CDNB Activity remaining-
(umol/min/mg) (%)

GST fraction No treatment NEM-treated

Pla (Yf) 76 8 11

PIb (Yf) 85 6 7

Pic. (Yf+Ye) 28 3 11

PII (Ya) 15 15 100

PHI (Yb) 176 180 102

141



Table 3.03 Specific activities of the individual isoenzymes from three

strains and both sexes of mouse, for a variety of substrates

Specific activity (pmol/rnin/mg)

Strain Sex GST fraction CDNB DCNB EA CH BSP pNPA

DBA/2 Male Isoenzyme mixture 53.2 0.9 2.3 1.4 0.10 0.20
PI 69.9 0.1 3.0 <0.1 0.01 0.20
PII 16.9 0.3 <0.1 13.6 0.05 0.01

PHI 203.3 10.2 0.3 0.7 1.00 0.60

DBA/2 Female Isoenzyme mixture 42.8 1.2 0.6 4.5 0.20 0.15

Pla 80.9 0.2 3.1 0.1 ND 0.25

PIb 28.9 ND 1.8 0.2 ND 0.05

PII 13.1 <0.1 <0.1 11.3 0.01 0.01

PIII 214.8 13.2 0.3 1.3 0.90 0.80

C3H/He Male Isoenzyme mixture 61.4 0.8 2.6 1.9 0.10 0.25

Pla 75.4 0.1 3.7 0.2 ND 0.25

PIb 85.2 ND 3.6 <0.1 ND 0.25

Pic 27.6 0.1 1.7 0.2 ND 0.05

PII 15.1 0.1 0.1 12.7 0.01 0.01

PIII 175.5 7.9 0.1 0.8 0.70 0.80

C3H/He Female Isoenzyme mixture 43.2 1.4 0.6 4.3 0.20 0.20
Pla 78.5 0.1 3.2 0.1 0.01 0.25

PIb 77.9 ND 3.1 0.1 ND 0.25
Pic 9.1 0.1 1.2 0.4 ND 0.05
PII 12.2 0.1 0.1 13.9 0.01 0.01

PIII 171.3 7.0 0.3 0.8 0.70 0.75

C57BL6 Male Isoenzyme mixture 65.9 0.6 2.6 2.0 0.10 0.20

Pla 67.9 0.1 2.9 0.1 ND 0.25
PIb 74. 9 0.4 3.6 <0.1 ND 0.20
Pic 28.9 0.3 1.9 0.3 ND 0.05
PII 13.4 <0.1 <0.1 11.7 0.01 0.01
PIII 186.9 8.3 0.2 0.7 0.80 0.60

C57BL6 Female Isoenzyme mixture 41.7 1.3 0.6 4.1 0.20 0.20
PI 84.6 <0.1 3.2 0.1 ND 0.20
PII 13.8 <0.1 <0.1 13.6 0.01 0.01
PHI 185.2 9.2 0.1 0.6 0.90 0.60

Abbreviations : ND, not detectable;
cumene hydroperoxide; DCNB,
bromosulphophthalein; EA, ethacrvnic

CDNB, l-chloro-2,4-dinitrobenzene; CH,
1,2-dichloro-4-nitrobenzene; BSP,
;id; pNPA, p-nitrophenyl acetate.
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Section 4 : Results

Inducible hepatic GST from mice fed with butylated hydroxyanisole

4.01 Choice of butylated hyclroxyanisole (BHA) as inducer

The studies of Talalay and his colleagues into the anti-

carcinogenic effects of the dietary antioxidant, BHA, led to the

discovery of two BHA-inducible GST in the livers of CD-I mice (Benson

et. al., 1982; Pearson et al., 1983). These two enzymes were referred

to as GT 9.3 and GT 8.7, and although they were incompletely

characterized, they both appear to comprise Yb-type subunits (Pearson

et ah, 1983; Ding et al., 1985).

The isolation of GT 9.3 and GT 8.7 has been described solely

from BHA-treated mice; a purification scheme has not been described

for either of these forms from normal untreated mouse liver. It was

therefore decided that GST purification should be undertaken from the

livers of BHA-treated mice to allow a comparison between the YbYb

enzyme described in Section 3 and the inducible forms described by

Pearson et al. (1983). Furthermore, purification was carried out

using two strains of mice, CD-I and BALB/c, to establish whether the

effects of BHA, described by Pearson et al. (1983), are specific to

CD-I mice.

4.02 Purification of GST isoenzymes from BHA-treated mice

4.02a Strategy

Comparisons between GST from normal mouse liver were facili¬

tated by employing affinity chromatography and hydroxyapatite chroma¬

tography as the initial purification steps; these were the procedures

used in Section 3 to identify YbYb. Hydroxyapatite chromatography is
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of central importance since it allows resolution of the YbYb-

containing forms from the YfYf and the YaYa GST. Unfortunately, the

capacity of the Bio-Rad h.p.l.c. hyroxyapatite column, precluded its

use in a large scale purification scheme, and therefore, chromato¬

graphy using conventional hydroxyapatite columns was employed.

Following hydroxyapatite chromatography, cation-exchange chromatogra¬

phic steps (at pH 6.7 and 6.0), similar to those described by Pearson

et al. (1983), were used in an attempt to identify GT 9.3 and GT 8.7.

These steps are summarized in Scheme 4.01. This purification scheme

was used to compare the effects of BHA on the hepatic GST of BALB/c

and CD-I mice, the latter strain having been used by Pearson et al.

(1983) to purify GT 9.3 and GT 8.7.

4.02b Effects of BHA on hepatic GST and their resolution by

hydroxyapatite chromatography

The specific activities, with CDNB as a substrate, of the

liver cytosols from both strains, were similar, being 19.6 pmol/min/mg

and 20.3 jimol/min/mg for BALB/c and CD-I strains respectively.

However, the total protein content for BALB/c cytosol from 75g of

liver was slightly higher than CD-I cytosol from the same weight of

liver. These cytosols were applied to S-hexylglutathione-Sepharose 6B

as described in Section 2.09a.

For both the BALB/c and CD-I mouse strains, less than 4% of

the total hepatic cytosolic activity failed to bind S-hexylgluta-

thione-Sepharose 6B, Some loss of activity was observed during

dialysis of the affinity-purified pool, particularly with the BALB/c

strain, where 23% of the total cytosolic activity is unaccounted for

(see Section 4.02.C. Table 4.01). Some precipitation was observed
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Scheme 4-01 Simplified purification scheme for YfYf. YaYa.
and multiple YbVb GST forms.

Cytosol

YfVf

S-hexylglutathione-
Sepharose 6B

Hydroxyapatite

II
\hYa YbYb

CM-Sepharose pH6-7

I
irough

I I
Flow-t

CM-Sepharose pH6 0
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during dialysis of Ihe affinity-purified fractions, which could be

responsible for loss of activity. In both strains, the GST isoenzyme

mixture accounted for over 11% of the total cytosolic protein. This

compares with a level of less than 2% for untreated female mice (see

Section 3.03d).

A small portion of affinity-purified GST from the BHA-

treated BALB/c strain, was subjected to chromatography on a Bio-Gel

HPHT column, to allow direct comparison with the hydroxyapatite

h.p.l.c. elution profiles of the unincluced strains described in

Section 3 and depicted in Figures 3.05 - 3.07. Figure 4.01 shows the

h.p.l.c. trace from BHA-induced BALB/c mice. The YbYb-containing

peak, eluting at 55 min (PITIb) represented over 70% of the affinity-

purified protein, compared with 40-50% in uninduced female mice. The

peak eluting at 53 min (PHIa), which appears as a small shoulder in

uninduced strains, is also a YbYb-type GST (determined by SDS/PAGE

analysis; data not shown), and is significantly elevated after BHA

induction. Taken together, the YbYb-containing peaks comprise over

80% of the GST eluted from hydroxyapatite h.p.l.c. The YfYf (P I) and

YaYa (P II) GST, accounted for around 10% and 7% respectively of the

hydroxyapatite h.p.l.c.-purified material. This demonstrates that the

increase in hepatic GST content, observed in cytosols after treatment

of female mice with BHA, was primarily due to an increase in YbYb-

type GST.

Conventional hydroxyapatite chromatography was utilized as

the initial step, to isolate the YbYb GST from the pools of affinity-

purified material from BALB/c and CD-I strains. As previously found,

using h.p.l.c., the YfYf, YaYa and YbYb forms were sequentially eluted
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Figure 4.01 Resolution of hepatic GST from BHA-induced female BALB/c

mice, by hydroxyapatite h.p.l.c.

Affinity-purified GST (3 mg), from BHA - induced female

BALB/c mice, was dialysed against lOmM - sodium phosphate buffer, pH

6.7, containing 2mM-2-mercaptoethanol, before being further resolved

by chromatography on Bio-Gel HPHT. GST were eluted from

hydroxyapatite at 0.5 ml/min with a linear gradient of 10 - 350 mM -

sodium phosphate which contained 2mM-2-mercaptoethanol and CaClz {0.4

mM). The eluate was monitored for absorbance at 280 nm. The GST peaks

which were eluted at 39 and 45 min were named PI and PII and those

eluting at 53 min and 55 min were designated PHIa and PHIb

respectively.
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from hydroxyapatite by the phosphate gradient. Elution profiles

obtained from columns of hydroxyapatite were closely similar for the

GST isoenzymes isolated from hepatic cytosols of BALB/c and CD-I mice.

Fractions from hydroxyapatite were monitored for absorbance at 280 nm

and activity with CDNB as a substrate. Fractions obtained from BALB/c

material were also monitored for activity with DCNB and tPBO. Figures

4.02 and 4.03 show the elution profiles, obtained from hydroxyapatite

chromatography, of hepatic GST from BALB/c and CD-I mice.

Three peaks of activity were obtained, which were named I,

II and III, and eluted at 70-75, 115-120 and 140-240 mM-sodium

phosphate, pH 6.7, respectively. Subunit compositions of the three

peaks corresponded to the types purified by Bio-Gel HPHT described in

Section 3, with peak I containing Yf-'type subunits, peak II containing

Ya-type subunits and peak III containing Yb-type subunits. The leading

edge of peak III had the highest activity with tPBO as a substrate,

indicating the presence of more than one form of YbYb-type GST.

4.02c Multiple YbYb forms of GST

Pool III, from hydroxyapatite, appeared to contain several

YbYb forms of GST. This pool was subjected to CM-Sepharose chromato¬

graphy since this was similar to the method used by Pearson et al.

(1983) to prepare GT 9.3 and GT 8.7. Two distinct cation-exchange

steps were employed in this thesis, namely, CM-Sepharose at pH 6.7 and

CM-Sepharose at pH 6.0. The pools of YbYb-containing GST from BALB/c

and CD-I mice were both subject to these two ion-exchange steps to

facilitate a comparison. Figure 4.04 shows the elution of three peaks

of YbYb GST enzymes, from CM-Sepharose which was equilibrated at pH

6.7. Similar elution profiles were obtained from BALB/c and CD-I mice
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Figure 4.02 Hydroxyapatite chromatography of female BALB/c hepatic

GST

Affinity-purified hepatic GST (719 mg protein) from

female BALB/c mice, was dialysed against lOmM-sodium phosphate buffer,

pH 6.7, containing 2-mercaptoethanol (2mM) and applied to an hydroxy¬

apatite column (1.6 cm x 36.0 cm), equilibrated with the same buffer.

The column, which was eluted at 19.2 ml/h, was developed with a linear

gradient (500 ml) of 10 - 300 mM-sodium phosphate buffer, pH 6.7,

containing 2 mM-2-mercaptoethanol. Fractions of 4.4 ml were

collected and the sodium phosphate concentration ( ■ ) determined by

initially measuring Na+ concentrations by flame photometry and then

extrapolating the sodium phosphate concentrations from measurements of

Na+ in a standard solution of sodium phosphate (lOmM). Absorbance at

280 nm (o) and transferase activity with CDNB ( A ) were measured. GST

activity with tPBO ( • ) and DCNB ( A ) was also monitored. The

horizontal bars indicate the fractions which were combined.
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Figure 4.03 Hydroxyapatite chromatography of female CD-I hepatic

GST

The S-hexylglutathione affinity-purified pool of GST (589

mg protein) from female CD-I mice was subjected to chromatography on

hydroxyapatite as described for BALB/c mice in the legend to Figure

4.02. Sodium phosphate concentration (■), absorbance at 280 nm (o)

and transferase activity with CDNB ( A ) were determined. The

horizontal bars indicate the fractions which were combined.
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Figure 4.04 Elution pattern of Yb-containing GST from BALB/c mice

on CM-Sepharose at pH 6.7

The transferases were isolated from the livers of BALB/c

mice as described in the text. The Yb-containing fractions which

eluted from hydroxyapatite in peak III were combined, and following

dialysis against lOmM-sodium phosphate, pH 6.7, containing 2mM-2-

mercaptoethanol, the protein (440 mg) was applied to a CM-Sepharose

column (1.6 cm x 26 cm). This column was equilibrated with lOmM-

sodium phosphate buffer, pH 6.7, and 2mM-2-mercaptoethanol and was

developed at 19.2 ml/h with a linear gradient (750 ml) of 0 - 100 mM -

NaCl in the running buffer. Fractions of 4.4 ml were collected and

transferase activities for CDNB ( A ), DCNB (A ) and tPBO ( • (were

monitored. Absorbance at 280 nm (o) and Na+ concentrations ( ■ )

were measured. Fractions under the bars were combined separately.
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(cf. Fig 4.04 and Fig. 4.05). The three peaks of GST obtained from

this step are referred to as I, II and III. Peak I represents

material which did not adsorb to the cation-exchange resin, whereas

peaks II and III were retained by the exchanger and were eluted at 12

- 15 and 20 - 25 mM - NaCl respectively.

The 'flow-through' material (peak I) was further chromato-

graphed on CM-Sepharose at pH 6.0. This second step yielded four

peaks of activity which were partially resolved; these were eluted at

10 - 16, 30 - 36, 50 - 58 and 85 - 88 mM - NaCl and were named a, b, c

and d respectively. Peaks a and b showed the greatest activity for

the substrate, tPBO (Fig. 4.06 and Fig. 4.07).

Closely similar elution profiles were obtained for the YbYb

-containing enzymes from BALB/c and CD-I strains for both ion-exchange

steps. These data suggest that no major differences exist in the BHA-

inducible GST from these two strains. Table 4.01 shows the stages of

purification from S-hexylglutathione-Sepharose 6B, hydroxyapatite and

ion-exchange chromatography, for both strains of mice.

4.02d Purification of Yb - containing GST

The final purification steps involved chromatofocusing of

the separate pools, la, lb, Ic, Id, II and III, isolated from ion-

exchange chromatography. Polybuffer exchanger (PBE 118), utilizing a

pH gradient of 10.4 - 7.0, gave rise to multiple peaks of activity

with similar elution profiles for both strains of mice (cf. Fig. 4.08

and Fig. 4.09). Peaks were named using Arabic numerals in order of

their apparent isoelectric points. Roman numerals, in parenthesis,

denote forms which are probably identical. The pH values at which the

five forms eluted are shown in Table 4.02.
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Figure 4.05 Elution pattern of Yb-containing GST from CD-I mice

on CM-Sepharose at pH 6.7

The transferases were isolated from livers of CD-I mice

as reported in the text, and the Yb-containing material (401 mg

protein) was resolved on CM-Sepharose at pH 6.7 as described in the

legend to Figure 4.04. Transferase activities for CDNB ( A ), DCNB (A )

and tPBO ( • ) were determined. Absorbance at 280 nm (o) and Na+

concentration ( ■ ) were measured. Fractions under the bars were

combined separately.
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Figure 4.06 Resolution of the Yb-containing transferases from BALB/c

mice on CM-Sepharose at pH 6.0

Transferases comprising Yb-type subunits, which were

eluted in the 'flow-through' fractions from CM-Sepharose equilibrated

at pH 6.7, were dialysed against lOmM-sodium phosphate buffer, pH 6.0,

containing 2-mercaptoethanol (2mM). The dialysed material (85 mg

protein) was applied to a CM-Sepharose column (1.6 cm x 26 cm)

equilibrated with the same buffer. The column was developed with a

linear gradient (500 ml) of 0 - 200 mM - NaCl in the running buffer,

at 19.2 ml/h. Fractions of 4.4 ml were collected. Absorbance at 280

nm (o), transferase activities with CDNB ( A ), DCNB (A ) and tPBO (•)

and Na+ concentrations ( ■ ) were measured. The fractions which were

combined are indicated by horizontal bars.
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Figure 4.07 Resolution of the Yb - containing transferases from CD-I

mice on CM-Sepharose at pH 6.0

Transferases from CD-I mice, which were eluted in the

'flow-through' fractions from CM-Sepharose equilibrated at pH 6.7

(103mg protein), were resolved on CM-Sepharose at pH 6.0, as described

in the legend to Figure 4.06. Absorbance at 280 nm (o), transferase

activity with CDNB ( A ), DCNB ( A) and tPBO ( •) and Na+ concentra¬

tions ( ■ ) were measured Combination of fractions is indicated by

horizontal bars.
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Table4.01aPurificationofYb-containingglutathioneS-transferaseisoenzymesfromfemaleBALB/cmouseliver: S-hexylglutathione-Sepharose6B,hydroxyapatiteandion-exchangechromatography
FractionVolumeTotalProteinTotalactivitySpecificYieldYield activity(activity)(protein)

(ml)(mg)(units)*(units/mg)(%)(%)
Cytosol(post-dialysis)
240

6312

123432

19.6

100

100

Affinitychromatography
33

719

90698

126

75

11

Cytosol(post-affinity chromatography)

235

4662

4230

1

3.5

74

Hydroxyapatite-III
160

440

69006

157

56

7

CM-Sepharose(pH6.7)-I
170

85

7730

91

6

1.5

CM-Sepharose(pH6.7)-II
64

23

2844

124

2.5

0.5

CM-Sepharose(pH6.7)-III
76

249

44524

179

36

4

CM-Sepharose(pH6.0)-Ia
39

6

336

56

0.5

0.1

'M-Sepharose(pH6.0)-Ib
39

20

1738

87

1.5

0.5

CM-Sepharose(pH6.0)-Ic
64

34

3825

113

3

0.5

CM-Sepharose(pH6.0)-Id
12

2.5

253

101

0.5

<0.1

*Oneunitistheamountofenzymicactivitycatalysingtheformationoflymol.of S-(2,4-dinitrophenylglutathioneperminuteat37°C



Table4.01bPurificationofYb-containingglutathioneS-transferaseisoenzymesfromfemaleCD-Imouseliver; S-hexygluthione-Sepharose6B/hydroxyapatiteandion-exchangechromatography
FractionVolumeTotalproteinTotalactivitySpecificYieldYield activity(activity)(protein)

(ml)(mg)(units)*(units/mg)(%)(%)
CD

Cytosol(post-dialysis)260 Affinitychromatography47 Cytosol(post-affinity chromatography)260 Hydroxyapatite-III180 CM-Sepharose(pH6.7)-I180 CM-Sepharose(pH6.7)-II54 CM-Sepharose(pH6.7)-III50 CM-Sepharose(pH6.0)-la24 CM-Sepharose(ph6.0)-lb44 CM-Sepharose(pH6.0)-Ic60 CM-Sepharose(pH6.0)-Id18
5268 589 3562 401 103

23

187
6

15 33

2.5

106803 93585 2969 65178 8870 3366 31658 379 1321 4225 448

20.3
159

0.8

163
86

146 169
63 88

128 179

100
88

3

61

8 3

30

0.5
1 4 0.5

100
11 68

8 2 0.5
4 0.1 90.5 0.5 <0.1

*OneunitistheamountofenzymicactivitycatalysingtheformationoflymolofS-(2,4-dinitrophenyl) glutathioneperminuteat37°C.



Figure 4.08 Chromatofocusing on PBE 118 of partially purified YbYb-

type GST from BALB/c mice

The Yb-containing isoenzymes isolated from hydroxyapatite

were partially resolved on CM-Sepharose at pH 6.7 and pH 6.0, giving

rise to six separate zones of activity : II and III from CM-Sepharose

at pH 6.7, and la, lb, Ic and Id from CM-Sepharose at pH 6.0. Each peak

was separately dialysed against 5mM - Tris/HCl buffer, pH 8.2, contain¬

ing 2mM-2-mercaptoethanol, and applied to 1 cm x 48 cm columns of

chromatofocusing gel (PBE 118). Chromatofocusing was performed as

described in the text. The columns were eluted at 13.8 ml/h and

fractions of 3.2 ml were collected. The pH of the eluate ( □ ) was

measured at 4°C. Absorbance at 280 nm (o) and transferase activity

with CDNB ( A ) were determined. Panels (a) - (f) show the

chromatofocusing profiles of the cation-exchanger-purified material,

as follows: (a) pool III, 249 mg protein applied; (b) pool II, 23 mg

protein applied; (c) pool la, 6 mg protein applied; (d) pool lb, 20

mg protein applied; (e) pool Ic, 34 mg protein applied; (f) pool Id,

2.5 mg protein applied. The horizontal bars indicate the fractions

which were combined.
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Figure 4.09 Chromatofocusing on PBE 118 of partially purified YbYb-

type GST from CD-I mice

This was performed as described for BALB/c mice in the

legend to Figure 4.08. The pH of the eluate ( □ ) was measured at 4°C.

Absorbance at 280 nm (o) and transferase activity with CDNB ( A ) were

determined. Panels (a) - (f) show the chi'omatofocusing profiles of

the cation-exchanger-purified material as follows: (a) pool III, 187

mg protein applied; (b) pool II, 23 mg protein applied; (c) pool la,

6 mg protein applied; (d) pool lb, 14.5 mg protein applied; (e) pool

Ic, 33 mg protein applied; (f) pool Id, 2.5 mg protein applied. The

horizontal bars indicate the fractions which were combined.
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Table 4.02 Elution positions on the pH gradient of five separate

GST forms resolved by chromatofocusing

Peak Estimated isoelectric point obtained from
chromatofocusing on PBE 118

l(i-iii) 9.1 - 8.9

2( i-vi) 9.0 - 8.7

3 8.65

4 8.6 - 8.4

5 8.25-8.15

In zone 1 (i), the peak obtained for absorbance at 280 nm

and the peak obtained for activity with CDNB, were not concomitant and

demonstrated the presence of a highly basic form with a low specific

activity for CDNB. It is probable that this basic form corresponds to

GT 9.3 described by Pearson et al. (1983). Peak 1 (i) and the

adjacent peak, 2 (v), obtained from chromatofocusing of peak Ic from

BALB/c mice, were resolved further on PBE 118 with a pH gradient of

10.4 - 8.0 (Fig. 4.10). Table 4.03 shows the purification of the

isoenzymes resolved by chromatofocusing on PBE 118, from BALB/c mice.

Yb-containing transferases from the CD-I strain were also

subjected to chromatofocusing on PBE 118, but were finally purified

from the PBE 118 pools by a further chromatofocusing step on FPLC.

This was achieved using a Mono P HR5/20 column and a pH gradient of 9

- 6. The most basic form [peak l(i)] was not completely purified from

this strain, but it is evident from the non-coincident Azso and CDNB
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Figure 4.10 Purification of the most basic Yb-containing GST from

BALB/c mice by chromatofocusing on PBE 118

The Yb-containing isoenzymes were resolved into six

separate peaks of activity by cation-exchange chromatography at pH 6.7

and pH 6.0. These peaks were separately subjected to chromatofocusing

on PBE 118 with a pH gradient of 10.4-7.0. Material from pool Ic (CM-

Sepharose, pH 6.0) was resolved into four areas of activity, 1 (i), 2

(v), 2 (vi) and 4 (Fig. 4.08e).

Zones 1 (i) and 2 (v) were combined separately and subjected

to further chromatofocusing. Columns (1 cm x 48 cm) of PBE 118 were

equilibrated with 25mM-triethylamine/HCl buffer, pHll.0, containing

2mM-2-mercaptoethanol. The samples were applied as described in the

text and eluted at 13.8 ml/h. Fractions of 3.2 ml were collected and

the pH of the eluate ( □ ) measured at 4°C. Absorbance at 280 nm (o)

and transferase activity with CDNB ( A ) were determined. Panels (a)

and (b) show the chromatofocusing profiles of peaks 1 (i) and 2 (v)

respectively. Fractions were combined separately as indicated by the

bars.
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Table4-03PurificationofYb-containingglutathioneS-transferaseisoenzymesfromfemaleBALB/cmouseliver Chromatofocusing
Fraction**ProbableVolumeTotalproteinTotalactivitySpecificYieldYield subunitactivity(activity)(protein) composition(ml)(mg)(units)*(units/mg)(%)(%)

PBE

118

(pHlO.4-7.0)-5

Yb2Yb2/YbYn

15

0.3

38

127

0.05

<0.1

PBE

118

(pH10.4-7.0)-4

YbYbXX

11

1.4

127

91

0.1

<0.1

PBE

118

(pHlO.4-7.0)-3Yb1Yb1/Yb1Yb2/Yb2Yb2
11

4.7

430

92

0.5

0.1

PBE

118

(pH10.4-7.0)-2(i)
Yb1Yb1

92

160

27733

173

23

2.5

PBE

118

(pHlO.4-7.0)-2(ii)
YbY^

13

5

813

163

0.5

0.1

PBE

118

(pH10.4-7.0)-2(iii)
Yb1Yb1

18

1.4

233

166

0.1

<0.1

PBE

118

(pHlO.4-7.0)-2(iv)
Yb1Yb1

16

0.9

136

151

0.1

<0.1

PBE

118

(pH10.4-8.0)-2(v)
Yb1Yb1

17

3

518

173

0.5

<0.1

PBE

118

(pHl0.4-7.0)-2(vi)
YbjY^

12

1

172

172

0.1

<0.1

PBE

118

(pH10.4-8.0)-l(i)
Yb3Yb3

12

1.5

19

13

0.1

<0.1

PBE

118

(pHl0.4-7.0)-l(ii)
Yb3Yb3/Yb1Yb1

17

3.2

177

55

0.1

<0.1

*Oneunitistheamountofenzymicactivitycatalysingtheformationof 1nmolofS-(2,4-dinitrophenylglutathioneperminuteat37°C.
**ValuesforPBE118(pH10.4-7.0)-l(iii)notdetermined



activity peaks, from the chromatofocusing profiles obtained from PBE

118, that this highly basic YbYb also exists in CD-I mouse liver

(Fig. 4.09).

Peak 2 (i) appeared homogeneous when a small portion

was analysed by FPLC using the Mono P chromatofocusing system (Fig.

4.11) and therefore, the preparation from PB 118 was not purified

further. Peak 2(i) is thought to represent mouse YbiYbi and is eluted

from Mono P at pH 8.25 (20°C). The high activity of this enzyme for

DCNB (see Section 4.03c, Table 4.07) suggests it contains subunits

which are equivalent to the Ybi subunit in rat.

Peak 3 was resolved into three distinct protein peaks, 3a,

3B and 3 y , which eluted at pH 8.25, pH 8.15 and pH 7.9 respectively.

These forms are thought to represent mouse YbiYbi, YbiYbz and YbzYbz

respectively, on the basis of specific activities with CDNB, DCNB and

tPBO, as substrates (Section 4.03c).

Chromatofocusing of peak 4, using FPLC, resulted in the

elution of one major protein peak at pH 8.05. This peak was

designated as Yb*Ybx, since specific activities for selected sub¬

strates did not permit its identification with any known rat Yb-

containing forms.

Peak 5 was resolved into two peaks at pH 7.9 and pH 7.85,

named 5a and 5]3, which are thought to represent mouse YbzYba and YbiYn

respectively. The designation of YbiYn is based on the mobilities of

the subunits on SDS/PAGE (Section 4.03a) and on the high specific

activity which this form has for DCNB and CDNB as substrates (Section

4.03.c).
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Figure 4.11 Analytical cliromatofocusing on FPLC of the major YbYb-

type GST from CD-I mouse liver

The Yb-containing isoenzymes were resolved, aftei* isola¬

tion from the affinity-purified GST pool, by hydroxyapatite chromato¬

graphy, ion-exchange chromatography and chromatofocusing as described

in the text. The most abundant Yb-containing isoenzyme was isolated

from chromatofocusing on PBE 118 as pool 2 (i). A small portion of 2

(i) (500 j_»l, approximately 1.5 mg) was adjusted to pH 9.0 with 25mM -

diethanolamine before being applied to a Mono P HR5/20 column,

equilibrated with 25mM - diethanolamine/HCl buffer, pH 9.6. The

column was developed at a flow rate of 1 ml/min with Polybuffer 96,

diluted 1 in 30 with water and adjusted to pH 6.0 with M-HC1. The pH

gradient ( ) was measured with a continuous flow-through electrode

and monitor; the pH of eyery 5th fraction was checked manually.

Absorbanc-e at 280 nm ( ) was monitored continuously and 1ml

fractions were collected.
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Figure 4-11
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Figure 4.12 depicts the elution profiles, obtained from

chromatofocusing on FPLC, of the three PBE 118 pools (3,4 and 5), and

Table 4.04 shows the purification, by chromatofocusing, of the

separate forms from CD-I mice.

The purification scheme for the Yb-containing isoenzymes

is summarized in Scheme 4.02.

4.03 Identification and nomenclature of the Yb-containing

isoenzymes

Purified GST were named, where possible, according to

similarities with forms described from rat. Hence, similarities in

subunit molecular mass, substrate specificities, immunological

properties and isoelectric points were used as the criteiua for

designating certain subunits as Ybi, Yb2 and Yn. In the case of mouse

YbiYbi, the N-terminal amino acid sequence was also determined to

confirm its designation. A partial N-terminal amino acid sequence was

also determined for Yb2Yb2, but was not sufficiently comprehensive to

use as a means for classification of subunit type.

4.03a Discontinuous SDS/polyacrylamide - gel electrophoresis of

the purified forms

Analysis of the purified peak fractions 1 (i), 2 (i), 3a-y

4 and 5a- J3 by SDS/PAGE, demonstrated the purity of those pre¬

parations. Most of the preparations gave a single protein band

following SDS/PAGE. However, pools 5(3 and 3]3 appear to comprise

heterodimers. Furthermore, all forms were found to contain subunits

with a molecular mass similar to that of rat Yb (M» 26 300) (Fig.

4.13). Designation of molecular mass values were based on those of

rat GST, calculated according to their mobility in 12% polyacrylamide
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Figure 4.12 Purification of Yb-containing isoenzymes from CD-I mice

by chromatofocusing on FPLC

The Yb-containing GST from livers of CD-I mice were

partially purified by S-hexylglutathione-Sepharose 6B, hydroxyapatite

and ion-exchange chromatography, and chromatofocusing on PBE 118 as

described in the text. Final purification of GST from peaks 3, 4 and

5 from PBE 118 was carried out by chromatofocusing on a Mono P HR5/20

column. The samples (15-20 ml) were adjusted to pH 9.0 with 25mM-

diethanolamine before being applied to the Mono P column, which was

equilibrated with 25mM-diethanolamine/HCl buffer, pH 9.6. The column

was developed at a flow rate of 1 ml/min with Polybuffer 96, diluted 1

in 30 with water and adjusted to pH 6.0 with M-HC1. The pH gradient

( ) was measured with a continuous flow-through electrode and

monitor; the pH of every 5th fraction was checked manually.

Absorbanc-e at 280 nm ( ) was monitored continuously and 1 ml

fractions were collected. The horizontal bars indicate the fractions

which were combined.

Panels (a), (b) and (c) depict the elution profiles obtained

from peak 3, 4 and 5 respectively.
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Table4.04PurificationofYb-containingglutathioneS-transferasefromfemaleCD-Imouseliver:Chromatofocusing
-u

CD

Fraction

Subunit

Volume

Totalprotein3
Totalactivity

Specific

Yield

Yield

composition

y~v

activity

(activity)
(protein)

(ml)

(mg)

(units)

(units/mg)

%

%

PBE118
i(pH10.4-7.0)-:
2(i)

Yb^Yb^

50

130

23216

179

22

2.5

MonoP
(pH

9.0-6.0)-3
a

Yb1Yb1

3

0.5

79

158

0.1

0.01

MonoP
(pH

9.0-6.0)-3
B

YblYb2

4

1.6

152

95

0.15

0.05

MonoP
(pH

9.0-6.0)-3
Y

Yb2Yt,2

2

0.5

6

12

0.01

0.01

MonoP
(pH

9.0-6.0)-4

YbY
XX

2

1.3

106

82

0.1

0.05

MonoP
(pH

9.0-6.0)-5
a

Yb2Yb2

2

0.2

5

25

0.01

<0.01

MonoP
(pH

9.0-6.0)-5
B

YbYn

2

0.2

30

150

0.05

<0.01

Proteinvaluescalculatedfromabsorbanceat280nm Oneunitistheamountofenzymicactivitycatalysingtheformationof
1ymolofS-(2,4-dintrophenyl)glutathioneperminuteat37°C.



Scheme402PurificationsrhemefortheYb-containingGSTfromfemalemouseliver.
<x

c

Peakidentification Peakidentification Peakidentificationa Peakidentification
PBE118 (10-4-7) 5

MonoP (9-6)

Peakidentification5a GST

53

Mouseliver cytosol S-hexyl-GSH- Sepharose6B Hydroxyapatite

m CM-Sepharose (pH6-7) I

I CM-Sepharose (pH6-0)
1

b PBE118 (10-4-7)

PBE118 (10-4-7)

d PBE118 (10-4-7)

Kiii)

MonoP (9-6)
r

3a

3/3

"I
37

10)2(v) PBE118PBE118 (10-4-8)(10-4-8) 1(i)2(v)
2(vi)

III

PBE118 (10-4-7)

PBE118 (10-4-7)

4 MonoP (9-6)

2(iv)1(ii)2(ii)2ffii)20)

Yb2Yb2Yb,YnNDYb1Yb1Yb1Yb2Yb2Yb2YbsYbaYt^Yb,Yb/b,YbxYbxYb,Yb,NDYb,Yb,Yb,Yb,Yb.Yb,
abbreviation-NO,notdetermined



Figure 4.13 SDS/PAGE analysis of the purified hepatic Yb-containing

GST from female mice fed with BHA

GST isoenzymes were purified as described in the text.

Where applicable, Polybuffer was removed prior to electrophoretic

analysis by precipitation of the protein with ice-cold 10%

trichloroacetic acid (TCA), The subunit content of the purified forms

from chromatofocusing (portions of about 1 jag protein were examined)

was analysed by SDS/PAGE by the method of Laemmli (1970) using a 12%

(w/v) resolving gel. The gel was loaded as follows: lanes 1 and 10,

rat lung GST isoenzyme mixture [Yf (Mr 24 800), Yb (Mr 26 300) and Yc

(Mr 27 500)]; lane 2, peak 2 (i) (CD-I); lane 3, peak 3a (CD-I); lane

4, peak 3 0 (CD-I); lane 5, peak 3y (CD-'l); lane 6, peak 4 (CD-I);

lane 7, peak 5a (CD-I); lane 8, peak 5 0 (CD-I ); lane 9, peak 1 (i)

(BALB/c).
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gels containing Cbi» 2.6% (Hayes & Mantle, 1986c). Purified

transferases from rat lung were used as standards. Table 4.05 shows

the molecular mass values assigned to the purified mouse GST.

Table 4.05 Apparent subunit molecular masses of mouse hepatic Yb

containing GST

Pool from GST Subunit Mr
chromatofocusing identification

1 (i) Yb3Yb3 26 400

2 (i) YbiYbi 26 400

3 a YbiYbi 26 400

3 |3 YbxYbz 26 400 + 26 300

3 y YbzYhz 26 300

4 YbxYbx 26 400

5 a Yb3Yb3 26 300

5 (3 YbiYn 26 400 + 26 000

The transferases named YbiYbi, Yb3Yb3 and YbxYbx all have an

identical subunit Mr of 26 400, whereas Yb2Yb2 comprised subunits with

the slightly lower molecular mass of 26 300. The difference in the

electrophoretic mobility of Ybi and Yb3 was also apparent in GST

YbiYb3 since the 3 (3 pool yielded two bands with the corresponding Mr

for Ybi and Yb2. However, resolution between those two subunits is

minimal. YbiYn is also heterodimeric, consisting- of apparently

equimolar amounts of subunits with Mr of 26 400 and 26 000.
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4.03b Isoelectric point determination of mouse Yb-containining

isoenzymes

An estimate of the pi values of GST enzymes can be derived

from the pll at which they elute from chromatofocusing columns, but the

pH at which proteins are isoelectric and the pH at which they elute

from PBE 118 or Mono P, can vary considerably. During this thesis,

differences in the pH values at which certain GST eluted from PBE 118

or Mono P, were observed. This may have been a temperature effect,

since chromatofocusing on PBE 118 was performed at 4°C, whereas

chromatofocusing on Mono P was carried out at 20°C.

Analytical isoelectric focusing (IEF) on thin layer poly-

acrylamide slab gels, was carried out on the purified GST to establish

the true isoelectric points of these enzymes and help discriminate

between the various YbYb-containing forms. Figure 4.14 shows the

analytical IEF gel with purified GST from CD-I mice. The values

determined for the separate forms are summarized in Table 4.06, which

compares the pi values obtained from analytical IEF and the pH at

which the GST eluted from chromatofocusing columns.

Peak 1 (i) from CD-I mice appears to be a mixture of two GST

forms, YbiYbi and a more basic form. The further chromatofocusing

step carried out for 1 (i) from BALB/c, resulted in the almost

complete purification of a form significantly more basic than mouse

YbiYbi; this form was called YbsYb3 (Fig. 4.15). It is probable that

YbiYbi and YbsYbs represent GT 8.7 and GT 9.3 x^espectively.

IEF can be used to assess the purity of proteins, but it

is difficult to use IEF as a criterion for purity of GST, since it is

widely recognized that homogeneous GST preparations can yield multiple
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Figure 4.14 Isoelectric focusing of purified Yb-containing

transferases from livers of CD-I mice

GST from CD-I mice were purified as described in the

text. Fractions purified by chromatofocusing were subjected to

analytical isoelectric focusing. This was performed in thin layer

4.85% (w/v) polyacrylamide gel with a pH gradient of 3-9.5, using an

LKB Multiphor apparatus. The gel was loaded with 6-8 pg of each GST

as follows: lanes 1 and 9, pi marker proteins (pi values indicated);

lane 2, peak 2 (i) (mouse YbiYbi); lane 3, peak 3 0 (Mouse YbiYbz);

lane 4, peak 3 Y (mouse YbzYba); lane 5, peak 5 £5 (mouse YbiYn); lane

6, peak 5a (mouse YbzYbz); lane 7, peak 4 (mouse YbxYb*); lane 8, peak

1 (i) (mouse YbsYb3 + YbiYbi).
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Table4.06IsoelectricpointdeterminationsforYb-containingGSTfrommouse Poolfrom chromatofocusingc
GSTpivalueestimated fromchromatofocusing onPBE118at4°C

pivalueestimated fromchromatofocusing onMonoPat20°C
pivaluedetermined fromthinlayer PAG/IEF

Designated isoelectricpoint

1(i)C

8.9

-9.1

ND

8.5

-8.6

8.6

2(i) 3B

Yb,Yb X1 YblYb2

8.7

£

-9.0 3.65

8.25 8.15

8.4 7.7

-7.9 -7.5

8.2 7.6

3Y

Yb2Yb2

f

3.65

7.9

7.1

-7.0

7.1

4

YbYbXX

8.4

-8.6

8.05

7.35

-7.5

7.4

5a

Yb2Yb2

8.15

-8.25

7.9

7.1

-7.0

7.1

5B

Yb1Yn

8.15

-8.25

7.85

7.3

7.3

PurifiedfractionsarefromCD-Imiceunlessotherwisestated ValuesbasedonthoseobtainedfromanalyticalthinlayerPAG/IEF
c

l(i)waspurifiedfromBALB/cmice Abbreviations:ND,notdetermined:PAG/IEF,polyacrylamide-gelisoelectric-focusing



Figure 4.15 Isolectric focusing of the most basic YbYb-type GST

purified from BALB/c mice

Yb3Yb3 [Peak 1 (i)] was purified from female BALB/c

mouse liver as described in the text. Analytical isoelectric focusing

with a pH gradient of 3-9.5 was performed in thin layer 4.85% (w/v)

polyacrylamide gel. The gel was loaded with 6-8 yxg of purified GST

as follows: lane 1, peak 2 (i) (mouse YbiYbi); lane 2, peak 1 (i)

(mouse YbsYbs); lane 3, protein pi markers (pi values indicated).
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bands during IEF (Habig et al., 1974a). With the purified mouse GST,

the multiple bands which can be seen in every sample are likely to be

due to autoxidation. The existence of alternative forms of a single

gene product has been described for transferase A (YbiYbi) from rat

(Hayes & Clarkson, 1982) and the idea that mouse YbiYbi may exist in

interconvertable forms, is borne out by the fact that forms of peak 2,

which eluted at different pH values on chromatofocusing, show closely

similar band patterns when subjected to analytical IEF in poly-

acrylamide gels (Fig. 4.16). It is also possible that electrolytic

oxidation of the protein may occur during the focusing procedure

(Jacobs, 1973). Incubation of the samples with either lmM-

dithiothreitol or lOmM-GSH, overnight, or with ImM-N-ethylmaleimide

for thirty minutes, had little effect on the persistence of the

multiple bands.

4.03c Catalytic properties of the purified hepatic GST

The specific activities of the mouse GST for selected

substrates were determined to help establish the relationship between

the various purified forms.

As described in Section 1, the Ybi and Yb2 subunits in the

rat can be discriminated by their marked differences in activity

towards l,2-dichloro-4-nitrobenzene (DCNB) and trans-4-phenyl-3-buten-

2-one (tPBO). The Ybi subunit has high activity with DCNB, but

displays low activity with tPBO; the converse is true for Yb2. During

this thesis, marked differences in the activities of mouse GST for

DCNB and tPBO were noted. The values obtained for the putative Ybi-

and Yb2-containing forms, provided a basis for nomenclature. Although

values obtained were not identical to those reported for rat Yb-

190



Figure 4.16 Comparison of the various forms of peak 2 from

chromatofocusing of Yb-containing enzymes from BALB/c

mice

Hepatic GST from female BALB/c mice were purified as

described in the text. The pH at which peak 2 eluted from PBE 118

appeared to be variable, so the various pools [peak 2 (i - vi], were

analysed by isoelectric focusing with a pH gradient of 3-9.5 in thin

layer 4.85% (w/v) polyacrylamide gel. The gel was loaded with 6-8 tig

GST as follows : lane 1, peak 2 (vi); lane 2, protein pi markers; lane

3, peak 2 (i); lane 4, peak 2 (ii); lane 5, peak 2 (iii); lane 6, peak

2 (v); lane 7, protein pi markers (pi values indicated).

Peak 2 (iv) is not included in this figure, but gave

identical band patterns to those depicted.
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containing forms, certain trends were observed, which facilitated

classification. Table 4.07 shows the specific activities of the mouse

isoenzymes and includes values previously reported from this labor¬

atory for rat YbYb GST, (Hayes, 1984).

Mouse YbiYbi [peak 2 (i)] has relatively high specific

activities with CDNB and DCNB as substrates (158-179 and 13.9

pmol/min/mg respectively), and very little activity with tPBO (0.03

nmol/min/mg). Mouse YbzYb2 (peak 3y), however, has little activity

with CDNB and DCNB (12 and 0.1 jrmol/min/mg), but a relatively high

activity with tPBO (0.44 nmol/min/mg). The proposed heterodimer,

YbiYb2, has intermediate levels of activity with these substrates,

being 95 pmol/min/mg for CDNB, 5.2 jrmol/min/mg for DCNB and 0.21

jimol/min/mg for tPBO.

Peak 5a, which is identified as YbzYbz, has slightly higher

specific activities with CDNB and DCNB than reported for peak 3y ,

also thought to be YbzYb2. This is assumed to be due to a slight

contamination of GST YbzYb2 (peak 5a) with peak 5$, the YbiYn-

containing pool, that has high activities for these substrates.

Mouse YbsYb3 [peak l(i)] has very low specific activities

for all substrates examined, and cannot be compared with any Yb-

containing forms which have been characterized in rat. It is likely,

from the low activity, that it is not a hybrid containing the mouse

Ybi subunit, and is indeed GT 9.3, the homodimer described by Pearson

et al. (1983).

Mouse YbxYb* (peak 4) has intermediate levels of activity

with CDNB and DCNB (82 and 4.2 jimol/rnin/mg respectively) but no
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Table 4.07 Specific activities with selected substrates, of Yb-containing

GST

Specific activity (pmol /min/mg) b , c

Pool from
chromatofocus ing"'

GST CDNB' DCNB tPBO ENPO]

1 (i) d YbaYba 13 1.2 0.02 0.1

2 (i) (pre FPLC) YbiYbi 179 ND ND ND

2 (i) (post FPLC) YbiYbi 158 13.9 0.03 0.2

3 a YbiYbi 158 ND ND ND

3 £ YbiYbz 95 5.2 0.21 0.3

3 Y YbzYbz 12 0.1 0.44 0.3

4 YbxYbx 82 4.2 0.02 0.2

5 a YbzYbz 25 1.4 0.45 ND

5 fi YbiYn 150 7.4 0.05 0.4

Eat YbiYbi 186 10.7 0.20 ND

Rat YbiYba 112 4.2 2.20 ND

f — Rat Yb2Yb2 34 0.1 3.00 ND

Rat YbiYn 197 11.7 0.20 ND

Rat Yb2Yn 139 2.0 1.70 ND

Abbreviations : ND, not determined; CDNB,l-chloro-2,4-dinitrobenzene;
DCNB,1,2-dichloro-4-nitrobenzene; tPBO, trans-4-phenyl-3-buten-2-one;
ENPOP,1,2-epoxy-3-(p-nitrophenoxy)propane

Proteins purified from CD-I mice unless otherwise stated

b Average values of assays carried out in triplicate at 37°C

c Unless otherwise stated, protein determinations were based on

absorbance at 280 nm

d l(i) purified from BALB/c mice. Protein concentration determined by
the method of Bradford (1976) after removal of ampholines by gel
filtration

' Activities obtained by using a centrifugal analyser, as described in
Section 2.03a

f Values obtained from Hayes (1984)
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significant activity with tPBO. It is unclear whether this GST is a

homo- or hetero-dimer, and it cannot be easily identified with any

previously described Yb-containing GST from rat.

The mouse YbiYn (peak 5£) has fairly high specific activi¬

ties with CDNB and DCNB as substrates; 150 and 7.4 Mmol/min/mg

respectively, and very little activity with tPBO (0.05 pmol/min/mg).

This would suggest that the Yn subunit, which, in rat, has a fairly

low activity with both DCNB and tPBO, is hybridized with the Ybi

subunit, rather than Yba or Yb3.

It should be noted that activity for Ybi and Yb2 subunits

with tPBO, is 10-fold less in mouse than in rat, a trend which is not

maintained when CDNB and DCNB are used as substrates. The specific

activities of the YbiYbi forms from rat and mouse for CDNB and DCNB

are similar, although mouse YbaYb2 has lower activities for these

substrates than rat Yb2Yb2.

None of the purified mouse forms had significant activity

with l,2-epoxy-3-(p-nitrophenoxy)propane as a substrate.

4.03d Immunological identity of mouse Yb-containing transferases

with the rat Yb-containing GST

'Dot-blotting' of the purified mouse GST was carried out

using antisera raised against rat YbiYbi, rat Yb2Yb2, mouse YaYa and

mouse YfYf. Immunological analysis of peak 3a was omitted due to

paucity of material. The results are shown in Figure 4.17 and

summarized in Table 4.08.

None of the Yb-containing forms from mouse or rat showed any

cross-reactivity with anti-(mouse YaYa) IgG or anti-(mouse YfYf) IgG,
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Figure 4.17 Immunochemical analysis of the purified GST isoenzymes

from female mouse liver by dot blotting

Portions (1 ug) of the purified GST were separately

applied to nitrocellulose paper and probed with selected antisera as

described in Section 2.05b. Eight identical sheets of nitrocellulose

paper were loaded as follows: position 1, rat YbiYbi; position 2, rat

YbiYbz; position 3, rat Yb2Ybz; position 4, peak 2 (i) from CD-I;

position 5, peak 3 13 from CD-I; position 6, peak 3y from CD-I;

position 7, peak 4 from CD-I; position 8, peak 5a from CD-I; position

9, peak 5 (3 from CD-I; position 10, peak 1 (i) from BALB/c; position

11, YaYa from CD-I; position 12, YfYf from CD-I, and were analysed in

duplicate for cross-reactivity with anti-(rat YbiYbi) IgG [panel (a)],

anti-(rat YbaYbz) IgG [panel (b)] anti-(mouse YaYa) IgG [panel (c)]

and anti-(mouse YfYf) IgG [panel (d)].
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Table4.08ImmunologicalpropertiesofpurifiedmousehepaticGST PoolfromChromatofocusing
GST

Anti-rat -Yb1Yb1

CO
co

1(i) 2(i) 36 3y 4 5a 56

Rat Rat Rat Mouse Mouse Mouse Mouse Mouse Mouse Mouse Mouse Mouse

YbjYb "Vy Yb3Yb3
¥bYtx ">1^2 ib2Yb2 YbYbXX Yb2Yb2 Yb][Yn YaYa YfYf

++++ +++ +++ +++ +++

Crossreactivitywithantisera Anti-ratAnti-mouseAnti-mouse -Yb2Yb2-YaYa-YfYf



nor did purified mouse YaYa or purified mouse YfYf, show any cross-

reactivity with anti-rat YbiYbi or anti-rat YbzYbz. Antisera raised

against rat YbiYbi showed little discrimination between Yb-containing

forms, and, although cross-reacting most strongly with its own

immunogen, gave equally positive results with rat YbiYb2, rat YbzYbz

and all the purified mouse Yb-containing forms. Anti-rat Yb2Yb2

showed little distinction between the purified rat forms, but cross-

reacted only slightly with mouse YbiYbi. Immunological identity could

be seen to a greater extent with mouse YbiYb2 and mouse Yb2Yb2,

although not to such a great extent as any of the rat YbYb forms.

Anti-rat Yb2Yb2 reacted to a small extent with mouse YbiYn and mouse

YbxYbx but showed no cross-reactivity with Yb3Yb3.

4.03e Evidence that mouse YbiYbi is identical to GT 8.7

Evidence that murine GST YbiYbi is identical to GT 8.7 was

provided by N-terminal amino acid sequence analysis.

A portion (approximately 10 nMol) of peak 2 (i) (YbiYbi)

from BALB/c mice was subjected to automatic Edman degradation from the

NH2 terminus as described in Section 2.14. Positive identification of

the PTH derivatives, by h.p.l.c. on an Apex Cyano column, for the

first 38 residues was obtained. Table 4.09 shows the sequence

obtained and yields for each residue.

The sequence obtained from mouse YbiYbi was compared with

the N-terminal amino acid sequence of mouse GT 8.7 purified from CD-I

mice (Pearson el al. 1983) (Table 4.10). Mouse YbiYbi shows almost

complete N-terminal sequence identity with that described for GT 8.7.

There is one difference at position 28, where asparagine of GT 8.7 is

substituted for aspartic acid in mouse YbiYbi. It is unclear whether
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Table 4.09 N-Terminal amino acid sequence analysis of mouse YbiYbi

Residue No. Amino Acid Yield of PTH
derivative

(nMol.)

1 Pro 6.6
2 Met 6.1
3 He 5.4
4 Leu 4.9
5 Gly 4.2
6 Tyr 4.4
7 Trp 4.5
8 Asn 4.1
9 Val 4.3

10 Arg 3.0
11 Gly 3.3
12 Leu 3.7
13 Thr 1.1
14 His 3.0
15 Pro 3.7
16 lie 2.7
17 Arg 1.8
18 Met 2.4
19 Leu 2.0
20 Leu 2.4
21 Glu 2.1
22 Tyr 2.5
23 Thr 0.7
24 Asp 1.4
25 Ser 0.3
26 Ser 0.4
27 Tyr 0.7
28 Asp 0.6
29 Glu 0.9
30 Lys 0.7
31 Arg 0.6
32 Tyr 0.5
33 Phe ND
34 Met 0.5
35 Gly 0.4
36 Asp 0.4
37 Ala 0.3
38 Pro 0.2

Abbreviation : ND, not determined
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Table 4.10 Comparison of amino acid sequence data from mouse YbiYbi

and C,T 8.7

Position N-Terminal N-Terminal
sequence of sequence of
mouse YbiYbi GT 8.7*

1 Pro Pro
2 Met Met
3 He lie
4 Leu Leu
5 Gly Gly
6 Tyr Tyr
7 Trp ND
8 Asn Asn
9 Val Val

10 Arg Arg
11 Gly Gly
12 Leu Leu
13 Thr ND
14 His His
15 Pro Pro
16 lie lie
17 Arg Arg
18 Met Met
19 Leu Leu
20 Leu Leu
21 Glu Glu
22 Tyr Tyr
23 Thr ND
24 Asp Asp
25 Ser ND
26 Ser ND
27 Tyr Tyr
28 Asp Asn
29 Glu Glu
30 Lys Lys
31 Arg ND
32 Tyr Tyr
33 Phe ND
34 Met Met
35 Gly Gly
36 Asp Asp
37 Ala Ala
38 Pro Pro

Abbreviation : ND, not determined

* Data from Pearson et al. (1983)
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this reflects a genuine difference between mouse strains, microhetero-

geneity of the protein, or error in sequencing. Figure 4.18 shows

calibration of the h.p.l.c. column and identification of residue 28 as

aspartic acid. There is no ambiguity in the designation of PTH-

aspartic acid as the residue at position 28, and no possibility of

confusion between the acid and the amine.

A partial N-terminal amino acid sequence was also obtained

for mouse YbzYb2. by automated Edman degradation from the NHa terminus

of approximately 2nMol. of peak 3y from CD-I mice. The sequence is

shown in Table 4.11 and the residues which differ from YbiYbi are

underlined.
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Figure 4.18 N-Terminal amino-acid sequence analysis of mouse YbiYbi;

evidence that residue 28 is aspartic acid

Mouse YbiYbi was subjected to automatic Edman degradation

from the N-terminus as described in the text. Identification of the

PTH-derivatives was by h.p.l.c. on an Apex Cyano column. Panels (a)

and (b) show the calibration of the h.p.l.c. column with PTH-amino

acids. Panel (c) shows the h.p.l.c. trace obtained from chromato¬

graphy of residue 28 and its positive identification as aspartic acid.
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Table 4.11 N-Terminal amino acid sequence analysis of mouse YbzYb2

Residue No. Amino Acid Yield of PTH
derivative
(nMol.)

1 ND -

2 Met 0.7
3 ND -

4 Leu 0.3
5 ND -

6 Tyr 0.6
7 Trp 0.2
8 Asx 0.2
9 lie 0.3

10 Arg 0.2
11 Gly 0.2
12 Leu 0.3
13 Ala 0.2
14 His 0.1
15 ND -

16 lie 0.1
17 Arg 0.1
18 Leu 0.1
19 Leu 0.2
20 Leu 0.1
21 Glu 0.1
22 Tyr 0.2
23 Thr <0.1

Abbreviation :: ND, not determined
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Section 5 : Results

Microsomal glutathione S-transferase

5.01 Expression of microsomal GST in separate mammalian species

5.01a Occurrence of microsomal GST in man and mouse

The existence; of an unique microsomal GST, which is separate

from the cytosolic forms, has been described in the rat (Morgenstern

et al., 1982a). It is unclear whether this enzyme exists in mouse or

man.

The microsomal GST in the rat has a polypeptide Mr of 17 237

and displays activity with CDNB that can be increased several-fold by

treatment with N-ethylmaleimide (NEM) (Morgenstern et al., 1982a,

1985; Morgenstern & DePierre, 1983).

There is conflicting data regarding the existence of micro-

some-specific GST in mouse. Lee & McKinney (1982) failed to isolate

this GST from male DBA/2 mice, whereas Morgenstern et al, (1984), who

studied separate strains of mice (C57BL and NMR 1), reported the

presence of an NEM-activatable GST, which cross-reacted with antiserum

raised against rat microsomal GST. It is unclear whether this

apparent discrepancy is due to strain differences. Alternatively, sex-

specific variation could account for the disparate results.

The scientific literature suggests that human liver does not

express the microsomal GST. Analysis of hepatic microsomes from four

separate individuals, by immunoblotting and treatment with NEM,

indicated that microsomal GST was absent in human liver (Morgenstern

et al., 1984).
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Purification of rat microsomal GST was undertaken in order

to allow the preparation of antiserum against this GST, which could be

used, in turn, to probe microsomes from livers of both sexes of

selected mouse strains. This antiserum was also used to investigate

the existence, and possible polymorphism, of the microsomal GST in

man.

The purification scheme developed by Morgenstern et al.

(1982a) was also employed to purify microsomal GST from human liver

and thus allow its characterization.

5.01b Choice of hexachloro-l,3-butadiene as a substrate for

microsomal GST

The specific activity of GST with hexachloro-l,3-butadiene

(HCBD) has been reported to be higher in rat liver microsomes than

cytosol (Wolf et al., 1984), but it is not known which transferase is

responsible. It is possible that the enzyme which is active with HCBD

is a 'new', additional, previously uncharacterized, GST.

Significant activity with HCBD has been observed in liver

microsomes of rodents and man (F. Oesch & C.R. Wolf, unpublished

work). It was therefore decided to use this compound for monitoring

purification of microsomal GST to establish, in the rat, if the

microsomal GST described by Morgenstern and his colleagues, was solely

responsible for microsomal transferase activity with HCBD. This

substrate was subsequently used in the study of human liver prepara¬

tions, to locate and identify microsome specific GST.
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5.02 Purification of microsomal GST from rat liver

5.02a Strategy

The purification scheme developed by Morgenstern et al.

(1982a) was employed to purify microsomal GST from rat (see Section

2.10). The GST was purified in its NEM-activated form to facilitate

detection, using CDNB as a substrate; HCBD was used as a second

substrate to monitor column profiles. The purification scheme, which

involved hydroxyapatite chromatography followed by CM-Sepharose chrom¬

atography, is shown in Scheme 5.01. Affinity chromatography was not

employed as part of the purification strategy, as this enzyme fails to

bind either S-hexylglutathione-Sepharose 6B or glutathione-Sepharose

6B (data not shown). The inclusion of reduced glutathione in all

buffers is of primary importance as this enzyme is labile when GSH is

not present. It was also essential to use material which had not been

frozen prior to purification of microsomal GST. The extent of

activiation by NEM has been reported to deteriorate on freezing

(Morgenstern et al., 1980).

5.02b Activation, solubilization and purification of microsomal

GST from rat liver

Microsomes, prepared from livers of fasted, male Sprague-

Dawley rats, were treated with NEM and solubilized with Triton X-100

as described in Section 2.10a. Table 5.01 shows the effects of NEM

and detergent, on transferase activity of the microsomes for CDNB.
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Scheme 5 01 Purification of microsomal GST from rat liver

Microsomes

Treatment with
N-ethylmaleimide

Solubilization with
Triton X-100

Hydroxyapatite

CM-Sepharose

Microsomal GST
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Table 5.01 Effects of N-ethylmaleimide and Triton X-100 on GST

activity of microsomes for CDNB

Treatment of microsomes Specific activity for CDNB

(pmol/min/mg)

No treatment 0.18

NEM-activated 0.39

Solubilized, NEM-activited 0.17

Stimulation of GST activity by treatment with NEM, although

not so marked as that described by Morgenstern eT al. (1982a), was

found to be approximately 2-fold. Solubilization of the microsomes

with Triton X-100, following treatment with NEM, caused inhibition of

activity. This is in contrast to the findings of Morgenstern et al.

(1982a) who reported a 7-fold increase in microsomal GST activity,

after NEM treatment, that was not inhibited by detergent. The

difference may be due to higher levels of contaminating cytosolic GST

in the washed microsomes, which would mask the relative enhancement of

the activity of the microsomal GST. It is also possible that

contaminating cytosolic-type GST activity in rat microsomes is

responsible for the observed inhibition by Triton X-100.

Chromatography on hydroxyapatite resulted in the recovery of

one major peak of activity with CDNB, which eluted at 130-150 mM-

potassium phosphate buffer, pH 7.0 (Fig. 5.01). This is in accord

with the results of Morgenstern et al. (1982a) and the elution

profiles obtained are closely similar. Activity for HCBD as a GST

substrate co-eluted with activity towards CDNB. The peaks of activity

were found to be coincident.
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Figure 5.01 Elution of rat liver microsomal GST from hydroxyapatite

Treatment of microsomes with N-ethylmaleimide and solu¬

bilization with Triton X-100 was carried out as described in the text.

Protein (approximately 400 mg) was applied to hydroxyapatite (2.2 cm x

28.0 cm) and eluted with a gradient of 10-300 mM-potassium phosphate

buffer, pH 7.0, containing 1 mM-GSH, 0.1 mM-EDTA, 1% (v/v) Triton X-100

and 20% (v/v) glycerol. The flow rate was 13.8 ml/h and 5 ml fractions

were collected. Transferase activites with CDNB ( A ) and HCBD ( □ )

were measured, and potassium phosphate concentrations ( ■ )determined

by initially measuring K+ concentrations by flame photometry, and then

extrapolating the potassium phosphate concentrations from measurements

of K+ in a standard solution of potassium phosphate (lOmM). The

horizontal bar indicates the fractions which were pooled.
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After desalting on a column of Sephadex G-25, the final

purification step was carried out using CM-Sepharose (Fig, 5.02).

Again, one major peak of activity was obtained which eluted at 60 - 75

mM-KCl. The peaks of activity for CDNB and HCBD were concomitant,

which suggests that a single GST enzyme is responsible for both

activities.

Approximately 5 mg of microsomal GST was purified from 400

mg of hepatic microsomal protein. This is in accord with the recovery

of protein described by Morgenstern et al. (1982a) who obtained 8.5 mg

microsomal GST from 835 mg microsomal protein.

5.02c Characterization of rat microsomal GST

Confirmation that the GST purified in this study correspon¬

ded to that described by Morgenstern et al. (1982a), was achieved by

SDS/PAGE analysis of subunit molecular mass. Figure 5.03 shows the

SDS/PAGE gel with protein molecular mass markers. An estimate of 17

300 as subunit Mr was made, which, although slightly higher than the

apparent subunit Mr reported Morgenstern et al. (1982a), corresponds

to the Mr of microsomal GST calculated following the determination of

its primary structure (Morgenstern et al., 1985).

This final preparation contained a few minor, higher molecu¬

lar weight contaminants, which can be seen following SDS/PAGE. These

contaminating high molecular mass bands have also been reported to be

present in the preparation described by Morgenstern et al. (1982a).

In this thesis, attempts at further purification, by a second

chromatography step on CM-Sepharose and gel-filtration (data not

shown), did not succeed in removing the contaminating bands. It is
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Figure 5.02 Purification of rat microsomal GST on CM-Sepharose

After initial resolution of GST activity from rat liver

microsomes by hydroxyapatite chromatography, and subsequent desalting

on Sephadex G-25, the GST-containing pool (approximately 100 mg

protein) was applied to a column of CM-Sepharose (2.2 cm x 11.0 cm),

equilibrated with 10 mM-potassium phosphate buffer, pH 7.0, containing

1 mM-GSH, 0.1 mM-EDTA, 1% (v/v) Triton X-100 and 20% (v/v) glycerol.

Protein was eluted with a gradient of 0-200 mM-KCl in the running

buffer. The flow rate was 13.8 ml/h and 2.2 ml fractions were

collected. Transferase activities with CDNB ( A ) and HCBD ( □ ), and

K+ concentrations ( ■ ) were measured. Pooled fractions are indicated

by the horizontal bar.
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Figure 5.03 SDS/PAGE of rat microsomal GST

The purified microsomal GST (approximately 2 jig

protein) was analysed by SDS/PAGE, using a 15% (w/v) polyacrylamide

resolving gel. The gel was loaded as follows: lane 1, rat microsomal

GST; lane 2, Mr reference proteins, ovotransferrin (Mr 76 000-78 000),

albumin (Mr 66 250).ovalbumin (Mr 45 000), chymotrypsinogen A (Mr

27 500), myoglobin (Mr 17 200) and cytochrome C (Mr 12 300); lane 3,

Mr reference proteins, carbonic anhydrase (Mr 30 000) and trypsin

inhibitor (Mr 24 000).
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unclear if the bands of high Mr truly represent contamination or are

artifactual, possibly due to protein aggregation.

5.02d Substrate specificity of rat microsomal GST

The specific activity of the purified, activated microsomal

GST was found to be 32 .umol/min/mg with CDNB as a substrate. This

compares with a value of 30.2 umol/min/mg reported by Morgenstern et

al. (1982a), which further confirms the identity of the microsomal GST

purified in this thesis, with that described by Morgenstern and his

colleagues.

The specific activity of the purified microsomal GST for

HCBD, was found to be 0.01 umol/min/mg. This is higher than that

reported by Morgenstern & DePierre (1983), who reported a value of

0.005 Mmol/min/mg. However, this difference is likely to be methodo¬

logical in origin, as different assay procedures were used to measure

GST activity with this substrate. In this thesis, assays for HCBD were

carried out by incubation of the enzyme with [14C] HCBD and gluta¬

thione, followed by separation of the product using TLC, as described

in Section 2.03a. Morgenstern & DePierre (1983) employed a method

involving extraction of the unconjugated [14C] HCBD with ethyl acetate

after the incubation period, then determining radioactivity levels in

the aqueous phase, after extraction, to estimate the rate of conjugate

formation.

5.03 Interstrain comparison of microsomal GST in mouse

5.03a Effects of N-ethylmaleimide on mouse liver microsomes

Microsomal GST from livers of both sexes of DBA/2, C3H/He

and C57BL6 mice were examined for differences by treatment of

218



microsomes with NEM (Table 5.02). No significant differences were

observed between mouse strains or sexes, with levels of activiation

being 2-3-fold.

Table 5.02 GST activity of mouse liver microsomes, before and after

treatment with N-ethylmaleimide

Activity with CDNB (,umol/min/mg)

Strain Sex Untreated Treated Elevation of Activation
microsomes microsomes GST activity (fold)

DBA/2 Male 0.247 0.592 0.355 2.4
Female 0.151 0.465 0.314 3.1

C3H/He Male 0.210 0.432 0.222 2.1
Female 0.131 0.341 0.210 2.6

C57BL6 Male 0.305 0.593 0.288 2.0
Female 0.173 0.344 0.171 2.0

5.03b Immunochemical analysis of microsomal GST in mouse

Microsomes from both sexes of the three strains of mice were

analysed by immunoblotting, using antiserum raised against rat micro¬

somal GST. Figure 5.04 demonstrates that microsomal GST is present in

closely similar amounts in males and females of all strains.

5.04 Comparison of microsomal GST in separate human livers

Treatment of two separate human microsomal preparations with

NEM, resulted in no activation of GST activity with CDNB, and

inhibition of activity was seen in both cases. Activity was decreased

from 0.09 jjmol/min/mg to 0.07 jjmol/min/mg.

Analysis by immunoblotting was also carried out on human

microsomal preparations from five separate livers. Figure 5.05 shows
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Figure 5.04 Immunoblotting of microsomes from three strains of mice

and both sexes, with antiserum raised against rat

microsomal GST

Microsomes were prepared as described in the text.

Portions (150 pg) of microsomal protein from each strain and sex were

subjected to SDS/PAGE, using a 15% (w/v) polyacrylamide resolving gel,

before transfer to nitrocellulose paper. Immunoblotting was performed

as described by Hayes & Mantle (1986b). The gel was loaded as

follows: lane 1, purified rat microsomal GST; lane 2, male DBA/2

microsomes; lane 3, female DBA/2 microsomes; lane 4, male C3H/Ile

microsomes; lane 5, female C3H/He microsomes; lane 6, male C57BL6

microsomes; lane 7, female C57BL6 microsomes. The arrow marks the

position of rat microsomal GST.
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Figure 5.04
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Figure 5.05 Immunoblotting of microsomes from five individual human

livers, with antiserum raised to rat microsomal GST

Immunoblotting was carried out as described in the

legend to figure 5.04. Lanes 1-5 were each loaded with approximately

180 jag microsomal protein from separate human livers. Lane 6 was

loaded with 4 jag of purified rat microsomal GST. The arrow marks the

position of rat microsomal GST.
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Figure 5.05
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that every liver examined, contains a microsomal GST x'elated to the

rat microsome-specific GST.

Polymorphism of this enzyme is therefore unlikely in human

or mouse.

5.05 Purification of microsomal GST from human liver

5.05a Strategy

Due to the inhibitory effects of NEM on human hepatic

microsomal GST activity (see Section 5.04), it was decided to purify

human microsomal GST without prior treatment of microsomes with NEM.

Because the unstimulated activity of the microsomal GST with CDNB as a

substrate was likely to be disproportionately small compared with

contaminating cytosolic activity, HCBD, which is known to be a

specific substrate for microsomal GST in rat (Section 5.02c), was used

as a second substrate to monitor purification of human microsomal GST.

A purification scheme, identical to that described for rat microsomal

GST (Scheme 5.01), but omitting the NEM-treatment, was employed.

Microsomal GST was purified from two separate human livers.

Both microsomal preparations yielded closely similar elution profiles

on chromatography. The purification from one of these livers is

reported.

5.05b Solubilization and purification of human hepatic microsomal

GST

Microsomes were prepared from 55g of liver as described in

Sections 2.06b and 2.11a, and solubilized without prior treatment with

NEM. The specific activity of the untreated microsomes with CDNB as a

substrate was 0.08 jumol/min/mg. This activity was stimulated to 0.15
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Mmol/min/mg after solubilization with Triton X-100, which is in

contrast to the effects of detergent on rat liver microsomal GST

activity (Section 5.02b). Stimulation of activity by detergent was

observed in both of the liver samples examined.

Hydroxyapatite chromatography resulted in the elution of one

major peak of activity, at 110-130 mM-potassium phosphate buffer, pH

7.0. Activities with CDNB and HC-BD were coincident (Fig. 5.06). The

pool of activity was desalted on Sephadex G-25 and final purification

was achieved by chromatography on CM-Sepharose. This resulted in the

resolution of three peaks of transferase activity with CDNB as a

substrate, which were eluted at 5-20, 30-45 and 100-110 mM-KCl, and

were named A, B and C respectively. Only peak C, however, was found

to have significant activity with HCBD as a substrate (Fig. 5.07).

Purification of human microsomal GST is shown in Table 5.03 and

depicted in Scheme 5.02. The recovery of peak C was 1.3 mg protein

from 480 mg microsomal protein, and represented 2.7% of the total

activity with CDNB from the solubilized microsomal fraction. The

purified protein has specific activities for CDNB and HCBD of 1.46

gmol/min/mg and 0.006 jimol/min/mg respectively.

5.05c Identification of microsomal GST

The identities of the microsomal GST were established by

SDS/PAGE analysis and immunoblotting. Figure 5.08 shows the SDS/PAGE

gel of human microsomal GST isolated from CM-Sepharose. Peaks A and B

both contain proteins with subunit Mr 25 900 which correspond to that

of cytosolic GST isolated from the liver of the same individual. Peak

C comprises subunits with a molecular mass analagous to rat microsomal

GST (M, 17 300).
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Figure 5.06 Elution of human liver microsomal GST from

hydroxy apatite

Microsomes from human liver (480 mg protein) were

solubilized with Triton X-100 and applied to hydroxyapatite (2.2 cm x

28.0 cm), previously equilibrated with 10 mM-potassium phosphate

buffer, pH 7.0, containing ImM-GSH, 0.1 mM-EDTA, 1% (v/v) Triton X-100

and 20% (v/v) glycerol. GST were eluted with a gradient of 10-300 mM-

potassium phosphate buffer, pH 7.0, which also contained GSH, EDTA,

Triton X-100 and glycerol in the same concentrations as the running

buffer. The flow rate was 13.8 ml/h and 5 ml fractions were collected.

Transferase activities with CDNB ( A ) and HCBD ( □ ) were monitored.

The concentration of K+ was measured by flame photometry, and the

levels of potassium phosphate ( B) determined from these values as

described in the legend to Figure 5.01. Fractions were pooled as

indicated by the bar.
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Figure 5.07 Purification of human microsomal GST on CM-Sepharose

Microsomal GST, eluted from hydroxyapatite, was de¬

salted on Sephadex G-25 before being applied to CM-Sepharose (2.2 cm x

11.0 cm). This column was equilibrated with 10 mM-potassium phosphate

buffer, pH 7.0, containing lmM-GSH, O.lmM-EDTA, 1% (v/v) Triton X-100

and 20% (v/v) glycerol. Protein was eluted with a gradient of 0-200

mM-KCl in the above buffer, at a flow rate of 13.8 ml/h. Fractions of

2.2 ml were collected and transferase activities with CDNB ( A ) and

HCBD (□) were measured. Concentration of K+ (■) was monitored. The

fractions which were pooled are indicated by the horizontal bars;

these were designated A, B and C by their order of elution.
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Table5.03PurificationofmicrosomalglutathioneS-transferasefromhumanliver Fraction

VolumeTotalProteinTotalactivitySpecificactivityYield**YieldPurification (activity)(protein)

(ml)(mg)(units)*(units/mg)(%)(%)(fold)(a)(b)

Untreated microsomes19 Solubilized microsomes40 Hydroxyapatite pool64 Sephadex G-25pool75 CM-Sepharose poolA16 CM-Sepharose poolB9 CM-Sepharose10 poolC

480 480
39 35

0.8 0.9 1.3

39 70 30 29

5.9 4 1.9

0.08 0.15 0.77 0.83 7.32 4.44 1.46

100

100100
100

4377 4174 8.415

7.3 0.2

5.710.30.2 2.74.90.3
50 30 10

*Oneunitistheamountofenzymeactivitycatalysingtheformationoflpymolof S-(2,4-dinitrophenyl)glutathioneperminuteat37°C
**Columns(a)and(b)representtheyieldsofactivity,calculatedfrom solubilizedanduntreatedmicrosomalpreparationsrespectively.



Scheme 502. Purification of microsomal GST
from human liver

Peak

GST

Microsomes

Solubilization with
Triton X-100

Hydroxyapatite

CM-Sepharose

Cytosolic-type
GST

Cytosolic-type Microsome-specific
GST GST
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Figure 5.08 SDS/PAGE analysis of microsomal GST isolated from human

liver

The peaks of microsomal transferase activity, A, B and

C, which had been separated by chromatography on CM-Sepharose (see

Fig. 5.07), were subjected to analysis by SDS/PAGE in 15% (w/v)

resolving gels. The gel was loaded as follows: lanes 1 and 8, Mr

reference proteins, ovotransferrin (Mr 76 000-78 000), albumin (Mr

66 250) ovalbumin (Mr 45 000), chymotrypsinogen A (Mr 25 700) myoglobin

(Mr 17 200) and cytochrome c (Mr 12 300); lanes 2 and 9, Mr reference

proteins, carbonic anhydrase (Mr 30 000) and trypsin inhibitor (Mr 24

000); lane 3, cytosolic affinity-purified hepatic GST (the same

specimen was used as the source of human microsomal GST); lane 4, pool

A from CM-Sepharose; lane 5, pool B from CM-Sepharose; lane 6, pool C

from CM-Sepharose; lane 7, rat microsomal GST.
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Peaks A, B and C were analysed by immunoblotting, using

antisera raised against the human "basic" cytosolic transferases, B1B1

and B2B2 and rat microsomal GST (Fig. 5.09 and Fig. 5.10). The GST in

peaks A and B both cross-reacted with anti-(BiBi) IgG and anti-(B2B2)

IgG but not with anti-(rat microsomal GST) IgG. Protein in peak C,

cross-reacted with the anti-serum raised to rat microsomal GST, but

showed no immunological identity with either human cytosolic GST. The

protein in peak C was therefore positively identified as human

microsome-specific GST, whereas peaks A and B are likely to contain

cytosolic-type GST which partition into the microsomal fraction.

5.06 Physica 1 characterization of human microsomal GST

5.06a Substrate specificity of human microsomal GST and the effect

of N-ethylmaleimide

Activity of the microsomal GST for a variety of substrates

and the effects of incubating the enzyme with 2mM-NEM were determined.

(Table 5.04)
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Figure 5.09 Immunoblot analysis of GST isolated from human liver

microsomes, with antisera raised against human basic

cytosolic GST

The peaks of microsomal GST activity, isolated from CM-

Sepharose, were analysed by immunoblotting as described in the text.

Proteins were separated by SDS/PAGE in 15% (w/v) resolving gels before

transfer to nitrocellulose paper. The gels were loaded as follows:

lane 1, human cytosolic GST, isolated from the same liver as the

microsomal GST; lane 2, pool A; lane 3, pool B; lane 4, pool C;

lane 5, purified rat microsomal GST. Panels (a) and (b) show

immunoblots of the gel with antisera raised against human GST B2B2 and

GST B1B1 respectively.
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Figure 5.10 Immunoblot analysis of GST isolated from human liver

microsomes, with antiserum raised against rat microsomal

GST

Analysis of microsomal GST, by immunoblotting, using

antiserum raised against rat microsomal GST was performed as described

in the legend to Figure 5.09. The gels were loaded as described

previously (Fig. 5.09): lane 1, human cytosolic GST; lane 2, pool

A; lane 3, pool B; lane 4, pool C; lane 5, purified rat microsomal

GST.
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Table 5.04 Substrate specificity of human microsomal GST

Substrate Activity of microsomal GST Activation
(pmol/min/mg) (fold)

Control NEM-treated

l-Chloro-2,4-dinitrobenzene 1.88 4.45 2.5

Cumene hydroperoxide 0.12 0.92 7.5

Ethacrynic acid <0.01 <0.01 -

A B-Androstene-3,17-dione 0.03 ND* -

p-Nitobenzyl chloride 0.57 0.59 -

Iiexachloro-1,3-butadiene 0.006 ND —

Abbreviation : ND, not determined

* Rate of isomerization was stimulated by NEM when no GST

was present.

As with rat microsomal GST (Morgenstern & DePierre, 1983),

activity of the purified microsomal GST, with CDNB and cumene

hydroperoxide, is stimulated by treatment with NEM. The extent of

activation and the basal specific activity were slightly variable

between separate preparations from the same liver and from the second

liver, and although up to 5-fold activation was achieved on one

occasion, 2-3-fold activation was generally found. Glutathione perox¬

idase activity is stimulated to a greater extent (7.5-fold activation)

than transferase activity for CDNB. These values compare with 15-fold

stimulation of transferase activity with CDNB, and 10-fold activation

of glutathione peroxidase activity, reported for rat microsomal GST

(Morgenstern & DePierre, 1983).
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Enhancement of specific activity by NEM, was not observed

for any of the other substrates examined. The addition of NEM

alone.to the assay mixture, was found to stimulate the isomerization

rate of A6-androstene-3,17-dione. Addition of the enzyme, previously

incubated with NEM, did not further increase the isomerization rate.

5.06b Kinetic studies on human microsomal GST

Km values for glutathione and CDNB were determined graphi¬

cally by plotting [S]/v (vertical axis) against [S] (horizontal axis),

a method described by Dixon & Webb (1979a) and based on the work of

Hemes (1932). Although slight deviations from linearity were observed

(Fig. 5.11), the estimated Kb values were found to be similar in both

activated and unactivated enzyme states (Table 5.05).

Table 5.05 Km values for human microsomal GST

Microsomal GST K» (mM) Vmax

GSH CDNB (pmol/min/mg)

Untreated 2.95 0.046 3.2

Treated with NEM 3.50 0.053 8.8

5.06c Inhibit ion of human microsomal GST

Two non-substrate ligands, cholic acid and hematin, were

investigated as potential inhibitors of microsomal GST activity.

These compounds were chosen because the effects of cholic acid on rat

and human cytosolic GST (Hayes & Chalmers, 1983; Stockman et al■,

1987), and of hematin on human cytosolic GST and rat microsomal GST

(Morgenstern & DePierre. 1985; Vander Jagt et al., 1985) have

been described previously. Comparisons between data could therefore

be made (see Section 6).

240



Figure 5.11 K» determinations for glutathione, with untreated and

NEM-activated human microsomal GST

Kj» values for glutathione, with unactivated and activa¬

ted microsomal GST, were determined graphically using Hanes plots

(Dixon & Webb, 1979a). The concentration of CDNB was constant at 1 mM

and concentrations of glutathione varied betwwen 0.5 and 15 mM. The

plot obtained for the untreated enzyme ( A ) is depicted by the

unbroken line; that obtained for the NEM-activated form ( A ) is

depicted by the hatched line.
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Ibo values [i.e., the concentration of compound at which 50%

inhibition of enzyme activity is achieved under standard assay

conditions (Yalcin et al., 1983)] were determined for both compounds.

The microsomal enzyme was studied in both the NEM-activated and un-

activated state. For both cholic acid and hematin, the activated form

of the microsomal GST was found to be more sensitive to inhibition than

the unactivated form (Fig. 5.12). Microsomal GST, in its activated form

is particularly sensitive to low concentrations of hematin, with the Ibo

value being lpM. The Ibo value of hematin for the unactivated enzyme

is 15pM. It is notable that concentrations of hematin which cause

an 8-fold drop in the activity of the NEM-treated enzyme, have no

effect on the unactivated sample; the activated sample, thus has a

lower specific activity at 5-10 pM-hematin than the unactivated sample

(Fig. 5.13). A similar phenomenon was observed with inhibition by

cholic acid.

Cholic acid was found to stimulate the activity of the

unactivated enzyme to a maximum level of 2.5 jamol/min/mg at concentra¬

tions of up to 5mM-cholic acid, but no stimulation of activity was

observed for the activated enzyme. It is not inhibitory in a

micromolar concentration range for either enzyme state. The Ibo

values for the two compounds are summarized in Table 5.06.
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Figure 5.12 Inhibition of microsomal GST by hematin and cholic

acid: Determination of Iso values

The effects of varying concentrations of hematin and

cholic acid on microsomal GST activity towards CDNB were determined as

described in the text. Transferase activity, expressed as a percen¬

tage of the remaining activity, was plotted against the concentration

of inhibitor, for both activated ( A ) and unactivated (A ) enzyme

states. Iso values were determined from the curves. Panels (a) and

(b) show the effects of hematin and cholic acid, respectively, on

human microsomal GST activity.
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Figure 5.13 Inhibition of microsomal GST by hematin and cholic

acid: Intensified sensitivity of the NEM-activated

form

The inhibitory effects of hematin and cholic acid on

both untreated and NEM-treated human microsomal GST were determined as

described in the text. Transferase activity with CDNB was plotted

against the concentration of inhibitor for activated ( A ) and

unactivated ( A) microsomal GST. Panels (a) and (b) show the

inhibitory effects of hematin and cholic acid respectively.
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Table 5.06 Iso values for inhibition of microsomal GST by hematin and

cholic acid

Microsomal GST Ibo value (mM)

Hematin Cholic acid

Unactivated 15 12.0 x 103

Activated 1 2,8 x 103

To help determine the mechanism of inhibition, Dixon plots

were constructed, using; data from inhibition of hematin and cholic

acid at 3 concentrations of CDNB (Fig. 5.14). The plots obtained did

not conform to standard patterns observed for competitive, non¬

competitive or uncompetitive inhibition; they were found to deviate

significantly from linearity, preventing the type of inhibition from

being identified. The Dixon plots have a similar appearance for both

activated and unactivated enzyme states, in that the direction of non-

linearity is similar, although the slopes are different. The

direction of non-linearity is also similar between the two inhibitors.

Deviations from linearity have been observed previously for

inhibition of rat cytosolic GST by cholic acid (Hayes & Chalmers,

1983) and for inhibition of human cytosolic GST by hematin (Vander

Jagt et al■, 1985). However, the plots obtained in this thesis, curve

in an opposite direction to those described by Vander Jagt et al.

(1985), who identified the inhibition of cytosolic GST by hematin as

non-competitive. A designation of the type of inhibition of microsomal

GST, by hematin or cholic acid, as competitive, non-competitive, or

uncompetitive, cannot be made at this stage.
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Figure 5.14 Dixon plots of the inhibitory effects of hematin and

cholic acid on human microsomal GST

Dixon plots were constructed from data obtained by

measuring microsomal GST activity in the presence of increasing

concentx^ations of inhibitor, at three separate concentrations of CDNB.

Both the unactivated and NEM-treated enzyme were studied. Glutathione

levels were kept constant at 6.7 mM. In each instance, CDNB

concentrations were 0.5 mM (A ), 0.05 mM ( o ) and 0.01 mM ( □ ),

except in the case of inhibition by hematin with activated microsomal

GST, where the 0.01 mM-CDNB concentration was omitted and 0.02 mM-CDNB

( ■ ) was used instead. Panels (a) - (c) depict the following plots:

panel (a), inhibition of the unactivated enzyme with hematin;

panel (b), inhibition of the activated enzyme with hematin;

panel (c), inhibition of the unactivated enzyme with cholic acid;

panel (d), inhibition of the activated enzyme with cholic acid.
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Section 6 : Discussion

6.01 Summary of results : Cytosolic and microsomal

isoenzymes of glutathione S-transferase

6.01a Scope of the project

During this thesis, both cytosolic and microsomal GST have

been studied. Control of expression of cytosolic GST isoenzymes has

been investigated, at a protein level, in mouse liver. The existence

of microsomal GST has been explored in mouse, rat and human liver.

Cytosolic GST from mouse liver have been studied to a lesser

extent than the isoenzymes from rat, and conflicting reports from

separate groups of workers has led to the supposition that strain

differences exist in the murine GST. A nomenclature for the cytosolic

mouse GST, that incorporated strain designations, has been proposed by

Warholm et al. (1986). The results in this thesis indicate that

anomalies in the literature are likely to be due to sex-specific

variation, rather than strain differences; the pre-neoplastic marker

GST. YfYf, is expressed in high levels in the livers of male mice, but

is barely detectable in the livers of female mice. This sex-specific

expression was observed in all of the three strains of mice

investigated.

The antioxidant, butylated hydroxyanisole (BHA), has previously

been reported to increase the intracellular levels of GST in female

mice (Pearson et al., 1983). These workers isolated two inducible

forms of GST, GT 8.7 and GT 9.3, both of which are now thought to be

YbYb-type GST (Ding et al., 1985; Mannervik, 1985). It was unclear

how these BIIA-inducible forms related to the forms described in
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Section 3, and if the effects of BHA were strain-dependent. During

this project, Yb-containing enzymes have been isolated and

characterized from female mice which were fed with BHA prior to

sacrifice. In addition to the two basic YbYb isoenzymes (i.e. GT 8.7

and GT 9.3), four previously undescribed Yb-containing forms have been

isolated from the livers of BHA-treated mice. In the present study,

the effects of BHA do not appear to be strain dependent; Yb-

containing forms were found to be selectively induced in two separate

strains of mice.

Microsomal GST has been characterized in rat (Morgenstern

et al., 1982a, 1985; Morgenstern & DePierre, 1983), but there are

conflicting reports regarding the expression of this isoenzyme in

mouse (Lee & McKinney, 1982; Morgenstern et al., 1984). It has also

been suggested that the microsomal GST is not expressed in human

liver (Morgenstern et al., 1984). The data in Section 5 shows that

microsomal GST is present in males and females of three strains of

mice and that this GST is also present in all human livers so far

examined. Microsomal GST has been isolated from human liver and

characterized; many of its characteristics are similar to those of

the rat microsomal GST described by Morgenstern and his colleagues.

6.01b Isoenzymes purified

Three classes of cytosolic GST (groups I, II and III) and a

microsomal GST have been described in rat, of which representatives

from group I (Ya- and Yc-containing GST), group II (Yb-containing GST)

and the microsomal GST are constitutively expressed in high

concentrations in rat liver (Morgenstern et al. 1982a; Hayes & Mantle,

1986b). During the present study, microsomal GST has been purified
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from rat and human liver. Cytosolic GST, which are closely similar to

previously described rat GST and which represent members of each

described class of GST (YaYa, YbYb and YfYf), have been shown to be

constitutively expressed in mouse liver. Treatment of female mice

with BHA caused the induction of enzymes similar to GST from group II

(i.e. Yb- and Yn-containing GST).

Both the constitutive GST and the BHA-induced GST from mouse

liver have been purified and characterized. Affinity chromatography,

followed by hydroxyapatite chromatography on h.p.l.c. resulted in

purification of three separate GST isoenzymes from the livers of both

sexes and three strains of untreated mice. These isoenzymes were

found to be analagous to YfYf, YaYa and YbYb from rat and had Mr

values of 24 800, 25 800 and 26 400 respectively. A purification

scheme has been developed for the separation of the BHA-induced

isoenzymes, which involved affinity chromatography, hydroxyapatite

chromatography, ion-exchange chromatography on CM-Sepharose (at both

pH 6.7 and pH 6.0) followed, finally,by chromatofocusing, using

conventional means and FPLC. Six separate isoenzymes, which contained

combinations of subunits with Mr values of 26 400, 26 300 and 26 000,

were resolved using this strategy.

Purification of microsomal GST from rat and human liver, by

hydroxyapatite and ion-exchange chromatography, resulted in the

isolation of a protein with a subunit Mr of 17 300, from both species.

GST similar to those in the cytosol, were also found to be associated

with human liver microsomes, but the microsomal GST was distinct from

these cytosolic-type forms, in that it was the only protein in the

microsomal fraction that had GST activity with hexachloro-1,3-

butadiene as a substrate. This was also true for rat microsomal GST.
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Catalytic and physical properties were determined for

purified cytosolic and microsomal isoenzymes. As is found for rat and

human GST, the isoenzymes isolated during the present study were found

to possess overlapping substrate specificities for certain compounds.

However, each isoenzyme was found to exhibit a characteristic high

activity for one particular substrate or group of substrates.

The sources of the various isoenzymes purified during this

thesis and several of their properties, are summarized in Table 6.01.

6.01c Nomenclature

The GST are a super-gene family of enzymes and as a

consequence of their complexity it is important to use a simple,

unamibiguous nomenclature to describe the isoenzymes. In this thesis,

it is proposed that the nomenclature of mouse GST should be based on

those forms previously described in the rat; this will facilitate

comparison between the mouse and rat enzymes. Ultimately, it would be

desirable to have a nomenclature for GST that is standardized between

species, including human, to prevent the confusion which can arise

when correlating data obtained from separate species. As described in

Section 1.03b, there are two separate forms of nomenclature currently

being used for rat GST. Isoenzymes are either named numerically, on

the basis of subunit composition, in the order in which they were

first characterized (Jakoby et al., 1984) or by their subunit

composition, based on relative mobilities on SDS/PAGE. The latter

system was first utilized by Bass et al. (1977), who described Ya, Yb

and Yc subunits, and was later augmented to include the GST

polypeptides which were subsequently discovered (Hayes & Chalmers,

1983; Satoh et al., 1985; Hayes, 1986; Li et al., 1986).

254



Table6.01SummaryofphysicochemicalpropertiesofpurifiedGSTfrommouse,ratandhuman GSTTissuesourceFractionTreatmentSubunitMrpiCharacteristicsubstrate YfYf

Mouse

Cytosolic

-

24

800

8.6a

Ethacrynicacid

YaYa

Mouse

Cytosolic

-

25

800

>9.2a

Cumenehydroperoxide

YbYb

Mouse

Cytosolic

-

26

400

7.8-8.2a

DCNB

Y^Yb

Mouse

Cytosolic

BHA

26

400

8.2

DCNB

Yb3Yb3

Mouse

Cytosolic

BHA

26

400

8.6

Lowactivityforallsubstrates examined

YbYb XX

Mouse

Cytosolic

BHA

26

400

7.4

IntermediateactivityforCDNB andDCNB

YblYb2

Mouse

Cytosolic

BHA

26

400

+26

300

7.6

IntermediateactivityforCDNB, DCNBandtPBO

Yb2Yb2

Mouse

Cytosolic

BHA

26

300

7.1

tPBO

Yb-jYn

Mouse

Cytosolic

BHA

26

400

+26

000

7.3

CDNB

Microsomal
Rat

Microsomal

-

17

300

10.ib

HCBD

Microsomal
Human

Microsomal

_

17

300

ND

HCBD

Abbreviations:
DCNB,1,2-dichloro-4-nitrobenzene;CDNB,l-chloro-2,4-dinitrobenzene;tPBO,trans-4-phenyl-3-buten -2-one;HCBD,hexachloro-1,3-butadiene DatafromHayesetal.(1987a) DatafromMorgenstern&DePierre(1983)



As research into mouse GST is still in its infancy, a

flexible basis for nomenclature should be employed. It was decided at

the outset of this project to define the mouse GST by their quaternary

structure. Where possible, an effort was made to equate mouse subunits

with their rat counterparts. During SDS/PAGE, the mouse and rat GST

subunits have closely similar electrophoretic mobilities and it was

therefore thought that the system of nomenclature first developed by

Bass et al. (1977) could also be applied to the mouse. If required,

distinctions between species could be made by adding a prefix of the

species type to the Ya, Yb, Yc, Yn, Yk or Yf subunit designations.

The GST described in Section 3, were named YfYf, YaYa and YbYb on the

basis of immunological identity with corresponding GST from rat.

Substrate specificities were found to be similar in the two species.

This nomenclature was extended to incorporate the additional Yb-

containing forms purified from BHA-fed mice, based on similarities

with characteristics of previously described Yb subunits in rat. Six

Yb-containing isoenzymes were purified from livers of BHA-treated

mice, and contained subunits which were named Ybi. Ybz, Yb3, Ybx and

Yn. The combinations of these subunits which make up the six separate

inducible isoenzymes purified from the livers of BHA-treated mice is

shown in Table 6.02.
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Table 6.02 Subunit compositions of BHA-inducible GST from mouse

liver

GST Peak from Subunit Mi

designation chromatofocusing

YbiYbi 2(i) 26 400

YbiYbz 3 13 26 400 + 26 300

Yb2Yb2 3 y(and 5 a) 26 300

Yb3Yb3 1(i) 26 400

YbxYbx 4 26 400

YbiYn 5 13 26 400 + 26 000

Mouse Ybi and Yb2 were so named, mainly on the basis of

catalytic similarities with corresponding rat forms. N-Terminal amino

acid sequence information for mouse Ybi supports the designation for

this subunit; the sequence available for the mouse Yb2 subunit was

not sufficiently comprehensive to use as a basis for nomenclature.

Mouse Yb3Yb3, which is thought to correspond to the form, GT 9.3,

purified and partially sequenced by Pearson et al. (1983), is not

analagous to any of the rat enzymes characterized to date. The amino

acid sequence of a rat brain-specific GST, also called Yb3Yb3, has been

published (Abramovitz & Listowsky, 1987), but the catalytic properties

of the rat enzyme are not known. Without this information it is

uncertain whether mouse Yb3Yb3 (GT 9.3) is analagous to the rat brain

Yb3 polypeptide. It is noteworthy that both proteins show significant

N-terminal amino acid sequence homology, with GT 9.3 being 85%

homologous with rat Yb3Yb3 over the first 40 amino acid residues. The

sequences are shown in Table 6.03 and differences are indicated. It
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Table6.03N-TerminalaminoacidsequencesofGT9.3(MouseYb^Yb^)andratYb^Yb^
FV> (J1 00

MouseGT9.3* RatYb3Yb3** MouseGT9.3 RatYb3Yb3

10

21

25

30

15

20

-Thr-
■His-
-Ser-
-Ile-Arg-Leu-Leu-Leu

--Ala-
•His-
-Ala-

-11e-Arg-Leu-Leu-Leu
35

40

Glu-Tyr-Thr-Asp-Ser-Ser-Tyr-Glu-Glu-Lys-Arg-Tyr-Val--Met-Gly-Asp-Ala-Pro--Asn--Phe Glu-Tyr-Thr-Asp-Ser-Ser-Tyr-Glu-Glu-Lys-Arg-Tyr--Thr--Met-Gly-Asp-Ala-Pro--Asp--Phe
*DatafromPearsonetal.(1983)

**DatafromAbramovitz&Listowsky(1987)



is not yet clear whether mouse YbxYb* is a homo- or hetero-dimer but

it is probable that one or both of the subunits in this protein

represent an additional Yb-type subunit (i.e. Yb»). The YbiYn GST has

physicochemical characteristics similar to rat YbiYn (Hayes, 1984).

A nomenclature has been previously proposed for mouse GST by

Warholm et al. (1986). This classification was not employed in this

thesis since it is not comprehensive, is confusing, and does not

relate to previously characterized GST from separate species. Warholm

et al. (1986) named the mouse GST by the subunit numbering system,

using the principle of numerically designating the best described GST

first, and incorporated a strain designation. However, the subunit

numbers used by these workers are different in rat and mouse for

genetically related forms, thus causing unnecessary confusion. The

isoenzymes purified from male NMR 1 mice, by Warholm et al. (1986),

were named MI, Mil and Mill by order of their elution from FPLC

chromatofocusing columns. These, in turn, were named according to

their subunit composition as N4-4, N3-3 and Nl-1. The GST from mouse

described by other groups of workers were also named by Warholm et al.

(1986) by the same system. The form named F3 by Lee et al. (1981),

which was purified from DBA/2J mice, was named transferase Dl-1. The

GST purified from CD-I mice, by Pearson et al. (1983), which were

originally named GT 8.7 and GT 9.3, were renamed Cl-1 and C2-2

respectively. The prefixing letter indicates the strain from which

they were purified. The work in this thesis, however, shows that such

strain designations are probably unnecessary. A comparison between

nomenclature from separate laboratories for rat and mouse GST is shown

in Table 6.04.
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Table 6.04 Alternative nomenclatures for mouse and rat GST

Corresponding GST —

Proposed Rat GSTa Rat GSTb Mouse GSTC
nomenc1ature
for mouse GST

YfYf YfYf 7-7 N 3-3

YaYa YaYa 1-1 N 4-4

YbiYbi YbiYbi 3-3 N 1-1/D

YbiYba YbiYbz 3-4 -

YbzYbz YbaYba 4-4 -

YboYba - - C 2-2

YbxYbx - - -

YbiYn YbiYn 3-6 __

Extended version of nomenclature proposed by Bass et al. (1977) and
routinely used in this laboratory (Hayes & Mantle, 1986b)

Extended version of nomenclature proposed by Jakoby et al. (1984)

Nomenclature proposed by Warholm et al. (1986)
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A formal nomenclature for the microsome-specific GST, is at

present, considered to be unnecessary, as only one microsomal GST has

been characterized to date. The term "microsomal" GST is therefore

used to describe the form which is specific for microsomal and

mitochondrial fractions, as opposed to cytosolic-type GST which may be

associated with sub-cellular particles.

6.02 Microsomal GST

6.02a Microsomal GST in human liver

It would appear that microsomal GST is expressed in the

majority of mammalian livers, as the GST activity in the liver

microsomes of cows, pigs, rabbits, rats, mice, hamsters and guinea

pigs, can be stimulated by treatment with N-ethylmaleimide

(Morgenstern et al.,1984). These workers did not find that human

liver microsomal GST activity was increased by treatment with N-

ethylmaleimide (NEM). By measuring GST activity and using

immunoblotting techniques, Morgenstern and his colleagues were unable

to find evidence to suggest that the microsomal GST was present in

human liver. In the present study, however, a microsomal GST,

immunologically related to the microsomal form purified from rat

liver, was detected in all human livers examined (n=5) and was

subsequently purified and characterized. Like the rat microsomal GST

described by Morgenstern & DePierre (1983), human microsomal GST was

found to have activity with CDNB and cumene hydroperoxide that could

be enhanced by treatment with NEM.

GST activity in unresolved human microsomal preparations was

riot increased by NEM-treatment, but levels of enhancement of activity

for the purified human enzyme are significantly lower than the rat

261



counterpart, and it is possible that any stimulation of activity of

the microsomal GST in human microsomes, is masked by the effects of

cytosolic GST which are associated with the microsomes. Strange et

al. (1984) have reported that incubation of purified human cytosolic

GST with NEM for 30 min, resulted in loss of activity of the

"neutral" GST (YbYb-type) and the "acidic" GST (YfYf-type), but not

the basic GST (YaYa-type). Although it was the "basic" cytosolic GST

enzymes which were the major contaminant in human microsomes, it is

possible that trace amounts of the "neutral" enzyme, which has a

significantly higher specific activity with CDNB than the "basic" GST

forms (Stockman et al., 1987), were associated with microsomal

preparations used for testing NEM-activation. Inhibition of the

"neutral" GST by NEM may therefore have been responsible for the small

decrease in the GST activity of microsomes, after treatment with this

compound.

It is not known, if the lesser extent to which the human

microsomal GST is activated by NEM-treatment, compared to the rat

form, is a genuine physiological phenomenon, or, if it is due to an

ageing effect, as the liver tissue had been stored at -80°C for

several months before use. In addition, the unusually high K» value

for glutathione (3.0mM and 3.5mM for the unactivated and NEM-activated

forms of human microsomal GST respectively), may also be due to a

deterioration of the enzyme, caused by freezing, thus lowering its

affinity for glutathione. The Km for glutathione of purified rat

microsomal GST is 0.8mM for the unactivated enzyme and 1.9mM for the

NEM-activated form (Morgenstern & DePierre, 1983). Such a notable

change in the K» value was not apparent after NEM-activation of the

human microsomal GST. This was also true for the K». for CDNB. The K»
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values for CDNB for the unactivated and activated human microsomal GST

are 0.046mM and 0.053mM respectively. The rat microsomal GST has a K»

for CDNB of O.OlmM for the unactivated enzyme and 0.09mM for the

activated enzyme (Morgenstern & DePierre, 1983). Notwithstanding

these differences between human and rat microsomal GST, the

relationship between the forms from the two species appears to be

close.

Morgenstern & DePierre (1985) have reported that, NEM-

activated microsomal GST is strongly inhibited by low concentrations

of hematin and BSP, and that the Iso values are different for NEM-

activated and unactivated isoenzyme forms. Although these workers did

not provide experimental details, the Iso values .for hematin were

reported as being 0.5jjM for the NEM-activated enzyme and >10pM for the

unactivated form. During this thesis, it has been found that a

similar situation exists for human microsomal GST. Concentrations of

hematin, which caused an 8-fold drop in the activity of the NEM-

activated form, to a level which was lower than the basal,

unstimulated enzyme activity, had no effect on the unactivated enzyme.

The Iso value for hematin was ljxM and 15aM respectively for the NEM-

activated and unactivated enzyme, which are similar values to those

reported by Morgenstern & DePierre (1985). The Ieo value of IjjM for

the human NEM-activated microsomal GST is lower or similar to that

described for human "basic" cytosolic GST and lower than that reported

for human "acidic" cytosolic GST (Tahir et al.,1985; Stockman et al.,

1987). The value is similar to that for the human "neutral" cytosolic

enzyme (Tahir et al.,1985).
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The significance of the sensitivity of the activated

microsomal enzyme to hematin is not known, and it is unclear if

hematin is acting at the hydrophobic substrate binding site in a

competitive manner, or if it is binding to the enzyme at a non¬

specific, non-substrate binding site, or even at a specific haem-

binding site, thus having an allosteric effect.

Cholic acid was not found to be inhibitory to human

microsomal GST in the micromolar range, but nevertheless, a similar

effect to that of hematin was observed, with the NEM-activated enzyme

being more sensitive to inhibition by cholic acid, than the

unactivated form. Concentrations of cholic acid of up to 5mM, were

found to stimulate activity of the unactivated GST. Enhancement of

GST activity, by low levels of sodium cholate (up to 0.3mM), in the

microsomal fraction of guinea pig liver, has been observed previously

(Vessey & Zakim, 1981). This finding was attributed mainly to the

detergent effects of cholic acid on the microsomes. In the present

study, the microsomal GST had been previously released from membrane

by the non-ionic detergent, Triton X-100, and was purified and assayed

in the presence of the same detergent. The stimulating effects of

cholic acid therefore suggest a positive interaction with this bile

acid and the microsomal GST, perhaps causing a conformational change

and thus stimulating activity.

6.02b Microsomal GST in mouse liver

Conflicting reports exist regarding the occurrence of the

microsome-specific GST in mouse liver. Lee & McKinney (1982) reported

that only cytosolic-type GST, found in association with microsomes

from male DBA/2 mice, were responsible for microsomal GST activity.

264



This is in contrast to the findings of Morgenstern et al. (1984), who

reported that, a microsomal GST, immunologically related to rat

microsomal GST, was present in the livers of male and female mice of

the strain C57BL and in female NMR 1 mouse liver,

The purpose of the present investigation was to determine if

strain or sex differences existed for microsomal GST in mouse. Within

the three strains examined, which included the DBA/2 strain described

by Lee & McKinney (1982), a microsomal GST immunologically related to

rat microsomal GST, was detected in all strains and both sexes. In

addition to the identification of a polypeptide analagous to rat

microsomal GST, the specific activity of mouse microsomes, towards

CDNB as a substrate, could be elevated (approximately 2-fold) in all

strains and sexes, by treating the microsomes with NEM. It would thus

appear that the expression of a microsomal GST with similar physical

and catalytic properties, is conserved between species and also between

separate inbred strains of mice. The expression of microsomal GST

does not appear to be under the control of sex hormones, as similar

concentrations of this enzyme were detected in both sexes.

6.03 Control of GST

6.03a Sex-specific control

A major difference in the content of the Yf GST subunit (M*-

24 800), between male and female mouse livers, has been demonstrated.

Analysis of cytosolic GST by a variety of techniques, including

SDS/PAGE, immunoblotting and hydroxyapatite h.p.l.c., showed that Yf

is conspicuous in the livers from males of DBA/2, C3H/He and C57BL6

strains, but is present in much smaller amounts in females of equivalent

strains. This finding accounts for the marked differences in specific
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activities of hepatic cytosol from male and female mice (Table 3.01).

The Yf-containing GST in mouse has high specific activities for

ethacrynic acid and CDNB; this is reflected in the elevated levels of

activity for these substrates in male mouse hepatic cytosol, compared

to those of female mice. In addition to the Yf subunit, polypeptides

with molecular masses of 25 800 (Ya) and 26 400 (Yb) were identified

in all strains and sexes. Female mouse livers contain a slightly

greater concentration of Ya subunits than do livers from male mice.

This difference is also reflected in the greater glutathione

peroxidase activity (using cumene hydroperoxide as a substrate) in

liver cytosols from females (Table 3.01). However, as selenium-

dependent glutathione peroxidase has considerable activity with this

organic hydroperoxide, this complicates the interpretation of results.

6.03b Strain-specific control

Minor differences were found in specific activities of

hepatic cytosol between the separate mouse strains. Although

variations in the comparative yields of GST isoenzymes were observed

from hydroxyapatite h.p.l.c., no detectable difference was perceived

in either subunit size, charge or catalytic properties between

equivalent GST from different strains. These data therefore suggest,

that the levels of GST subunits expressed in the liver, vary from

strain to strain, but that the properties are constant.

Differences in specific GST isoenzyme content between

strains of mice have not, as yet, been documented. The conjecture

that strain differences might exist was based partly on the work of

Wheldrake et al. (1981). These workers studied levels of GST activity

in cytosols from various organs of several species of desert mouse, in
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particular, Notomys alexis, and from selected strains of the

laboratory mouse Mus musculus. They found significant differences

between species and also between strains of laboratory mouse, in

cytosolic GST activity for selected substrates. Of particular note, is

the difference in hepatic GST activity with CDNB for the strains C57BL

and C3H, where an almost 20-fold difference between strains was

reported. In this thesis, detailed analysis of hepatic GST from three

strains, including C57BL6 and C3H/He showed no such major differences.

However, interpreting data from cytosolic activities alone, is fraught

with difficulty. The presence of endogenous inhibitors of GST

activity and ageing of samples, possibly entailing proteolysis of GST,

could give misleading results. Furthermore, variations in levels of

cytosolic GST activity, may not reflect differences in the type of GST

isoenzyme expressed, but instead, variations in the levels of

expression of the individual isoenzymes.

Wheldrake and his colleagues also compared GST isoenzyme

content between the species Notomys alexis (the Australian desert-

hopping mouse) and Mus musculus by chromatography of hepatic cytosols

on CM-cellulose, Clear differences in the elution profiles of GST

activity from the cation exchanger were observed, indicating diversion

at a species level; differences between strains were not monitored by

this method. Unfortunately, the subunit basis for this difference in

elution patterns was not established and it should be noted that

autoxidation can alter the elution properties of GST isoenzymes (Hayes

& Clarkson, 1982)

When discussing strain differences in mouse GST, it should

be noted that strain differences in hepatic GST have been reported
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in the rat (Matsumoto & Gasser, 1983). One out of twenty-two inbred

strains was found to posses an allelic variant at the locus which is

thought to code for the Ybi subunit; a more acidic isoenzyme was

expressed in the BN strain of rat, which appeared not to express the

standard form of transferase A (YbiYbi).

6.03c Induction by BHA

To clarify the relationship between the YbYb GST described

in Section 3, and the inducible forms, GT 8.7 and GT 9.3 described by

Pearson et al. (1983), female mice were fed with BHA prior to

purification of hepatic GST. During purification of the isoenzymes,

closely similar elution profiles were obtained from hydroxyapatite and

ion-exchange chromatography and chromatofocusing for two strains of

mice, BALB/c and CD-I, suggesting that the mechanism for induction of

GST is similar in both strains. The purification of GST from BHA-fed

mice, resulted in the isolation of six distinct Yb-containing forms,

two of which appear to correspond to GT 8.7 and GT 9.3, and the

remaining four being forms previously undescribed in mouse. Mouse

YbiYbi represents the main constituent of the YbYb fraction (PHI)

described in Section 3, and corresponds to GT 8.7. It was the major

isoenzyme form recovered from the livers of BHA-induced mice. The

other Yb-containing GST were recovered in significantly lower amounts.

The recoveries and several properties of the purified isoenzymes are

summarized in Table 6.05.

6.03d Modulators of microsomal GST activity

The fact that microsomal GST activity towards CDNB, and

glutathione peroxidase activity towards cumene hydroperoxide, can be

enhanced by treating the enzyme with NEM (and other sulphhydryl
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Table6.05YieldsandpropertiesofhepaticYb-containingGSTfromBHA-inducedfemalemice MouseGSTRecoveryasa%SubunitMrIsoelectricRelativeactivityRelativeactivityRelativeactivity oftotalcytosolicpointwithCDNBwithDCNBwithtPBO protein

YbjY^

3.00

26400

8.2

High

High

Low

YblYb2

0.05

26400+26300
7.6

Intermediate

Intermediate

Intermediate

Yb2Yb2

0.01

26300

7.1

Low

Low

High

Yb_Yb0o3

0.10

26400

8.6

Low

Low

Low

YbYb XX

0.05

26400

7.4

Intermediate

Intermediate

Low

YbYn

<0.01

26400+26000
7.3

High

Intermediate/

Low

High



reagents (Morgenstern et al., 1987), which were not investigated in the

present study) suggests that activation mechanisms are likely to exist

in vivo.

Several possibilities exist for mechanisms of activation of

microsomal GST activity in vivo. Potential activation mechanisms have

been studied, either by using possible physiological activators in

vitro or by using animal models to activate microsomal GST in vivo.

The latter method was employed by Masukawa & Iwata (1986), who found

that microsomal GST activity in rat liver was stimulated after

treating animals with phorone (a GSII depletor). They concluded that

stimulation of activity was due to an increase of hepatic GSSG

concentration (which is known to occur after phorone treatment), which

could then interact with the sulphhydryl group on the microsomal GST.

In viti'o incubation of the microsomal enzyme with GSSG significantly

increased activity. This enhancement could be reduced almost to

control levels by the addition of GSH, suggesting that the activity of

microsomal GST is regulated in vivo by the relative GSH - GSSG

proportions in the liver. In this context, the activity of

glutathione reductase is important.

Alternative or additional activation mechanisms include

the stimulation of microsomal GST activity by reactive metabolites.

Botti et al. (1982) reported that microsomal GST activity was

increased two hours after the treatment of rats with carbon

tetrachloride or 1,2-dibromoethane, and in vitro studies by

Morgenstern et al. (1987) have shown that microsomal GST activity is

enhanced by treatment with phenol metabolites. Morgenstern &

DePierre (1985) and Morgenstern et al. (1987) have also shown that
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limited proteolysis by trypsin also causes enzyme activation, but

there is no evidence to suggest that proteolytic modification is

instrumental in activation m vivo.

A further mechanism of physiological control may be the

presence of endogeneous inhibitors. Boyer et al. (1982) reported that

treatment of microsomes with phosphatidylcholine vesicles caused

removal of an unidentified inhibitor and thus stimulated microsomal

GST activity.

The in vitro studies on non-substrate ligand interaction,

carried out in this thesis, suggest that an additional control

mechanism may exist, for the modulation of microsomal GST activity in

vivo. It is possible that levels of activity may be enhanced by an

increased cellular concentration of bile acids. The implications of

cholic acid mediated stimulation of microsomal GST activity are

discussed in Section 6.07d.

It is still unknown to what extent each of the previously

mentioned activation mechanisms participate in the in vivo control

of microsomal GST activity. Furthermore, it is unclear if microsomal

GST activity can be stimulated for substrates which may be

encountered in a biological system, although Morgenstern & DePierre

(1987) have recently reported that the glutathione peroxidase

activity of the rat microsomal GST, towards linoleic acid

hydroperoxide can be stimulated by NEM-treatment.

6.04 Comparison between mouse GST described by different workers

6.04a Const-itutively expressed cytosolic GST

Comparisons between data from various laboratories are not

271



always straightforward, as differences in the standards used to

calibrate analytical techniques give widely different results. Values

for subunit Mr of purified GST, described by separate groups of

workers, based on mobilities on SDS/PAGE, differ significantly.

Unless previously characterized GST have been used as standards,

direct comparisons of calculated Mr values cannot be made. Not only

do different protein Mr standards (i.e. a chymotrypsinogen and

carbonic anhydrase) give rise to variation in reported subunit Mr, but

concentrations of the cross-linker, NN -methylenebisacrylamide, in the

polyacrylamide gel, can affect the relative mobility of various GST

subunits, and thus further complicate interpretation of data from

other laboratories (Hayes & Mantle, 1986c). Other variables may be,

the use of different methods of isoelectric point determination, and

differences in assay conditions for measuring specific activities.

However, where immunological techniques are used, and sequence

information is available, firm classification can usually be made.

The individual forms resolved by hydroxyapatite h.p.l.c. in

this study (PI, YfYf; PII, YaYa; PHI, YbYb) have subunit molecular

masses of 24 800, 25 800 and 26 400, respectively, determined using

GST purified from rat lung as standards. Classification of subunit

type was based on cross-reactivity with antisera to equivalent rat

GST. The pi values for PI, PII and PHI of 8.6, >9.2 and 7.8-8.2,

respectively, have been determined previously in this laboratory

(Hayes et al., 1987a). The data from the present study will now be

related to reports on mouse GST, made by separate groups of workers.

Warholm et al. (1986) used male, outbred NMR 1 mice and

characterized three distinct isoenzyme forms, MI, Mil and Mill, named
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by order of their elution on chromatofocusing by FPLC. MI, Mil and

Mill would appear to represent mouse YaYa, YfYf and YbYb respectively,

based on subunit Mr, isoelectric points, immunological properties and

substrate specificities. The properties of the GST described by

Warholm et al. (1986) are in reasonable accord with those described

from male mice in this thesis, and with the GST from male LACA mice

described in this laboratory by Hayes & Mantle (1986c) and Hayes et

al. (1987a).

Pearson et al. (1983) characterized only two GST forms from

CD-I mice; these were designated according to their pi values as GT

8.7 and GT 9.3. Both were thought to be homodimers of equal size; a

subunit Mr of 24 000 was calculated. Since these workers used female

mice as the tissue source, it is unlikely that GT 8.7 or GT 9.3

represent Yf subunits. Partial amino acid sequences, obtained from

both conventional N-terminal amino acid sequencing (by automated Edman

degradation) and by deduction from nucleotide sequences of cloned

cDNA, suggested that these forms both represent Yb-type subunits (Ding

et al.,1985; Mannervik, 1985). It is likely that GST PHI (Mouse

YbYb) corresponds to GT 8.7, since Pearson et al. (1983) reported that

GT 8.7 is expressed at much greater levels than GT 9.3 in the livers

of normal, untreated mice; the latter enzyme is only detected in

significant amounts following treatment of mice with BHA. Furthermore,

data in Section 4 provides evidence that PHI contains GST equivalent

to GT 8.7.

Lee et al. (1981) described three major forms, Fl, F2 and

F3, from DBA/2 mice, of which Fl and F2 were reported to be charge

isomers (pi values of 6.5 and 8.2) with subunit molecular masses of
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22 000, whereas F3 was reported to have a pi of 8.8 and a subunit

molecular mass of 27 000. F3 was immunologically distinct from F1 and

F2. It would seem likely that F1 and F2 correspond to GST comprising

Yf-type subunits and F3, to YbYb-type GST, judging by their order of

elution from hydroxyapatite, mobility of subunits relative to each

other on SDS/PAGE, and specific activity towards CDNB as a substrate.

Neither Lee et al. (1981) nor Pearson et al. (1983) appear

to have described a YaYa-type GST, but the fact that mouse YaYa has a

low specific activity towards CDNB as a substrate, means that it could

easily have escaped detection. A YaYa-type GST does, however, appear

to have been described from CD-I mice by Agius & Gidari (1985), who

were investigating the effects of streptozotocin on levels of mouse

hepatic GST. Two GST were purified from female mouse liver, with

reported subunit Mr values of 28 000 and 27 500, and pi values of 8.2

and 9.2 respectively. It is probable that the GST with subunit Mr of

27 500 (pi 9.2) is the YaYa-type GST and that the GST with subunit Mr

of 28 000 (pi 8.2) is a YbYb-type GST. The YbYb type GST was induced

by streptozotocin treatment, whereas the putative YaYa-type GST was

not. The existence of a third hepatic cytosolic GST which had a pi of

6.1, was proposed by Agius & Gidari (1985), as, during purification of

GST on CM-Sephadex, a proportion of GST activity was not retained by

the cation-exchanger. The activity in the void volume of the column

was induced by streptozotocin treatment, and was partially purified by

gel filtration, then subjected to SDS/PAGE analysis. Two intensely

staining bands were observed with Mr values of 28 000 and 26 000, and

although it is possible that these bands represent Yb-type subunits

and Yf-type subunits respectively, it is unclear whether the induction

of activity in this fraction is due to elevation of levels of the Mr

274



28 000 polypeptide, or the Mr 26 000 polypeptide, or both. The

relationships between the GST described in this thesis and those

purified by other research groups is summarized in Table 6.06.

An aspect which has not been investigated during the present

study, but which remains to be explored, is the relationship of mouse

cytosolic GST with the h-protein. The h-protein, which is a major

polycyclic aromatic hydrocarbon-binding protein present in the

cytosols of mouse liver, lung and skin, has been shown to have several

properties which are similar to rat cytosolic GST (Sarrif et al.,

1975; Sarrif & Heidelberger, 1976) (see Section 1.04f). The h-protein

has a native molecular weight of 44 000, consists of two subunits with

an apparent Mr of 20 000, and has an isoelectric point of 8.05 - 8.6.

Furthermore, even in rigorously purified samples, low levels of GST

activity with CDNB and DCNB as substreites (4Mmol/min/mg and

O.lpmol/min/mg respectively), have been found to be associated with

this protein (Sarrif et al., 1978). The h-protein has been separated,

by chromatography on CM-cellulose, from a protein in mouse liver

cytosol which is also capable of binding polycyclic aromatic

hydrocarbons and is immunologically related to rat ligandin (Sarrif et

al., 1976). Sarrif et al. (1978) proposed that the GST activity,

which is associated with homogeneous preparations of h-protein, is due

to contamination of the purified protein by GST. However, the present

knowledge of mouse GST means that this proposed lack of identity with

GST should be re-evaluated, and it is possible that the h-protein may

be identical to one of the cytosolic GST isoenzymes purified during

this thesis.

Sarrif et al. (1975) used male C3H mice as a liver source.
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Table6.06RelationshipbetweenmouseGSTisoenzymesdescribedbyseparatelaboratories Reference

Equivalent GST

Equivalent GST

Equivalent GST

Tissuesource

ru
cn

McLellan&Hayes(1987) (thisthesis) Hayesetal.(1987a) Warholmetal.(1986) Agius&Gidari(1985) Pearsonetal.(1983) Leeetal.(1981)

YfYf YfYf Mil(N3-3)

YaYa YaYa MI(N4-4) C/S3*

F1+F2

YbYb YbYb Mill(N1-1) C/S2* GT8.7+GT9.3 F3

MaleandFemaleDBA/2/ C3H/HeandC57BL6 MaleLACA MaleNMR1 FemaleCD-I FemaleCD-I DBA/2**

*TheGSTdescribedbyAgius&Gidari(1985)weregivennoofficialnomenclature.Purificationofbothformswas fromcontrol(C)andstreptozotocin(S)-treatedmice.Thenumberscorrespondtopeaknumbersfromion-exchange chromatography.
**Unspecifiedsex.



but it is unlikely that the h-protein corresponds to Yf-containing

GST, as mouse YfYf has a fairly high specific activity with CDNB as a

substrate (75,umol/min/mg). Likewise, mouse YbiYbi has a high specific

activity with CDNB (179jamol/min/mg) and also has high activity with

DCNB as a substrate (14nmol/min/mg), so it would seem that the h-

protein does not correspond to this GST either. However, mouse Yb2Yb2

has exceptionally low specific activities with these substrates, with

the activities for CDNB and DCNB being 12piniol/min/mg and

O.lpimol/min/mg respectively. Mouse YbsYb3 also displays low specific

activities for both substrates (13Mmol/min/mg and 1.2Mmol/min/mg for

CDNB and DCNB respectively). The basic nature of YbsYb3 (pi 8.6)

means that this form is the most likely candidate for identity with

the h-protein, but as different methods for pi determination can give

different results, the possibility of the h-protein corresponding to

Yb2Yb2 (pi 7.1) cannot be excluded. The fact that the mice which were

used to study the h-protein, had been treated with phenobarbital (to

increase concentrations of the cytochrome P-450-dependent enzymes

which activate 3-methylcholanthrene to bind covalently to the h—

protein) means that induction of GST probably occurred prior to

purification (see Section 6.06a), but it is unclear which mouse GST

are induced by this compound. If similar mechanisms exist for

induction by BHA and phenobarbital, this would increase the likelihood

of either Yb3Yb3 or Yb2Yb2 corresponding to the h-protein. It is

unlikely that mouse YaYa represents the h-protein as Sarrif et al.

(1976) demonstrated that a "mouse ligandin", present in hepatic

cytosols, could be separated from the h_—protein.

6.04b Inducible cytosolic GST

Mouse YbiYbi is constitutively expressed in mouse liver and
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appears to be analagous to Mill described by Warholm et al. (1986) and

F3 described by Lee et al. (1981) in uninduced mouse liver (Table

6.06). In the present study, levels of this isoenzyme were found to

be significantly elevated (approximately 6-fold) after treatment of

female mice with BHA.

Benson et al. (1982), in an abstract, reported the

existence of six chromatographically distinct GST in hepatic

cytosols from female CD-I mice, which had been fed with a BHA-

containing diet. Three of the purified forms were reported to be

identical and to have a pi value of 8.7-8.8. Three, more basic, GST

were thought to be separate forms, but characterization was

incomplete. This group of workers subsequently concentrated their

studies on two of these forms, which were named GT 8.7 and GT 9.3 on

the basis of their isoelectric points (Pearson et al., 1983). N-

Terminal amino acid sequences were determined for both proteins and

a partial length cDNA clone was constructed for GT 9.3.

In the present study, mouse YbiYbi is thought to represent

GT 8.7, as N-terminal amino acid sequences are almost identical, and

both represent the major GST recovered from hepatic cytosol after

induction. Mouse Yb3Yb3 shares characteristics with GT 9.3; both

proteins have high pi values and a low specific activity with CDNB.

Proteins analagous to YbiYb2, YbzYb2, YbxYbx and YbiYn have not been

previously described in mouse liver.

Induction of GST by BHA has also been described in mouse

small intestine (Parchment & Benson, 1984). An enzyme which is

identical to GT 8.7 (YbiYbi) was reported to be selectively induced.

The existence of an isoenzyme with a pi value of 9.0, which is also
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expressed in liver, was reported. This GST was not induced by BHA and

may therefore represent mouse YaYa.

Recently, Singh et al. (1987b), who also used female CD-I

mice, reported the induction by BHA, of two GST in mouse lung. The

isoenzymes were named GST II and III, and had isoelectric points of

8.7 and 7.9 respectively. GST II was reported to be an heterodimer

with subunit Mr values of 26 500 and 22 000, and GST III is an homodimer

with a subunit Mr of 24 500. Four other GST were described from mouse

lung, but the two BIlA-inducible forms were reported to selectively

bind benzo[a]pyrene (BP) metabolites and have relatively high specific

activities with BP-epoxides. This group of workers have since reported

that the rat Yb subunits do not bind BP metabolites (Awasthi & Singh,

1987), but it is notable that, in rat, Ybs-containing GST have the

highest catalytic activity with certain BP metabolites (Nemoto et al.,

1975; Robertson & Jernstrom, 1986; Robertson et al., 1986). It is

therefore possible that GST III may represent a Yb2-containing GST.

However, the six forms described from mouse lung cannot easily be

compared with any of the mouse hepatic GST described in this thesis.

Isoelectric points, subunit Mr values and catalytic activities of

mouse lung GST do not show any obvious relationship with those

described in the present study, from mouse liver.

6.05 Mechanisms for sexual differentiation of hepatic isoenzymes

6.05a Sex differences of GST isoenzyme content in mice

Sex differences in hepatic cytosolic GST activity have been

described previously in mouse (Grover & Sims, 1964; Wheldrake et al.,

1981). Wheldrake and his colleagues used male animals for interstrain

comparisons of laboratory mice, but also compared cytosolic GST
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activity from males and females of N.Alexis. Sex differences were

found in IT Alexis, but in contrast to the findings in this thesis

(for laboratory mice), female mice were reported as having almost

twice the cytosolic GST activity for CDNB, as male mice. This

difference was not reflected in activities for DCNB, indicating that

it is not the Ybi-containing isoenzymes that are responsible for this

difference. Grover & Sims (1964) examined GST activity for DCNB, but

not CDNB, in hepatic cytosol of male and female CBA/H mice and found

that female mice had approximately twice the activity for this

substrate as males. This would indicate higher levels of YbiYbi GST

in female mice of this strain. By contrast, Grover & Sims (1964)

showed that in both rat and guinea pig, liver cytosols from males

contained signifioantly more activity towards DCNB than did female

animals.

More recently, and subsequent to the work carried out in

this thesis, Hatayama et al. (1986) described the regulation, by sex

hormones, of YfYf in mouse liver. These workers demonstrated the

direct control of YfYf (which they named GST II) by testosterone.

They found that the level of mouse YfYf (determined using single

radial immunodiffusion, with antibodies raised against rat YfYf) in

male BALB/c liver, was low at birth and remained constant until three

weeks, when the intra-hepatic concentration began to rise steeply

until reaching a plateau at around seven weeks after birth. The low

levels of YfYf, found in female mouse liver at birth, remained

unchanged throughout the eight week test period, although GST activity

towards CDNB started to rise at two weeks of age and reached a

plateau at three weeks, at a level which was approximately half that

of males. Castration of male mice caused the levels of YfYf and GST
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activity to decrease to that of female mice, whereas treatment of

female mice with testosterone caused YfYf levels and enzyme activity

to rise to that of adult males. These workers measured levels of YfYf

in males and females of five separate mouse strains, including those

described in this project, as well as BALB/c and CD-I strains. They

found levels of YfYf to be approximately 10 times higher in male mouse

liver, than in female for all five strains.

Control by sex hormones of the YaYa and YbYb forms of GST

has not been described in mouse, although the data in Section 3 shows

that relative levels of YaYa appear to be higher in female mice than

in males. In this context, it should be noted that, in the rat, livers

from females contain higher levels of the Ya subunit than do those of

males (Hales & Neims, 1976; Igarashi et al., 1985).

6.05b Sex differences of GST isoenzyme content in rats

Previous investigations on the effects of sex hormones on

rat liver GST have been performed by measuring levels of activity with

DCNB and CDNB as substrates (Lamartiniere, 1981). Levels of DCNB

activity would reflect the concentrations of the Ybi subunit in

cytosol; measurement of activity with CDNB is less specific, as the

major forms of GST in rat liver all have some activity for this

substrate (Mannervik & Jensson, 1982). Male rat liver cytosol has

between two and three times the activity for DCNB than female (Hales &

Neims, 1976; Lamartiniere, 1981), inferring that there is a higher

concentration of Ybi-containing GST in male rat liver, than female.

In contrast to the findings for the Yf subunits in mouse liver, the

levels of Ybi in male rat liver do not appear to be affected by

castration of adult males, although treatment of ovariectomized
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females with testosterone appears to raise the level to that of males

(Lamartimier, 1981). If, however, male rats are castrated at birth,

levels of DCNB activity are lowered significantly, and although

exogenous neonatal treatment with testosterone was unable to reverse

this effect, it does suggest that the expression of the Ybi subunit in

adult males is subject to neonatal programming (see Section 6.05c).

Hales &. Neims (1976) reported that GST activities with CDNB

and DCNB were increaed in female rats, but not in male rats, after

hypophysectomy. By contrast, Lamartiniere (1981) reported that

hypophysectomy of both male and female rats resulted in increased

hepatic levels of GST activity for CDNB and DCNB. This effect could

be reversed by ectopic pituitary implants. The administration of

growth hormone (GH) to hypophysectomized male rats, caused a decrease

in GST activity to control levels. However, when arcuate-nucleus

lesions of the hypothalamus were induced in neonatal animals, which

resulted in drastically reduced serum GH levels, the resulting adult

male hepatic cytosols had levels of GST activity with DCNB which were

lower than control values. The level of activity of CDNB was similar

to the control levels and GST activities for both substrates were

found to be unaffected by this treatment, in adult females.

These results led Lamartiniere (1981) to suggest that an

unidentified pituitary factor is responsible for lowering GST

activities and that the release of this pituitary factor may be

prevented by a hypothalamic inhibiting factor, which is present in

male rats, but not in females. This hypothalamic factor would act

post-pubertally on the pituitary to modulate the secretion of the

pituitary effector. The possibility of GH being involved in the
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modulation of GST activity was thought to be unlikely (although not

entirely dismissed).

It is unclear to what extent the measurement of cytosolic

GST activity with DCNB and CDNB in these experiments, reflects the

levels of different isoenzymes in rat liver; the mechanism for the

hepatic sexual differentiation of individual GST isoenzymes is

therefore unknown. The involvement of GH in the sexual

differentiation of othei' hepatic enzymes is discussed in Section

6.05c.

More recently, the control by sex hormones, of levels of

mRNA which code for a putative Ybi subunit in rat, has been

demonstrated (Chang et al., 1987). This group of workers isolated

androgen-repressible proteins and mRNAs from the ventral prostate of

adult x^ats. Sequence analysis of a cDNA clone, constructed from one

of the androgen-repressed mRNAs, demonstrated that this mRNA codes

for a protein with an amino acid sequence which is almost identical

(two amino acid substitutions) to a previously published sequence of

the rat hepatic Ybi subunit (Ding et al., 1985). Chang et al.

(1987) concluded that the Ybi subunit is repressed by androgens, and

it is notable that, by contrast, the results of Lamai'tiniere (1981)

suggest that hepatic levels of GST which contain Ybi subunits, are

increased by androgens. It is unknown if these apparently anomalous

i-esults are based on the fact that the measurements of hepatic

cytosolic GST activities, performed by Lamartiniere (1981), are

misleading, or if tissue-specific differences in the control of

response to sex hormones exist. Alternatively, the two amino acid

differences in the deduced polpeptide sequences reported by Chang et
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al. (1987) and Ding et al. (1985), may reflect a genuine difference

(rather than sequencing errors) and the Yb-type subunit described by

Chang ejt al. (1987), from the rat ventral prostate, could be

distinct from the hepatic Ybi subunit, and this may be subject to

different control mechanisms.

Control of GST in rat, by sex hormones, has not been

investigated at a protein level and the relationship between the

control of the various isoenzymes by androgens is unclear. The sex-

specific control of YfYf has not been investigated in rat (in organs

that express this GST in significant levels), but it does appear that

the mechanisms of control of the three cytosolic GST isoenzyme

families, (and perhaps of different isoenzymes within a gene family)

may be different. It seems that, in the rat, neonatal imprinting

affects levels of Ybi in adult life (Lamartiniere, 1981). This may

also be true of the Yf subunit in mouse, but the mechanisms would

appear to be different, as levels of Yf in mouse respond directly to

the effects of post-pubertal castration and testosterone; the effects

of neonatal castration have not been determined. As levels of YaYa

seem to be higher in female livers of mouse and rat, this would also

infer sex-specific control, perhaps also by a separate mechanism.

6.05c Sexual-differentiation of the liver

Although the effects of neonatal androgen on the subsequent

adult pattern of hepatic GST isoenzymes in mouse or rat have not been

clarified, these effects have been studied for other hepatic drug and

steroid metabolizing enzymes.

Differentiation between sexes, of steroid and xenobiotic

metabolism in the liver, is well documented (Gustafsson & Stenberg
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1974 a, b, c; Kamataki et al., 1983; Waxman et al., 1985; Blanck et

al., 1986). Although the majority of research has been carried out on

cytochrome P-450-dependent enzymes and steroid metabolism, sex

differences have also been described for monoamine oxidase (Illsley &

Lamartiniere, 1980) and certain phase II drug metabolizing enzymes

(i.e. GST and UDP-glucuronyl transferase) (Lamartiniere et al., 1979;

Lamartiniere, 1981).

The majority of hepatic sex differences appear to be

regulated by gonadal steroids, with androgens having been shown to be

particularly influential. Oestrogens have also been reported to

possess regulatory properties, but their involvement in control of

hepatic metabolism is less clear (Gustafsson et al., 1983). The best

documented example of sex-specific expression of hepatic enzymes is

the steroid-metabolizing enzymes. In rodents, there are two main

categories of steroid-metabolizing enzymes which are under androgenic

control (Skett & Gustafsson, 1979; Gustafsson et al., 1983). The

first is entirely dependent on the presence of testosterone after

puberty, for maintaining masculine enzyme status, and castration of

adult males will totally alter the enzyme level to that of the female.

The second is partially dependent on androgen levels, and castration

after puberty will shift the enzyme level towards feminine levels, but

will not totally "feminize" activities. In both instances, neonatal

castration will cause total feminization. It is thought that similar

mechanisms of control may exist for some xenobiotic metabolizing

enzymes.

For sexual differentiation of certain adult hepatic enzyme

activities, the hormonal status during the neonatal period would
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appear to be critical. Neonatal exposure of cells to androgen, caused

by a brief surge in early life, affecting androgen responsiveness of

enzymes in the adult period, is known as neonatal imprinting

(Einarsson et al., 1973).

Gonadal steroids do not exert their differentiating action

directly on the liver, but via the hypothalamic-pituitary axis. It is

recognized that the pattern of growth hormone (GH) in the rat is

sexually differentiated. Male animal serum displays characteristic

high amplitude pulses of GH every 3-4 hours, whereas females secrete

GH at a more constant level (Tannenbaum & Martin, 1976; Eden, 1979).

GH, which is secreted from the anterior pituitary, interacts with

target organ membrane receptors, and it has been proposed that it is

the patterns of GH secretion that regulate the sexual differentiation

of certain hepatic proteins (Norstedt & Palmiter, 1984). Furthermore,

it seems that it is a neonatal androgen surge which acts on the

hypothalamus and irreversably imprints the control of the subsequent

pulsatile GH pattern seen in adult male rats (Jansson et al., 1985).

It is unclear how subtle changes in the GH secretory pattern,

influence hepatocyte function. Norstedt & Palmiter (1984) have

proposed that some effects are mediated directly by GH, whereas others

are controlled by insulin-like growth factor 1, which is produced in

the liver in response to GH.

As yet, the control of GST by GH patterns has not been

established, but the sex-specific expression of the Yf subunit in

mouse, may provide a useful model for further studies. GH-deficient

strains of mice and genetically engineered mice that produce excess GH

have been previously used to investigate the hepatic sexual
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differentiation of prolactin/GH receptors and the major urinary

protein (MUP) (Norstedt & Palmiter, 1984). Such strains of mice could

be used to investigate the sex-specific, regulation of Yf in mouse

liver.

6.06 Mechanisms for induction of GST

6.06a Exogenous inducers of GST

A wide range of xenobiotics, which include phenobarbital. 3-

methylcholanthrene and trans-stilbene oxide, has been shown to cause

an increase in cytosolic GST concentrations in rat liver (Hayes et

al., 1979; Guthenberg et al., 1980; Pickett et al., 1982, 1984; Ding &

Pickett, 1985). Induction of hepatic GST by xenobiotics has been more

thoroughly studied in rat than mouse, but the limited amount of

information available suggests that induction mechanisms may be

different in the separate species.

Treatment of rats with BHA causes elevation of levels of the

Ya- and Yc-containing GST, in addition to YbiYbi (Sato et al., 1984).

This is in contrast to the effects of BHA on mouse liver, where only

levels of Yb-containing GST are increased. GST which comprise Ya- or

Yb-type subunits are induced in rat liver after treatment of animals

with phenobarbital, but administration of this compound to male ICR

mice has been reported to cause the selective induction of only one

hepatic transferase, which was named F2 (Stockstill & Dauterman,

1982). The nomenclature used by these workers was based on that

described by Lee et al. (1981) (see Section 6.04a), so it would appear

that phenobarbital caused the induction of YfYf-type GST in mouse

liver. Characterization of the phenobarbital-induced enzyme was,

however, incomplete. If the Yf-containing GST is induced by
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phenobarbital, and the Ya- and Yb-containing GST are unaffected, this

is in marked contrast to findings for phenobarbital-induction of rat

GST. It must be noted that evidence exists, to suggest that Ybi-

containing GST are induced in mouse liver, following treatment with

phenobarbital. David & Nerland (1983) have shown that hepatic GST

activity for DCNE as a substrate, is increased after feeding male

Swiss-Webster mice with a diet containing phenobarbital. Ethanol was

also shown to increase mouse hepatic GST activity for this substrate

(David & Nerland, 1983).

In rat liver, levels of Ya, Ybi and Yb2, but not Yc mRNAs

are elevated in response to phenobarbital and 3-methylcholanthrene,

but the time delay for, and the extent of, maximum gene transcription,

after treatment of animals with the inducer, differ, for the various

subunits and the xenobiotic used (Pickett et al., 1987). This

suggests that the mechanisms for induction may vary for separate

subunits and inducing agents. In this context, it has been shown

that, within the cytochrome P-450 group of enzymes, different

mechanisms exist for the induction of separate types of cytochrome

P-450 by phenobarbital (and "phenobarbital-like" inducers) and 3-

methylcholanthrene (and other polycyclic aromatic hydrocarbons) (see

Whitlock (1986) for a review). It is thought that a specific

cytosolic receptor protein exists which interacts with polycyclic

aromatic hydrocarbons, but the existence of a separate

"phenobarbital receptor" has not been established. The mechanism by

which phenobarbital causes induction of certain cytochrome P-450, is

unknown. Based on the differential induction of cytochrome P-450 by

phenobarbital and 3-methylcholanthrene, it is likely that separate

mechanisms may exist for induction of different GST isoenzymes.
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6.06b Strain-specific induction of GST

Although strain differences in the basal hepatic GST

isoenzyme content in mice have not been established, it is recognized

that the induction of GST, by polycyclic aromatic hydrocarbons, is

strain dependent (Felton et al., 1980). Strain differences have also

been described in mice, for the inducibility of cytochrome P-450-

dependent mixed function oxidases. The C57 strain responds to

treatment with 3- methylcholanthrene (an inducer of aryl hydrocarbon

hydroxylase) while the DBA strain does not (Whitlock, 1986). This

difference is thought to be based on the presence or absence of an

aromatic hydrocarbon (Ah) receptor in hepatic cytosol. The Ah locus in

mice regulates the induction, by polycyclic aromatic hydrocarbons, of

many drug metabolizing enzyme activities. The main regulatory gene

product is thought to be the cytosolic Ah receptor, which can form a

complex with polycyclic aromatic hydrocarbons. This complex

subsequently binds to cis-acting genomic control elements, upstream

from the specific enzyme-coding regions, and activates transcription.

Additional controlling elements exist, but it is the Ah receptor which

is thought to be absent in DBA mice.

Felton et al. (1980) investigated the effects of polycyclic

aromatic hydrocarbon inducers on the two previously mentioned strains

of mice and found that 3-methylcholanthrene induced hepatic cytosolic

GST activity in the C57BL6 strain, which possesses the Ah receptor,

but no induction of activity was seen in the DBA/2 strain, which is

known to lack the Ah receptor. However, they concluded that GST

activity was not under control of the Ah receptor, because analysis of

liver cytosols from progeny obtained from back-crossing DBA/2 with the

Fi hybrid, DBA/2 x C57BL6, showed that induction of transferase
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activities did not co-segregate with the Ah receptor. The hypothesis

was made on the basis of induced GST activities of liver cytosols from

mice (treated at 4-6 weeks old) of interchangeable sex. The sex-

specific expression of Yf in male mice, which has a fairly high

specific activity for CDNB, could seriously affect interpretation of

results. It is therefore possible that the Ah locus is involved in the

control of certain mouse GST isoenzymes. Felton et al. (1980) did

not, establish which GST subunit, Ya, Yb or Yf, was induced by

polycyclic aromatic hydrocarbons in the C57BL6 mice. Species-specific

differences in the induction of GST isoenzymes by polycyclic aromatic

hydrocarbons may exist, since recent evidence indicates that, in rat,

Ya mRNA is under direct control of the Ah locus (Pickett et al.,

1987).

6.07 Physiological consequences of GST isoenzyme expression

6.07a Implications of the constitutive expression of YfYf in male

mouse liver

The existence of GST YfYf in the livers of male mice is of

particular interest, as this GST, which is not normally expressed in

rat liver, is conspicuous in rat livers bearing pre-neoplastic foci

and nodules. This isoenzyme is found in particularly high

concentrations in Y -glutamyl transferase (GGT)-positive foci

(Kitahara et al.,1984). The Ybi subunit and the Ya subunit have also

been shown by these workers to be elevated in GGT-positive foci, but

are less useful as immunohistochemical markers because of their high

levels of constitutive expression in rat liver.

The Yf subunit has been shown to be elevated in single rat

hepatocytes, shortly after the administration of a single dose of
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various hepatocarcinogens (Moore et al., 1987). These single YfYf—

positive cells may represent inititated cells which can proceed to

form focal nodules or revert to normal phenotype. Elevated phase II

drug metabolizing enzymes are thought to confer an advantage in

initiated cells, over their normal neighbours, thereby encouraging

progression to tumourogenesis (Farber, 1984a).

The physiological implications of the sex-specific

expression of Yf in the livers of male mice, are unclear. Hepatomas

are known to occur with a much higher frequency in male inbred mice

than female (Smith et al., 1973), and whether the presence of YfYf in

male mouse liver is a consequence or cause of this phenomenon, or

merely coincidental, remains to be determined. However, it is

interesting to note that, in a study conducted by Hoover et al.

(1986), female mice from three separate strains were shown to be more

susceptible to ethionine-induced hepatocarcinogenesis than males, and

that C3H male mice, which are notable for their normally high

incidence of spontaneous hepatomas, are fairly unresponsive to the

carcinogenic effects of ethionine. In this thesis, it has been shown

that male mice of the strain C31I/He have the highest levels of YfYf,

with this isoenzyme accounting for approximately 70% of the total GST

recovered. It is possible that a high level of hepatic expression of

YfYf is responsible for resistance to the toxic effects of ethionine.

The male-specific expression of YfYf> in mouse liver, is

likely to be of pharmacological importance, as mice are used

extensively in the safety evaluation of drugs, chemicals and food

additives (Ward, 1984; Squire, 1984; Grasso, 1984). Furthermore, it

has recently been shown that, in mice, the rate of elimination of

291



methyl mercury, an environmental contaminant, is under control of sex

hormones and that male mice excrete this compound at a faster rate

than females (Hirayama et al., 1987). This sex difference is related

to rates of glutathione conjugation. Although sex differences in GST

levels were not investigated, it seems likely that the sex-specific

expression of YfYf may contribute to this difference. Differential

metabolism of many xenobiotics, between the sexes, is highly probable;

the male-specific expression of YfYf in mouse liver should prove

useful for in vivo studies on detoxification and drug metabolism.

6.07b Occurrence and importance of Yb-type subunits

The physiological significance of the sex-, species- and

tissue-specific variation in expression of GST is not known, but it is

recognized that the separate families of GST have significantly

different physical characteristics (see Section 1.04).

Historically, the Ya- and Yc- containing GST from rat have

been the most extensively characterized, and, in addition to their

functions as catalysts, they are reported as being major cytosolic

proteins which bind exogenous and endogenous organic anions (Litwack

et al., 1971; Ketterer et al., 1975; Tipping et al., 1976; Strange et

al., 1977). More recently, the Yb-containing GST have also been

implicated in the binding of non-substrate ligands, including bile

acids and steroid hormones (Hayes & Chalmers, 1983; Maruyama &

Listowsky, 1984; Hayes & Mantle, 1986a; Homma et al., 1986; Takikawa

et ah, 1986). Furthermore, endogenous substrates for YbYb isoenzymes

have also been reported (Mannervik et al., 1984; Alin et al., 1985a;

Ketterer et al., 1987). Some important observations which have been

made regarding the YbYb GST will now be briefly reviewed.
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The Yb polypeptides have been shown to be expressed in the

livers of rat, mouse, guinea pig, hamster and human. A further,

uncharacterized subunit, Yb*\ has also been reported to be present in

rat and hamster liver, and in rat colon, spleen and thymus (Hayes &

Mantle, 1986c). GST containing Yb subunits are present in all extra-

hepatic organs examined, in rat and mouse (Hayes & Mantle, 1986b;

Hayes et al., 1987a). The ubiquitous nature of the Yb subunit type, is

not always due to expression of both Ybi and Yb2. Both subunit types

are subject to tissue-specific expression (Guthenberg et al., 1985b;

Hayes & Mantle, 1986b; Ishikawa et al., 1986b). Furthermore, the

recently described Yb3 polypeptide is only expressed in significant

amounts in rat brain (Abramovitz & Listowsky, 1987). This infers that

mechanisms for biological control are different for separate subunits

within the gene family.

The frequency of occurrence of Yb2, in various organs of the

rat, is greater than other GST subunits and it has been suggested that

this subunit has a less specific role than the others (Alin et al.

1986). Within the gene family, the Yb2 polypeptide appears to have

the greatest catalytic activity with certain physiological substrates.

Endogenous substrates for Yb2-containing isoenzymes include

leukotriene A* (Mannervik et al., 1984) and the cytotoxic products of

in vivo lipid peroxidation, 4-hydroxynon-2-enal and 4-hydroxydec-

2-enal (Alin et al, 1985a; Ishikawa et al., 1986a) (see Secton 1.04g).

The Yb-containing GST do not have significant glutathione peroxidase

activity with organic hydroperoxides, such as cumene hydroperoxide,

but recently it has been shown that these isoenzymes have a relatively

high specific activity with peroxidised DNA (Ketterer et al., 1987).

This is particularly noteworthy, as in the rat, both Ybi and Yb2 have
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been found to be preferentially associated with nuclear DNA (Bennet et

al., 1986).

GST from rat, containing Yb2 subunits, are also thought to

be of central importance in the detoxification of mutagenic

metabolites of the environmental pollutant, benzo[a]pyrene (Nemoto et

al., 1975; Jernstrom et al., 1985). Making the assumption that the

relevant properties of the Yb2 subunit are conserved between species,

it would appear to be important that, in the present study, a GST

corresponding to rat Yb2Yb2, has been shown to be expressed in mouse.

6.07c Consequences of BHA-mediated elevation of GST levels

BHA has been reported to protect mice from the carcinogenic

effects of benzo[a]pyrene (BP) and other polycyclic aromatic

hydrocarbons, by causing reduction of cellular levels of the mutagenic

metabolites (Lam & Wattenberg, 1977; Batzinger et al., 1978; Lam et

al., 1980). This is thought to be mediated, in part, by alteration of

the microsomal content of cytochrome P-450 isoenzymes (Lam et al.,

1980; Sydor et al., 1984; Wattenberg, 1986), but to a greater extent

by elevation of hepatic and extra hepatic GST levels (Benson et al.,

1978, 1979; Sparnins & Wattenberg, 1981; Pearson et al., 1983; Singh

et al., 1987b).

The protection that dietary BHA affords against the

neoplastic effects of BP may be partly due to the selective induction

of YbYb-type GST in mouse liver, particularly as mouse Yb2Yb2 may be

similar to rat Yb2Yb2, which has a high specific activity with epoxide

metabolites of BP (see Section 1.04g). BP is used extensively to

induce carcinogenesis in the forestomach and lung of mice, The liver

is not, however, a target organ for BP-induced neoplasia, and although
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GST activities have been shown to be elevated in the forestomach and

lung of mice fed with BHA (Benson et al., 1979; Sparnins & Wattenberg,

1981; Singh et al , 1987b), it is still unclear which isoenzymes are

induced in these organs.

It has been shown that, in rats, BHA-treatment protects

against hepatocarcinogenesis induced by aflatoxin Bi (Williams et al.,

1986). In rat liver, the Ya-, Ybi- and Yc-containing GST are induced

by BHA (Sato et al., 1984), whereas in mouse liver only the YbYb-type

GST are induced by BHA treatment. The significance and physiological

implications of this difference have not been established, but

differential effects of BHA between species have been shown with

regard to protection against the binding of aflatoxin Bi (AFBi)

metabolites to DNA (see below).

AFBi is a potent hepatotoxin (see Section 1.04g) and species

differences exist in susceptibility to hepatocarcinogenesis induced by

AFBi, with the rat being more sensitive than mouse. This is thought

to be related mainly to comparative rates of conjugation of AFBi-8,9-

epoxide with glutathione; mouse hepatic cytosol is more effective in

conjugating this compound with glutathione than rat hepatic cytosol

(O'Brien et al., 1983). It has been reported that, in rat, only the

Ya- and Yc-containing GST are active in the conjugation of AFBi-8,9-

epoxide with glutathione (Coles et. al., 1985). Although mechanisms of

detoxification may be different in rat and mouse, it is of particular

interest to note that, in the rat, treatment with BHA, which causes

elevation of the relevant Ya- and Yc-containing GST, significantly

increases the ability of hepatic cytosol to inhibit the binding of

reactive metabolites of AFBi with DNA, in vitro and in vivo (Lotlikar
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et al., 1984). This is in contrast to the effects of BHA on AFBi

metabolite-DNA binding in mice. A separate group of workers

(Rahimtula & Martin, 1984) have shown that, in mice, BHA treatment,

although causing a 6-fold increase in hepatic cytosolic GST activity

with CDNB, did not significantly increase the ability of the cytosol

to inhibit the binding of reactive metabolites of AFBi with DNA in

vitro. As has been shown in the present study, mouse YaYa is not

induced by BHA treatment and the differential induction between mouse

and rat, would thus appear to be of central physiological importance.

The basis for the difference between rates of AFBi-

8,9-epoxide conjugation with glutathione, in rat and mouse liver, is,

at present unknown, but it could be speculated that mouse YaYa may

either have a higher specific activity with AFBi-8,9-epoxide or be

present in basal concentrations greater than rat Ya- and Yc-containing

GST. The YfYf GST from rat does not have significant activity with

this substrate (Power e_t ed., 1987). The constitutive expression of

YfYf in male mice is therefore unlikely to contribute to the

difference between mice and rats in hepatic AFBi-8,9-epoxide

conjugating ability.

6.07d Physiological relevance of microsomal GST

The occurrence of high concentrations of microsomal GST in

the endoplasmic reticulum, which is the site of production of many

reactive metabolites, is unlikely to be incidental. It is feasible

that highly lipophilic metabolites could be directly conjugated with

GSH, by microsomal GST, at a site adjacent to their generation by

mixed function oxidases. Indeed, it is thought that a microsomal GST

may be active in the conjugation of GSH with benzo[a]pyrene-4,5-
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oxide, a mutagenic metabolite of benzo[a]pyrene (Morgenstern et al.,

1982b). Morgenstern & DePierre (1983) have shown that purified rat

microsomal GST has a low, but significant specific activity with this

substrate. In addition to this detoxification function, the

microsomal GST is likely to be involved in the protection of

microsomal and mitochondrial membranes against lipid peroxidation.

This GST has glutathione peroxidase activity towards cumene

hydroperoxide that can be stimulated by treatment with N-

ethylmaleimide and there is evidence that GST in the microsomal

fraction has a role in the prevention of lipid peroxidation (Burk,

1983; Tan et al., 1984; Morgenstern & DePierre, 1987).

Recently it has been demonstrated that the microsomal GST is

associated with mitochondrial pore-forming proteins, and that this GST

can be readily phosphorylated by protein kinases. This led to the

speculation that microsomal GST may be involved in the regulation of

mitochondrial pore activity (Krause et al., 1986; Ohlendieck et al.,

1986).

The finding that hematin is a potent inhibitor of NEM-

stimulated microsomal GST suggests that it may interact with haem in

vivo. Vander Jagt et al. (1985) have suggested that certain human

hepatic cytosolic GST have a unique binding site for haem, which is

separate from a bilirubin binding site and the active site. It has

been previously reported that preparations of ligandin (probably

comprising mixtures of YaYa/YaYc), isolated from rat liver, may be

involved in the intracellular transport of haem from mitochondria

(the site of haem synthesis) to extracellular organelles like the

endoplasmic reticulum (Husby et al.,1981). Ligandin has been shown

to enhance the rate of release of Co-deuteroporphyrin (a model

297



compound for haera) from coupled mitochondria. It is thought that

ligandin crosses the outer mitochondrial membrane and interacts with

haem, thereby facilitating its release from mitochondria. It is

proposed that ligandin would then be involved with transport of haem

to the extra-mitochondrial organelles. In addition to the

involvement of ligandin in haem transport, the Yb-containing GST

from rat liver have also been implicated in the transfer of newly

synthesised haem from the mitochondria to apocytochrome bs in the

endoplasmic reticulum (Senjo et al., 1985).

The microsomal GST is present in high levels in the outer

mitochondrial membrane (Morgenstern et al., 1984) and the fact that

this GST is associated with the outer mitochondrial membrane-pore

forming proteins, which are localized at points of contact between the

inner and outer mitochondrial membrane (Krause et. al., 1986;

Ohlendieck et al., 1986), means that it is therefore feasible that the

microsomal GST may also in some way be involved in haem transport. It

is possible that the mirosomal GST interacts with either haem or the

haem/cytosolic GST complex. In vivo activation mechanisms may

stimulate haem interaction.

The finding that cholic acid stimulates microsomal GST

activity may also be of physiological importance. It could be

predicted that, if bile acid levels were to rise in the liver (e.g.

during cholestasis), the activity of the microsomal GST may be

enhanced, where levels of certain cytosolic GST may be inhibited,

because at concentrations of cholic acid (up to 5mM) where human

microsomal GST activity is increased, the human "basic" cytosolic

isoenzymes are inhibited (Stockman et al., 1987). The stimulation
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of microsomal GST activity by cholic acid may therefore provide a

"back up" system to protect against the toxicity of the increased

levels of electrophilic compounds, which may be present due to

inhibiton of cytosolic GST.

It seems likely that microsomal GST has multiple cellular

functions, which are to the benefit of the organism. However, there

is evidence that a microsomal GST is also involved in the toxicity

of certain compounds, which include the potent nephrotoxin,

hexachloro-l,3-butadiene (HCBD) (Wolf et al., 1984), The proposed

mechanism for nephrotoxicity is described in Section 1.05. The

initial reaction involves the conjugation of HCBD with GSH, and Wolf

et al. (1984) have reported that hepatic microsomal preparations

from rat have a significantly higher specific activity with HCBD

than liver cytosols. The identity of the HCBD-conjugating enzyme was

unknown, but during this thesis it has been shown that the

microsome-specific GST, purified from human and rat liver, has

significant conjugating activity with this substrate. Furthermore,

it was the only transferase detected in microsomes, with activity for

HCBD, so it would appear that this GST plays a significant role in

the nephrotoxicity of this compound.

The microsomal GST purified during this thesis may

therefore, also, be indirectly responsible for the nephrotoxicity of

other haloalkenes Both chlorotrifluoroethylene and

tetrafluoroethylene are conjugated with GSH, and the specific activity

of hepatic microsomes from rat, for both substrates, is higher than

that of cytosol (Dohn & Anders, 1982; Odum & Green, 1984). It is

thought that, like HCBD, the mechanism of nephrotoxicity for these
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compounds, is also mediated by the action of cysteine-conjugate fJ-

lyase on the cysteine conjugate formed during mercapturic acid

biosynthesis.

It has not been firmly established if the microsomal GST

purified during this thesis is the sole hepatic microsomal form

responsible for transferase activity. During purification, apart from

small amounts of cytosolic-type GST, which have become associated with

microsomes, it is the only detectable GST with activity towards CDNB

and HCBD. However, as not all GST may be active with these substrates,

and as Triton X-100 could cause complete inhibition of an. as yet,

undiscovered GST, the possibility of the existence of additional

microsome-specific forms cannot be excluded. A particle-bound GST

which is involved in leukotriene C4 (LTC4) biosynthesis has been

reported to be present in rat basophil leukaemia cells (BLC) (Bach et

al., 1984) and does not appear to correspond to the form originally

described by Morgenstern et al. (1982a) and purified during this

thesis. The form described from BLC was shown to have no activity

with CDNB and DCNB but had LTC4 synthetase activity in the presence of

Triton X-100. LTC4 synthetase activity was also found in rat liver

microsomes, but this activity was shown to be inhibited by Triton X-

100. The two forms appeared to be distinct, and the liver-specific

form also appeared to be distinct from the microsomal GST described by

Morgenstern et al. (1982a). The finding that hepatic microsomal LTC4

synthetase activity is inhibited by Triton X-100, suggests that this

may be a novel liver microsomal GST which is as yet uncharacterized.
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6.08 Interspecies relationships between GST isoenzymes

6.08a Comparisons between mouse and rat Yb-containing GST

The major Yb-containing GST from rat liver have been

reported to be either homo- or hetero-dimers, comprising Ybi or Yb2

subunits (Beale et al., 1983; Hayes, 1983). Each subunit has

characteristic specific activities for certain substrates, and

designations of isoenzymes as homo- or hetero-dimers, have been made on

this basis (Mannervik & Jensson, 1982). In the present study, mouse

Ybi and Yb2 subunits have been classified partly on the basis of the

relationships of specific activities with those of the rat. In

addition, substrate specificities have been used to predict the

existence of an heterodimer in mouse liver, YbiYb2. The

distinguishing substrates used were l,2-dichloro-4-nitrobenzene (DCNB)

and trans-4-phenyl-3-buten-2-one (tPBO). In the rat, YbiYbi has a

high specific activity for DCNB and a relatively low activity for

tPBO. The heterodimer has intermediate activities for both substrates

(Hayes, 1983, 1984). In the mouse, the putative YbiYb2 isoenzyme also

has intermediate activities for both substrates. Although values for

the mouse and rat isoenzymes are not identical, the same trend exists

for their specific activities towards the discriminating substrates

(Table 6.07).
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Table 6.07 Specific activities of mouse and rat Ybi- and Yb2-

containing GST

Specific activity (umol/min/mg)*

GST DCNB tPBO CDNB

Mouse YbiYbi 13.9 0.03 179

Mouse YbiYbz 5.2 0.21 95

Mouse YbzYbz 0.1 0.44 12

Rat YbiYbi 10.7 0.2 186

Rat YbiYbz 4.2 2.2 112

Rat YbzYbz 0.1 3.0 34

Abbreviations: DCNB,1,2-dichloro-4-nitrobenzene; CDNB, l-chloro-2,4-

dinitrobenzene; tPBO, trans-4-phenyl-3-buten-2-one.

*Data for rat GST from Hayes (1984).

The isoelectric points of rat YbiYbi (pi 8.4), rat YbiYb2

(pi 8.1) and rat YbzYbz (pi 6.9) (Alin et al., 1985b) are similar to

the corresponding mouse isoenzymes, described in this thesis, with

mouse YbiYbi, YbiYbz and YbzYbz, having pi values of 8.2, 7.6 and 7.1,

respectively.

SDS/PAGE analysis in 12% (w/v) polyacrylamide resolving

gels showed that mouse Ybi and Ybz subunits have slightly different

Mr values, with Ybz (Mr 26 300) having a marginally lower molecular

mass than Ybi (Mr 26 400). In rat, these subunits are not

resolved tinder the same conditions, with both subunits having an

apparent Mr of 26 300. However, when rat Ybi- and Ybz-containing

GST are subjected to SDS/PAGE, in a resolving gel which comprises a
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gradient of 15-35% polyacrylamide, the Yb2 subunit migrates

marginally further than the Ybi subunit (Beale et al., 1983). This

is in accord with the findings for the corresponding mouse GST,

separated in a uniform polyacrylamide slab gel. Furthermore,

molecular mass values have been calculated for Ybi and Yb2 subunits

in the rat, from full length cDNA clones (Ding et al., 1985, 1986)

and although both Ybi and Yb2 comprise the same number of amino

acids, the molecular mass for Yb2 (Mr 25 705) is slightly lower than

that of Ybi (Mr 25 919).

The amino acid sequences deduced from these clones can be

used to make comparisons with the N-terminal amino acid sequences

obtained for mouse Ybi and Yb2. Table 6.08 shows N-terminal amino

acid sequences for mouse Ybi and Yb2 and the sequences from

corresponding rat forms. The sequence of GT 8.7 and GT 9.3 (Pearson

et al., 1983) and of a recently cloned Yb-type GST, from rat brain,

which has been named Yb3 (Abramovitz & Listowsky, 1987), are included.

The percentage of N-terminal sequence homology, between the separate

forms, is shown in Table 6.09.

Mouse YbiYbi shares greatest sequence homology with rat

YbiYbi (92%), with only three substitutions in the first 38 residues,

thus substantiating the belief that these are closely similar

proteins. There is greater divergence between rat Ybi and rat Yb2

subunits, with the percentage similarity between the two N-terminal

sequences being 74% (over the first 38 residues). This is also

reflected in the comparison between mouse YbiYbi and rat Yb2Yb2 where

sequence homology is only 68%. When comparing N-terminal sequences,

the relationship between mouse Yb2Yb2 and the other forms is less
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Table 6.08 Nf-Terminal amino acid sequences of Yb subunits from

mouse and rat

esidue Mouse Mouse Rat° Ratb Ratc GT 9.3d GT 8.'

YbiYbi YbzYbz YbiYb i Yb2Yh>2 YbsYba

(1) Met
1 Pro ND Pro Pro Pro Pro Pro

2 Met Met Met Met Met Met Met

3 lie ND lie Thr Thr Thr lie

4 Leu Leu Leu Leu Leu Leu Leu

5 Gly ND Gly Gly Gly Gly Gly
6 Tyr Tyr Tyr Tyr Tyr Tyr Tyr
7 Trp Trp Trp Trp Trp Trp ND

8 Asn Asx Asn Asp Asp Asn Asn

9 Val lie Val He lie Thr Val

10 Arg Arg Arg Arg Arg Arg Arg
11 Gly Gly Gly Gly Gly Gly Gly
12 Leu Leu Leu Leu Leu Leu Leu

13 Thr Ala Thr Ala Ala Thr ND

14 His His His His His His His

15 Pro ND Pro Ala Ala Ser Pro

16 He lie He lie lie lie lie

17 Arg Arg Arg Arg Arg Arg Arg
18 Met Leu Leu Leu Leu Leu Met

19 Leu Leu Leu Phe Leu Leu Leu

20 Leu Leu Leu Leu Leu Leu Leu

21 Glu Glu Glu Glu Glu Glu Glu

22 Tyr Tyr Tyr Tyr Tyr Tyr Tyr
23 Thr Thr Thr Thr Thr Thr ND

24 Asp Asp Asp Asp Asp Asp
25 Ser Ser Thr Ser Ser ND

26 Ser Ser Ser Ser Ser ND

27 Tyr Tyr Tyr Tyr Tyr Tyr
28 Asp Glu Glu Glu Glu Asn

29 Glu Glu Asp Glu Glu Glu

30 Lys Lys Lys Lys Lys Lys
31 Arg Arg Lys Arg Arg ND

32 Tyr Tyr Tyr Tyr Tyr Tyr
33 Phe Ala Ser Thr Val ND

34 Met Met Met Met Met Met

35 Gly Gly Gly Gly Gly Gly
36 Asp Asp Asp Asp Asp Asp
37 Ala Ala Ala Ala Ala Ala

38 Pro Pro Pro Pro Pro Pro

Abbreviation : ND, not determined
a Data from Ding et al. (1985)
b Data from Ding et al. (1986)
c Data from Abramovitz & Listowsky (1987)
d Data from Pearson et al. (1983)
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Table6-09 GST

SimilaritiesbetweenYbYbGSTfrommouseandrat N-TerminalaminoacidsequencehomologywithGST(%)
MouseYb^Yb^MouseYb^Yb^RatYb^Yb^RatYb^Yb^RatYb^Yb^GT9.3GT8.7

MouseYb1Yb1-839268798497 MouseYb2Yb288"89941009187 RatYbYb9289-74849093 RatYbYb^689474-877974 RatYb3Yb3791008487-8881 GT9.38491907988-84 GT8.7978793748184



clear. This GST has a more closely similar N-terminal sequence to rat

Yb2Yb2 and rat Yb3Yb3 and in fact, appears to be identical to rat

YbsYb3. However, interpretation of data from the limited amount of

sequence available for mouse YbaYba is likely to give extremely

misleading results, as only 18 out of the first 23 residues were

positively identified. If only the first 23 residues are considered,

when comparing rat YbaYba and rat YbsYb3, the similarity between the

two GST is 96%, as there is only one difference in these first 23

residues. The significance of the identity of mouse YbzYb2 with rat

YbsYbs is therefore highly doubtful, and until more sequence

information is available for mouse YbsYbz, it shall remain classified

as such, on the basis of other shared physical characteristics with

rat YbzYbz. For the short sequence available, mouse Yb2Yb2 is 94%

homologous with rat Yb2Ybs; there is only one amino acid

substitution.

In considering only forms where more substantial N-terminal

sequence information is available, it is interesting to note that rat

YbsYbs has a more similar N-terminal sequence to GT 9.3 from mouse,

than any of the other rat or mouse forms. It is recognized that this

does not provide sufficient evidence for classifying GT 9.3 and rat

Yb3Yb3 as mouse and rat GST counterparts, and until rat YbsYb3 is

characterized at a protein level and GT 9.3 (named in this thesis as

mouse YbsYba) is further investigated, their association must remain

speculative.

A Yb-containing GST with physical characteristics similar to

mouse Yb3Yb3 has not been described in rat. Nor does mouse Yb*Yb*

show any obvious similarities with previously described forms. It is,
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however, recognized that, in addition to Ybi and Yt>2 subunits, there

is at least one, and probably more, Yb-type subunit expressed in rat

liver (Hayes & Chalmers, 1983; Tu & Reddy, 1985; Hayes & Mantle,

1986c; Tu et al., 1987) and that there are multiple genes in rat

coding for Yb-type polypeptides (Tu et al., 1987). As GST are subject

to tissue-specific expression (Hayes & Mantle, 1986b; Pemble et al.,

1986, 1987), it is probable that there are several, uncharacterized

YbYb GST expressed in extra-hepatic rat tissue, which may contain

subunits comparable with mouse Yb3 and Yb*. It is unclear at this

stage, if Yb*Yb* is an hetero- or homo-dimer, hence the designation of

x, for the subclassification.

The existence of a Yn subunit, which migrates between the Ya

and Yb subunit on SDS/PAGE in 12% (w/v) resolving gels (Cbio 2.6%),

has previously been described in rat liver (Hayes & Chalmers, 1983;

Hayes, 1984). A protein containing subunits with a similar

electrophoretic mobility has been isolated from rat testis (Hayes,

1984; Guthenberg et al., 1985a) and rat brain (Li et al., 1986). The

Yn subunit is thought to belong to the same gene family as the Yb

subunits, and may hybridize with either Ybi or Yb2 (Hayes, 1984). Two

types of Yn subunit, both with a molecular mass of 26 000, have been

described in rat testis. These subunits, named Ym and Ym, which have

pi values of 6.2 and 5.4 respectively, hybridize to form the major GST

in rat testis (Ishikawa et al., 1987). This group of workers have

shown that only the Ynt subunit has significant activity with either

CDNB or DCNB. It is reasonable to speculate that, the YbiYn GST,

purified from mouse liver, contains the Ym subunit, rather than Ym,

as the specific activity of mouse liver YbiYn for both these

substrates, is higher than the mouse YbiYb2 heterodimer. This result
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infers that in the YbiYn heterodimer, the Yn subunit contributes

significant catalytic activity towards CDNB and DCNB. The Yn subunit

would appear to have an acidic isoelectric point in both mouse and

rat.

There is evidence, based on the separation of an affinity

purified GST isoenzyme mixture by SDS/PAGE, that the Yn subunit is

also expressed in mouse testis (Hayes et al., 1987a). Moreover, Lee

(1982) has reported the; presence of an acidic GST in mouse testis

which is immunologically related to Yb. The relationship between this

mouse testicular transferase and the Yn subunit from mouse liver

remains to be established.

6.08b Relationship of mouse YaYa and YfYf with corresponding GST

from other species

Both mouse YaYa and mouse YfYf have subunit Mr values,

immunological properties and several catalytic characteristics, which

are closely similar to analagous GST in rat, but not all properties

are conserved between species.

Mouse Ya (Mr 25 800) has a marginally slower electrophoretic

mobility on SDS/PAGE than rat Ya (Mr 25 500) and the isoelectric point

of >9.2 for mouse YaYa, is slightly lower than that quoted for rat

YaYa (pi 10.0) (Hayes & Mantle, 1986c; Becket & Hayes, 1987; Hayes et

al., 1987a). The human "basic" GST, BiBi and B2B2, both have a

subunit Mr value of 25 900, which is almost identical to mouse Ya, and

the pi values are quoted as being 8.9 for B1B1 and 8.4 for B2B2

(Stockman et al., 1985; Hayes & Mantle. 1986c). The biochemical

features of the Ya subunit thus appear to be conserved within these

species.
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Isoenzymes comprising Yf subunits have almost identical Mr

values (Mr 24 800) in mouse, rat and man, but isoelectric points show

marked differences. Rat YfYf has a pi value of 6.7-6.9, whereas human

YfYf has a pi value of 4.5-4.8 (Guthenberg & Mannervik, 1981; Dao et

al., 1984; Satoh et al., 1985; Becket & Hayes, 1987). In contrast to

the acidic nature of YfYf in these species, mouse YfYf is basic and

has a pi value of 8.6 (Hayes et al., 1987a). The amino acid sequence

of human placental YfYf, deduced from a cDNA clone, has recently been

reported (Kano et al., 1987). This sequence was compared with that of

the corresponding rat enzyme. A high degree of amino acid sequence

homology was observed between the two forms (86%), and the difference

in pi values between human YfYf and rat YfYf is accounted for by the

amino acid substitutions. The more acidic human YfYf has a greater

number of neutral and acidic amino acids than rat YfYf, which has a

higher proportion of basic amino acids.

Table 6.10 shows a comparison between catalytic activities

of YaYa and YfYf from mouse, rat and man. Positive trends for

activity with cumene hydroperoxide and ethacrynic acid for YaYa and

YfYf respectively, exist between the species, but the values obtained

are not identical. Mouse YaYa has a significantly higher specific

activity with cumene hj'droperoxide than rat YaYa, but it is notable

that, in rat liver, it is the Yc subunit which has the highest

activity with cumene hydroperoxide (Mannervik & Jensson, 1982) and

this subunit type appears to be absent in mouse liver. In contrast to

rat YaYa, mouse YaYa does not possess significant A5-3-ketosteroid

isomerase activity (Hayes et al., 1987a). Furthermore, mouse YaYa has

a relatively low activity with CDNB, compared with YaYa from the other

species. All forms of YfYf have a specific activity with ethacrynic
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Table6.10

ComparisonofcatalyticpropertiesofGSTisoenzymesfromseparatespecies
SubstrateSpecificactivity(^mol/min/mg) abccadc

MouseYaYaRatYaYaHumanYaYaHumanYaYaMouseYfYfRatYfYfHumanYfYf (BlV(B2B2»

CDNB

15.1

96

82

80

76

20212

DCNB

0.1

0.1

0.3

0.8

0.1

Nil0.1

Ethacrynicacid

0.1

0.4

0.1

0.2

3.7

4.01.2

Cumenehydroperoxide
12.7

3.6

31

104

0.2

0.010.1

5

A -Androstene-3,17- dione

Nil*

2.4

ND

ND

0.2*

NilND

Abbreviations
i:ND,
notdetermined;

CDNB,

l-chloro-2,4-dinitrobenzene;DCNB,
1,2-dichloro-4-

nitrobenzene
a Unlessotherwiseindicated,datafromMcLellan&Hayes(1987)

fc>*

DatafromHayesetal.(1987a)
C DatafromStockmanetal.(1987) ^ DatafromMeyeretal.(1985)



acid which is of a similar order of magnitude, and, within the forms

under consideration, are the only GST isoenzymes with significant

activity for this substrate.

The tissue-specific distribution of the cytosolic

isoenzymes, particularly with regard to the YbYb- and YfYf-containing

GST. appears to vary between species. The Ya subunit has been reported

to be expressed in the livers and kidneys of rat, mouse and human

(Hayes & Mantle, 1986b; Faulder et al., 1987; Hayes et al., 1987a;

Tateoka et al., 1987). This subunit may also be present, in low

levels, in mouse and human lung, but it seems to be absent in rat lung

(Fryer et al., 1986; Hayes & Mantle, 1986c; Hayes et al., 1987a).

GST YfYf is normally specifically associated with the

lungs, erythrocytes and placenta in man (Marcus et al., 1978; Dao et

al., 1984), but occasionally, low levels have been detected in the

liver (Koskelo & Valmet, 1980; Hussey et al., 1986). It is unclear,

as yet, if this represents a sex-specific expression, since few

specimens have been systematically studied. Extra-hepatic

distribution of this isoenzyme has not been completely elucidated in

human, and more is known about the corresponding rat GST. The YfYf

dimer is not normally detected in rat liver, but it is present in

several extra-hepatic organs, including lung and kidney (Hayes &

Mantle, 1986b). In contrast, this isoenzyme, which is constitutively

expressed in male mouse liver, does not appear to be present in

significant levels in lung or kidney from male mice (Hayes et al.,

1987a). Immunohistochemical studies have shown that, in rat kidney,

YfYf is located at the proximal tubules, but in mouse kidney, where

YfYf is not expressed, it is YbYb-type GST (which cross-react with
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antisera raised against rat YbiYbi), which are associated with the

proximal tubules (Boyce et al., 1987). GST containing Ybi subunits

are not expressed at a significant level in rat kidney (Guthenberg et

al., 1985b; Hayes & Mantle, 1986b). The basis for, and the

physiological consequences of the species-variable, tissue-specific

expression is unknown.

6.08c Relationship between microsomal GST from separate species

During the present study, the properties between rat, mouse

and human microsomal GST have been shown to be highly conserved.

Microsomal GST activity towards CDNB from each species can be

activated by treatment with NEM, and the apparent Mr values for the

three species are closely similar (Mr 17 300). Both rat and human

microsomal GST possess glutathione peroxidase activity towards cumene

hydroperoxide that can be stimulated by NEM-treatment, and both

enzymes have significant activity with hexachloro-l,3-butadiene.

Mouse liver microsomal GST has not been purified and characterized.

However, subsequent to the work carried out in this thesis, Mannervik

et al. (1987) reported that purified mouse microsomal GST is very

similar to rat microsomal GST in all essential structural and

catalytic properties. These workers provided no experimental or

biochemical details describing their purified preparations.

The effects of BHA on the induction of microsomal GST in

mouse liver, were not investigated in the present study. However,

Morgenstern & Dock (1982) showed that levels of NEM-stimulated GST

activity in liver microsomes from both mouse and rat, were increased

after feeding animals with a BHA-containing diet. The elevation of

GST activity in mouse microsomes, after treating animals with BHA, was
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more pronounced than that of rat, and the data suggests that, in

mouse, it is an increase in the microsome-specific GST, rather than

increased levels of cytosolic GST contamination, that is responsible

for the increased levels of activity. Whether this is also true for

rat was less clear and more unlikely, but it is notable that, in rat,

no inducers of the microsomal GST have yet been described (Morgenstern

et al., 1980; Morgenstern & DePierre, 1985). The effects of inducing

agents, other than BHA, on the mouse microsome-specific GST, have not

been determined.

The selective induction of microsomal GST in mouse, as

opposed to rat, is likely to be of physiological importance, if the

assumption is made that trends for specific biological activity are

conserved between the two species. In rat liver, the Ya and Yc

subunits are responsible for the majority of the selenium-independent

glutathione peroxidase activity (Mannervik & Jensson, 1982). In the

rat, the Ya, Ybi and Yc subunits are induced by BHA (Sato et al.,

1984). However in mouse liver, the Ya/Yc-containing forms are not

induced by BHA-treatment. It is, therefore, an interesting hypothesis

that the induction of microsomal GST in mouse liver compensates for

the lack of induction of the Ya subunit; the microsomal GST is known

to possess glutathione peroxidase activity (with cumene hydroperoxide

as a substrate) and this activity can be stimulated by treatment with

NEM.

The protective nature of BHA against chemically induced

carcinogenesis in mice, has largely been attributed to the elevation

of cytosolic GST activity. It is possible that the induction of

microsomal GST may contribute to the protective nature of this
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compound. In this context, it must be noted that BHA increases mouse

hepatic cytosolic GST activities to a much greater extent than rat GST

(Benson et al., 1S78) and this makes interpretation of data more

difficult since cytosolic GST partition into the microsomal

fraction.The effeots of BHA-treatment on mouse microsomal GST remain

to be determined on a quantitive basis, either at a protein level, by

immunological methods, or at a mRNA level, using cDNA probes.

The sub-cellular and tissue distribution of microsomal GST

has been examined in the rat (Morgenstern et al., 1984). This enzyme

is found to predominate in the liver and is localized mainly in the

outer mitochondrial membrane and in the microsomes. The organ-

specific distribution of microsomal GST has not been determined in

human. However, immunohistochemical methods have shown that, in human

hepatocellular carcinoma, levels of microsomal GST decrease

considerably and the enzyme is undetectable in malignant hepatocytes

(Dr. P.C. Hayes, personal communication). Hayes et al. (1987c) have

also shown that human "basic" GST is diminished in human

hepatocellular carcinoma, but is present in benign liver tumours. It

has yet to be established if levels of microsomal GST are altered in

human pre-neoplastic foci or differentiated adenomas. This is

currently under investigation by Dr. P.C. Hayes and his colleagues who

are also investigating the organ-specific localization of this GST in

normal human tissue. Those immunohistochemical studies which are

underway, all utilize the antisera raised during this thesis.

The levels of expression of rat microsomal GST in pre¬

neoplastic and malignant tissue from this species have not yet been

examined.
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6.09 The biological value of glutathione S-transferases : Their

role in natural selection and cellular resistance to toxic

insult

6.09a Distribution of GST

Glutathione (and/or homoglutathione) is present in all

eukaryotic cells and in a great many aerobic prokaryotes (Mannervik,

1986). Likewise, GST isoenzymes have been shown to be present in

almost every oxygen-utilizing organism ranging from E.coli to human

(Cohen et al., 1964; Grover & Sims, 1964; Shishido, 1981; Mozer et

aJL., 1983; Morgenstern et al., 1984; Mannervik, 1985). It is thought

that this group of enzymes plays a pivotal role in the detoxification

of products of oxygen metabolism and of reactive intermediates of

xenobiotic metabolism (Chasseaud, 1979; Mannervik, 1986).

Little is known about the evolution of GST, but different

species show varying patterns in the distribution of cytosolic GST

isoenzymes (Hayes & Mantle, 1986c; J.D.Hayes, unpublished

information) and although the separate GST isoenzymes are thought to

have different biological roles, the significance of species- and

organ-specific variation is unknown. Expression of GST at high levels

is likely to confer a cellular advantage, and the effects of elevated

cellular concentrations of GST will be discussed.

6.09b The effects of elevated cellular GST levels

The induction of GST, in rodents, by compounds like BHA and

related phenols, is thought to be positively related to subsequent

resistance of the animal to develop chemically-initiated focal nodules

and tumours of target organs (Rahimtula et al., 1982). The protection

of the whole animal towards xenobiotic insult by the elevation of GST
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levels and modulation of the levels of other drug metabolizing

enzymes, can also be seen at a cellular level when the response of

normal cells to chemical carcinogens is examined.

The progression to carcinogenesis from cells which have

been "initiated" by exposure to chemical carcinogens, involves

"cellular evolution" to a new cell population (Farber, 1984b). The

events which precede malignancy, involve abnormal proliferation and

expansion of cells which have been initially altered by exposure to

chemical carcinogens. The initial cellulai' response to chemical

insult which causes the appearance of the non-malignant

pre-neoplastic nodules, is thought to be one which is physiological

and adaptive in nature, and it is postulated that the majority of

adapted cells will redifferentiate to a normal phenotype. In the

rare event of the altered, initiated cells acquiring the ability for

autonomous growth, progression to malignancy will probably occur.

One important feature which is shared by the majority of

initiated focal nodules, is a cellular alteration in xenobiotic

metabolism. Elevation of cytosolic GST, epoxide hydratase and UDP-

glucuronyltransferase levels, and a decrease in levels of several of

the mixed function oxygenases, is a common pattern of biochemical

change within carcinogen-initiated cells (Farber, 1984a). It is

thought that this adaptive response confers an advantage on the

altered cells that allows them to continue to grow in the hazardous

environment which is detrimental to surrounding, unchanged cells.

This response can be likened to an inter-organism natural selection

procedure, with elevation of GST (and other phase II drug metabolizing

enzymes) and the lowering of cytochrome P-450 levels, which together
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will decrease intracellular levels of toxic metabolites, being a

driving force in selection for cell survival.

An analogy can be drawn with this cellular natural selection

in initiation of carcinogenesis, and the phenomenon of acquired drug

resistance of tumours. Cancer therapy with cytotoxic drugs is often

successful at the start of treatment, but the initially sensitive

tumour cells may acquire a resistance to the drug over a period of

time. This resistance is thought to be based, in part, on a non-

transient elevation of certain GST within the resistant tumour cells

(Wolf et al., 1987). These workers have shown that both Yf and Ya

subunits are elevated in a human cell line derived from a

chemotheraputic-agent-resistant ovarian adenocarcinoma, compared with

levels in a cell line derived from the same adenocarcinoma, before

resistance was acquired towards both cis-platinum and adriamycin.

Further examples of elevation of specific GST in drug resistance,

include a 100-fold increase of the Yf-subunit in the human breast

cancer cell line MCF7, when made resistant to adriamycin (Batist et

al., 1986) and a significant elevation of the Yc subunit in a Walker

256 rat breast carcinoma cell line made resistant to the nitrogen

mustard, chlorambucil (Clapper et al., 1987).

The mechanism of the immortalization of elevated GST levels

in drug resistant tumours, is unknown. Although in some ways it can be

likened to an induction or stress response, when animal tissue levels

of GST become elevated in response to xenobiotics, this induction

response is normally transient and levels will start to decrease

shortly after the stimulus is removed (Benson et al., 1978; Ding &

Pickett, 1985). As mentioned previously, levels of GST are elevated

317



in chemical carcinogen-initiated cells, but the cells can re-

differentiate and GST levels will return to normal. It is only in

rare instances that initiated cells will start to proliferate and

invade surrounding tissue. In this instance, and in the case of

acquired drug resistance, it is possible that, as a consequence of the

continued external stimulation produced by xenobiotics, there is an

additional natural selection process within altered, dividing cells.

The absence, or suppression of a feed back control mechanism for the

expression of GST could confer a further advantage, thus allowing the

selective growth of a population of cells which have immortalized

elevated levels of detoxification enzymes.

The patterns of GST isoenzyme expression in drug resistant

cells, do not appear to be consistent, and whether this is a

reflection of the tissue type from which the tumour originated, or the

subsequent treatment of the tumour, is unclear. Although human-

derived cell lines have been used in several instances for models of

drug resistance, animal cell lines and whole animal models are often

used in studies of drug action. This raises the question about the

interpretation of results from animal models and attempting to

extrapolate the response to the human, clinical, situation.

Recently, Adams et al. (1987) showed that administration of

the antiviral agent, interferon a/b, to female nude mice, caused a

significant induction of hepatic levels of the Yf subunit, indicating

that the Yf gene product may be important in the antiviral and

antitumour effects of interferon. The antitumour effects of interferon

tend to be more pronounced in animal models than in human (Mannering &

Deloria, 1986) and it is notable that, unlike in human, GST YfYf is
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constitutively expressed in mouse liver. Whether this has any bearing

on the differential responses of animal and human tumours to the

effects of interferon, is unknown, but it highlights the problems

encountered when extrapolating data from an animal response to the

human situation, as it appears highly likely that mechanisms for

control of certain GST may vary between species.

When mice are treated with sub-toxic doses of

cyclophosphamide, they become resistant to the lethal effects of a

subsequent higher dose (Millar et al., 1975). It is thought that this

resistance is partly due to increased levels of glutathione and GST in

granulocytes of the bone marrow (Adams et al., 1985). Using Western

blotting techniques, Wolf et al. (1987) demonstrated that increased

GST activity was due to the elevation of the Yb subunit and possibly a

small increase in levels of the Ya subunit.

In human, the Yb-containing GST is a polymorphic form with

approximately 40% of the population lacking this enzyme, (Warholm et

al., 1980, 1981) so, in any instance, selective induction of the Yb

subunit in an animal model is of particular interest. However, during

this thesis, it has been shown that, unlike the rat, in mouse, the Yb

subunits are selectively induced by BIIA-treatment. There is no strong

evidence available to suggest that, in mouse, the YaYa GST can be

induced by xenobiotics and it may be that the selective elevation of

Yb GST is the normal response in mouse to chemical insult, with

mechanisms for induction of the Ya subunit being unavailable. In

addition to this possibility, it is feasible that strain differences

may exist in responses to cytotoxic drugs and other xenobiotics, (see

Section 6.06), and until these mechanisms have been more thoroughly
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investigated in mouse, a speculation that the selective induction of

YbYb GST in mouse, reflects a similar response in other animals,

including human, cannot be made. The possibility that mice have an

unusual or unique mechanism for control of expression of GST, is

currently under investigation in this laboratory.
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Table 1. Levels of GST activity in hepatic cytosol from different strains and sexes of mouse

All analyses were performed in duplicate at 37 °C.

Specific activity (//mol-min '-mg ')

Ethacrynic Cumene
Strain Sex CDNB DCNB acid hydroperoxide

DBA/2 Male 14.1 0.10 0.12 1.04
Female 9.7 0.12 0.05 1.30

C3H/He Male 17.4 0.13 0.20 1.48
Female 8.9 0.12 0.03 1.66

C57BL6 Male 12.8 0.13 0.14 1.12
Female 7.1 0.10 0.04 1.50

20 mM-Tris/HCl, pH 7.8, containing 200mM-NaCl;
buffer B, 150 mM-Tris/HCl, pH 8.0; buffer C, 12 mM-
potassium phosphate, pH 7.0, containing 250 mM-
sucrose, 1 mM-GSH and 0.1 mM-EDTA; buffer D,
lOmM-sodium phosphate buffer, pH 6.7, containing
2-mercaptoethanol (2 mM).

Analytical
Enzyme assays. All enzyme assays were carried out at

37 °C. Assays for cytosolic GST, with l-chloro-2,4-
dinitrobenzene (CDNB) as substrate, were carried out
using a Cobas Fara centrifugal analyser essentially as
described by Hayes & Clarkson (1982). Assays for
microsomal GST, with CDNB as substrate, were

performed manually as described by Morgenstern et al.
(1980). Assays with either l,2-dichloro-4-nitrobenzene
(DCNB), ethacrynic acid or /t-nitrophenyl acetate as
substrates were performed as described by Habig &
Jakoby (1981). Selenium-independent glutathione per¬
oxidase activity for organic hydroperoxide was deter¬
mined by using the coupled assay system described by
Reddy et al. (1981).

Electrophoresis and immunoblotting. The methods used
have been described in previous publications from this
laboratory (Hayes & Mantle, 1986a).

Preparation of hepatic cytosols and microsomes
Ten mouse livers (10-18 g) from each strain and sex

were separately homogenized with 3 vol. of ice-cold buffer
A. Liver homogenates were centrifuged at 10000 g (4 °C)
for 20 min and the resulting supernatants were centri¬
fuged at 100000 g (4 °C) for 60 min. The 100000 g
supernatants were retained as the cytosolic fractions. In
each case, the sediment that could easily be loosened by
gentle agitation (using a rotary mixer) from the
glycogen, which had formed a pellet at the bottom of the
centrifuge tube, was retained as the microsomal fraction;
the glycogen pellet was discarded. The microsomes were
washed by re-suspending the protein sediment in approx.
10 vol. of ice-cold buffer B; the particulate material was
harvested by centrifugation. The washing procedure was
repeated and, following the third 100000g (4 °C)
centrifugation, the pellet was suspended in buffer C.

Enzyme purification
Cytosol preparations were dialysed at 4 °C for 18 h

against two changes of 2 litres of butter A before being
applied to columns of S-hexylglutathione-Sepharose 6B

(1.6 cm x 12 cm), equilibrated at 4 °C with the same
buffer. The affinity matrices were washed with buffer A
until all non-specifically bound material had been
removed. The eluate was monitored at 280 nm and, when
A2S0 was < 0.02, the GST were eluted with a solution ol
5 mM-S-hexylglutathione in buffer A. The GST-contain-
ing fractions were combined and the individual GST
isoenzymes were resolved using hydroxyapatite h.p.l.c.;
this was performed at 20 °C as described elsewhere
(Hayes et al., 1987).
Treatment of microsomes with /V-ethylmaleimide

Activation of microsomal GST activity towards

1 2 3 4 5 6 7 8

Fig. 1. Electrophoretic analysis of cytosol preparations fron
both sexes of three stains of mice

Cytosols from mouse livers (30 fig of protein each) were
analysed by SDS/PAGE by the method of Laemmli (1970)
using a 12% (w/v) resolving gel. The gel was loaded as
follows: lanes 1 and 8, rat lung GST isoenzyme mixture [Yf
(Mr 24800), Yb (Mr 26300) and Yc (Mr 27500)]; lane 2,
male DBA/2 hepatic cytosol; lane 3, female DBA/2
hepatic cytosol; lane 4, male C3H/He hepatic cytosol; lane
5, female C3H/He hepatic cytosol; lane 6, male C57BL6
hepatic cytosol; lane 7, female C57BL6 hepatic cytosol.
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Sex-specific constitutive expression of the pre-neoplastic marker
glutathione Y-transferase, YfYf, in mouse liver
Lesley I. McLELLAN and John D. HAYES
Jniversity Department of Clinical Chemistry, The Royal Infirmary, Edinburgh EH3 9YW, Scotland, U.K.

Hepatic glutathione S-transferase isoenzyme content has been investigated in both sexes of three inbred
strains of mice (DBA/2, C3H/He, C57BL6). A polypeptide (Mr 24 800), which is immunologically related
to Yf purified from rat lung, was found to be expressed as a major form in all male mouse livers but
represented only a minor enzyme form in female mouse liver. Glutathione S-transferases comprising
subunits with molecular masses of 25800 (Ya) or 26400 (Yb) were present in males and females of the three
strains under investigation. Cytosolic isoenzymes from all strains and sexes were purified to apparent
homogeneity and no significant inter-strain differences in the properties of the individual forms were
observed. In addition, no differences were detected in the microsomal glutathione S'-transferase content
of the different strains or sexes.

INTRODUCTION

The glutathione S-transferases (GST) catalyse the
:onjugation of reduced glutathione (GSH) with a large
aumber of electrophilic metabolites (Boyland &
Lhasseaud, 1969; Mannervik, 1985). Multiple GST
Forms have been described in the rat (Habig et al., 1974;
Hayes, 1984, 1986; Kitahara et al., 1984; Tu & Reddy,
1985; Guthenberg et al., 1985), the mouse (Lee et al.,

1981; Pearson et al., 1983; Warholm et al., 1986; Hayes
et al., 1987) and man (Awasthi et al., 1980; Stockman
et al., 1985). Both cytosolic and microsomal GST exist.
The cytosolic GST each comprise two subunits and the
nultiple forms that exist arise from dimeric combinations
af a limited number of subunits (Habig et al., 1976;
Mannervik & Jensson, 1982; Hayes & Chalmers, 1983;
Hayes, 1984, 1986; Meyer et al., 1984) that are thought
:o be the products of three gene families (Mannervik
et al., 1985; Li et al., 1986; Rothkopf et al., 1986). Rat
;ytosolic enzymes have been shown to be composed of
Yf (Mr 24800), Yk (Mr 25000), Ya (Mr 25500), Yn (Mr
26000), Yb (Mr 26300) and Yc (Mr 27500) polypeptides
Hayes, 1986; Hayes & Mantle, 1986ft). Microsomal GST
s distinct in that it is composed of three identical
aolypeptides (Mr 17 000) which have little or no similarity
:o cytosolic subunits (Morgenstern et al., 1985).

Several biological mechanisms exist that control the
expression of GST, but their significance is not
anderstood. Differences in hepatic GST activity have
seen observed in male and female rats (Kaplowitz et al.,
1975; Hales & Neims, 1976; Igarashi et al., 1985).
Normal rat liver, from either male or female, contains
significant levels of all subunits except Yf, but this subunit
s found in high concentrations in hepatic pre-neoplastic
rodules. Wide interest exists in the use of the Yf
nonomer as a tumour marker and it has variously been
•eferred to as Yp (Kitahara et al., 1984; Suguoka et al,
1985), P21 (Farber, 1984), or subunit 7 (Meyer et al.,
1985).

Cytosolic and microsomal GST from the mouse have

been studied in several laboratories; the physical
properties of the enzymes isolated by separate groups of
workers differ (Lee et al., 1981; Lee & McKinney, 1982;
Pearson et al., 1983; Morgenstern et al., 1984; Warholm
et al., 1986: Hayes et al., 1987). The reasons for the
lack of consistency of results from different research
groups are not clear, but they suggest that strain-specific
variations in mouse GST might occur. In this context,
Wheldrake et al. (1981) reported that inter-strain
variations exist in mouse liver GST activity and, in
recognition of this possibility, Warholm et al. (1986)
proposed a mouse GST nomenclature that incorporates
a strain designation. Alternatively, or in addition to
inter-strain variation, sex-specific expression of GST
isoenzymes could account for the apparently anomalous
results reported for the mouse enzymes.

In the present study, we have investigated sex and
strain differences associated with both cytosolic and
microsomal GST in mouse liver. We describe the
identification, purification and characterization of a GST
which is present as the major enzyme form in the livers
of male mice, but is essentially absent from the livers of
female mice.

EXPERIMENTAL PROCEDURES

Animals

Male and female mice of strains DBA/2, C3H/He and
C57BL6 were purchased from Bantin and Kingman,
Hull, U.K. The mice were fed ad libitum until killed at
13 weeks old. Livers were stored at —85 °C for 1 month
before use.

Chemicals

All chemicals were of analytical grade and readily
available commercially.
Buffers

These were prepared at 20 °C and pH values were
measured at the working temperature. Buffer A,

Abbreviations used: GST, glutathione S-transferase; CDNB, l-chloro-2,4-dinitrobenzene; DCNB, l,2-dichloro-4-nitrobenzene; PAGE,
olyacrylamide-gel electrophoresis.
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Fig. 2. SDS/PAGE and immunoblotting of purified hepatic isoenzyme mixtures from different strains and sexes of mouse

Mouse GST from liver cytosols ofeach strain and sex were purified by S-hexylglutathione-Sepharose 6B affinity chromatography
and the subunit content was analysed by SDS/PAGE in 12% polyacrylamide resolving gels. The gel was loaded with 4 /ig of
GST in each lane as follows: lanes 1 and 8, rat lung GST (Yf, Yb and Yc subunits); lane 2, male DBA/2 GST; lane 3, female
DBA/2 GST; lane 4, male C3H/He GST; lane 5, female C3H/He GST; lane 6, male C57BL6 GST; lane 7, female C57BL6
GST. Panel (a) shows the polyacrylamide gel stained with Coomassie Blue R250 for protein; panel (b) shows the immunoblot
developed with anti-Yf IgG. Lane 8 of the gel was omitted from the immunoblot.

ZDNB as substrate (Morgenstern et al., 1980) was
arried out by incubation of microsomes (2-3 mg of
>rotein/ml) with 2 mM-A-ethylmaleimide for 2 min at
oom temperature (20 °C). Treatment was terminated by
he addition of an equimolar amount of GSH and
eturning to 4 °C.

IESULTS

Table 1 shows the level of GST activity in the hepatic
ytosols from male and female mice of the strains
)BA/2, C3H/He and C57BL6 using a number of
lifferent substrates. In all strains specific activities
owards both ethacrynic acid and CDNB as substrates
re considerably higher in male mice than in females.
3ST activity for DCNB was similar in both sexes,
vhereas activity for cumene hydroperoxide was signifi-
antly higher in females than in males. The C3H/He
train appeared to possess greater GST activity for
7DNB and ethacrynic acid than either DBA/2 or
Z57BL6 mice. Moreover, C3H/He mice exhibited a
aarginally higher glutathione peroxidase activity (using
umene hydroperoxide as a substrate) than the other mice
tudied.

Analysis of the hepatic cytosolic protein from both
exes of the three strains by SDS/PAGE demonstrated
hat all the male mice contain a polypeptide of Mr about
4800. This apparently male-specific polypeptide co-
rigrated during SDS/PAGE with the Yf GST subunit
'btained from rat lung (Fig. 1).

The GST pools purified from the mouse livers by
i-hexylglutathione-Sepharose 6B were analysed by
DS/PAGE and immunoblotting using antisera raised
gainst rat cytosolic GST L (YaYa), GST A (YbjYbJ
nd GST H (YfYf). Fig. 2 demonstrates that, in all

strains, only male mouse liver contained the Yf subunit
in significant amounts. All strains and sexes contained
similar levels of Ya and Yb subunits (results not shown).

Isoelectric focusing of the purified GST mixtures

1 2 3 4 5 6 7 8
pH

8.45 - U" lJr '
8.15- —

7.35 —

6.85 -

6.55

5.85

5.20 -

4.55 -

3.5-

Fig. 3. Isoelectric focusing of purified hepatic GST from various
strains and both sexes of mouse

Analytical isoelectric focusing with a pH gradient of 3-10
was performed in thin-layer 4.85% (w/v) polyacrylamide
gel using a LKB Multiphor apparatus according to the
manufacturer's instructions. The gel was loaded with 25 /ig
of purified GST mixtures from each sex and strain and
protein pi markers. Loadings were as follows: lanes 1 and
8, marker proteins (pi values indicated); lane 2, male
DBA/2 GST; lane 3, female DBA/2 GST; lane 4, male
C3H/He GST; lane 5. female C3H/He GST; lane 6, male
C57BL6 GST; lane 7, female C57BL6 GST.
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Fig. 4. Use of hydroxyapatite h.p.l.c. to resolve mouse liver GST from males and females of the strain C3H/He
Portions (2 ml; 6.4 mg and 2.4 mg of protein for male and female, respectively) of affinity-purified GST were dialysed against
10 mM-sodium- phosphate buffer, pH 6.7, containing 2-mercaptoethanol (2 mM) before being subjected to chromatography on
Bio-Gel HPHT. GST were eluted from the hydroxyapatite at 0.5 ml/min with a linear gradient of 10-350 mM-sodium phosphate
with contained 2-mercaptoethanol (2 mM) and CaCl2 (0.4 mM). Protein peaks were detected by monitoring absorbance of the
eluate at 280 nm. The GST peaks that were eluted from 17 to 39 min were designated Pla, b and c, and those that were eluted
at 45 and 55 min were named PII and Pill respectively. Panels (a) and (b) show elution profiles of hepatic GST from male and
female C3H/He respectively. Panel (c) shows SDS/PAGE analyses of purified GST from male C3H/H3; lanes 1 and 7, rat
lung GST markers (Yf, Yb and Yc subunits); lane 2, Pla; lane 3, PIb; lane 4, Pic; lane 5, PII; lane 6, PIII.
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Table 2. Proportions of individual isoenzymes recovered from h.p.l.c.

403

Level of Yields of GST subunit types
GST as a from h..p.I.e. as a percentage Levels of Levels of

percentage of of total protein recovered Yf expressed Ya expressed
total cytosolic as a percentage of as a percentage of

Strain Sex protein Yf Ya Yb Ya + Yb Ya + Yb

DBA/2 Male 3.4 51 14 35 104 28
Female 1.4 15 37 48 18 44

C3H/He Male 4.0 70 10 20 228 34
Female 1.8 22 35 43 29 45

C57BL6 Male 3.8 52 18 30 110 37
Female 1.9 15 32 53 18 38

Table 3. Specific activities of the individual isoenzymes from both sexes of the strain C3H/He for a variety of substrates

Abbreviations: CDNB, l-chloro-2,4-dinitrobenzene; CH, cumene hydroperoxide; DCNB; l,2-dichloro-4-nitrobenzene; BSP,
bromosulphophthalein; EA, ethacrynic acid; pNPA, p-nitrophenyl acetate; ND, not detectable.

Specific activity (/unol • min 1 • mg x)

Sex GST fraction CDNB DCNB EA CH BSP pNPA

Male Purified isoenzyme mixture
applied to column

61.4 0.8 2.6 1.9 0.09 0.23

Pla (Yf) 75.4 0.1 3.7 0.2 ND 0.26
PIb (Yf) 85.2 ND 3.6 ND ND 0.23
Pic (Yf+Ye) 27.6 0.1 1.7 0.2 ND 0.06
PII (Ya) 15.1 0.1 0.1 12.7 0.01 0.01
PIII (Yb) 175.5 7.9 0.1 0.8 0.68 0.79

Female Purified isoenzyme mixture
applied to column

43.2 1.4 0.6 4.3 0.18 0.20

Pla (Yf) 78.5 0.1 3.2 0.1 ND 0.24
PIb (Yf) 77.9 ND 3.1 0.1 ND 0.24
Pic (Yf+Ye) 9.1 0.1 1.2 0.4 ND 0.07
PII (Ya) 12.2 0.1 0.1 13.9 0.01 ND
PIII (Yb) 171.3 7.0 0.3 0.8 0.69 0.75

Coefficient of 6% 11.4% 8.5% 7.6% 13.5%* 13.7%*
variation

* Coefficient of variation values are higher with BSP and pNPA than normally found in this laboratory owing to low specific
ictivities of mouse GST for these substrates.

revealed the existence of a band with pi 8.7 that
appeared to be a major protein in all male strains, but
only weakly represented in females (Fig. 3). It is highly
probable that this protein of pi 8.7 is the GST YfYf, since
previous work in this laboratory has shown that GST
YfYf from male LACA mice has a closely similar
isoelectric point (Hayes et al., 1987). The focusing gel
also showed that all the GST bands from the three
strains co-focused, indicating that all the GST in the
DBA/2, C3H/He and C57BL6 strains possess similar
isoelectric points.

To investigate sex-specific differences in mouse GST,
the individual isoenzymes were prepared. This was
ichieved by using hydroxyapatite h.p.l.c. and resulted in
:he resolution of three subunit types, Yf, Ya and Yb. The
Vf-containing GST was found to be the major enzyme in
nales of all strains investigated, but was only present as
i minor form in females. Fig. 4 shows h.p.l.c. traces from
rydroxyapatite chromatography of hepatic GST
soenzymes from males and females of the strain
73H/He. Peaks eluted between 17 and 39 min were
lamed Pla-c (since they are closely related; see below);

at 45 min, PII, and at 55 min, PIII. SDS/PAGE analysis
was carried out on all peaks from all strains and sexes.

In every case, Pla-c comprised Yf subunits with a
contaminating lower-Mr subunit in Pic, named Ye; Ye
may represent glyoxalase I subunits. PII comprised Ya
subunits and PIII Yb subunits. The retention time of

Table 4. GST activity of microsomes before and after treatment
with N-ethylmaleimide

Activity with CDNB
(/rmol ■ min-1 ■ mg-1)

Strain Sex Untreated Treated
Elevation of
GST activity

DBA/2 Male 0.247 0.592 0.345
Female 0.151 0.465 0.314

C3H/He Male 0.210 0.432 0.222
Female 0.131 0.341 0.210

C57BL6 Male 0.305 0.593 0.288
Female 0.173 0.344 0.171
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1 2 3 4 5 6 7

Fig. 5. Immunoblotting of microsomes from three strains of
mouse and both sexes, with antisera raised to rat
microsomal GST

Microsomes were prepared as described in the text and
150 fig of microsomal protein from each strain and sex was
subjected to SDS/PAGE (Laemmli, 1970) using a 15%
(w/v) polyacrylamide resolving gel before transfer to
nitrocellulose paper. Immunoblotting was performed as
described by Hayes & Mantle (1986a). The gel was loaded
as follows; lane 1, purified rat microsomal GST; lane 2,
male DBA/2 microsomes; lane 3, female DBA/2
microsomes; lane 4, male C3H/He microsomes; lane 5,
female C3H/He microsomes; lane 6, male C57BL6
microsomes; lane 7, female C57BL6 microsomes. The
arrow marks the position of rat microsomal GST.

GST YfYf varied between 17 and 39 min, but the
variability was not thought to reflect any covalent
differences in the YfYf forms that were eluted at various
positions, since individual YfYf peaks appeared to
interconvert when re-applied to hydroxyapatite. The
retention times for mouse YaYa and YbYb were 45 and
55 min respectively in all cases. The relative yields from
h.p.l.c. of the individual forms from all strains and sexes
are shown in Table 2.

Specific activities of peaks from hydroxyapatite
chromatography for all strains and sexes for a range of
electrophilic substrates were determined. Within strains,
peaks I, II and III all have distinct catalytic activities
(Table 3). Peaks la and lb are similar in specific
activities, whereas Ic has significantly lower levels of
activity, probably due to the presence of Ye that may
represent contamination by glyoxalase I. Between strains
and sexes, the catalytic properties of the individual peaks
show only minor differences.

Microsomal GST of the three strains and sexes were

examined for differences by treatment of microsomes
with A-ethylmaleimide (Table 4) and immunoblotting
with antisera raised against rat microsomal GST (Fig. 5).
No significant differences were observed in the micro¬
somal GST content between strains and sexes.

DISCUSSION

Cytosolic GST enzymes in the mouse have been studied
in several laboratories (Lee et al., 1981; Pearson et al.,
1983; Warholm et al., 1986; Hayes et al., 1987).
Microsomal GST in mouse liver have also been studied
(Lee & McKinney, 1982; Morgenstern et al., 1984).
Significant differences in the characteristics of individual
isoenzymes have been reported by the various groups. 11
is not known whether the apparently discrepant results
have a biological basis (sex or strain differences) or are
due to methodological differences. To investigate the
former possibility we have studied the hepatic GST ir
both sexes of three inbred strains of mice, DBA/2.
C3H/He and C57BL6.

We have demonstrated a major difference in the
content of the Yf GST subunit (Mr 24800) as between
male and female livers. Analysis of cytosolic GST by a
variety of techniques, including SDS/PAGE, immuno¬
blotting and hydroxyapatite h.p.l.c., showed that Yf was
conspicuous in males of all strains, but present in much
smaller amounts in females. This finding accounts for the
marked difference in the specific activities of hepatic
cytosol from male and female mice (Table 1). In addition
to the Yf subunit, polypeptides with molecular masses of
25800 (Ya) and 26400 (Yb) were identified in all strains
and sexes. Female mouse livers contained a slightly
greater concentration of Ya subunits than did male. This
difference may also be reflected in the greater glutathione
peroxidase II activity found in whole liver cytosols from
females (Table 1). Minor differences were found
in specific activities of cytosol between strains. Although
variations in the comparative yields of GST isoenzymes
were observed from the hydroxyapatite h.p.l.c. columns,
no detectable difference was perceived in either subunit
size, charge or catalytic properties between equivalent
GST from different strains. Our data, therefore, suggest
that the levels of GST subunits expressed in the liver vary
from strain to strain, but that the properties are
constant.

Comparisons between data from various laboratories
are fraught with difficulty as differences in the standards
used to calibrate analytical techniques give widely
different results (Hayes & Mantle, 19866). Moreover, it
is not always possible to use a correction factor to
identify unambiguously the GST forms described, since
some purification schemes are not comprehensive and do
not result in the isolation of all three subunit types.
However, we shall now briefly review our data in relation
to previous reports.

The individual forms resolved by hydroxyapatite
h.p.l.c. in this study (PI, YfYf; PII, YaYa; PIII, YbYb)
have subunit molecular masses of 24800, 25 800 and
26400, respectively, determined using GST purified from
rat lung as standards. The pi values for PI, PII and PIII
of 8.6, ^ 9.2 and 7.8-8.2, respectively, have been
determined previously (Hayes et al., 1987).

Warholm et al. (1986) used NMRI mice and
characterized three distinct isoenzyme forms with
subunit molecular mass and pi values in reasonable
accord with those described from male strains of mice in
this laboratory.

Pearson et al. (1983) characterized only two GST
forms from CD-I mice; these were designated according
to their pi values as GT 8.7 and GT 9.3. Both were
thought to be homodimers of equal size; a subunit Mr
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f 24000 was calculated. Since these workers used female
lice as the tissue source, it is unlikely that GT 8.7 or GT
.3 represent Yf subunits. Indeed, the amino acid
iquences deduced from cDNA encoding these poly-
eptides suggested that they both represent Yb-type
ubunits (Ding et al., 1985; Mannervik, 1985). It is likely
hat GST PIII corresponds to GT 8.7, since Pearson
t al. (1983) reported that GT 8.7 is expressed at much
reater levels than GT 9.3 in the livers of normal,
ntreated, mice; the latter enzyme is only detected in
ignificant amounts following treatment with
-butyl-4-hydroxyanisole.

Lee et al. (1981) described three major forms, FI, FII
nd Fill, from DBA/2 mice of which FI and FII were
eported to be charge isomers (pi values 6.5 and 8.2) with
ubunit molecular masses of 22000, whereas Fill was

eported to have a pi of 8.8 and a subunit molecular mass
f 27000. It would seem that FI and FII correspond to
jST comprising Yf-type subunits and Fill to the
rbYb-type GST, judging by their order of elution from
lydroxyapatite, mobility of subunits relative to each
ither on SDS/PAGE, and specific activity towards
rDNB as a substrate. Neither Lee et al. (1981) nor
'earson et al. (1983) appear to have described a
'aYa-type GST, but the fact that mouse YaYa has low
pecific activity towards CDNB as a substrate means that
! could easily have escaped detection.

Initial attempts by Lee & McKinney (1982) to isolate
unique GST from the microsomal fraction of mouse

ver were unsuccessful; these workers used male
JBA/2J mice. Later, Morgenstern et al. (1984) described
he presence of a specific microsomal GST that can be
ctivated by TV-ethylmaleimide treatment. Morgenstern
nd his colleagues used C57BL and NMR1 mice as tissue
ource. Our data show that DBA/2 as well as C3H/He
nd C57BL mice contain the microsomal A-ethylmale-
mide-activatable GST. This enzyme has a polypeptide
if Mr 17000 and is distinct from the cytosolic Ya-, Yb-
nd Yf-type subunits. The mouse therefore contains at
;ast four separate families of GST.
It has previously been shown in the rat that livers from

;males contain higher levels of the Ya subunit than do
aose of males (Hales & Neims, 1976; Igarashi et al.,
985). Likewise, in the mouse, we have found that livers
"om females contain marginally higher levels of the Ya
ubunit than do those of males (Table 2). Sex-specific
sgulation of the Yf subunit has not been described in
ats. The physiological implication of sex-specific
xpression of Yf in the mouse is unclear, but is likely to
e of pharmacological significance. Its existence in the
vers of male mice is of particular interest as this
ubunit, which is not normally expressed in rat liver, is
onspicuous in livers bearing pre-neoplastic foci and
odules, with particular localization in y-glutamyltrans-
eptidase-positive foci (Kitahara et al., 1984). Spontan-
ous hepatomas are known to occur with a much higher
-equency in inbred male mice than in females (Smith
t al., 1973). Whether the presence of YfYfin male mouse
ver is a consequence or cause of this phenomenon, or
lerely coincidental, remains to be determined.
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"haracterization of the basic glutathione iS-transferase B1 and B2
abunits from human liver

tul K. STOCKMAN, Lesley I. McLELLAN and John D. HAYES*
liversity of Edinburgh Department of Clinical Chemistry, The Royal Infirmary, Edinburgh EH3 9YW, Scotland, U.K.

The basic glutathione ^-transferases in human liver are composed of at least two immunochemically distinct
polypeptides, designated Bx and B2. These subunits exist as homodimers, but can hybridize to form the BXB2
heterodimer [Stockman, Beckett & Hayes (1985) Biochem. J. 227, 457-465]. Although these basic
glutathione S-transferases possess similar catalytic properties, the B2 subunit exhibits significantly greater
selenium-independent glutathione peroxidase activity than subunit Bx. The use of the ligands haematin,
tributyltin acetate and Bromosulphophthalein as inhibitors of l-chloro-2,4-dinitrobenzene-GSH-
conjugating activity clearly discriminate between the Bx and B2 subunits and should help facilitate their
identification. Peptide mapping experiments showed that Bx and B2 are structurally distinct, but related,
subunits; subunit Bx yielded 43 tryptic peptides, seven of which were unique, whereas subunit B2 yielded
40 tryptic peptides, four of which were unique.

JTRODUCTION

The cytosolic glutathione S-transferases (GSTs) are a
mplex supergene family of dimeric enzymes (Tu &
;ddy, 1985; Hayes, 1986; Rothkopf et al., 1986; Li
al., 1986; Ding et al., 1986) that provide the body with
veral protective mechanisms against toxic xenobiotics
mith et al., 1977; Chasseaud, 1979).
Like the cytosolic enzymes in the rat, the human GSTs
,ve been divided into three classes, which have been
signated basic, neutral and acidic (Awasthi et al., 1980;
arholm et al., 1983; Mannervik, 1985). The basic,
utral and acidic GST enzymes contain polypeptides
at not only are immunochemically related to the rat
t-, Yb- and Yf-type subunits but possess similar
abilities during SDS/polyacrylamide-gel electro-
loresis (Hayes & Mantle, 19866,c; Tu et al., 1986).
Kamisaka et al. (1975) originally described a purifica-
>n scheme for five basic GST forms (a, /?, y, 8 and e)
tm human liver, which differed in isoelectric point
I 7.8-8.8) but were indistinguishable by other criteria,
lese workers proposed that GST a-e were coded by a
lgle gene and that the multiple forms were generated

a post-synthetic modification (Jakoby & Habig,
80). We have since demonstrated that the basic human
patic GST enzymes contain two immunochemically
stinct subunits (Hayes et al., 1983; Stockman et al.,
85), designated Bx and B2; these have been shown to
bridize in vitro. The B1B1, B,B2 and B2B2 forms
obably correspond to GST e, 8 and y (Stockman et al.,
85). Some uncertainty surrounds the original identity
GST a-e (Stockman et al., 1985), and as a result of the
ilymorphism associated with these enzymes in man it
possible that further basic GST subunits exist (Hussey
al., 1986).
During the present study we have examined the
talytic and structural properties of GST BjBj, BXB2
d B2B2, to determine the significance of the immuno¬

chemical differences reported for the Bx and B2 GST
subunits. The data presented indicate that the inter-
individual differences in the isoenzyme composition of
basic GST will be reflected in inter-individual differences
in GST activities.

MATERIALS AND METHODS

Chemicals

These were all obtained commercially. Haematin,
Cibacron Blue, Bromosulphophthalein, lithocholic acid
3-sulphate and cholic acid were from Sigma Chemical
Co., Poole, Dorset, U.K. Cholic acid was purified before
use by recrystallization, three times, from ethanol.
Triethyltin bromide, tributyltin acetate and triphenyltin
chloride were purchased from ICN Biomedicals, K & K
Laboratories Division, Plainview, NY, U.S.A. S-
Hexylglutathione was synthesized by the method of
Vince et al. (1971). The A-hexylglutathione affinity
matrix was made by coupling the y-glutamyl moiety of
Y-hexylglutathione to epoxy-activated Sepharose 6B
(Mannervik & Guthenberg, 1981).

Analytical
The electrophoretic methods used have been described

previously (Stockman et al., 1985; Hayes & Mantle,
1986c).

The amino acid compositions were kindly determined
by Dr. R. P. Ambler, Department of Molecular Biology,
University of Edinburgh.

Tryptic peptide mapping experiments were carried out
on performic acid-oxidized protein by using methods
devised by Ambler (1963) and Ambler & Brown (1967).

The antibodies used during the present study, and the
immunization schedule by which they were obtained,
have been described previously (Hayes et al., 1983;
Beckett & Hayes, 1984).

Abbreviation used: GST, glutathione .S'-transferase.
' To whom correspondence should be addressed.
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Purification of hepatic GST
Human livers were obtained within 8 h of death, at

autopsy, from individuals (45-69 years old) who had
died from disease processes that did not involve the liver.

The basic enzymes, B^, B,B2 and B2B2, and the
neutral enzyme, GST ft, were isolated from human liver
cytosol by using standard chromatographic procedures
(Hayes et al., 1983, 1987; Stockman et al., 1985). A
summary of the purification strategy used is shown in
Scheme 1.

Purification of extrahepatic GST
An acidic class transferase, GST A, was isolated from

human lung by methods described elsewhere (Hayes
et al., 1987).

RESULTS

Polymorphism
The majority of the livers studied to date have been

found to contain large amounts of GST B,Bj and BjB^
Relatively few livers were found to express significant
amounts of GST B2B2; the liver from which this enzyme
was isolated provided a yield of about 3 mg of B2B2
protein per 100 g of tissue. As already noted by
Warholm et al. (1983) the neutral enzyme, GST fi, is
found in only about 60% of liver specimens.

Electrophoretic properties of human GST
Portions of the basic, neutral and acidic GST enzyme

were analysed by SDS/polyacrylamide-gel electro
phoresis and isoelectric focusing. The basic subunits, B
and B2, co-migrated during SDS/polyacrylamide-gt
electrophoresis as single bands that ran between the Y
(Mr 25 500) and Yb (Mr 26 300) monomers from rat livei
Both B, and B2 subunits have an apparent Mr of abou
26000. The subunits from GST // migrated between th
Yb (Mr 26300) and Yc (Mr 27500) monomers from th
rat; the neutral subunits have an Mr of 26700. Th
subunits from GST A co-migrated with the rat Y
monomer; the acidic subunit has an Mr of about 2480C

Isoelectric focusing of GST BjBj, B^ and B2B
revealed that these enzymes had pi values of 8.9, 8.75 am
8.4 respectively, whereas GST ft and A had pi values c
6.1 and 4.8 respectively. These data indicate that the GS'
enzymes obtained during the present study wer
homogeneous and closely similar to forms isolate*
previously in this laboratory from separate human live
specimens.
Substrate specificities of human GST

Table 1 lists the specific activity of each human live
enzyme for various GST substrates; also included fo
comparison are the values obtained for the acidi
transferase from human lung, GST A. All of the enzyme
studied were highly active with l-chloro-2,4-dinitro

Table 1. Specific activities of human GST enzymes

N.D. denotes values that were not determined (because of shortage of material).

Specific activity (//,:mol/min per mg at 37 °C)

Substrate GST . . . BjB, BiB2 B.,B2 A

1 -Chloro-2,4-dinitrobenzene 82 117 80 272 212
1,2-Dichloro-4-nitrobenzene 0.25 0.86 0.79 0 0.14
Ethacrynic acid 0.11 0.16 0.14 0.22 1.22

tra«v-4-Phenylbut-3-en-2-one 0 0 0 0.45 0.02
l,2-Epoxy-3-(p-nitrophenoxy)propane 0 0 0 N.D. 0.53
Cumene hydroperoxide 31 92 104 N.D. 0.11
p-Nitrophenyl acetate 0.66 0.97 0.24 N.D. 0.38
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■Table 2. Inhibition of human basic GST enzymes

The inhibition of GST activity was studied with 1 mM-l-chloro-2,4-dinitrobenzene and 2 mM-GSH as substrates at pH 6.5 and
37 °C. The I50 value is the concentration of inhibitor that decreased GST activity (under these conditions) to 50% (see, e.g.,
Hayes & Mantle, 1986a). Triethyltin bromide is listed first since it is the only compound tested that inhibited the B2 subunit
more than the Bj subunit.

i50 value (//.m)

Inhibitor GST . . . BjB; B^., B2B2

Triethyltin bromide
Tributyltin acetate
Triphenyltin chloride
Haematin
Cibacron Blue
S-Hexylglutathione
Bromosulphophthalein
Lithocholic acid 3-sulphate
Cholic acid

)enzene, but some enzyme forms exhibited little or no
letectable activity with other substrates. Of particular
nterest was the high glutathione peroxidase activity,
vith cumene hydroperoxide as substrate, of GST B^,
BjB2 and B2B2. The Bj and B2 subunits appear to possess
ignificantly different glutathione peroxidase II activities:
he B2 subunit exhibits a 3-fold greater activity for
:umene hydroperoxide than does the B, subunit. The
jasic enzymes were less active with l-chloro-2,4-
dinitrobenzene but more active with l,2-dichloro-4-
litrobenzene than were the other enzymes. By contrast,
GST /i was characterized by a high specific activity with
'ra«s-4-phenylbut-3-en-2-one but was inactive with
-l,2-dichloro-4-nitrobenzene. None of these enzymes
displayed a high specific activity with ethacrynic acid, the
property that is characteristic of GST A.

It should be noted that the hybrid basic GST, B^,
possessed a significantly greater specific activity for
substrates such as l-chloro-2,4-dinitrobenzene and
9-nitrophenyl acetate than did either of the homodimers,
6,Bj and B2B2.

Inhibition of basic GST activity
Table 2 shows the I50 results for the three basic GST

mzymes with a variety of inhibitors. The organometal
halides were the most potent of all the inhibitors, the
greatest inhibition being produced by tributyltin acetate.
GST BjBj, BjB., and B,B2 did not respond equally to the
jflects of each inhibitor. Small but significant differences
^up to 6-fold) in the degree of inhibition of GST BjB;
:ompared with GST B2B2 were found with cholic acid,
lithocholic acid 3-sulphate, S-hexylglutathione and
triphenyltin chloride. However, tributyltin acetate was at
least 1000 times more effective at inhibiting the activity
of GST B^j than that of GST B2B2. Haematin was
about 30 times more effective with GST B^, than with
GST B2B2, and Cibacron Blue and Bromosulphophtha¬
lein also produced similar but less marked differences in
the level of inhibition. Triethyltin bromide inhibited GST
B2B2 about 10 times more than it did GST BjB^ and was
the only compound tested that was more effective with
GST B2B2 than GST BjB,.

All the I50 values obtained for the GST B,B2
heterodimer were found to lie between those of the

1.55 0.76 0.145
< 0.001 0.15 0.98

0.3 0.7 1.5
1.5 3 40
2.5 7.8 24
4.6 5.6 6.6

10.5 20 125
6.6 28 36

5x 10* 2.4 x 103 4.1 x 103

Table 3. Amino acid composition of human hepatic GST
enzymes

Samples (0.5 mg of protein) were hydrolysed in 6 m-HCI
for 24 h. The results were obtained in /rmol of amino acid
recovered and from these values were calculated the
percentage amino acid composition of each protein. The
recoveries of cysteine and tryptophan were not determined
and have been excluded from the calculations. The
compositions were not corrected for the increased or
decreased recoveries of serine, threonine, valine and
isoleucine. Data for BjB, GST and B,B., GST were not
significantly different from those for B2B, GST and are
not shown.

Amino acid composition
(%)

GST B,B2 /j.
Amino pi 8.4 6.1
acid Subunit Mr . . . 26000 26700

Lys 10.8 10.2
His 1.3 2.4
Arg 5.1 4.7
Asx 8.4 11.2
Thr 1.9 3.1
Ser 6.3 4.9
Glx 13.3 6.3
Pro 4.6 5.1

Gly 5.2 5.3
Ala 6.4 4.6
Val 3.9 3.4
Met 3.4 3.6
lie 6.9 6.9
Leu 13.6 13.2

Tyr 4.4 6.0
Phe 4.4 6.4

corresponding homodimers, reflecting the catalytic
contribution of the two functionally distinct subunits to
the hybrid enzyme.

Amino acid compositions
All the basic enzymes studied were found to have

closely similar amino acid compositions and could not be
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Fig. 1. Map of the acidic tryptic peptides from basic GST enzymes
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The tryptic digests of portions (1.5 rag of protein) of BjBj, BjB2 and B2B2 GST enzymes were prepared. Peptides were separated
by high-voltage paper electrophoresis (h.v.p.e.) at pH 6.5 in the first dimension. The acidic peptides were cut out of the paper
and separated in the second dimension by high-voltage paper electrophoresis at pH 3.5. The stained peptide spots were traced
to produce the diagram. A mixture of amino acids (Ambler, 1963) was run in parallel to facilitate comparisons between the
maps; the abbreviations employed to indicate the mobilities of these markers have been described elsewhere (Hayes, 1986).
Peptides common to all three GST enzymes are represented by blackened spots. The peptide that appeared unique to the B2
subunit is not shaded. The peptide that appeared unique to the B, subunit is shown by the hatched spot.

discriminated on this basis. However, the recoveries of
tyrosine, phenylalanine, aspartic acid and glutamic acid
obtained from the neutral enzyme, GST fi, were signifi¬
cantly different from the values obtained from the basic
GST forms (Table 3).

Peptide mapping of basic GST enzymes

Diagrammatic representations of the acidic, neutral
and basic tryptic peptides obtained from oxidized
portions of BjBj, B,B2 and B2B2 proteins are shown in
Figs. 1-3.

Examination of the maps of the acid peptides (Fig.
1) revealed that seven were common to GSH BjBj, B;B2
and B2B2. One acidic peptide (no shading) was found
only in the Bj-containing GST enzymes, BjBj and B,B2.
A further acidic peptide (hatched shading) was only
recovered from the B2-containing GST enzymes, B2B2
and B,B2.

The neutral peptide maps (Fig. 2) demonstrated the
existence of ten peptides shared by GST BjBj, B,B2 and
B2B2. Four additional tryptic peptides were observed in
GST BjBj and BjB2 (no shading), but not in GST B2B2.
Conversely, three peptides were found in GST B,B., and
B2B2 (hatched shading), but not in GST BjBj.

The basic peptide maps (Fig. 3) revealed 19 tryptic
peptides common to GST BjB^ B,B2 and B2B2. Two
additional peptides appear to be specific for the B2

subunit (no shading); no basic peptides were recovered
that were specific for the B2 subunit.

The tryptic peptides that appeared to be specific for the
B! and B2 subunits, the 'difference peptides', occurred in
a manner consistent with the hypothesis that GST B^,
is a heterodimer comprising a subunit common to GST
BjBj and a subunit common to GST B2B2. No peptides
were found to be unique to any one of the basic GST
enzymes.

Immunoblotting
The polyclonal antisera previously employed in

radioimmunoassays to discriminate between B2 and B2
polypeptides (Beckett & Hayes, 1984; Stockman et al.,
1985) were used to probe these subunits following
transfer to nitrocellulose. Neither anti-(B1 subunit) nor
anti-(B2 subunit) serum could distinguish between the
two basic subunits in Western-blotting experiments,
despite their 300-500-fold difference in cross-reactivity in
the radioimmunoassays. This method-dependent differ¬
ence in immunoreactivity reflects the fact that the
radioimmunoassay technique is used to challenge GST in
their native, active, state, whereas the Western-blot
technique probes denatured GST subunits in random-coil
configuration. These data are consistent with the close
sequence homology between subunits Bj and B2 that is
evident from the peptide 'mapping' experiments.
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rig. 2. Map of the neutral tryptic peptides from basic GST enzymes

The neutral tryptic peptides from portions (1.5 mg of protein) of B,B,. B,B2 and B2B2 GST enzymes were isolated by high-voltage
paper electrophoresis (h.v.p.e.) at pH 6.5. These were resolved in the first dimension by high-voltage paper electrophoresis at
pH 3.5. Separation in the second dimension was performed by descending chromatography using butan-l-ol/acetic acid/water/
pyridine (15:3:12:10, by vol.) for 16 h. The stained peptide spots were traced to produce the diagram. Peptides common to
all 'basic' GST enzymes are represented by blackened spots. The four neutral peptides that appeared unique to the Bt subunit
are not shaded, and the three neutral peptides unique to the B2 subunit are shown by the hatched spots.
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ig. 3. Map of the basic tryptic peptides from basic GST enzymes

The map of the basic tryptic peptides was constructed by high-voltage paper electrophoresis (h.v.p.e.) at pH 6.5 in the first
dimension, and descending chromatography in butan-l-ol/acetic acid/water/pyridine (15:3:12:10, by vol.) in the second
dimension. The ninhydrin-positive peptides were traced to produce the diagram. The blacked spots represent common peptides,
and the spots that are not shaded represent peptides unique to the B, subunit.
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DISCUSSION

The cytosolic GST enzymes in man have been divided
into three groups, which are thought to represent the
products of different gene families; these have been
referred to, according to their pi values, as the basic, the
neutral and the acidic GST. These genetic relationships
have been concluded from data (Warholm et al., 1983;
Koskelo, 1983; Dao et al., 1984; Alin et al., 1985;
Stockman et al., 1985; Vander Jagt et al., 1985; Soma
et al., 1986) that indicated the three classes of human
GST comprise structurally and immunochemically dis¬
tinct subunits that are functionally separate.

Relatively little is known about the relationships
between individual enzymes within the three classes of
human GST, but, to date, the basic group of GST
enzymes has been most extensively studied. Previous
work from this laboratory described two antisera that, in
radioimmunoassays, could discriminate between mem¬
bers of this group of GST (Beckett & Hayes, 1984). This
finding led us to suggest the presence of two separate
basic GST polypeptides, Bx and B2, in human liver that
could hybridize and were found as B,Bj, B;B2 and B2B2
subunit combinations (Stockman et al., 1985). The fact
that the specific anti-(Bt subunit) and anti-(B2 subunit)
sera are polyclonal suggests it is improbable that a
post-synthetic modification could account for the
differences in the B, and B2 subunits.

The peptide 'mapping' experiments described in Figs.
1-3 not only support the hypothesis that a hybrid basic
GST exists in man, but also show that the Bx and B,
subunits are structurally distinct. These data suggest that
the Bj and B, subunits are genetically separate but share
a significant sequence homology (possibly >90%
identity). With this degree of homology it is likely that
the 'difference peptides' are exposed on the surface of the
protein, since the immunochemical differences that exist
between the Bj and B2 subunits are only observed by
using radioimmunoassay but are not seen with Western
blotting.

During the present study catalytic differences between
the Bj and B2 subunits have been established; the B2
subunit has been found to exhibit a significantly greater
selenium-independent glutathione peroxidase activity
than that of the Bt subunit. Large differences have also
been revealed in the susceptibilities of the Bx and B,
subunits to inhibition by tributyltin acetate, triethyltin
bromide, Bromosulphophthalein and haematin. These
differences in the functional properties of the Bx and B,
subunits may suggest that at least one of the 'difference
peptides' described above reside near the hydrophobic
binding domain.

Inhibitors of GST activity have been used to
discriminate between related subunits in the rat (Hayes
& Mantle, 1986a; Tahir & Mannervik, 1986). The
inhibitors used in the present study provide a simple
means of distinguishing between the two human GST
subunits Bj and B2. Of all the compounds tested the
majority were found to inhibit subunit Bj more than
subunit B2; tributyltin and haematin showed the largest
difference in inhibition of subunit B[ relative to subunit
B2. By contrast, triethyltin bromide showed a 10-fold
greater inhibition of subunit B2 than of subunit B,.

Polymorphism of the neutral Yb-containing GST in
man has been recognized (Warholm et al., 1980; Board,
1981; Strange et al., 1984; Hussey et al., 1986). Marked

variations also exist in the content of basic GST in live
specimens. The differences in the catalytic and ligand
binding activities of the Bt and B2 subunits indicate tha
the basic GST may be responsible for some of thi
variations within the population in drug metabolism anc
in susceptibility to cytotoxic compounds.
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Glutathione S-transferases in man: the relationship between rat and human enzymes
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Glutathione S-translerase (GST) is an important member of
the phase II detoxification enzyme system; GST activity is
responsible for catalysing the conjugation of glutathione to
a large spectrum of lipophilic electrophiles (Jakoby, 1978;
Chasseuad, 1979). This reaction is the first step in the for¬
mation of mercapturic acids, a pathway that provides an
important means of eliminating compounds that are
potentially cytotoxic or mutagenic from the body. Like
other drug-metabolizing enzymes, GST activity can be
induced by the administration of foreign compounds such
as phenobarbital and 3-methylcholanthrene, or by the inges¬
tion of food additives like butylated hydroxyanisole
(Benson et al., 1978; Hayes et al., 1979; Ding et al., 1986).
The effects of xenobiotics have been studied primarily in the
liver, but intestinal and renal GST activity can also be
induced (Hales & Neims, 1977; Clifton & Kaplowitz, 1978).
Increased intracellular levels of transferase have been
reported to protect rodents against carcinogenesis (Watten-
burg, 1983); this induction process appears to be important
in the mode of action of anticarcinogenic agents such as
benzyl isothiocyanate, /Tnaphthoflavone, coumarin, disul-
phiram and indole-3-acetonitrile (Sparnins et al., 1982).

The GST are widely distributed in the animal kingdom
and, in the majority of species studied to date, GST activity
has been found to be represented by multiple enzyme forms
(Mannervik, 1985). Although only rigorously studied in the
rat, the different enzyme forms that have been isolated from
various species are considered to be distinct isoenzymes that
are coded for by multiple genes (Lai et al., 1984; Pickett
et al., 1984; Tu et al., 1984; Ding et al., 1985; Morgenstern
et al., 1985; Sugoka et al., Alin et al., 1986).

Abbreviations used: GST, glutathione S-transferase; PAGE, poly-
acrylamide-gel electrophoresis.

The GST have been referred to as 'multi-functional' pro¬
teins (Jakoby & Keen, 1977) and there is much sepculation
about their various physiological roles (Kaplowitz, 1980;
Kefferer, 1982; Habig, 1983; Mannervik, 1985). The fact
that these enzymes represent as much as 4% of the cytosolic
protein in the liver, and 1% of the protein in kidney and
intestine, indicates that they play important 'house-keeping'
functions in cells. Further, the different GSH isoenzymes
appear to have distinct functions as they exhibit different
catalytic activities (Hayes, 1984, 1986; Mannervik, 1985)
and their expression is organ-specific (Hayes & Mantle,
1986a). Differences in the location of the isoenzymes within
tissues have been noted (Redick et al., 1982) as well as
differences in the subcellular localization of individual GST

(Campbell at al., 1980; Bennett et al., 1986).
The variations in the distribution of GST, both between

and within organs, suggest that complex regulatory mech¬
anisms controlling their expression exist. Remarkably little
is known of the biological control of GST (for a review,
Mannervik, 1985). The levels of hepatic GST increase rapidly
postnatally and, in the rat, reach adult levels after about 7
weeks (Hales & Neims, 19766). Sex differences in both
hepatic and renal GST activities have been described
(Darby & Grundy, 1982) and a limited literature exists
describing the hypothalamic and pituitary modulation of
the gonadal control of GST in rat liver (Hales & Neims,
1976a; Lamartinier, 1981). Recently, interest has focused on
placental GST since it is markedly induced in preneoplastic
hepatocytes and can serve as a tumour marker (Satoh et al.,
1985). The placental isoenzyme may also be partly respon¬
sible for the acquired resistance of certain tumours towards
cytotoxic drugs.

Enzyme purification
Many different purification strategies have been devel¬

oped for the cytosolic GST. Affinity chromatography is
the method of central importance in the isolation of the
soluble enzymes: most methods employ either glutathione-
Sepharose or S-hexylglutathione-Sepharose as the matrix
to isolate GST (Simmons & Vander Jagt, 1977; Mannervik
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i Guthenberg, 1981). As currently used, these affinity gels
esult in the recovery of GST as a single pool of activity (cf.
"ig. 2 discussed below), and chromatofocusing or hydroxy-
patite chromatography are often used to resolve the
ndividual enzymes.

Purification of microsomal GST has been developed by
Torgenstern et al. (1982). These workers found that,
>y contrast with cytosolic GST enzymes, the activity of
nicrosomal GST is markedly increased by treatment with
vr-ethylmaleimide. The purification method devised for
nicrosomal GST involves activation with V-ethylameimide,
olubilization with Triton X-100, and sequential elution
rom columns of hydroxyapatite and CM-Sepharose (see
>lso Morgenstern & DePierre, 1987).

lat GST
In the rat, both cytosolic and microsomal GST have been

mrified. The cytosolic forms have native Mr of 48 000-
■5 000, and comprise two subunits. Collectively, these sol-
ible enzymes contain six subunit types, designated Ya (Mr
15 500), Yb (Mr 26 300), Yc (Mr 27 500), Yf (Mr 24 800), Yk
Mr 25 000) and Yn (A/r 26 000) (Hayes, 1984, 1986; Hayes
i Mantle, 19866); the Yf-type polypeptide has also been
eferred to as Yp since it represents the major placental GST
ubunit (Kitahara et al., 1984). An additional lower-Afr
jST polypeptide, preliminarily designated Ye (Mr 24 200),
las been identified but its relationship to Yf awaits clarifica-
ion (Hayes & Mantle, 19866).

Heterodimeric and homodimeric combinations of these
ubunits occur, but only polypeptides with extensive
equence homology (>65%) can hybridize (Boyer et al.,
983; Hayes, 1983, 1984); the cytosolic subunits all possess

t minimum of about 25% homology with each other (see
ilso Tu & Qian, 1987). By contrast, microsomal GST has a
:alculated Mr, when solubilized with Triton X-100,
)f 127000 and is composed of three identical subunits
Morgenstein et al., 1985). The microsomal GST poly¬
peptide is unique, has an Mr of 17000 and does not appear
o combine with the cytosolic GST subunits.

From the available data, both immunochemical and
nolecular, rat GST can be divided in four classes: group 1
;ontains the cytosolic Ya-, Yc- and Yk-type subunits; group
[I contains the cytosolic Yb- and Yn-type subunits; group
111 comprises the Yf- (and possibly the Ye-) type polypep-
ides; the microsomal enzyme is a member of a separate
3ST class. Little is known of the genomic structures and
ffiromosomal locations of the genes encoding these subunits
Rothkopf et al., 1986). Whilst it will be desirable eventually

:o have defined the GST by molecular genetic criteria
iccording to the chromosomal locations of their gene clus-
.ers, it is unclear at present what the molecular significance
s of dividing the GST enzymes into the four classes outlined
ibove. For example, although the Ya- and Yc-type subunits
possess about 70% sequence homology, and have been
allocated to the same GST class, Li et al. (1986) suggested
^on the basis of organ distribution and their differential
phenobarbital inducibility) that the Ya and Yc genes are
members of independent gene families.

Human GST

Subunit structure of cytosolic and microsomal enzymes.
Lhe cytosolic GST enzymes in man have been divided, on
the basis of their charge, into 'basic', 'neutral' (or 'near-
neutral') and 'acidic' forms. (Warholm et al., 1983; Singh et
://., 1985; Stockman ct al., 1985; Vander Jagt et al., 1985;
Soma et al., 1986). This type of classification is commonly
used but may be misleading in certain circumstances since
the distribution between the groups is not clear-cut. Par¬
ticular difficulty can be experienced in identifying GST of
pi 5.0-5.5 or pi 6.7-7.3. In addition, certain 'basic' human

GST may be mis-classified if designations are made on the
basis of chromatographic properties, since at least one of the
isoenzymes is strongly hydrophobic and, as a result of in¬
teractions with column matrices, may elute with 'acidic' and
'neutral' GST (Hayes et al., 1983; Soma et al., 1986).

A more reliable grouping of these enzymes can be
achieved on the basis of the migration of their constituent
subunits during SDS/PAGE. When SDS/PAGE that
employs a 12% (w/v) polyacrylamide resolving gel and
incorporates 0.32% (w/v) V,W-methylene-bisacrylamide is
used, the polypeptides that make up the human cytosolic
GST have apparent Mr of 24 800, 26000 and 26 700; these
correspond to the major 'acidic', 'basic' and 'neutral' GST
respectively. By probing these polypeptides with antisera
raised against individual rat GST, immunoblots have shown
that the human Mx 24 800, 26000 and 26 700 polypeptides
are immunochemically related to rat Yf, Ya and Yb, sub-
units, respectively (Hayes & Mantle, 1986a,6); no cross-
reactivity was observed between human GST and antiserum
raised against the rat Yc subunit.

It is apparent that the human enzymes which have been
referred to as 'basic', 'neutral' and 'acidic' GST are com¬
posed of Ya-, and Yb- and Yf-type subunits, respectively.
However, it should be noted that some other workers have
simply divided the GST into anionic and cationic forms
(Awasthi et al, 1980; Pattinson, 1981; Koskelo, 1983); in
these instances it is likely the cationic forms comprise Ya-
type subunits but, unless the enzymes have been analysed by
SDS/PAGE and the system employed is clearly defined, it is
unclear whether the anionic forms represent Yb- or Yf-type
polypeptides.

Electrophoretic results from different groups must be
treated with some caution (e.g. Stockman et al., 1985;
Vander Jagt et al., 1985; Soma et al., 1986) since the relative
mobilities of GST polypeptides during SDS/PAGE vary
according to the amount of A^V-methylene-bisacrylamide
cross-linker employed in the resolving gel (Hayes & Mantle.
19866). In resolving gels which contain normal levels of
cross-linker (CBis 2.6%) the order of mobility of the rat
subunits is Yf > Ya > Yb > Yc (Fig. 1). By contrast, at
low degrees of cross-linking (CBis 0.6%) the order of migra¬
tion of rat subunits is Ya > Yf > Yb > Yc. The human
GST subunits behave in accord with their rat counterparts.

The change in migration order of GST polypeptides is due
to the anomalous electrophoretic behaviour of the rat Ya
and human 'basic" GST subunits; the relative positions of
the other polypeptides shown in Fig. 1 do not appear to
change markedly with different degrees of cross-linking. It
has been suggested that the variable mobility, which both
the rat Ya and human 'basic' GST subunits display, is due
to hydrodynamic effects arising from the fact that these poly¬
peptides possess blocked V-termini (Hayes & Mantle,
'19866).

When antiserum raised against the rat microsomal GST is
used to probe human liver microsomal protein resolved by
SDS/PAGE, the immune replicas show the existence of an
immunoreactive polypeptide, with the same apparent
mobility (Mr 17 000) as rat microsomal GST, in the human
sample. The GST in human microsomes can be isolated
using methods similar to those devised by Morgenstern ct al.
(1985) for the rat enzyme. The purified human enzyme
displays a strong immunochemical cross-reactivity with the
rat GST (L. I. McLellan & J. D. Hayes, unpublished
work).

Polymorphism. Although microsomal GST appears to be
expressed in all individuals (L. I. McLellan & J. D. Hayes,
unpublished work), significant variations exist in the cyto¬
solic GST content of different livers. A starch-gel zymogram
method has been used to show that inter-individual dif¬
ferences occur in the charge of hepatic GST (Board, 1981;
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(a) 1 2 3 4 5 6 7

V

Fig. 1. Variable electrophoretic mobility of Ya-type subunits isolated from rat and man

SDS/PAGE was performed in resolving gels that comprised (a) 12% (w/v) polyacryl-
amide containing 0.32% (w/v) MA'-methylene-bisacrylamidc or (b) 15% (w/v) polv-
acrylamide containing 0.08% (w/v) AL/V'-methylene-bisacrylamide (Hayes & Mantle,
19866). The same protein samples were applied in both panels as follows: tracks 1 and
7, rat liver GST (Ya, Yb, Ye); tracks 2 and 6, rat lung GST (Yf, Yb, Yc); track 3, human
'basic' GST y (B2B2); track 4, human 'acidic' GST a; track 5, human "neutral' GST /<.
The rat Ya and Yf subunits are indicated.

Strange et al., 1984). Board (1981) proposed that the pat¬
terns of activity observed by the zymogram technique had a
genetic basis and were attributable to three loci, called GST
T. GST 2 and GST 3. It is probable the three GST loci
encode the Yb-, Ya- and Yf-type subunits, respectively
(Hussey et al., 1986; Tu et al., 1986).

A common 'null' phenotype exists at the GST 1 locus and
it has been recognized for some time that the Yb-containing
enzyme, GST p, is only expressed in about 60% of liver
specimens (Warholm et al., 1983). At a molecular level, it is
not known why the Yb-polypeptide fails to be expressed in
the remaining 40% of human livers.

Board (1981) postulated that at least two autosomal alleles
exist at the GST 2 locus, and allelic variation can account
for the phenotypes observed (cf. Strange et al., 1984). It has
subsequently been demonstrated that two distinct Ya-type
subunits are present in the population; these can be isolated
from human liver as homodimers or a heterodimer (Stock¬
man et al., 1985).

Variations in the cytosolic GST content of different liver

specimens can be so great that it is advisable to perform an
initial 'screening' of livers before undertaking a large-scale
enzyme purification (Hussey et al., 1986). Human 'basic'
Ya-containing GST and 'neutral' Yb-containing GST pos¬
sess different binding properties for S-hexylglutathione-
Sepharose 6B, and are eluted respectively from the affinity
matrix bv concentrations of about 0.03 mmol/l (fractions
15-33) and 0.20 mmol/l (fractions 75-84) Y-hexyl-
glutathione (Fig. 2). This technique can be used as a simple
one-step screening procedure, and should save considerable
time during the work-up of suitable livers to allow the study
of the 'neutral' Yb-containing enzymes that are coded at the
GST 1 locus.

The GST 3 locus is only weakly expressed in normal adult
liver, but the Yf-containing GST is present in high levels in
fetal liver (Guthenberg et al., 1986; Hussey et al., 1986;
Soma et al., 1986). The Yf-type GST subunit is found in
placenta and adult human lung (Dao et al., 1984) as well as
in erythrocytes (Vander Jagt et al., 1985). Guthenberg et al.
(1986) showed that the fetal Yf-containing GST is cata-
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Fig. 2. Gradient eluti m of human liver GST from S-hexylglutathione-Sepharose 6B
(a) Human liver cytosol (180ml, 6g of protein) was applied to a 1.6cm x 16.0cm
column of S-hexylgutathione-Scpharose 6B. The affinity matrix was washed (24ml/h)
with about 500 ml of40mM-Tris/HCl buffer (pH 7.8) that contained 200mM-NaCl before
the column was developed with a continuous gradient of S-hexylglutalhione that was
formed in two separate stages (i.e. 0-0.25 mmol/1 over 400 ml followed, sequentially, by
0.25-5.0 mmol/1 over 150 ml); the gradient is represented by a solid line. Fractions of
4.8 ml were collected and GST activity with l-chloro-2,4-dinitrobenzene (CDNB, a) as
well as absorbance at 280 nm (O) were measured. (b) The polypeptide content of fractions
13, 24, 79, 94, 99 and 104- was determined by SDS/PAGE (in a 12%, w/v, polyacrylamide-
gel containing 0.32% cross-linker). The samples loaded (2-5pg) on to the gel shown were
as follows: tracks 1 and 5, rat lung GST (comprising Yf, Yb and Yc); track 2, fraction
13; track 3, fraction 34; track 4, fraction 79; track 6, fraction 94; track 7, fraction 99; track
8, fraction 104. The rat Yf, Yb and Yc subunits are shown and the position of glyoxalase
(G) is indicated.

ytically distinct from its counterpart in placenta, but the
tructural basis for the reported differences requires further
tudy.

Conclusion

The genetic variation associated with GST may be an
mportant factor in determining the susceptibility of dif-
erent individuals to carcinogens and environment tl toxins,
t may also be a factor in determining whether certain

tumours are amenable to treatment by cytotoxic chemo-
therapeutic agents.
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Expression of genes encoding glutathione ^-transferases in normal and preneoplastic liver
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The glutathione 5-transferases are comprised of a family of
proteins that catalyse the conjugation of glutathione to
various electrophilic substrates. In addition to the con¬
jugation activity, the transferases bind a number of hydro¬
phobic compounds such as haem, bilirubin, polycyclic aro¬
matic hydrocarbons and dexamethasone (Arias et al., 1976;
Litwack et al., 1971; Jakoby & Habig, 1980). The glutathione
^-transferases are heterodimers or homodimers comprised
of at least seven subunits (Bass et al., 1977). Many of the

Abbreviation used: TCCD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.

glutathione ^'-transferases are induced by various xeno-
biotics (e.g. phenobarbital and 3-methylcholanthrene) and
arc elevated in persistent hepatocyte nodules induced by
chemical carcinogens.

In this paper, we would like to summarize data from our
laboratory that address how the level of the glutathione
5-transferases is regulated by xenobiotics and during
chemical carcinogenesis. We will present evidence that indi¬
cates the genes encoding the glutathione S-transferases are
transcriptionally activated by xenobiotics, which leads to an
elevation in specilic glutathione 5-transferase mRNAs in
the liver. We will also discuss the expression of genes encod¬
ing glutathione 5-transferase and other phase II drug-
metabolizing enzymes during chemical carcinogenesis, and
contrast their expression during this process with their
expression during xenobiotic administration.

Materials and methods

RNA blots and nuclear run-on assay. Poly(A + )-RNA was
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