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ABSTRACT.

The Glutathione S-transferases (GSTs; EC 2.5.1.18) are a multigene family of dimeric 

isoenzymes which catalyse a variety of reactions utilizing the tripeptide glutathione 

(GSH; y-Glu-Cys-Gly). Many of these, such as the conjugation of GSH to xenobiotic and 

endogenous electrophiles and the reduction of organic hydroperoxides, are involved in 

cellular detoxification and the GSTs are of particular interest for their anti-carcinogenic 

action. This thesis is concerned with the application of a variety of techniques to 

investigate the content and intracellular distribution of GSH and GSTs in rat liver, in cell 

lines derived from rat liver (IAR20 & IAR6.1) and mouse fibroblasts (Balb 3T3), and in 

two human tumour cell lines (HeLa & MCF7). Of particular interest was the controversial 

presence of the GSTs in the nucleus, which may be linked to their ability to protect 

against chemical carcinogenesis.

The GSH and GST isoenzyme contents of these five cell lines were determined and the 

subcellular distribution of the GSTs was investigated using immunocytochemistry. Some 

evidence for a nuclear localization was obtained. However, analysis of the intracellular 

distribution of GSTs in rat liver using subcellular fractionation was inconclusive.

Monochlorobimane (MCB), which undergoes GST-catalysed conjugation to GSH to yield 

a fluorescent product (MB-SG), was tested in conjunction with flow cytometry as a 

possible means of measuring cellular GSH. The GST enzyme kinetics were first 

analysed and considerable isoenzyme specificity towards MCB was observed. It was 

predicted that the kinetics of MCB conjugation in the above cell lines would vary 

according to their GSH and GST isoenzyme contents, and this was confirmed using flow 

cytometry. The implications of this for the use of MCB to measure cellular GSH are 

discussed.

MCB-stained cell lines and primary rat hepatocytes were examined by fluorescence 

microscopy. Fluorescence was observed over the whole cell, but was often brighter over 

the nucleus. However, when the MB-SG conjugate was microinjected into the cytoplasm 

of primary rat hepatocytes, it diffused rapidly through the cell and into the nucleus, 

producing a very similar pattern of fluorescence to that observed using MCB. Therefore, 

MCB-staining may not indicate the true intracellular distribution of GSH and the GSTs.
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PCA Perchloric acid
PG Prostaglandin
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pl Isoelectric point
PMSF Phenylmethylsulphonylfluoride.
Pro, P Proline
PSH Protein thiol

PSSG Protein mixed disulphide
Q Glutamine
RNA Ribonucleic acid
s Second
S Concentration
SD Standard deviation
SDS Sodium dodecyl sulphate
SDS-PAGE SDS-polyacrylamide gel electrophoresis

Se Selenium
SEM Standard error of the mean

Ser, S Serine
SLE Systemic lupus erythematosis
snRNP Small nuclear ribonuclearprotein particle
T Threonine

TBS Tris-buffered saline
TBTA Tributyltinacetate

TEMED A/,A/,A/'A/-tetramethylethylenediamine
TFA Trifluoroacetic acid
ThyOOH Thymine hydroperoxide

TLC Thin layer chromatography

TNB 2-nitro-5-thiobenzoic acid
TPA 12-0-tetradecanoate-13-acetate

tPBO 7rar?s-4-phenyl-3-buten-2-one
TRE TPA-responsive element

Tris T ris(hydroxymethyl)aminomethane

TTBS TBS containing Tween 20

Tyr, Y Tyrosine
U.V Ultraviolet light
V Volume
V Velocity

Val, V Valine
V* max Maximum velocity

w Tryptophan

w Weight

XRE Xenobiotic responsive element
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CHAPTER 1. 

INTRODUCTION.
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1.1 GLUTATHIONE.

1.1.1 PREFACE.

The tripeptide glutathione (y-glutamyl-cysteinyl-glycine; GSH) is an important 

component of most animal and plant cells, and of many microorganisms. It was 

discovered at the end of the last century and was first isolated from yeast by Hopkins 

(1921). Chemical studies (e.g., Pirie & Pinhey, 1930) led to the elucidation of its 

structure, which was later confirmed by its synthesis (Harrington & Mead, 1935; Figure 

1.1).

GSH n h # c h ,s h

HOOCCHCHtCH2CONHCHCONHCH,COOH

NHj
HOOC^HCHjCHjCONHCHCONHCHjCOOH

k sGSSG U NHt
HOOCCHjNHCO^HNHCOCHjCHtCHCOOH

FIGURE 1.1 STRUCTURE OF GLUTATHIONE.

GSH is the most abundant intracellular non-protein thiol, and is typically present at a

concentration of 2mM to 5mM although values as low as 0.5mM and as high as 10mM

have been reported in some cell types (Kosower & Kosower, 1978). It carries out a

diverse range of functions, many of which are concerned with cellular detoxification,

acting either alone or as a cofactor for enzymes which include glutathione peroxidase,

glutathione reductase, glutathione-S-transferase, y-glutamyltranspeptidase, thiol 
transferase, glyoxalase and ribonucleotide reductase (see reviews by Meister, 1988;
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Meister, 1983; Meister, 1989; Meister & Anderson, 1983). GSH acts as both a 

nucleophile and as a reducing agent, through its cysteinyl thiol group. It may be 

oxidized to glutathione disulphide (GSSG) (Figure 1.1). The reducing potential of the 

cell is maintained by the action of glutathione reductase and its cofactor NADPH, 

which catalyse the reduction of GSSG to GSH. Cysteine is less suitable than GSH as 

a cellular reducing agent: its oxidised form, cystine, is not very water soluble 

(Kosower, 1976) and cysteine is readily oxidized in the presence of transition metal 

ions with the production of free radicals which can initiate cellular damage, whereas 

GSH is less susceptible to autoxidation due to interactions between the cysteinyl thiol 

group and the y-glutamyl residue (Sundquist & Fahey, 1989). The y-Glu residue also 
prevents the cleavage of the Cys-Gly bond by a-peptidases, and the y-glutamyl 
linkage itself can only be cleaved by y-glutamyltranspeptidase which has specific 
localizations within the organism (see below).

The biochemistry of GSH is outlined in Figure 1.2. Synthesis and degradation of GSH

occurs via the y-glutamyl cycle. GSH undergoes spontaneous or GSH S-transferase- 
catalysed conjugation to a wide range of endogenous and xenobiotic electrophiles,

resulting in their detoxification and subsequent elimination via the mercapturic acid

pathway. This is described in detail in Section 1.2. GSH can detoxify free radicals

spontaneously by hydrogen donation, and is a cofactor for GSH peroxidase which

catalyses the reduction of hydrogen peroxide and organic hydroperoxides, and it thus

helps protect the cell against free-radical induced oxidative damage (the reduction of

organic peroxides is also catalysed by the GSH S-transferases; see Section 1.2). GSH

engages in both spontaneous and thiol transferase-catalysed thiol/disulphide

exchanges with proteins and other cellular molecules, and is important in maintaining

the thiol/disulphide redox status of the cell. It is also involved in amino acid transport,

and is a cofactor for ribonucleotide reductase which catalyses the synthesis of DNA

precursors.

GSH thus plays an important role in protecting the cell against chemical toxicity and 

oxidative stress. It has been implicated in the resistance of tumour cells to ionizing 

radiation and chemotherapeutic drugs. Currently much interest is being shown in the 

possible therapeutic benefits of perturbing the cellular GSH content, to either increase 

protection against cellular toxicity, or prevent tumour cell resistance.
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FIGURE 1.2 OUTLINE OF THE BIOCHEMISTRY OF GLUTATHIONE.

This figure is taken from Meister (1988). AA, amino acids; X, compounds that react 
with GSH to form conjugates; 1, y-glutamylcysteine synthetase; 2, GSH synthetase; 
3, y-glutamyltranspeptidase; 4, dipeptidases; 5, y-glutamylcyclotransferase; 6, 5- 
oxoprolinase; 7, GSH S-transferases; 8, N-acetyltransferase; 9, GSH peroxidases; 10, 
GSH thiol transferases; 11, reaction of free radicals with GSH; 12, glutathione 
disulphide (GSSG) reductase; 13, transport of y-Glu-(Cys)2.



1.1.2 THE y-GLUTAMYL CYCLE.
GSH is synthesized intracellularly by a two step reaction involving the sequential

actions of y-glutamylcysteine synthetase, which catalyses the formation of a peptide 
bond between glutamic acid and cysteine (utilizing the y-carboxyl group of glutamic 
acid), and glutathione synthetase which catalyses the formation of a peptide bond

between glycine and the cysteinyl residue of y-glutamylcysteine (see Figure 1.2). GSH 
regulates its own synthesis via feedback inhibition of y-glutamylcysteine synthetase.

Degradation of GSH is initiated extracellularly by the plasma membrane-bound y- 
glutamyltranspeptidase, which catalyses the transfer of the y-glutamyl residue of GSH 
to an acceptor amino acid, dipeptide or GSH. The most common acceptor molecules

are cystine, methionine and glutamate. The cysteinylglycine is then split by membrane-

bound peptidases to yield cysteine and glycine which are recycled. Degradation of

GSSG and GSH conjugates is initiated in the same manner. Specific transport of y- 
glutamyl amino acids into cells, probably by a mechanism independent of those for the

uptake of free amino acids, has been shown to occur in the kidney, and may also

occur in other tissues (Griffith et al., 1979). Inside the cell, they are converted by y-

glutamyl cyclotransferase to their corresponding amino acids and 5-oxoproline, which

is then converted back to glutamate in an ATP-dependent reaction catalysed by 5-

oxoprolinase. The y-glutamyl cycle thus appears to participate in amino acid transport. 
Radiolabelling studies (Anderson & Meister, 1983) have indicated that an alternative

pathway of GSH synthesis operates in some cells (e.g., renal cells) which have high 

y-glutamyltranspeptidase activity, whereby y-glutamylcystine is transported into the cell 
and is reduced intracellularly by GSH thiol transferases to yield cysteine and y- 
glutamylcysteine which is utilized directly by GSH synthetase.

The extracellular degradation of GSH, GSSG and GSH conjugates requires them to 

be exported from the cell. The finding that cellular export of GSH occured in vivo 

arose from the studies on the inhibition of y-glutamyltranspeptidase in which 
glutathionuria was observed. GSH export has now been observed in a variety of cell

types, including cultured human lymphoid cells (Dethmers & Meister, 1981) and 

isolated perfused rat liver (Bartoli & Sies, 1978), but the mechanism of export is 

unclear. Export of GSH conjugates and GSSG occurs by an ATP-dependent 

mechanism (Inoue et al., 1984; Ishikawa, 1989).
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The principal site of GSH biosynthesis is the liver, which is capable of synthesizing

cysteine from methionine sulphur. GSH synthesized here is exported into the plasma

and is made available to other tissues which require exogenous cysteine and have

lower capacities for GSH synthesis. Direct uptake of GSH by certain cells has been

reported to occur. For example, Hagen & Jones (1989) demonstrated uptake of intact

GSH by epithelial cells of the rat lung, intestine, kidney and eye by a Na+-dependent

mechanism. However, the uptake of y-glutamyl amino acids (produced from GSH and 
acceptor amino acids by y-glutamyltranspeptidase) into the kidney (predominantly 
across the luminal membrane of the kidney proximal tubules), has been most widely

studied. The kidney appears to have a particularly effective mechanism for the uptake 

of y-glutamylcyst[e]ine (Anderson & Meister, 1983). Uptake of y-glutamyl amino acids 
may also occur in other y-glutamyltranspeptidase-rich tissues, but this has not been 
studied in detail. Intra-organ transport of GSH also occurs: within the kidney, exported

GSH is utilized by the y-glutamyltranspeptidase concentrated on the luminal membrane 
of the renal proximal tubule cells and in the liver, GSH is transported by the

hepatocytes into the bile canaliculi and is metabolized by y-glutamyltranspeptidase on 
the bile duct epithelial cells (Abbot & Meister, 1986).

1.1.3 REDUCTION OF PEROXIDES.

Oxygen-centred free radicals such as the superoxide radical (02 *) are by-products of 

normal oxygen metabolism in mitochondria and of xenobiotic metabolism by mixed 

function oxygenases, and they are produced specifically during the oxidative burst of 

polymorphonuclear leukocytes. They are also produced by ionizing radiation. 0 2~* 

radicals spontaneously dismutate to H20 2 (Reaction 1) and this conversion is also 

catalysed by the abundant superoxide dismutases. In the presence of transition metal 

ions, such as Fe2+, H20 2 can give rise via the Fenton reaction (Reaction 2) to the 

highly reactive hydroxyl radical (OH*) which is capable of initiating damage to cellular 
macromolecules. The sum of Reactions 1 to 3 (Reaction 4a) is the iron-catalysed 

Haber-Weiss reaction (revved by Fridovich, 1978 and Halliwell & Gutteridge, 1984).

CM

o

+ 0 2 •  + 2H+ ------------------------------------- — ► h a + CM

O

(1)
Fe2+ + H20 2 ------------------------------------------------------------- — ► Fe3* + OH- + OH' (2)
Fe3+ + <v ------------------------------------------------------------- Fe2* + o 2 (3)
0 2* + |_| q  Fe salt catalysis o2 + OH- +  OH' (4c)
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Lipid peroxidation (see Halliwell & Gutteridge (1984) for a review) is initiated by 

abstraction of a hydrogen atom from polyunsaturated lipid (e.g., by free radicals such 

as the hydroxyl radical), yielding phospholipid alkyl radicals (Reaction 4) which react 

with oxygen to produce peroxy radicals (Reaction 5). These then propagate a chain 

reaction by abstraction of hydrogen from other lipid molecules, with the formation of 

furthur alkyl radicals and lipid hydroperoxides (Reaction 6). Alternatively, they can be 

quenched by vitamin E to give the stable tocopheryl radical, which may then be 

reduced back to vitamin E by GSH and/or ascorbate. In the presence of metal ions, 

the hydroperoxides decompose to alkoxy (Reaction 7) and alkylperoxy radicals 

(Reaction 8) which can cause fresh initiations (Reaction 9) and which can undergo 

oxidative decomposition to produce a variety of compounds, including hydroxyalkenals 

such as 4-hydroxynon-2-enal (Esterbauer e ta i, 1982) many of which are toxic and/or 

mutagenic (Marnett et al., 1985; Eckl & Esterbauer, 1989).

LH ----------
L- + 0 2 —  

L02- + LH -  

LOOH + Mn+ * 

LOOH + M(n+1)+ 

LO- + LH —

L- + H- initiation (4)
L02- propagation (5)

L- + LOOH " (6)

LO- + OH' + M(n+1)+ " (7)

L02- + H+ + M(n+) " (8)

LOH + L- " (9)

The reduction of H20 2, lipid hydroperoxides such as linoleic acid hydroperoxide (Little, 

1972) and DNA hydroperoxides (DNAOOH) (Tan et al., 1988), is efficiently catalysed 

by the selenium-dependent GSH peroxidase (EC 1.11.1.9) (Reaction 10). H20 2 can 

also be dismutated to H20  and 0 2 by catalase (Reaction 11) and many organic 

peroxides can be reduced by certain GSH S-transferases (see Section 1.2).

ROOH + 2GSH ------------ ► ROH + GSSG (10)

2 H20 2 -------------------------- ► 2H20  + 0 2 (11)

The Se-dependent GSH peroxidase has been isolated from various mammalian 

sources, but the bovine erythrocyte protein has been the most widely studied (see 

Floh6, 1982). It is a tetrameric protein composed of identical subunits of 21 kD, each
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subunit containing a residue of selenocysteine, the side chain of which is -CH2SeH. 

The three dimensional structure has been elucidated by X-ray crystallography (Epp 

& Ladenstein, 1983) and its amino acid sequence has been confirmed by cDNA 

sequencing (Mullenbach et al., 1988). The catalytic mechanism outlined below, which 

fits the observed ping pong kinetics has been proposed. The first step involves the 

oxidation of the selenate anion (which is thought to exist in preference to the 

undissociated selenol under physiological conditions) by a hydroperoxide to form a 

selenenic acid (Reaction 12). This then reacts with GSH to form a selenosulphide 

(Reaction 13). Reaction with a second molecule of GSH regenerates the enzyme 

(Reaction 14).

E-Se + H+ + ROOH  ► E-SeOH + ROH (12)

E-SeOH + GSH ---------------- ► E-Se-SG + H20  (13)

E-Se-SG + GSH -----------------► E-Se' + GSSG + H+ (14)

The role of GSH peroxidase in preventing hydrogen peroxide-dependent cellular 

damage was first demonstrated by Cohen & Hochstein (1963) who showed that GSH 

was important in maintaining the integrity of H20 2-treated erythrocytes. GSH 

peroxidase is present in both the cytoplasmic (75%) and mitochondrial (25%) 

compartments of rat hepatocytes (Floh6 & Schlegel, 1971) whereas catalase is largely 

restricted to the peroxisomes, and it is thus likely that GSH peroxidase is important in 

the detoxification of extra-peroxisomal H20 2 in this tissue, as well as in the 

detoxification of organic peroxides. The release of GSSG and consumption of NADPH 

observed in normal, but not in selenium-deficient isolated rat liver infused with H20 2 

supports this theory (Burk et al., 1978).

In the presence of phospholipase A2, GSH peroxidase has been shown to inhibit 

microsomal lipid peroxidation in vitro (Tan et al., 1984), presumably by reduction of 

fatty acid hydroperoxides (liberated from the membrane by the phospholipase) which 

are capable of propagating the peroxidation chain reaction. The damaged membranes 

can then be repaired (van Kuijk et al., 1987). Mice fed a selenium deficient diet are 

susceptible to lipid peroxidation during xenobiotic metabolism (Wendel & Feuerstein, 

1981) illustrating the importance of GSH peroxidase activity in the prevention of lipid
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peroxidation. GSH peroxidase may also participate in the eicosanoid metabolic 

pathway, by reduction of various hydroperoxide intermediates (see Flohe, 1982). For 

example, it is able to catalyse the reduction of prostaglandin G2 (PGG2), the primary 

product from the action of cyclooxygenase on arachidonic acid. However, the 

significance of this activity in vivo is not clear, since this reaction is also catalysed 

efficiently by cyclooxygenase itself.

Other GSH peroxidases are also known to exist. Ursini et al. (1985) have 

characterized a selenium-dependent phospholipid hydroperoxide glutathione 

peroxidase which is able to catalyse the direct reduction of phospholipids in the 

absence of phospholipase. This enzyme is a 23kD monomer containing 1 atom of 

selenium per enzyme, and appears to be interfacial in character. Although similar to 

the Se-dependent GSH peroxidase monomer, cDNA sequencing has shown this 

enzyme to be distinct (Schuckelt et al., 1991). A similar enzyme which shows activity 

towards phospholipid hydroperoxides has been isolated by Duan et al. (1988).

1.1.4 DETOXIFICATION OF FREE RADICALS.

GSH reacts spontaneously with free radicals by donation of a hydrogen atom as 

illustrated below (Reaction 15) and may thus be important in protection against free 

radical damage including that produced by ionizing radiation (see Section 1.1.10). The

GS- radicals are relatively unreactive compared to species such as the hydroxyl 
radical. They may interact with GSH thiolate anions (Reaction 16) to yield glutathione 

disulphide radicals, which then react with oxygen to yield GSSG and 0 2- (Reaction 

17) or they may react with 0 2 as indicated in Reaction 18 (Wardman, 1988).

GSH + R- -------------------► GS- + RH (15)
GS- + GS' GSSG - (16)

GSSG • + 0 2------------------ ► GSSG + 0 2- (17)

GS- + 0 2 ^  GS02- (18)

1.1.5 MAINTENANCE OF THE THIOLVDISULPHIDE STATUS OF THE CELL. 

Several enzymes which catalyse the GSH-dependent reduction of disulphides have 

been described (see Morin et al., 1983), including GSH:insulin transhydrogenase,
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protein disulphide-isomerase and a 60kD thioliprotein disulphide oxidoreductase 

purified from bovine liver by Morin etaf. (1983). It is unclear how these different forms 

relate to each other. In addition, a cytoplasmic thioltransferase with a molecular weight 

of 11kD, has been purified (Axelsson etal., 1978), which would appear to be distinct. 

Reduction of disulphides is thought to occur by thiol/disulphide exchange as illustrated 

below (Reactions 19 and 20; Askelof et al., 1974).

RSSR + GSH -----------► RSSG + RSH (19)

RSSG + GSH -----------► GSSG + RSH (20)

The cytoplasmic thiol transferase has been shown to catalyse the reduction of a 

variety of low molecular weight mixed disulphides (Axelsson et al., 1978) and the 

protein thiol/disulphide exchanges illustrated below (Reactions 21 and 22; Mannervik 

& Axelsson, 1980). All these reactions will also occur spontaneously.

PSH + GSSG -----------► PSSG + GSH (21)

PSSG + GSH ---------- ► PSH + GSSG (22)

Several functions of thiol/disulphide exchanges involving glutathione have been 

proposed. They may serve to protect cellular thiol groups from oxidation, such as that 

occugng by spontaneous reaction with GSSG to form mixed disulphides and 

disulphides. This reaction is favored under conditions of oxidative stress when the 

GSSG concentration is raised as a result of increased GSH peroxidase activity. For 

example, Bellomo et al. (1987) have demonstrated the formation of protein mixed 

disulphides on treatment of isolated rat hepatocytes with the redox-cycling quinone, 

menadione. Reduced thiol groups are essential for the activity of low molecular weight 

compounds such as cysteine and coenzyme A, and for the catalytic activity of many 

enzymes, such as pyruvate kinase (Mannervik & Axelsson, 1980), so GSH may serve 

in a protective role.

It has also been suggested that protein thiol/disulphide interchange plays a regulatory 

role in protein function. As discussed by Gilbert, (1989) this may be true for some 

proteins such as 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR), which
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is inactivated by GSSG oxidation under physiological conditions, but not for other 

proteins such as phosphofructokinase, which is unlikely to be oxidized and inactivated 

by GSSG under physiological conditions due to thermodynamic and kinetic constraints. 

There is some evidence that GSSG activates glucose 6-phosphate dehydrogenase,
IS

although the mechanism^unknown (see Ziegler, 1985) which is notable since this 

enzyme is a major source of NADPH, which is required for the glutathione reductase- 

catalysed reduction of GSSG to GSH (see below). Protein thiol/disulphide exchange 

may also play a role in protein synthesis and degradation, and it has been proposed 

that protein disulphide-isomerase is involved in the synthesis of disulphide-bonded 

proteins (Freedman et al, 1983).

1.1.6 MAINTENANCE OF GLUTATHIONE IN ITS REDUCED STATE.

Glutathione disulphide reductase (E.C 1.6.4.2) (often referred to simply as glutathione 

reductase) catalyses the NADPH-dependent reduction of GSSH to GSH as outlined 

below (Reaction 23), thus maintaining GSH in its reduced state and providing reducing 

power for GSH peroxidase and the thiol transferases (see Meister & Anderson, 1983).

GSSG + NADPH + H+ ------------► 2 GSH + NADP+ (23)

The enzyme from the human erythrocyte is a dimeric flavoprotein with a molecular 

weight of 104.8kD. Each monomer contains one molecule of flavin adenine 

dinucleotide (FAD) and one disulphide/dithiol group which are involved in catalysis. 

The three dimensional structure has been deduced by X-ray crystallography. The 

NADPH and GSSG bind at opposite ends of each subunit and electron transfer from 

NADPH to the catalytic site is mediated by FAD.

1.1.7 OTHER FUNCTIONS OF GSH.

GSH is involved in the synthesis of DNA precursors via its participation in the 

ribonucleotide reductase-catalysed reduction of ribonucleoside diphosphate to 

deoxyribonucleoside diphosphate (see Meister & Anderson 1983). The reducing power 

for ribonucleotide reductase is provided by the 12kD protein glutaredoxin, whose thiol 

groups are maintained in reduced form by GSH, itself maintained in reduced form by 

glutathione reductase. GSH is also involved in the conversion of the a-hydroxy
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aldehyde, methylglyoxal, to lactate (see Meister & Anderson, 1983). This occurs by 

a two step reaction catalysed by glyoxalase I and II. Methylglyoxal reacts 

spontaneously with GSH to form the thiohemiacetal (Reaction 24) which is converted 

by the action of glyoxalase I to S-lactyl GSH (Reaction 25). This is a substrate for 

glyoxalase II, which converts it to lactate (Reaction 26). The physiological significance 

of this reaction is unclear.

1.1.8 MODULATION OF CELLULAR GLUTATHIONE.

Several methods for increasing or depleting cellular GSH are available, and these 

have been widely used for investigating the proposed roles of GSH in the protection 

of cells against chemical toxicity, radiation and oxidative stress. Treatment with 

buthionine sulphoximine (BSO), a specific inhibitor of y-glutamylcysteine synthetase 
(Griffith & Meister, 1979a), is commonly used to deplete GSH, and is preferential to

treatment with GSH-conjugating agents such as diethylmaleate (DEM), which give rise 

to toxicity and which, after the initial GSH depletion, result in an increased rate of GSH 

resynthesis. Mice administered BSO show a rapid decline in the GSH content of the 

kidney, liver, plasma, pancreas and muscle (Griffith & Meister, 1979b), reflecting 

continued turnover of GSH in the absence of any resynthesis. Depletion of GSH in 

BSO-treated cultured human lymphocytes is associated with an increase in 

extracellular GSH, indicating that GSH export is a major contributor to GSH turnover 

(Dethmers & Meister, 1981).

(24)

glyoxylase I (25)

(26)
glyoxylase II

COOH
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Two methods that have been successfully used to increase the level of cellular GSH 

are the administration of the 5-oxoproline analogue L-2-oxothiazolidine-4-carboxylate 

(OTZ) (Williamson & Meister, 1981) and administration of glutathione monoethyl ester 

(Anderson et al., 1985). 5-Oxo-L-prolinase catalyses the ATP-dependent conversion 

of OTZ to cysteine, and administration of OTZ is thus a useful way of increasing 

intracellular cysteine, which is often the limiting factor in GSH synthesis. However, with

this method, GSH synthesis is still limited by GSH feedback inhibition of y- 
glutamylcysteine synthetase. Unlike GSH, the GSH monoethyl ester y^glutamyl- 
cysteinyl-glycyl ethyl ester, is readily transported into cells (possibly as a result of its 

increased hydrophobicity and removal of the negative charge from the glycine 

residue). It is hydrolysed intracellularly to GSH and injection, or oral administration of 

this compound to mice results in a rapid increase in the GSH content of several 

tissues (Anderson et al., 1985).

1.1.9 GSH AND CELLULAR RESISTANCE TO CHEMOTHERAPEUTIC DRUGS.

Cellular resistance to radiation and chemotherapeutic drugs is a major problem for the 

successful treatment of several types of tumour. Resistance may either be intrinsic or 

acquired during treatment. Multidrug resistance, in which treatment with one agent 

induces resistance to a wide range of unrelated compounds is commonly observed. 

Cellular drug resistance appears to be multifactorial, and changes in drug uptake and 

efflux, activation and detoxification, and repair of drug induced damage may all be 

involved (Harris, 1990; Hayes et al., 1990a). Multidrug resistance is associated with 

the overexpression of a 170kD membrane glycoprotein named P-glycoprotein (the 

product of the mdr1 gene), which is thought to act as an ATP-dependent membrane 

pump thereby increasing cellular drug efflux (reviewed by Moscow & Cowan, 1988). 

Other proteins that have been implicated in drug resistance are the DNA repair 

enzyme 0 6-alkyl guanine alkyl transferase which repairs alkylated DNA arising from 

treatment with nitrosoureas, and topoisomerase II (which is down-regulated in drug 

resistance) which is involved in the breaking and resealing of double stranded DNA. 

Several drugs (including adriamycin) bind to topoisomerase II, trapping it in its DNA- 

bound form, which is thought to result in the obstruction of DNA replication.
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Of relevance to the present thesis are the observations that elevated levels of GSH 

are often found in tumour cells which show resistance to chemotherapeutic drugs, 

suggesting that GSH is involved in cellular resistance to these agents. For example, 

GSH is elevated in murine leukaemia cells (Suzukake etal., 1982) and human ovarian 

carcinoma cells (Green etal., 1984) resistant to the alkylating agent L-phenylalanine

mustard (L-PAM; melphalan). The cellular content of y-glutamyltranspeptidase was 
also found to be elevated in the L-PAM-resistant murine leukaemia cells, providing a 

possible explanation for their increased GSH content (Ahmad et al., 1987).

Treatment with BSO to deplete cellular GSH has been shown to result in increased 

cytotoxicity to cells op both alkylating agents such as melphalan (Green et al., 1984; 

Ozols etal., 1987) and redox cycling drugs (Bachur et al., 1978) such as bleomycin 

& adriamycin (Russo et al., 1986), which may exert their cytoxicity via production of 

oxygen centered free radicals (Mimnaugh et al., 1989). Conversely, treatment with 

OTZ to increase cellular GSH is found to protect cells against cytotoxicity induced by 

these agents (Russo et al., 1986). GSH could protect against cytotoxicity by several 

mechanisms. For example, increased drug conjugation (which may in some cases 

(e.g., melphalan & chlorambucil) be catalysed by the GSH S-transferases, see Section 

1.2.16) may protect against alkylating agents, while increased repair of oxidative 

damage (mediated via GSH peroxidase activity) and scavenging of free radicals may 

be important in protection against the redox cycling drugs. Ozols et at. (1987) and 

Kramer et al. (1987) have shown that BSO treatment preferentially enhances the 

sensitivity of tumour cells rather than normal tissue cells to melphalan suggesting that 

the clinical use of BSO to overcome resistance of tumours to such agents may be 

possible. The use of BSO to potentiate the action of melphalan is currently undergoing 

clinical trials.

1.1.10 GSH AND CELLULAR RESISTANCE TO IONIZING RADIATION.

Ionizing radiation leads to the production of free radicals such as the hydroxyl radical 

which is produced by radiolysis of water, and which is capable of initiating free radical 

damage to cellular macromolecules (reviewed by Greenstock, 1984). The competition 

theory first introduced in 1955, predicts that at low oxygen concentration free radical 

scavenging by thiols (e.g., by hydrogen donation) such as GSH should provide
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adequate radioprotection, but that at higher oxygen concentrations, preferential 

interaction of free radicals with oxygen leads to fixation of damage giving rise to the 

observed increase in radiosensitivity in the presence of oxygen (the ‘oxygen effect’) 

(reviewed by Rev6sz, 1985). The findings that non-protein thiol levels correlate with 

radiosensitivity in anaerobic, but not aerobic tumour cells (Revesz et al., 1963) and 

that the oxygen enhancement ratio (increased radiosensitivity in the presence of 

oxygen) is lowered in GSH-deficient human fibroblasts (Revesz, 1985) support the 

proposed role of GSH in the radioprotection of hypoxic cells. Similarly, depletion of 

GSH with DEM was found to produce slightly increased radiosensitivity in hypoxic 

cells, but not in aerobic cells (Bump et al., 1982), and a 2-fold elevation in GSH 

content using OTZ offered no additional radioprotection to aerobic cells, but offered 

a small amount of protection to hypoxic cells (Russo et al., 1985). However, other 

reports contradict these findings (see Mitchell et al., 1989). Since considerable 

variation in results is observed and the level of protection or sensitization on 

modulating cellular GSH is often very small, it appears likely that although GSH may 

be involved in the cellular response to radiation it is probably not of major importance.

1.2 THE GLUTATHIONE S-TRANSFERASES.

1.2.1 PREFACE.

The glutathione S-transferases (GSTs, EC 2.5.1.18) are a supergene family of dimeric 

isoenzymes which catalyse reactions involving the nucleophilic attack of GSH on a 

wide variety of electrophilic compounds. These include the conjugation of GSH to 

xenobiotic and endogenous electrophiles, the reduction of organic hydroperoxides, and 

the isomerization of prostaglandins. They also bind non-enzymatically to many 

hydrophobic compounds including haem, bilirubin, anionic dyes, hormones and 

carcinogens. GSTs have been identified in all organisms in the plant and animal 

kingdoms so far examined and also in fungi, but have been mostly studied in the rat, 

man and mouse (for recent reviews on the GSTs see Ketterer et al. (1988) and 

Mannervik & Danielson (1988)). More recently they have been discovered in some 

bacteria (see Pemble & Taylor, 1992).
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Cytosolic GST subunits have molecular weights of around 25kD. They are divided into 

three species-independent classes named alpha, mu and pi on the basis of substrate 

specificity and sensitivity to inhibitors, isoelectric point, mobility on sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE), immunoreactivity and amino 

acid or nucleotide sequence (Mannervik etal., 1985). A fourth class named theta has 

recently been added (Meyer et al., 1991a). In addition, there is a membrane-bound 

enzyme, microsomal GST (Morgenstern et al., 1982), which shows little structural 

homology to the cytosolic forms and is not assigned to any class. Within each class 

the GST subunits combine to form enzymically active homodimers or heterodimers, 

which have characteristic but overlapping substrate specificities. The enzymic activity 

of each dimer is specified by its constituent subunits (Mannervik & Jennsson, 1982).

1.2.2 CLASSIFICATION AND NOMENCLATURE.

Several nomenclature systems have been used for the rat GSTs, but the 

nomenclature of Jakoby etal. (1984), in which subunits are numbered sequentially in 

the order of their discovery and dimeric enzymes are named according to their subunit 

composition (e.g., GST 3-4) is now most commonly used. An alternative system based 

on subunit mobility on SDS-polyacrylamide gels is still used by some workers (Bass 

et al., 1977). At least 14 different subunits and 19 dimeric GST isoenzymes have so 

far been identified in the rat, and these fall into the alpha, mu pi and theta classes as 

indicated in Table 1.1. Two forms of subunit 1 were originally separated by reverse- 

phase h.p.I.c, and these have now been isolated and characterized (Hayes et al., 

1990b). The existence of another mu class subunit Yb4, is suggested from isolation 

of its genomic clone (Lai et al., 1988), but the cDNA and protein have yet to be 

identified. The Yrs subunit described by Hiratsuka etal. (1991) is identical to subunit 

12 (Meyer et al., 1991a; Pemble & Taylor, 1992).

The human GSTs were originally classified as basic (cationic), near neutral and acidic

(anionic) on the basis of their isoelectric points, with the basic GSTs often belonging

to the alpha class, near neutral GSTs to the mu class and acidic GSTs to the pi class.

Individual enzymes have been named according to class (e.g., GST n), or their 
isoelectric point (e.g., GST ‘9.9’). A new nomenclature system similar to that used for

the cytochrome P-450 supergene family, in which the enzyme name reflects both the

36



class and subunit composition (e.g., GSTA1-1 is an alpha class homodimer), and 

which is also used to describe the genotype (see Section 1.2.3) has recently been 

introduced (Mannervik et al., 1992). Only subunits for which the complete primary 

structure is known (usually deduced from a cDNA clone) are recognised in this 

system. The older nomenclatures are used throughout this thesis, but the new 

nomenclature is included in Table 1.2, which lists the human GSTs that have so far 

been characterized.

Human alpha class GSTs include GSTs B ^ ,  B:Q2 and B2B2 (Stockman etal., 1985) 

which are equivalent to three (e, 8 and y respectively) of the five basic enzymes 
isolated from liver by Kamisaka et al. (1975) and GSTs ax-ax, ax-ay & ay-ay

respectively, described by Ostlund-Farrants et al. (1987). Also included in the alpha 

class is the skin GST ‘9.9’ isolated by Del Boccio etal. (1987) which shows extensive 

homology to the rat GST 2-2 (both have unblocked amino-termini unlike other alpha 

class GSTs). Several mu class isoenzymes have been characterized. These include 

the homodimers GST u (Warholm etal., 1983), GST \\r (Singh et al., 1987a), muscle 

GST4 (Laisney etal, 1984) and the testis and brain GST 5.2 (Campbell et al., 1990). 

The GST \x-x\f heterodimer has been observed using starch gel electrophoresis (Board, 
1981) and a GST4-|i heterodimer has recently been isolated (Hussey et al., 1991). 

Several other forms have been identified in various tissues, including the brain GST5 

(Laisney etal., 1984), which appears to be different to GST 5.2. GSTn isolated from

the placenta may be derived from the same gene as the GST p isolated from 
erythrocytes (Guthenberg & Mannervik, 1981). No other pi class GSTs have been

characterized but a fatty acid ethyl ester synthetase isolated from the myocardium

appears to be similar although not identical to GST k (Bora etal., 1989). In the theta

class only GST 9 has been isolated (Meyer et al., 1991a).

There are two main nomenclatures for the mouse GSTs. One is based on pi (used by 

Benson et al., 1989), while the other identifies each subunit numerically (as in 

Jakoby’s (1984) nomenclature for the rat GSTs), with a letter being used to indicate 

the mouse strain (see Warholm etal., 1986) (Table 1.3). Three alpha class enzymes 

have been isolated from mouse liver, the homodimers N 4-4 (M1) (from NMR-1 mice; 

Warholm et al., 1986) and C 4-4 (GST 10.6) (from CD-1 mice; Benson et al., 1989) 

and a f-butyl-4-hydroxyanisole (BHA)-inducible heterodimer GST 10.3 (from CD-1
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CLASS ENZYME ALTERNATIVE
NOMENCLATURE

PREVIOUS
NOMENCLATURE

SUBUNIT 
MW (kD)

REF.

ALPHA 1-1a Ya-Ya Bb ligandin 25
1-2 Ya-Yc Bb ligandin
2-2 Yc-Yc AA 28
8-8 Yk-Yk K 24.5
10-10 YI-YI 25.5 1

MU 3-3 Yb1-Yb1 A 26.5
3-4 Ybr Yb2 C
3-6 Yb1-Yn1 P
4-4 Yb2-Yb2 D 26.5
4-6 Yb.-Yn, S
6-6 Yn1-Yn1 Mt 26 2
6-9 Ynr Yn2 3
11-11 Yo-Yo 4

PI 7-7 Yf-Yf/Yp-Yp P 24

THETA 5-5 E 26.5 5
12-12 5

OTHER microsomal GST 17

a. The two forms of subunit 1 first separated on reverse-phase h.p.I.c by Ostlund 
Farrants et al. (1987) were isolated by Hayes et al. (1990b) and designated 
Ya1 and Ya2.

b. Ligandin is a mixture of GSTs 1-1 and 1-2.

TABLE 1.1. CLASSIFICATION OF THE RAT GSTs.

Data is taken from Mannervik & Danielson (1988), Ketterer et al. (1988) and the 
following additional references: 1, Meyer et al. (1991b); 2, Tsuchida et al. (1987); 3, 
Ishikawa et al. (1988); 4, Kispert et al. (1989); 5, Meyer et al. (1991a), Pemble & 
Taylor (1992).
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CLASS ENZYME Pi PREVIOUS NOMENCLATURES REF.

ALPHA GSTA1-1 8.9 B ^ ,  ax-ax, e, GST2-type 1
GSTA2-2 8.4 B2B2, ay-ay, y, GST2-type 2
GSTA1-2 8.75 B ^ ,  ax-ay, 8, GST2-type 1-2

9.9 skin GST ‘9.9’

MU GSTM1a-1aa 6.6 j l i , GST1-type 2,
GSTM1b-1ba 5.5 \j/, GST1-type 1
GSTM1a-1b |n-\|r, GST 1-type 2-1 1
GSTM2-2 N2N2, muscle GST4
GSTM3-3 5.2 GST 5.2 2
GSTM1a-2 JJ.-GST4, M3N2 3

PI GSTP1-1 4.8 71, GST3

THETA GSTT1-1 0 4

OTHER Microsomal

a. a and b refer to alleles of a single locus (Mannervik etal., 1992).

TABLE 1.2 CLASSIFICATION OF THE HUMAN GSTs.

Data is taken from Mannervik et al. (1992), Mannervik & Danielson (1988) and the 
following additional references: 1, Board (1981); 2, Campbell etal. (1990); 3, Hussey 
et al. (1991); 4, Meyer et al. (1991a).
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CLASS ENZYME STRAIN ALTERNATIVE
NOMENCLATURE

HOMOLOGY TO 
RAT SUBUNITS

ALPHA N 4-4 NMR1 Ml 10, 2

C 4-4 CD-1 GST 10.6a

MU N 1-1 NMR1 Mill 3

C 1-1 CD-1 GST 8.7b 3

C 2-2 CD-1 GST 9.3° rat Yb4 clonef

GST 7.1d 4

PI N 3-3 NMR1 Mil 7

C 3-3 CD-1 GST 9.0e 7

a. Similar but not identical to N 4-4 (Benson et a!., 1989).
b. Closely related to N 1-1. Induced by BHA (Benson et al., 1989).
c. Very low in uninduced tissue. Induced by BHA and BEX (Benson et al., 1989).
d. Expressed by transfection of a cDNA clone in a mouse cell line (Townsend et al., 

1989)
e. Similar to N 3-3. BHA and BEX-inducible in females (Benson etal., 1989).
f. The rat Yb4 genomic clone isolated by Lai etal. (1988).

TABLE 1.3 CLASSIFICATION OF THE MOUSE GSTs.

This table is updated from Mannervik & Danielson (1988). Additional data is from 
Townsend etal. (1989) and Benson etal. (1989).
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mice; Benson etal., 1989). Three alpha class subunits Yav Ya2 and Ya3 have recently 

been identified (McLellan etal., 1991). The Ya3 subunit shows homology to rat subunit 

2, is constitu tively expressed and may correspond to the N 4-4 subunits. Ya  ̂ and Ya2 

are BHA-inducible and show homology to rat subunit 1, and may correspond to GST 

10.3. A mu class GST N 1-1 (M111) which is similar to rat GST 3-3, has been isolated 

from the liver of NMR mice (Warholm etal., 1986). Two mu class enzymes have been 

isolated from CD-1 mice (Benson et al., 1989): GST 8.7 which is similar to mouse 

GST N 1-1 and the BHA and bisethylxanthogen (BEX)-inducible GST 9.3. The pi class 

enzymes N 3-3 (Mil) and GST 9.0 have been isolated from NMR mice (Warholm et 

al., 1986) and CD-1 mice (Benson etal., 1989) respectively.

1.2.3 STRUCTURE, HOMOLOGIES AND GENETIC RELATIONSHIPS. 

Amino-terminal sequences are available for most well characterized GSTs. Full length 

amino acid sequences deduced from the cDNA sequence have been obtained for rat 

subunits 1a, 1b, 2, 3, 4, 6, 7 and microsomal GST (see Mannervik & Danielson, 1988) 

and subunits 5 and 12 (Pemble & Taylor, 1992). cDNA clones for two human alpha 

class GST subunits (Rhoads etal., 1987), GST n (Kano etal., 1987), GST u (Dejong 

et al., 1988a), GST \j/ (Siedegard et al., 1988), GST 4 (Vorachek et al., 1991) and 

GST 5.2 (Campbell et al., 1990) subunits have also been isolated. In the mouse an 

alpha class genomic clone (Daniel etal., 1987) and cDNA clone (Pearson etal., 1988) 

which may correspond to subunits Yâ  and Ya2 respectively, cDNA clones for the mu 

class GST 8.7 and GST 9.3 (Pearson et al., 1988) and a pi class GST (Hatayama et 

al., 1990) have been isolated. Significant homology within each GST class is 

observed, both within and between species. In the rat, the alpha class subunits 1 and 

2 share 68% amino acid homology and the mu class subunits 3, 4 and 6 share 80% 

homology. There is much less homology between classes, and subunit 7 shares only 

32% homology with subunits 1 and 2 (see Pickett & Lu, 1988). The microsomal GST 

shows little homology to any of the cytosolic GSTs (DeJong etal., 1988b). Sequence 

comparison suggests that the different classes of GST evolved from a common 

ancestral protein. Since the homology of each class of GST between species is 

greater than the homology between different classes of GST within a species, it is 

thought that the separation of classes took place before the divergence of rodents and 

man (Mannervik & Danielson, 1988).
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Until recently, little was known about the secondary and tertiary structure of the GSTs.

Circular dichroism experiments and predictions of secondary structure from the amino

acid sequence had indicated that a mixture of a-helix and 6-sheet was present. The 
secondary, tertiary and quaternary structure of porcine GST n has now been deduced 
by X-ray crystallography (Reinemer etal., 1991), and has shown that each subunit is

composed of two domains, the first (residues 1 -74) containing a 6-sheet, flanked by

two alpha helices on one side and an irregular helix structure on the other, and the

second (residues 81-207) containing five a-helices (Figure 1.3). All the cytosolic GSTs 
exist as stable homodimers or heterodimers and appear to be inactive in monomeric

form. Contact between subunits is mediated by hydrophobic residues in domain 1 of

one subunit and domain 2 of the other subunit and a large cavity is present between

the subunits (Reinemer et al., 1991). There appears to be some involvement of one

subunit with the other’s active site (see Section 1.2.4.3).

The GST isoenzymes form a supergene family, the subunits of which are products of 

separate genes. Rat genomic clones for subunits 1, 3, 4 and 7 have been 

characterized (Pickett & Lu, 1989). The genetic relationship of the human GSTs has 

been reviewed by Board et al. (1990). The alpha class GST subunits B1 and B2, and 

the skin GST ‘9.9’ are coded by separate gene loci, which appear to be clustered in 

a single chromosomal region (chromosome 6). Southern blot analysis suggests that 

additional alpha class genes may exist. Genetic polymorphism of the human mu class 

GSTs is observed, and it was suggested that this was due to allelic variation at a 

single gene locus (GST 1) (Board, 1981). This has since been confirmed. Three 

alleles have been identified: GST1*1, GST1*2 and the null allele, GST1*0 which 

arises as result of a gene deletion (Siedegard, 1988). Individuals expressing GST1-

type 1 (GST p.) or GST1-type 2 (GST y) are thus homozygous for the GST1*1 allele 
and GST 1 *2 alleles respectively, or are heterozygous for the GST 1 *1 or GST 1 *2 allele 

respectively and the null allele. Those expressing GST1-type 1-2 are heterozygous for

the GST1*1 and GST1*2 alleles, and those who lack both GST p. and GST y  are 
homozygous for the null allele (about 40% of the population). Other mu class GSTs

are encoded by separate genes. The gene for GST n has been mapped to

chromosome 11q13, and slight differences between isolated cDNA clones suggests

the existence of allelic variation at this locus. There is some evidence for the existence

of multiplicity in pi class GSTs, but this has not yet been confirmed. The
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FIGURE 1.3 THE THREE-DIMENSIONAL STRUCTURE OF GST n.

The three-dimensional structure of a subunit of porcine GST n (determined by X-ray 
crystallography) with the model of the inhibitor glutathione sulphonate (thin line) is 
shown (A). B shows the structure of the GST n dimer (glutathione sulphonate 
indicated in red . Both figures are taken from Reinmer et al. (1991).
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new nomenclature for the human GSTs (Mannervik et al., 1992) is also used to 

describe the genetic loci. For example, GSTM1 a-1 a, the mu class homodimer, has the 

genotype GSTM 1 *A/GSTM r A  or GSTM 1 *A/GSTM 1 *0.

1.2.4 ENZYMATIC PROPERTIES.

1.2.4.1 MODEL GST SUBSTRATES.

The GSTs catalyze three main types of reaction involving the nucleophilic attack of 

glutathione on an electrophilic centre (see reviews by Ketterer et al. (1988) and 

Mannervik & Danielson 1988)), namely conjugation of GSH to electrophilic carbon, 

attack of GSH on electrophilic oxygen resulting in reduction of hydroperoxides (Se- 

independent GSH peroxidase activity), and GSH-dependent isomerizations, which are 

presumed to result from the reversible attack of GSH on certain electrophilic carbon 

atoms. These may be illustrated by the activity shown towards various model 

substrates. 1-chloro-2,4-dinitrobenzene (CDNB), 1,2-dichloro-4-nitrobenzene (DCNB), 

fra/7s-4-phenyl-3-buten-2-one (tPBO), ethacrynic acid ([2,3-dichloro-4-(2- 

methylenebutyryl)-phenoxy]acetic acid, 4-hydroxy-non-2-enal (HNE) and 1,2-epoxy-3- 

(p-nitrophenoxy)propane (EPNP) all undergo GSH conjugation via nucleophilic attack 

on an electrophilic carbon. Cumene hydroperoxide (CuOOH) is reduced to cumyl 

alcohol via nucleophilic attack of GSH on the electrophilic oxygen to give the 

presumed intermediate GSOH which is attacked again by a second molecule of GSH 

to give GSSG. Unlike the selenium-dependent GSH peroxidase, the GSTs are unable 

to utilise H20 2. Finally, A5-androstene-3,17-dione (ADO) undergoes GSH-dependent 

isomerism to yield A4-androstene-3,17-dione. Some of these reactions are illustrated 

in Figure 1.4.

Each isoenzyme shows a characteristic spectrum of activity towards these substrates 

(Table 1.4). CDNB is utilized well by most GSTs except rat GSTs 5-5 and 12-12 

(Meyer et al., 1991), and is used as a general GST substrate. GST 5-5 may be 

identified by its high activity towards EPNP and CuOOH, GST 12-12 by its activity 

towards menapthyl sulphate, GSTs 1-1 and 2-2 by their high GSH peroxidase activity 

towards CuOOH and GST 1 -1 for its activity towards ADO, GST 8-8 by its high activity 

towards HNE, the pi class GSTs by their activity towards eth acrynic acid, and the mu 

class GSTs 3-3 and 4-4 by their activity towards DCNB and tPBO respectively.
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A. 1-chloro-2,4-dinitrobenzene

(CDNB) Cl 80

i § r '
NO,

NO, NO,

B. 1,2-epoxy-3-(p-nitrophenoxy)propane

(EPNP)

GSH

NO, NO,

C. 4-hydroxy-non-2-enal

(HNE) oh g s h  9”
o hc , / ^ / n / \ / \  ----------------------------► o hc / / vj ^ A s / A ^

D. Cumene hydroperoxide 

(CuOOH) CHrC-CH,
GSH

E. A5-androstene-3,17-dione. 

(ADO) GSH

FIGURE 1.4 SOME MODEL GST SUBSTRATES.
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GST

CDNB EPNP

ACTIVITY (pmol/min/mg protein) 

DCNB tPBO CuOOH EA ADO HNE

1-1 40 0.7 0.15 0.1 1.4 0.3 0.23 2.6

2-2 38 0.9 0.15 0.1 3 2.1 0.07 0.7

3-3 50 0.2 8.4 0.1 0.1 0.4 0.02 2.7

4-4 20 0.9 0.7 1.2 0.4 1 0.002 6.9

5-5 <0.5a 180a 0 <0.001 41a 0 ND ND

6-9 190 <0.5 2.4 0.2 0.04 <0.5 ND ND

7-7 20 1 <0.005 0.02 0.01 4 <0.001 ND

8-8 10 ND 0.12 0.1 1.1 18 ND 170

BiB* 82 0 0.25 0 31 0.11 ND ND

B2B2b 80 0 0.79 0 104 0.14 ND ND

187 0.11 0.032 0.36 0.63 0.081 0.12 ND

7Ib 105 0.37 0.11 0.01 0.03 0.86 ND ND

a. Data taken from Meyer et al. (1991a)
b. Data taken from Mannervik & Danielsson (1988).

TABLE 1.4 GST ISOENZYME SPECIFICITY TOWARDS SOME MODEL 
SUBSTRATES.

Data is taken from Ketterer et al. (1988) and the additional references sited above. 
ND is not determined. CDNB=1-chloro-2,4-dinitrobenzene; DCNB=1,2-dichloro-4- 
nitrobenzene; EPNP=1,2-epoxy-3-(p-nitrophenoxy)propane; tPBO=frans-4-phenyl-3- 
buten-2-one; EA=ethacrynic acid; CuOOH=cumene hydroperoxide; ADO=A5- 
androstene-3,17-dione; HNE=4-hydroxy-non-2-enal.
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SUBSTRATE ACTIVITY (p.mol/min/mg protein)

1-1 2-2 3-3 4-4 5-5 6-6 7-7 a-e n

/V-acetyl-p-
benzoquinone
imine.

24 48 6 3 ND ND 60 ND ND ND

a-bromoiso-
valerylurea.

.01 0.1 .08 .06 ND ND ND ND ND ND

aflatoxin Br e 
exo-8,9-oxide.

.0014 .0004 .0013 .0015 ND ND <.0004 .000049 .0006 .00006

anti- benzofa] 
pyrene-7,8- 
diol-9,10-oxide.

.01 .08 .03 0.33 ND ND 0.33 .038a 0.57a 0.83a

benzo[a]pyr-a
ene-4,5-oxide

.011 .004 .087 ND .069 ND ND .047 0.92 0.13

4-nitroquino-f 
line oxide

0 0 4.8 5.1 ND 9.9 ND 0 0.9 25

1 -nitropyrene- 
4,5-oxide

.01 .03 0.3 0.3 ND ND .02 ND ND ND

linoleateb
hydroperoxide.

2.8 1.8 0.2 0.2 ND .06 1.5 4.7/1.6h ND 0.44

5-hydroper-b
oxymethyluracil.

0.13 1.01 0.49 0.27 ND 1.27 1.25 ND ND ND

DNA hydro-0 
peroxide.

.0001 .0002 .018 .032 o CO
a. .009 .005 .0OS .08Z .02

leukotriene A4a .002 .0005 .002 .077 ND ND ND .009 .044 .002

TABLE 1.5 GST ISOENZYME SPECIFICITY TOWARDS SOME BIOLOGICAL 
SUBSTRATES.

Data is taken from Ketterer et al. (1988) and the additional references as indicated 
below: a, Mannervik & Danielson (1988); b, Tan etal. (1986); c, Tan etal. (1988); 
d, Meyer et al. (1991a); e, Raney et al. (1992); f, Aceto et al. (1990); g, data is for 
GST ax-ax; h, data is for GSTs ocx-ax and ay-ay respectively. ND is not determined.
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1.2.4.2 GST SUBSTRATES OF BIOLOGICAL SIGNIFICANCE.

Biologically significant GST substrates include xenobiotic electrophiles which are often 

cytotoxic (e.g., /V-acetyl-p-benzoquinone imine (NABQI) a metabolite of paracetamol) 

or genotoxic with the potential to be carcinogenic (e.g., the carcinogenic 

benzo[a]pyrene-7,8-diol-9,10-oxide (BPDE), a metabolite of benzo[a]pyrene),

endogenous electrophiles such as 4-hydroxynon-2-enal and cholesterol a-oxide which 
are produced during lipid peroxidation, hydroperoxides produced as a result of 

oxidative damage to lipids and DNA, and hydroperoxides which are intermediates in 

eicosanoid biosynthesis (Table 1.5) (see Ketterer et al. (1988) for a review). These 

activities will be discussed furthur in the appropriate sections below.

1.2.4.3 CATALYTIC MECHANISM AND KINETICS.

Each GST subunit has an active site containing a GSH binding site (G-site), which

shows high specificity for GSH, and an electrophile binding site, which is partly

hydrophobic (H-site), and which accepts a variety of substrates (Mannervik &

Danielson, 1988). The catalytic mechanism is not yet fully understood, but apparently

involves deprotonation of GSH to yield the more reactive thiolate anion. This could

either occur by general base-catalysis, or by reduction of the pKa of GSH by a

positively charged electrostatic field, with the thiolate anion binding to the active site.

The recent elucidation of the three-dimensional structure of GST n (Reinemer et al.,

1991) has shown that the G-site is situated on domain 1 of each subunit in an

intrasubunit cleft which extends from the protein exterior to the cavity at the centre of

the dimer. The ^glutamyl carboxyl group of the GSH analogue glutathione sulphonate 
(which points towards the protein centre) interacts with arginine and glutamine

residues in the G-site, and possibly with an aspartate residue from the other subunit,

the sulphonate group may interact with the G-site tyrosine 7 which is conserved

between mammalian GSTs, and the glycine carboxyl group interacts with G-site

tryptophan and lysine residues. Hydrogen bonding between the protein and GSH
<s

chains also occurs. The location of the H-site^yet to be established. It appears likely 

that tyrosine 7 is involved in catalysis and it has been proposed (from studies on rat 

GST 3-3) that its hydroxyl group helps to stabilize the thiolate anion of the bound GSH 

by lowering the pKa of its sulphydryl group by hydrogen bonding to the thiolate anion 

(i.e. Tyr-0-H... S-G; Liu, 1992).
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There has been controversy over the kinetic mechanism of the GSTs, but a random 

sequential model is thought to best fit the kinetic data. The ^  for GSH of most GSTs 

is around 0.1 mM which is well below the concentration in most cells. The Km for the 

electrophilic substrates varies over three orders of magnitude (jxM to mM).

1.2.5 TISSUE SPECIFIC EXPRESSION OF THE GSTs.

The GSTs are expressed in a tissue specific manner (reviewed by Ketterer et al. 

1988). In the rat, the tissue distribution of GSTs has been examined using reverse- 

phase h.p.I.c (which separates and quantifies the individual subunits) (Ketterer etal., 

1988) and Northern blot analysis (to determine mRNA levels of each class of GST) 

(Pemble et al., 1986). The liver is particularly rich in GSTs and expresses high 

quantities of subunits 1,2,3 and 4, lower quantities of subunits 6 and 8, but very little 

subunit 7. The testis, also rich in GSTs, expresses predominantly mu class subunits, 

including subunits 6, 9 and 11, and lower levels of subunits 7,2 and 8. In contrast, the 

kidney expresses low levels of subunits 3, 4 and higher levels of subunits 1, 2, 7 and 

8. In some tissues a particular form predominates, such as subunit 8 in erythrocytes, 

subunit 7 in the small intestine and subunit 6 in the brain (Tsuchida et al., 1987). 

Immunohistology (which cannot usually distinguish between subunits of the same 

class) has shown that in rat liver the expression of alpha and mu class subunits is 

greater round the central vein than round the periportal vein and that subunit 7 is 

expressed in the bile duct cells but in only a few hepatocytes (Redick et al., 1982).

In man, the liver is the only tissue where the GST content has been analysed 

extensively and the different isoenzymes have been fully characterized. It contains the 

alpha class GSTs B1B1t B,B2 and B2B2, a small amount of GST n and, in about 40% 

of individuals, the mu class GSTs p and \y (Board, 1981; Ketterer et al., 1989; van 

Ommen et al., 1990). In other tissues the GSTs have been often simply been 

identified as cationic, anionic or neutral, and only a few have been fully characterized. 

Placenta, lung and erythrocytes express predominantly pi class GST, and its 

presence in many other tissues has been observed immunohistochemically (Campbell 

etal., 1991). The kidney (Singh etal., 1987b) and small intestine (Peters etal., 1989) 

contain cationic, neutral and anionic GSTs, while only anionic and cationic forms have 

been identified in the testis (Aceto et al., 1989). The alpha class GST *9.9’ is strongly
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expressed in the skin (Del Boccio etal., 1987), GST4 is expressed in skeletal muscle 

(Laisney etal., 1984) and GST 5.2 is expressed in the brain and testis (Campbell et 

at., 1990), although a possibly identical form, GST human 11-11, has also been 

detected in the kidney (Dr. D. Meyer, personal communication). In contrast to rat and 

man, pi class GST is strongly expressed in mouse liver and appears to be absent from 

many other tissues (Hayes etal,. 1987a).

1.2.6 DEVELOPMENTAL CHANGES IN GST EXPRESSION.

The GST content of foetal rat liver is low, and only subunits 2, 7, and the foetal- 

specific subunit 10 which has high GSH peroxidase activity (Meyer et at., 1991b; 

Meyer et al., 1985b) are strongly expressed (Tee et at., 1992). Subunit 7 declines 

rapidly just before birth and subunit 10 persists for about a week after birth. 

Expression of subunits 1, 2, 3, and 4 declines at birth and remains low for 5-10 days, 

but then increases rapidly, reaching the highest level at sexual maturity (Tee et al,.

1992). In man, pi class GST is expressed in several foetal tissues, including the liver, 

kidney, lung, brain and intestine, and alpha class GSTs have been identified in some 

foetal tissues including the liver (see Ketterer et al., 1988).

1.2.7 SEX-SPECIFIC EXPRESSION OF THE GSTs.

In rat liver, alpha class GSTs are more abundant in the female whereas mu class 

GSTs are more abundant in the male (Igarashi etal., 1987). Sex differences in GST 

expression are very marked in the mouse. For example, the expression of pi class 

GST in male liver is an order of magnitude higher than that observed in female liver 

(McLellan & Hayes, 1987).

1.2.8 CHEMICAL INDUCTION OF THE GSTs.

Many chemicals including drugs, carcinogens and antioxidants induce the expression 

of the GSTs in a subunit-specific manner. For example, in the rat, phenobarbital was 

shown to induce subunits 1, 2 and 3 while 3-methylcholanthrene was only shown to 

induce subunit 1 (GSTs were separated by carboxy-methyl cellulose chromatography; 

Igarashi etal., 1987), with induction by both compounds occi/fing at the transcriptional 

level (Ding & Pickett, 1985). Treatment of rats with diethylnitrosamine followed by 2- 

acetylaminofluorene (2-AAF) and partial hepatectomy, induces GST subunits 3 and
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1 in the liver (Kitahara et al., 1984). The induction of GSTs by antioxidants such as 

BHA, which is anti-carcinogenic in the mouse (Wattenburg, 1985),

suggests that the GSTs may protect against carcinogenesis (see Section 1.2.15). In 

the mouse, BHA induces the mu class GSTs 8.7 and 9.3, the alpha class GST 10.3 

and in females, the pi class GST 9.0 (Benson et al., 1989), and in rat liver it results 

in particularly strong induction of subunit 3 (Sato etal., 1984a). Similarly, oltipraz [5-(2- 

pyrazinyl)-4-methyl-1,2-dithiole-3-thione], which protects against the effects of aflatoxin 

B1 (Kensler et al., 1986), has been shown to induce subunit 1 in rat liver at the 

transcriptional level (Davidson etal., 1990). Lead nitrate induces GST 7-7 throughout 

rat liver (Roomi et al., 1986), and treatment of rats with dithiolthiones such as 1,2- 

dithiole-3-thione, has recently been shown to induce all the GST subunits expressed 

in adult liver, and to cause de novo expression of subunits 7 and 10 (Dr. D. Meyer, 

personal communication). However, most carcinogens and promoters have not been 

found to induce GST 7-7 without the appearance of preneoplastic nodules (see 

Section 1.2.9).

1.2.9 GST EXPRESSION DURING CARCINOGENESIS.

During the early stages of rat hefftocellular carcinoma induced by a variety of 

methods, such as that of Solt & Farber (1976) (which involves treatment with the 

carcinogen diethylnitrosamine, followed by treatment with the selective growth inhibitor 

2-acetylaminofluorene (2-AAF) and stimulation of growth by partial hepatectomy), 

preneoplastic foci of enzyme altered cells appear, which enlarge to give preneoplastic 

nodules (see Farber, 1984). These mostly redifferentiate into apparently normal rat 

liver, but some persist giving rise to hepatocellular carcimoma. Preneoplastic nodules 

show an elevation in GST subunits 1, 2, 3/4 (determined by immunohistology) 

(Harrison et al., 1990; Tatematsu et al., 1985) and de novo expression of GST 7-7 

(Sato etal., 1984b; Satoh etal., 1985; Power etal., 1987). Mu and alpha class GSTs 

are also induced in the surrounding liver (Tatematsu etal., 1985; Kitihara etal., 1984). 

GST 7-7 is a useful marker enzyme for rat liver preneoplasia, since it is largely absent 

in normal tissue and is induced after a single carcinogen treatment (Moore et al., 

1987). Its expression remains elevated in primary hepatoma (Meyer et al,. 1985a), 

where expression of other GST isoenzymes may be decreased.
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Preneoplastic nodules also show an increase in GSH and y-glutamyltranspeptidase, 
an increase in other phase II enzymes, and a decrease in phase I enzymes. According

to the resistant hepatocyte model, these changes enable the initiated cells to

proliferate in the presence of carcinogens which inhibit the proliferation of normal cells

(Farber, 1984). The resistant nodules share many features, including overexpression

of GST 7-7 and P-glycoprotein with multidrug resistant cultured cells (Cowan et al.,

1986; Fairchild etal., 1987). GST 7-7 is also induced during culture of rat hepatocytes

(Power et al., 1987; Vandenberghe et al., 1988) and it is noteworthy that it is

expressed in foetal liver (see Section 1.2.6). The role of GST 7-7 in the preneoplastic

nodules is unclear. It cannot detoxify many of the carcinogens which induce it,

although it does show activity towards aflatoxin B,-8,9-oxide and BPDE, and it may

simply be another example of an oncofoetal protein. However, its GSH peroxidase

activity may be important, since oxidative cell damage has been implicated in the

promotion stage of carcinogenesis.

In man, the tumour levels of GST n generally reflect the levels in the corresponding 
normal tissue (Moscow etal., 1989a). For example, expression of GST n is often low

in liver tumours and high in lung tumours. Many tumours, including breast tumours

(Shea et al., 1990) and malignant melanoma (Mannervik etal., 1987) express GST

n as a major form. Comparison of the GST levels between normal and tumour tissue 
is complicated by the large inter-individual variation observed in both normal and

tumour tissue (which makes it necessary to compare matched controls of normal and

tumour tissue from the same individual), and the fact that tumours are often

heterogeneous with respect to cell type.

GST n is not induced during hepatocellular carcinoma. However, elevation of GST n 
has been demonstrated immunohistochemically in cancers of the colon, stomach and 

pancreas (Kodate et al., 1986), and uterine cervix (Shiratori et al., 1987), by 

radioimmunoassay and immunoblotting (Howie et al., 1990) in cancers of the lung, 

colon and stomach and by Northern blotting (Moscow etal., 1989a) in cancers of the

colon, lung, stomach, ovary, head and neck. Elevation of GST n is also observed in 
precancerous tissue such as dysplasia of the uterine cervix (Shiratori et al., 1987).
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Several studies have measured the total GST activity and determined the GST 

isoenzyme content (usually by Western blotting) in matched samples of normal and 

tumour tissue. Clapper etal. (1991) found that the total GST activity in colon tumours 

was higher than that in normal tissue, due to an increase in GST n (the predominant 
enzyme in both normal colon and the tumours), no change in the levels of alpha class

GSTs and a decrease in the levels of mu class GSTs. In contrast, Di llio etal. (1991) 

showed that the total GST activities of kidney tumours were lower than in normal 

tissue, which could be explained by a large reduction in the levels of alpha class 

GSTs, a smaller reduction the levels of mu class GSTs with little change in the levels 

of GST k. Many human cancer cell lines also predominantly express GST n (Lewis et 

a!., 1989; Shea etal., 1988; Castro etal., 1990), although there are exceptions, such 

as the MCF7 breast carcinoma cell line (Batist etal., 1986).

1.2.10 INDUCTION OF GST ISOENZYMES IN DRUG RESISTANCE.

Batist et al. (1986) reported that GST n is overexpressed in an adriamycin-resistant 

MCF7 breast carcinoma cell line and Lewis etal. (1988) reported a 40-fold increase 

in the level of subunit 2 in a Chinese hamster ovary (CHO) cell line resistant to the 

nitrogen mustards chlorambucil, melphalan and mechloroethamine. Similar increases 

in GST expression, most often of GST n, are associated with acquired resistance to 
chemotherapeutic drugs in a variety of other cell lines and tumours including multidrug

resistant cells (see Moscow & Cowan, 1988). In the CHO-resistant cells, elevation of 

subunit 2 was associated with amplification of its gene (Lewis etal., 1988), but this is 

not generally the case.

1.2.11 CONTROL OF GST GENE EXPRESSION:

Both the rat GST 7-7 gene (Sakai etal. 1988) and the human GST n gene (Cowell et 

al., 1988) contain a 12-O-tetradecanoate- 13-acetate (TPA) phorbol ester responsive 

element (TRE element /consensus AP1 binding site) in their promoter regions. The 

GST k gene is not TPA-responsive (Dixon etal., 1989) and its TRE element has been 

shown to be involved in basal level expression (Xia etal., 1991). Two additional TRE- 

like sequences, which form an imperfect palindrome, are present in an enhancer 

region (GPEI) of the rat GST 7-7 gene, located 2.5kb upstream from the transcription 

start site (Sakai et al., 1988). This region has been shown to be responsible for the

53



TPA-inducibility of the gene. Another enhancer (GPEII) which contains viral enhancer 

sequences, is present 2.2kb upstream from the start site. In addition, a silencer 

element is present at 140 to 400 bp upstream. The TRE elements may bind c-jun/c-fos 

complexes (Karin, 1991). Of particular relevance to its expression during 

hepatocellular carcinoma is the observation that GST 7-7 is ras-responsive (Dixon et 

al., 1989), since an activated c-Ki-ras has been identified in rat liver tumours 

(McMahon etal., 1986) and ras may also act via the TRE element (Imler etal., 1988).

Rushmore & Pickett (1990) and Rushmore et al., (1990) have shown that the rat 

subunit 1 gene contains three upstream regulatory elements: an enhancer similar to 

those found in many liver-specific genes (nucleotides -857 to -867) which is involved 

in basal level expression; a xenobiotic response element (XRE) similar to those found 

in a number of cytochrome P-450 genes (nucleotides -899 to -908) which is partly 

responsible for the induction by planar aromjic compounds; an antioxidant response 

element (ARE) (nucleotides -682 to -722) which contributes to both basal level 

expression and induction by planar aromatic compounds. Induction by bifunctional 

inducers (phase I and phase II enzyme inducers) (e.g., planar aromatic compounds 

such as 6-naphthoflavone) was found to require Ah receptors and occurSd through 

both the XRE and the ARE. Induction by monofunctional inducers (phase II enzyme 

inducers) such as the antioxidant f-butylhydroquinone occu^ed through the ARE and 

did not require Ah receptors. These results are consistent with the model proposed by 

Prochaska & Talalay (1988), in which monofunctional inducers activate phase II genes 

via an electrophilic signal which does not require Ah receptors, whereas bifunctional 

inducers activate phase I and phase II genes directly via Ah receptor/inducer 

complexes, and are also metabolized by the induced phase I enzymes to electrophilic 

species resembling monofunctional inducers.

1.2.12 ROLE OF THE GSTs IN XENOBIOTIC METABOLISM.

The first stage of xenobiotic metabolism involves the introduction of reactive groups 

by oxidative, reductive or hydrolytic reactions catalysed by phase I enzymes such as 

the cytochrome P-450 enzymes, which are mostly localized to the endoplasmic 

reticulum. Phase II enzymes such as UDP-glucuronyltransferases, GSTs and 

sulphotransferases then catalyse the conjugation of the activated xenobiotic
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metabolites to endogenous molecules (glucuronidate, GSH and sulphate respectively), 

to produce water soluble species that may be more readily excreted (see review by 

Sipes & Gandolfi, 1991).

A role for GSTs in the biotransformation of xenobiotics was first demonstrated by

Booth et al., (1961), by the partial purification of an enzyme from rat liver capable of

catalyzing the conjugation of GSH to a variety of xenobiotic compounds. GST-

catalysed GSH conjugation forms the first stage of the mercapturic acid pathway which

involves the export of GSH conjugates from the cell, conversion to the cysteinyl

derivative by sequential removal of the glutamyl and glycinyl moieties by y-glutamyl 
transpeptidase and dipeptidase respectively, followed by acetylation to yield the

mercapturic acid or cleavage by 8-lyase to yield the mercaptan which may then be

methylated or glucuronydated (Figure 1.5) (see Pickett & Lu, 1989).

Gly

Cys — R

Glu

1 -Glutamyl 
Transpeptidase

Cys— R

Cysteinyl Glycine 
Dipeptidase

R— S—  Qucuronde

R —  S— CH2 —  CHU —  CH o T ------------ 5£ | jj Deacetytase
NH —  C —  CH3

(Mercapturate)

COOH N-Aeetyl
I Transferase

UDPG-Glucuronyi
Transferase

R —  SH ♦ Pyruvaa ♦ Ammona

COOH
Cysteine Conjugate 

8-Lyase
R —  SH ♦ Pyruvaa ♦

I S-Methyl
Transferase

S-Methyl 
Transferase

(Cysteine Conjugate)
R—S—CHj

(Methyttfwj Confugate)

FIGURE 1.5 THE MERCAPTURIC ACID PATHWAY. 

This figure is taken from Pickett & Lu (1989).
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GSH conjugation thus normally results in detoxification and subsequent elimination of 

harmful electrophilic xenobiotic metabolites. However, it can also result in toxication. 

For example, GSH conjugation of ethylene dibromide, which is catalysed by rat GSTs 

2-2 and 3-3, yields a conjugate which rearranges to give a powerful electrophile 

thought to be responsible for the carcinogenicity of ethylene dibromide in the rat 

(Cmarik et al., 1990).

Many xenobiotic electrophiles are known to be conjugated to GSH in vivo, but only a

few have actually been shown to be GST substrates. These include the reactive

paracetamol metabolite A/-acetyl-p-benzoquinone imine (NABQI) which is a good

substrate for rat GSTs 1-1, 2-2 & 7-7 and human GST n and a poorer substrate for 
rat GSTs 3-3 & 4-4 and human GSTs p. & 5 (Coles etal., 1988), and the narcotic drug

a-bromoisovaleryl urea which is a substrate for rat GSTs 1-1, 2-2, 3-3 and 4-4 (te 
Kopple et al., 1988) (see Figure 1.6 and Table 1.5). For some compounds such as

reactive arylamine metabolites (e.g., the carcinogenic A/-methyl-4-aminoazobenzene;

MAB) GSH conjugation does not appear to be catalysed by the GSTs (see Ketterer

etal., 1988).

GSH is a soft electrophile and it does not react rapidly with hard electrophiles, which 

are often mutagenic and carcinogenic by virtue of their ability to react with hard 

centres such as nitrogen atoms in DNA (Coles etal., 1984-5). In these cases catalysis 

by the GSTs may be important for adequate detoxification. For soft electrophiles such 

as NABQI, where the spontaneous rate of GSH conjugation is rapid, the GST- 

catalysed reaction may not predominate unless the GSH has been substantially 

depleted (Coles et al., 1988).

1.2.13 GSTs AND PROTECTION AGAINST OXIDATIVE STRESS.

The GSH peroxidase activity shown by the GSTs towards lipid and DNA 

hydroperoxides may be important in protecting the cell against oxidative damage. GST 

subunits 1, 2 and 5 show the highest activity to linoleate hydroperoxide (Meyer et al., 

1985b) (Figure 1.6 and Table 1.5). In the presence of phospholipase A, rat GSTs 1-1, 

2-2 were shown to inhibit peroxidation of rat liver microsomes in vitro (Tan et al., 

1984), which is likely to be due to their reduction of lipid hydroperoxides which are
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FIGURE 1.6 SOME BIOLOGICAL GST SUBTRATES.
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oxide;
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capable of propagating the peroxidation chain reaction (see Section 1.1.3). Microsomal 

lipid peroxidation is also inhibited by the Se-dependent GSH peroxidase (see Section 

1.1.3; Tan et al., 1984) and an uncharacterized microsomal GSH-dependent factor 

(Burk, 1982). Free radical attack on DNA can damage sugar residues leading to 

strand breaks and the release of free bases, and can cause peroxidation of bases, of 

which thymine is thought to be the most susceptible (Cullis et al., 1987). A proposed 

mechanism for the formation of thymine hydroperoxides produced when thymine is 

irradiated in vitro with y-rays is shown in Figure 1.7 (von Sonntag & Schuchmann, 

1986). Carbon-centered thymine radicals produced by hydroxyl radical attack, react 

with oxygen to form peroxyl radicals, which can then abstract hydrogen (e.g., from 

H02- (CV + H+)) t° y|e,d a mixture of hydroperoxides. The reduction products of the 

thymine hydroperoxides are thymine glycol and 5-hydroxymethyl uracil. These have 

been detected in DNA from cultured cells exposed to ionising radiation (Teebor etal., 

1984), in DNA exposed to the polymorphonuclear leukocyte ‘oxidative burst’ (Frenkel 

etal., 1986) and in urine (Cathcart etal., 1984), suggesting that these hydroperoxides 

are also formed in vivo.

t
The GSTs show activiy towards chemically synthesized 5-hydroperoxymethyl uracil 

(Tan etal., 1986; Figure 1.6; Table 1.5) and towards DNA that has been exposed to 

X-rays (Tan et al., 1988; Table 1.5). The rat GSTs 2-2, 6-6 and 7-7 show the highest 

activity towards the thymine hydroperoxide and GSTs 3-3, 4-4 and 5-5 show the 

highest activity towards the irradiated DNA. It has been proposed (Tan et al., 1988) 

that the GST-catalysed reduction of thymine hydroperoxides forms the first stage of 

a repair process for peroxidized DNA, which involves the subsequent removal of 

thymine glycol and 5-hydroxymethyluracil by specific glycosylases (Hollstein et al., 

1984), and then presumably the sequential actions of endonuclease, DNAase, DNA 

polymerase and DNA ligase (excision repair).

1.2.14 ROLE OF THE GSTs IN EICOSANOID BIOSYNTHESIS.

The GSTs are able to catalyse a variety of reduction, conjugation and isomeration 

reactions in the eicosanoid metabolic pathway (reviewed by Ketterer & Coles, 1991) 

(Figure 1.8). In the leukotriene synthesis pathway which is initiated by the action of 5- 

lipoxygenase on arachidonic acid, they catalyse the GSH conjugation of leukotriene
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A4 (LTA4) to yield leukotriene C4 (LTC4) with the mu class rat GSTs, particularly GST 

6-6, showing the greatest activity (Tsuchida et al., 1987; Table 1.5). They may also 

be able to catalyse the reduction of 5-hydroperoxy-6,8,11,14-eicosatetraenoic acid (5- 

HPETE) to 5-hydroxy-6,8,11,14-eicosatetraenoic acid (5-HETE). In the prostaglandin 

pathway which is initiated by the action of cyclooxygenase on arachidonic acid, the rat 

GSTs catalyse the reduction of prostaglandin H2 (PGH2) to PGF2ot, and the 

isomerizations of PGH2 to PGE2 and to PGD2, with the rat alpha class GSTs showing 

the highest activity in each case. Other reactions catalysed by the GSTs include the 

conjugation of PGA2 and PGJ2, the cytotoxic dehydration products of prostaglandins 

E2 and D2 respectively, and the conjugation of epoxyeicosatrienoic acids (EETs) 

(Spearman et al., 1985) which result from the action of cytochrome P-450 enzymes 

on arachidonic acid. All the above activities have only been demonstrated In vitro, and 

the it is unclear to what extent the GSTs participate in these pathways in vivo.

1.2.15 GSTs AND PROTECTION AGAINST CARCINOGENESIS.

Chemical carcinogenesis is thought to involve at least three steps: initiation, promotion 

and progression (Farber, 1984). Initiation is considered to result from the attack of 

electfcphilic carcinogenic species on DNA, causing damage which is fixed by a round 

of replication. The GSTs catalyse conjugation of GSH to a variety of carcinogenic 

electrophiles, resulting in their detoxification, and they may therefore provide protection 

against the initiation of carcinogenesis. For example, the carcinogenic pollutant 

benzo[a]pyrene, is metabolised to a number of compounds including benzo[a]pyrene- 

4,5-oxide, and the ultimate carcinogen (+)-arrt/-benzo[a]- pyrene-7,8-diol-9,10-oxide 

(BPDE) (Buening etal., 1978), both of which undergo GST-catalysed GSH conjugation 

(Figure 1.6; Table 1.5). Conjugation of (±)-anti- BPDE to GSH is catalysed by several 

rat GSTs, but most efficiently by GSTs 4-4 and 7-7 (Robertson et al., 1986a). 

Catalysis by GST 4-4 is specific for the (+)-enantiomer (Robertson & Jernstrom, 1986) 

(the most carcinogenic form and that which is predominantly produced in vivo during

phase 1 metabolism by the cytochrome P-450’s). Human GST n also shows high 
activity towards BPDE with catalysis again being specific for the (+)-enantiomer 

(Robertson etal., 1986b).
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The potent rat hepatotoxin and hepatocarcinogen aflatoxin B1f is metabolized by the 

cytochrome P-450 enzymes to the ultimate carcinogen aflatoxin B!-8,9-oxide 

(Essigman, 1977), which is conjugated to GSH by the rat alpha class GSTs (Figure 

1.6; Table 1.5; Coles et al., 1985) with the spontaneous reaction being very slow. 

Other carcinogens which are GST substrates include 4-nitroquinoline 1 -oxide (Aceto 

etal., 1990) which is a good substrate for pi and mu class GSTs (Table 1.5), and 1- 

nitropyrene-4,5-oxide and 1-nitropyrene-9,10-oxide, which are both metabolites of the 

nitropolycyclic aromatic hydrocarbon 1-nitropyrene, and which are good substrates for 

rat mu class GSTs (Djuric et al., 1987; Figure 1.6; Table 1.5).

There are several examples where the tissue GST level correlates with its

susceptibility to cancer, which supports the proposed role of GSTs in protection

against carcinogenesis. For example, BPDE is not carcinogenic for rat liver, which has

a high level of GST, but it is carcinogenic in other tissues such as the rat mammary

gland, which contain less GST (see Coles & Ketterer, 1990). Similarly, the difference

in susceptibility of the rat and hamster to alflatoxin Br induced hepatocarcinogenesis,

correlates with the ability to conjugate aflatoxin Br 8,9-oxide (Lotlikar etal., 1984). The

rat GST Yrs-Yrs (equivalent to GST 12-12, Pemble & Taylor, 1992) which shows

activity towards arylmethyl sulphates is expressed in the liver, but not in the skin

where aryl methyl sulphates are carcinogenic (Hiratsuka etal., 1990). In man, the

absence of GST p, which is active towards benzo[a]pyrene metabolites, was found to 
be greater in lung cancer patients, than in a matched control group of smokers without

lung cancer (Siedegard etal., 1990).

For both benzo[a]pyrene (Hesse etal., 1982) and AFB1 (Lotlikar etal., 1984), binding 

of reactive metabolites to DNA in an in vitro assay has been shown to be inhibited by 

addition of purified GST or cytosol, with a simultaneous increase in formation of the 

GSH conjugate. More direct evidence for a protective role of GSTs has been obtained 

in the case of rats fed aflatoxin B1f where a 5-fold induction of hepatic cytosolic GSTs 

by treatment with ethoxyquin, resulted in an 18-fold reduction in DNA adduct 

formation, a 4.5-fold increase in biliary GSH-conjugate excretion and a 95% reduction 

in formation of preneoplastic foci (Kensler etal., 1986). Sequestration of carcinogens 

by GST binding may also provide cellular protection against carcinogenesis.
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There is a well established link between oxygen-centred free radicals, lipid 

peroxidation and carcinogenesis: free radicals (e.g., Frenkel et al., 1986) and 

peroxidized lipid (e.g., Ueda et al, 1985) have been shown to lead to DNA damage; 

oxygen free radicals are mutagenic in bacteria, with the mutagenicity being reduced 

in cells containing high levels of superoxide dismutase (Moody & Hassan, 1982), and 

mouse cells exposed to the neutrophil oxidative burst have been shown to produce 

malignant tumours on injection into nude mice (Weitzman et al., 1985). Oxygen 

centred free radicals and lipid peroxidation may be particularly important in the 

promotion stage of carcinogenesis (Cerutti, 1985). For example, it has been shown 

that 0 2- radicals generated by the xanthine/xanthine oxidase system promote the 

development of transformed foci from initiated mouse fibroblast cultures (Zimmerman 

& Cerutti, 1984).

The ability of the GSTs to protect against free radical and oxidative damage may thus 

also be important in cellular protection against carcinogenesis. Possible mechanisms 

of protection are the GST-catalysed conjugation of GSH to reactive products of lipid

peroxidation such cholesterol a-oxide (Meyer & Ketterer, 1982) and the mutagenic 4- 
hydroxyalkenals (Esterbauer et al., 1982; Marnett et al., 1985; Eckl & Esterbauer,

1989) which are particularly good substrates for GST 8-8 (Jensson etal., 1986), and 

the GSH peroxidase activity shown towards lipid and DNA hydroperoxides (Meyer et 

al., 1985b; Tan et al., 1988), such as the thymine hydroperoxide, 5-hydroperoxy- 

methyl uracil (Tan et al., 1986) which is mutagenic (Thomas et al., 1976).

1.2.16 GSTs AND RESISTANCE TO CHEMOTHERAPEUTIC DRUGS.

As discussed above (Section 1.2.10) elevation of GST isoenzymes has been noted 

in a variety of cells resistant to chemotherapeutic drugs. It is not clear whether 

elevation of GSTs plays a direct role in resistance or whether it is simply a 

consequence of other changes that have occur!ed. Some chemotherapeutic drugs, 

such as the alkylating agents melphalan (Dulik etal., 1986), chlorambucil (Ciaccio et 

al., 1991) and 1,3-bis(2-chloroethyl)-1 -nitrosourea (BCNU) (Smith et al., 1987) have 

been shown to be GST substrates. It is notable that BCNU is a substrate for GST 4-4, 

since the mu class GSTs have been shown by immunoblotting to be increased in a 

BCNU-resistant rat brain tumour cell line (Smith et al., 1987). The GSH-peroxidase

63



activity of the GSTs may be important in resistance to redox cycling drugs such as 

adriamycin, which may ex ert their cytotoxicity via generation of oxygen radicals 

(Mimnaugh etal., 1989).

A number of studies have shown that resistance to certain drugs may be conferred by

transfection of GSTs into sensitive cell lines. For example, Nakagawa et al. (1990)

showed that transfection of GST n into mouse NIH-3T3 cells resulted in a 4.3 to 7.9- 
fold increase in resistance to ethacrynic acid (GST n substrate) and a 1.8 to 3-fold 
increase in resistance to adriamycin (non-substrate), but no increase in resistance to

a range of alkylating agents such as chlorambucil (poor substrate for GST n and 
human liver GST a), melphalan (poor GST substrate) and cis-platinum (non-substrate). 
In contrast, Moscow et al. (1989b) found that transfection of GST n into MCF7 cells

did not confer resistance to adriamycin, melphalan or cis-platinum although resistance

to ethacrynic acid and BPDE (both substrates for GST n) was increased 3.1 to 4.4-fold 
and 1.3 to 4.1-fold respectively. Puchalski & Fahl (1990) showed that transfection of

rat subunit 1 into monkey COS cells or mouse C3H cells conferred resistance to

chlorambucil and melphalan (1.3 to 2.9-fold), transfection of subunit 3 conferred

resistance to cisplatin (1.5-fold), and that transfection of GST n conferred resistance 
to BPDE and adriamycin (1.5 and 1.3-fold respectively), but that no GST was able to 

confer resistance to vinblastine (non-substrate). Inhibition of the GSTs has been also 

been shown to result in increased drug sensitivity. For example, ethacrynic acid 

treatment of a human melanoma cell line was found to result in a 2-fold increase in 

sensitivity to melphalan (Hansson et al., 1991). Therefore, while the GSTs may play 

a direct role in drug resistance in some cases, they do not always appear to be 

involved.

1.2.17 BINDING AND TRANSPORT FUNCTIONS OF THE GSTs.

The GSTs bind a wide variety of non-substrate hydrophobic compounds, many of 

which are GST inhibitors. For example, ligandin, which was first isolated as an 

aminoazo-dye carcinogen binding protein, and was later shown to be a mixture of rat 

GSTs 1-1 and 1-2, binds haem, bilirubin, dyes (e.g., bromosulphothalein), fatty acids, 

steroid and thyroid hormones and xenobiotics including carcinogens (e.g., polycyclic 

aromatic hydrocarbons and their metabolites) (Ketterer et al., 1978). The binding is 

weaker (association constants range from 10'4 to 10'7M) than the specific binding
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observed between steroid hormones and their receptors, and in most cases is non- 

covalent (although aminoazo-dye carcinogen binds covalently). It can occur at the H- 

site in the active site, or at an alternative site (see review by van Bladeren & van 

Ommen, 1991), which has yet to be identified (many ligands are non-competitive 

inhibitors). Other GSTs, including rat mu class GSTs (Listowsky etal., 1988) also bind 

these compounds and the binding of some steroid and thyroid hormones and 

neurotransmitters occurs preferentially to rat mu class GSTs (Abramovitz etal., 1988; 

Ishigaki etal., 1989). Although much binding is fairly weak and is often thus described 

as non-specific, the GSTs are very abundant proteins (the concentration of ligandin 

in the rat hepatocyte is about<wmM) and their binding capacity is thus very large.

It has been proposed that one role of GST binding is to assist in the intracellular 

transport of hydrophobic molecules, by facilitating their diffusion through the cell 

(Tipping & Ketterer, 1981). This could direct molecules to their site of utilization, 

preventing accumulation in hydrophobic regions such as the membranes. There is 

evidence that the GSTs increase the efficiency of bilirubin uptake into the liver, by 

reducing bilirubin efflux (Wolkoff et al., 1979), and that they are involved in the 

transport of haem from its site of synthesis in the mitochondrion, to the endoplasmic 

reticulum where it is incorported into cytochrome P-450 enzymes (Husby etal., 1981; 

Boyer & Olsen, 1991). It was suggested by Listowsky et al, (1988) that the GSTs 

could be involved in the transfer of hormones to their specific receptors and the finding 

that rat subunit 6 binds a variety of neurotransmitters suggests a role in governing 

uptake and release of these compounds in the brain (Abramovitz etal., 1988).

1.3 QUANTIFICATION AND SUBCELLULAR DISTRIBUTION OF GLUTATHIONE 
AND THE GSTs.

1.3.1 QUANTIFICATION OF CELLULAR GLUTATHIONE.

A number of methods for the quantitation of cellular glutathione have been described 

(Meister & Anderson, 1983; Anderson, 1985). These generally involve cell disruption 

and protein precipitation (e.g., by homogenization in 5-10% trichloroacetic acid, 

perchloric acid, 5-sulphosalicylic acid or similar reagents), and analysis of either the 

total glutathione content or the individual GSH and GSSG contents of the
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deproteinized sample. Disruption in acid inhibits y-glutamyltranspeptidase helping 
prevent the loss of GSH, and it minimises GSH oxidation which would result in

inaccurate estimation of GSSG which usually accounts for < 1% of the total cellular

glutathione. Trichloroacetic acid and perchloric acid can cause GSH oxidation, and

reagents such as 5-sulphosalicylic acid must be used if it is important that the

GSH:GSSG ratio remains unaltered.

The older methods of GSH determination utilized thiol-reactive reagents such as 5,5’- 

dithiobis(2-nitrobenzoic acid) (DTNB; Ellmans Reagent) to measure the total thiol 

content of the deproteinized sample. This approximates to the GSH content since 

GSH is the most abundant non-protein cellular thiol. A more specific method described 

by Hissin & Hilf, (1976) used o-phthalaldehyde (OPT), which reacts with both the 

amino and thiol groups of GSH to yield a fluorescent product, and which, at a different 

pH, also reacts with GSSG enabling both forms of glutathione to be measured. 

However, in the presence of thiols, this compound also reacts with primary amines 

(Benson & Hare, 1975). The most commonly used methods for GSH determination are 

those based on the enzymic assay of Tietze (1969) in which the reaction of DTNB with 

thiol sulphydryl groups (Reaction 1) is made specific for GSH by coupling it to the 

reduction of GSSG or GSTNB by glutathione reductase (Reactions 2-4).

COO COO" COO COO"

DTNB TNB GSTNB

GSTNB + GSH  ► TNB + GSSG (2)

GSSG + NADPH + H+ ----------------► 2 GSH + NADP+ (3)

GSTNB + NADPH + H+ -------------- ► GSH + TNB + NADP+ (4)

Reaction of DTNB with GSH yields 2-nitro-5-thiobenzoic acid (TNB) and the mixed 

disulphide of GSH and DTNB (GSTNB; Reaction 1), which may then be furthur 

reduced to 2-nitro-5-thiobenzoic acid by GSH with the formation of GSSG (Reaction 

2). The GSSG is converted back to GSH (with utilization of NADPH) by glutathione 

reductase (Reaction 3). However, Eyer & Podhradsky, (1986) found that glutathione
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reductase was able to catalyse the direct NADPH-dependent reduction of the GST- 

DTNB mixed disulphide (Reaction 4) and suggested that this may be the predominant 

reaction. Reduction of DTNB is followed by monitoring the production of 2-nitro-5- 

thiobenzoic acid which absorbs strongly at 412nm, and the GSH content is determined 

by comparison of reaction rates with those of standards. This method can also be 

used to measure GSSG, by prior blocking of GSH with A/-ethylmaleimide (NEM) 

(Tietze, 1969) or with 2-vinylpyridine (Griffith, 1980) which unlike NEM, does not inhibit 

glutathione reductase and does not need to be removed before the assay. The Tietze 

assay is very sensitive. The lower limit of detection is around 0.1 pM GSH, which is 
due to the slow direct reduction of DTNB by glutathione reductase (blank reaction).

A more recent method for determination of GSH (Newton et al., 1981) which is also 

commonly used, is based on the derivatization of cellular thiols with 

monobromobimane (3,7-dimethyl-4-bromomethyl-6-methyl-1,5-diazobicyclo[3.3.0]- 

octa-3,6-diene-2,8-dione; MBB) (Kosower et al., 1981), to yield fluorescent thiol- 

bimane derivatives which are then separated and quantified by reverse-phase h.p.I.c. 

This method has the advantage of being rapid and partially automated. MBB will react 

at room temperature with non-protein thiols in a matter of minutes, and the h.p.I.c 

separation takes less than an hour. It is also very sensitive, and detection down to the 

pmole level is possible. In addition, it allows the simultaneous quantitation of other 

cellular thiols. However, it cannot measure GSSG directly, although this can be carried 

out after reduction of GSSG to GSH.

During the last few years, the possibility of using flow cytometry for analysis of cellular 

thiols has been investigated. This would offer several advantages over existing 

methods, since it does not involve cell disruption, and allows large numbers of 

individual cells to be monitored very rapidly. Durand and Olive (1983) examined the 

suitability of a variety of thiol-reactive probes for use in conjunction with flow 

cytometry. Although several compounds, including monobromobimane, rapidly 

penetrated cells and reacted with cellular thiols with minimal toxicity, none were 

specific enough to be useful for measuring a particular thiol such as GSH. Treumer 

& Valet (1986) have described a flow cytometric method for analysis of cellular GSH, 

using OPT as the thiol-reactive probe. A more specific flow cytometric method for
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analysis of cellular GSH was described by Rice et al. (1986). This is based on the 

GST-catalysed conjugation of the bimane derivative monochlorobimane (MCB) 

(Kosower et al., 1981) to GSH to yield a fluorescent adduct. Much interest has been 

shown in this technique, particularly by workers investigating the role of GSH in 

tumour cell drug resistance, and preliminary results have been promising. The 

applicability of this method for the quantitation of cellular GSH is examined in Chapter 

7 of this thesis.

1.3.2 PURIFICATION AMD QUANTIFICATION OF THE GSTs.

Most GSTs may be isolated from cell extracts by GSH affinity (Simons & Vander Jagt, 

1977) or S-hexyl GSH affinity chromatography (Guthenberg & Mannervik, 1979). The 

exceptions are GSTs 5-5 and 12-12 which do not bind these affinity matrices. Furthur 

purification of the individual isoenzymes can be achieved by standard methods of 

protein purification such as chromatofocusing (Vander Jagt etal., 1985; Guthenberg 

et al., 1985) or isoelectric focusing (Beale et al., 1983). GSTs 5-5 and 12-12 are 

purified by sequential Matrex Gel Orange A, hydroxyapatite, anion exchange and 

hydrophobic interaction chromatography of the material not retained on a GSH affinity 

column (Meyer et al., 1991a). Purified GSTs are characterized on the basis of 

substrate specificity, isoelectric point, mobility on SDS-PAGE, immunoreactivity, 

retention time on reverse-phase h.p.I.c and amino-terminal protein sequencing.

In many cases the GST isoenzyme content of crude cell extracts or affinity-purified 

GST fractions can be determined by analysis of their substrate specificity, 

immunoreactivity, mobility on SDS-PAGE and isoelectric points, without purification of 

the individual isoenzymes. Many workers have used the enzymic activity (often 

towards CDNB) to estimate GST isoenzyme content, although this does not give a 

precise indication of which isoenzymes are present, and can be misleading due to 

variation in GST isoenzyme substrate specificities. Western Blotting can be used to 

give a more precise indication of the GST subunit content (Hayes & Mantle, 1986) but 

this method cannot usually distinguish between subunits of the same molecular weight 

and immunoreactivity (e.g., subunits 3 and 4; most GST antibodies cross-react with 

other GSTs of the same class) and is only semi-quantitative. Similarly, Northern blot 

analysis of mRNA content, which is also sometimes used to investigate GST
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expression is limited by cross-hybridization within each GST class, and is again only 

semi-quantitative. The introduction of a reverse-phase h.p.I.c method for the analysis 

of affinity-purified GSTs (Ostlund Farrants et al., 1987) now enables the rapid 

separation, identification and quantification of most rat GST subunits. This method 

should also prove useful for quantifying GST subunits from other species, including 

man, as they become better characterized (Ketterer et al., 1989; van Ommen et al.,

1990).

1.3.3 SUBCELLULAR DISTRIBUTION OF GSH AND THE GSTs.

Both cell fractionation and histochemical methods have been used to investigate the 

cellular distribution of GSH and the GSTs. Early fractionation experiments using rat 

liver indicated that the majority of GST activity (Booth et al., 1961) and cellular GSH 

were present in the soluble cytosolic fraction, and these findings have since been 

confirmed by many workers. The subcellular distribution of GSH has been examined 

histochemically in mouse liver and lung sections using a method based on the reaction 

of the GSH thiol group with Mercury Orange (Forked & Moussa, 1989). Although this 

method is not entirely specific for GSH, staining was predominantly cytoplasmic which 

is in agreement with the fractionation studies. Similarly, many immunohistochemical 

studies of the localization of GSTs in rat and human tissue sections have indicated 

that the GSTs are most often detected in the cytoplasm (e.g., Fleishner etal., 1977; 

Boyce etal., 1987; Terrier etal., 1990; Campbell etal., 1991). As a result, both GSH 

and the GSTs have been regarded as being predominantly cytoplasmic. However, 

several reports have indicated that GSH and GSTs may also be present in the nucleus 

and in the mitochondria. In addition, membrane-bound GSTs have been isolated and 

characterized.

1.3.3.1 MITOCHONDRIAL GSH AND GST.

Using non-aqueous fractionation of rat liver, Wahllander etal. (1979) found that 13% 

of the total cellular GSH was mitochondrial. A similar result was obtained by Meredith 

& Reed, (1982) who used digitonin to differentially permeabilize the plasma and 

mitochondrial membranes. Thus, the mitochondrial and cytoplasmic GSH 

concentrations appear to be fairly similar (10mM and 7mM respectively) (Wahllander 

etal., 1979).
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The findings that administration of BSO initially depletes GSH to only 15-20% of the 

control level (Griffith & Meister, 1985) and that mitochondria retain most of their GSH 

on incubation in aqueous solutions (Jocelyn, 1975) suggest that the mitochondrial 

GSH pool is isolated from the cytosolic pool. Meredith & Reed (1982) showed that the 

turnover rate of mitochondrial GSH was slower than that of cytosolic GSH, and that 

it was not depleted by treatment with DEM, suggesting that the mitochondrial GSH 

pool was metabolically separate from the cytoplasmic pool and that mitochondrial GSH 

may be synthesized in situ. However, it was subsequently shown (Griffith & Meister, 

1985) that mitochondria do not contain the enzymic activities necessary for GSH

synthesis (e.g., they have no y-glutamylcysteine synthetase activity and very little GSH 
synthetase activity), and that the rate of accumulation of radioactively labelled cysteine 

into mitochondrial and cytoplasmic GSH was similar, indicating that mitochondrial GSH 

originates from the cytoplasm. Martensson etal. (1990) have shown that mitochondria 

have a complex GSH transport system with a high affinity component for efficient 

uptake of GSH at low (<1mM) external concentrations and a lower affinity component 

for use at higher GSH concentrations, both of which are stimulated by ATP. They also 

showed that the efflux of GSH from isolated mitochondria decreased as the external 

GSH was decreased. The mitochondria thus appear to be adapted to maintaining a 

high GSH concentration. This may explain the results obtained with BSO.

Several workers have found GST activity in isolated mitochondria (Wahllander et al., 

1979; Jocelyn & Cronshaw, 1985; Botti etal., 1989). Kraus (1980) isolated three GSTs 

from the mitochondrial matrix. GST 1, a 45kD dimer with an isoelectric point of 7.4, 

accounted for 90% of the total activity and had a Km for GSH of 0.3mM whereas GST 

2 had an isoelectric point of 4.8, contributed only 1 % of the total activity and had a 

for GSH of 5.6mM. However, Ryle & Mantle (1984) have suggested that these 

enzymes may be cytoplasmic contaminants. The purification and characterization of 

a novel GST from the mitochondrial matrix was reported by Harris etal. (1991). This 

dimeric enzyme, named GST 13-13, has an isoelectric point of 9.3, a subunit 

molecular weight of 26.5kD, and a Km for GSH of 1.9mM, and thus appears to be 

different to the major form reported by Kraus. It was only found to show activity 

towards CDNB and ethacrynic acid, and it shows homology to the theta class GSTs
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and shares their inability to bind GSH-affinity matrices. An extra five residues are 

present at the AMerminus, and it was suggested that this may function in a similar 

manner to mitochondrial pre-sequences which are involved in the import of proteins 

into mitochondria (Hurt & van Loon, 1986).

The importance of mitochondrial GSH is illustrated by the extensive mitochondrial 

damage observed in skeletal muscle on prolonged treatment of mice with BSO, and 

its prevention by the simultaneous administration of GSH monoisopropyl ester 

(Martensson & Meister, 1989). As discussed above, GSH peroxidase activity may be 

particularly important in the mitochondria, which are sites of H20 2 production (e.g., 

Loschen et al., 1974) and which do not appear to contain much catalase. Both the Se- 

dependent GSH peroxidase and the GSTs may be important in protecting against 

mitochondrial lipid peroxidation, which has been shown to result in mitochondrial DNA 

damage (Hruszkewycz, 1987). Mitochondria contain some cytochrome P-450 enzymes 

(Niranjan etal., 1984) which may activate certain carcinogens. It has been found that 

aflatoxin B1 preferentially attacks mitochondrial DNA (Niranjan etal., 1982), suggesting 

that mitochondrial GSH and GST may be important in protection against 

carcinogenesis.

1.3.3.2 MEMBRANE BOUND GSTs.

A membrane bound form of GST named microsomal GST has been purified from rat 

liver microsomes (Morgenstern et al., 1982, Morgenstern & Depierre, 1983) and its 

cDNA clone has been isolated (Dejong et al., 1988b). It has a subunit molecular 

weight of 17.2kD, an isoelectric point of 10.1, shows no immunoreactivity with alpha, 

mu or pi class GST antisera and is inactive in the absence of detergents such as 

Triton X-100. It shows activity towards a number of GST substrates including CDNB, 

DCNB, benzo[a]pyrene-4,5-oxide, hexachlorobutadiene, and CuOOH. Its activity 

towards CDNB and CuOOH is increased on activation with A/-ethylmaleimide (NEM), 

(one molecule of NEM binds to the single cysteine residue present in each subunit). 

The activity of microsomal GST towards xenobiotic metabolites such as 

benzo[a]pyrene-4,5-oxide is of interest since the cytochrome P-450 enzymes 

responsible for xenobiotic activation are also localized to the microsomes. Its GSH 

peroxidase activity towards linoleic acid hydroperoxide (Mosialou & Morgenstern,
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1989), suggests that it may be involved in the observed GSH-dependent inhibition of 

microsomal lipid peroxidation (Burk, 1982). Proteins immunologically related to 

microsomal GST have been detected in liver microsomal fractions from other 

mammalian species including man, in the microsomal fractions from other rat tissues 

and in the rat liver outer mitochondrial membrane (Morgenstern et al., 1984).

1.3.3.3 NUCLEO-CYTOPLASMIC TRANSPORT.

The nucleus is bounded by the nuclear envelope, which consists of a double 

membrane enclosing a perinuclear space (see Jordan (1988) for a review on nuclear 

structure). The outer nuclear membrane is continuous with the endoplasmic reticulum, 

and the inner membrane is adjoined by an internal proteinous network termed the 

nuclear lamina. Nuclear pore complexes (NPC’s) penetrate the nuclear membrane at 

intervals. These form aqueous channels between the nucleus and cytoplasm and are 

involved in nucleo-cytoplasmic transport. The structure of the NPC’s is not yet fully 

understood. 8-fold symmetry has been observed in EM studies and a recently 

proposed structural model is shown in Figure 1.9 (Nigg et al., 1991).

TOP view  ; SIDE VIEW :

FIGURE 1.9. A RECENT STRUCTURAL MODEL OF THE NUCLEAR PORE.

This figure is taken from Nigg et al. (1991). Rc, cytoplasmic ring; Rn, nuclear ring; S, 
spoke; P, plug; Bn, nuclear basket; Fc, cytoplasmic fibril.

Cytoplasm

a*
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Nucleo-cytoplasmic transport has been mostly studied in amphibian oocytes. Studies 

using low temperature autoradiography have shown that the nuclear envelope does 

not present a permeability barrier to small water soluble molecules such as sucrose 

(MW 342) (Horowitz, 1972) and inulin (5.5kD) (Horowitz & Moore, 1974). However, 

selective uptake of proteins is observed and the nuclear envelope has the properties 

of a molecular sieve. Bonner (1975) and Paine & Feldherr (1972) showed by 

microinjecting labelled proteins into amphibian oocytes, that small proteins such as 

myoglobin (17.8kD), lysozyme (14.6kD) and ovalbumin (44.3kD) entered and in some 

cases accumulated in the nucleus within minutes, whereas the nuclear entry of BSA 

(67kD) was greatly hindered, and ferritin (465kD) was largely excluded from the 

nucleus. By microinjection of tritiated dextrans with radii ranging from 12 to 35 A, 
Paine et al. (1975) calculated that the functional pore radius of the amphibian oocyte 

was about 45 A. Below this size, molecules diffuse into the nucleus at a velocity 

inversely proportional to their size.

Similar results have been obtained in mammalian cells. Diffusion of glycolytic 

intermediates such as glucose 6-phosphate was studied in mammalian cultured cells 

(Kohen et al., 1971) and transfer across the nuclear membrane was found to take 

around 35 ms. Proteins of less than 60kD were found to be able to enter the nucleus 

of HeLa cells very rapidly (Stacy & Allfrey, 1984), but most larger proteins tested, with 

the exception of haemoglobin (68kD) and myosin (468kD) were greatly retarded or 

excluded. This exclusion limit of 60kD corresponds to a radius of about 35 A although 

the exact figure varies depending on the protein. Using fluorescence microphotolysis 

and labelled dextrans, Peters (1984) calculated that the functional pore radius in rat 

hepatocytes was 50-56 A (or 31-39 A when calculated using the same method as 

Paine etal. 1975). In contrast, to these results, a report by Williams etal. (1985) found 

that the nuclear entry of Ca2+ was regulated. Using the Ca2+-specific fluorescent dye 

Fura-2, they showed that the concentration of Ca2+ was greater in the nucleus than in 

the cytoplasm, but that this gradient was abolished by Ca2+ ionophores. Furthurmore, 

on addition of external Ca2+, the cytoplasmic, but not the nuclear Ca2+ concentration 

increased, suggesting that mechanisms exist to regulate nuclear Ca2+.
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Some proteins of high molecular weight, such as nucleoplasmin, an abundant 

pentameric amphibian oocyte protein of 160kD, accumulate rapidly in the nucleus of 

both amphibian oocytes (Dingwall et al., 1982) and mammalian cells (Schultz & 

Peters, 1987). Nuclear entry of these karyophilic proteins is mediated by an intrinsic 

nuclear location signal (NLS) which is not cleaved off after entry. For example, the 

NLS of the SV40 large T antigen (94kD) has the sequence Pro-Lys-Lys128-Lys-Arg- 

Lys-Val, with Lys128 being vital for nuclear entry (Kalderon et al., 1984). Similar 

sequences have been found in a number of other proteins, and in several cases 

multiple NLS sequences have been identified in a single protein. The NLS may reside 

anywhere in the protein, and although there appears to be no actual consensus 

sequence, they are typically 8-10 amino acids long containing a high proportion of 

basic residues and it is thought that the secondary structure rather than the actual 

amino acid sequence may be important.

Nuclear entry has been shown to occur in two stages (Newmeyer & Forbes, 1988). 

An ATP-independent sequence-dependent binding to the pore complex is followed by 

ATP-dependent translocation, which is inhibited by wheat germ agglutinin which binds 

to glycoproteins in the pore complex. The process is saturable, suggesting it is 

receptor mediated and proteins which bind the NLS have recently been isolated from 

both the cytoplasm (e.g., Adam & Gerace, 1991) and the nucleus (e.g., Stochaj etal.,

1991). Some large proteins which lack a NLS appear to be able to enter the nucleus 

by facilitated transport. For example, nuclear entry of adenovirus DNA polymerase 

(140kD) is facilitated by formation of a complex with an NLS-containing 80kD 

preterminal protein (Zhao & Padmanabhan, 1988; for recent reviews on nuclear 

transport see Nigg etal. (1991), Wagner etal. (1990) and Goldfarb (1989).

1.3.3.4 NUCLEAR GSH.

Since GSH is a small water soluble molecule, it is likely that it is able to diffuse rapidly 

between the nucleus and cytoplasm as has been observed for similar molecules, and 

that it will therefore be present in the nucleus. Several workers have detected GSH 

in isolated nuclei. Using the Tietze assay (1969), Solen et al. (1989) showed that 

nuclei isolated from human fibroblasts contained 0.98% of the total cellular GSH. This
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corresponded to 0.5nmol/mg protein as opposed to 11 nmol/mg protein in the cytosol. 

Edgren (1987) found the nuclear GSH content in human fibroblasts to be higher (10% 

of total cellular GSH). Britten etal. (1991) showed that nuclei isolated from a human 

ovarian carcinoma cell line contained 532 pmol GSH/106 cells as opposed to 4148 

pmol/106 cells in the cytosol. In contrast, Loh etal. (1990) were unable to detect any 

GSH in nuclei isolated from a murine mammary tumor cell line. Using a 

monobromobimane/h.p.I.c method, they did however detect 0.15 nmol GSH/106 cells 

in nuclei (compared with 2.5 nmol GSH/106 cells in the cytosol) isolated in situ on the 

cell culture dish by treatment with the detergent Nonidet P-40. A higher figure was 

obtained using the Tietze (1969) assay, which was found to be due to contamination 

with acid-soluble protein thiols. However, these workers found that this level of nuclear 

GSH could simply be due to GSH in the PBS wash (which may be cytoplasmic GSH) 

adhering to the tissue culture plates. On isolation of nuclei by spinning detergent- 

permeabilized cells through silicone oil, these workers found that 0.5% of total cellular 

GSH was associated with the nuclei, but that rapid equilibration of GSH between the 

nuclei and the permeabilization buffer occurred, making it impossible to determine the 

true nuclear GSH content by cell fractionation. This result is not unexpected, and rapid 

equilibration is also likely to occur in the absence of detergent permeabilization, due 

to diffusion across the nuclear pores.

1.3.3.5 NUCLEAR GST.

Several immunohistochemical studies have indicated that GSTs are present in the 

nucleus. Early work on the localization of ligandin, later identified as a mixture of GSTs 

1-1 and 1-2, showed it to be present in many nuclei in both rat liver sections 

(Bannikov et a!., 1973) and human liver, pancreas & adrenal tissue sections 

(Campbell, 1980). In many cases the nuclear staining was more intense than the 

cytoplasmic staining. Similarly, antibodies against alpha class GSTs produced intense 

staining of nuclei in human (Hayes etal., 1987b; Campbell etal., 1991; Abei e ta l, 

1989) and rat (Boyce etal., 1987) liver sections. Interestingly, Hayes etal. (1987b) 

found that this nuclear staining was mostly absent in hepatocellular carcinoma.
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In contrast, no nuclear or cytoplasmic staining was found by any of these authors in 

human liver sections stained with n class antibodies, except in bile duct cells which 
showed cytoplasmic but not nuclear staining. Pi class antibodies have, however, been

shown to produce strong staining of human thyroid cell nuclei (Campbell etal., 1991), 

human epithelial cell nuclei from several different tissues (Terrier et ai, 1990) and 

human cervical carcinoma nuclei (Campbell etal., 1991; Randall etal., 1990; Shiratori 

etal., 1987). In the latter case, normal cells showed mainly cytoplasmic staining and 

the intensity and abundance of nuclear staining appeared to increase from mild 

dysplasia through to invasive carcinoma (Shiratori et a!., 1987).

No staining of human hepatocyte nuclei was observed with mu class GST antibodies 

(Abei et a!., 1989; Campbell et a!., 1991) but Boyce et a i (1987) found that rat liver 

and mouse kidney nuclei were strongly stained with anti-Yb subunit antibodies. Finally, 

Redick et a i (1982) demonstrated nuclear staining of GST E (GST 5-5) in rat liver 

sections, and antibodies against mu class and alpha class GSTs produced rings of 

staining round the nuclei.

It is unlikely that all these observations represent methodological artefacts, since in 

many cases antibodies against one, but not all GSTs produced nuclear staining in a 

certain tissue, and because in each section or tissue, not all cells were stained by 

each GST antibody. In addition, Abei et a i (1989) and Redick etal. (1982) obtained 

similar results with more than one method of fixation and staining.

The GSTs are fairly small, water soluble proteins with a dimeric molecular weight 

(about 50kD) which is slightly below the exclusion limit for diffusion through the 

nuclear pore. Even if they were present in the nucleus in vivo, it is therefore possible 

that they could leach from nuclei during isolation in aqueous buffers. Several workers 

have suggested this as the reason for the conflicting results obtained between the cell 

fractionation experiments and many of the immunohistochemical experiments.

Two laboratories have detected GSTs in isolated rat liver nuclei. Bennett and co

workers have studied the cellular distribution of protein BA, a non-histone DNA-binding 

protein first isolated from the chromatin of non-growing tissue (Catino eta i, 1978). On
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the basis of substrate specificity, amino acid composition, mobility on SDS-PAGE and 

immunoreactivity, Bennett et al. (1986) showed protein BA to be a mixture of GST 

isoenzymes. Two forms of protein BA were isolated (Bennett et ai, 1982). Protein 

BAfree was extacted from a NaCI/EDTA extract of isolated nuclei prepared by the citric 

acid method of Taylor et al. (1973), and was shown to contain Ya, Yb and Yc GST 

subunits (subunits 1, 3/4 & 2 respectively). Protein B A ^^, isolated from dehistonized 

chromatin that had been solubilized with 8M urea, was found to contain Yb subunits 

(probably both subunits 3 and 4).

These workers have also investigated the localization of protein BA in rat liver 

cryosections (Catino et al., 1979; Bennett et al., 1986) and cultured rat liver cells 

(Bennett etal., 1986; Bennett & Yeoman, 1985) using immunohistochemical methods 

and they demonstrated a strong speckled nuclear staining with a fainter cytoplasmic 

staining. Electron microscopy studies using cultured rat liver cells showed protein BA 

to be localized to the interchromatinic regions of the nucleus (Bennett et al., 1986). 

Bennett & Yeoman (1987) also demonstrated that when radiolabelled Yb subunits 

were microinjected (via red blood cell-mediated fusion) into rat Walker Carcinoma cells 

which do not themselves express these subunits, they were predominantly associated 

with the nuclei of cells fractionated 1 hour after microinjection.

The other study is that of Tan et al. (1988) who used reverse-phase h.p.I.c (Ostlund- 

Farrants et al., 1987) to show that GST subunits 1, 2, 3 and 4 were present in 75mM 

NaCI/25mM EDTA extracts of nuclei prepared by the citric acid method of (Taylor et 

al., 1973). They also detected a novel GST which was very similar to GST 5-5, but 

which was retained on the GSH affinity column. This was provisionally named GST 

5*-5\ 8.5M urea nuclear extracts were found to contain GST 5*-5* and a small 

amount of GST 6-6. Like GST 5-5, GST 5*-5* was reported to show high activity 

towards DNA hydroperoxides (DNAOOH) (Tan et al., 1988). This fact, combined with 

the known ability of the GSTs to catalyse reduction of 5-hydroperoxymethyl uracil (Tan 

etal., 1986), suggested that the GSTs may be involved in the in vivo detoxification of 

DNA hydroperoxides (Tan et al., 1988). This would presumably require them to be 

localized to the nucleus.
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1.4 AIM AND OUTLINE OF STUDIES.

The aim of this thesis was to examine the content and intracellular localization of GSH 

and GSTs in cells, since this must be established in order to fully eludicate their 

functions in vivo. Emphasis was placed on the investigating the controversial presence 

of GSTs in the nucleus and in assessing the suitability of monochlorobimane as a 

probe for cellular GSH and GST. The possible localization of GST to the nucleus is 

of considerable interest because of the GSH peroxidase activity shown by certain GST 

isoenzymes towards peroxidized DNA, and it may be particularly relevant with respect 

to the implicated role of the GSTs in the protection against carcinogenesis.

GSH and GSTs were first quantified in two cell lines derived from rat liver (IAR20 and 

IAR6.1), a cell line derived from mouse fibroblasts (Balb 3T3), the human cervical 

carcinoma cell line (HeLa) and a human breast carcinoma cell line (MCF7). A 

comprehensive study using immunocytochemistry and subcellular fractionation was 

then undertaken to examine the distribution of the GST isoenzymes in these cell lines 

and in rat liver, in an attempt to determine whether or not GSTs are present in the 

nucleus.

Monochlorobimane (MCB) undergoes GST-catalysed conjugation to GSH to yield a 

fluorescent product, suggesting that it may be possible to use this compound as a 

probe for cellular GST and GSH. MCB has recently been used in conjunction with flow 

cytometry to measure cellular GSH, but in some cells this technique has been found 

to underestimate GSH content. It has been suggested that this may be due to 

differences in cellular GST contents or in the GST isoenzyme specificity towards MCB. 

In this thesis the GST isoenzyme specificity for MCB is examined, and the influence 

of the isoenzyme content on the kinetics of cellular MCB conjugation (measured by 

flow cytometry) is determined, in order to assess the potential of this technique. A 

report published by Lutzky etal. (1989) suggested that MCB could be used to localize 

GSH/GST in cells. The final chapter of this thesis is concerned with evaluating the 

suitability of MCB to localize GSH and GST in cell lines using fluorescence 

microscopy.
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CHAPTER 2.

QUANTIFICATION OF GSH AND THE GST ISOENZYMES IN FIVE CELL LINES.
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2.1 INTRODUCTION.

This chapter describes the analysis of the GSH and GST isoenzyme contents of the 

five cell lines used throughout this thesis. Two rat liver cell lines (IAR20 and IAR6.1; 

Montesano et al., 1977) were used. The IAR20 cells were derived from a primary 

culture of 10 day old normal rat (strain BDVI) liver and the IAR6.1 cells were derived 

by carcinogen (dimethylnitrosamine) treatment of a cell line similar to IAR20 (named 

IAR6). The IAR20 cells are nottumorigenic and have a mean population doubling time 

of 32 hours, whereas the more transformed IAR6.1 cells produce epithelial tumours 

on intraperitoneal injection into syngeneic rats, and have a faster population doubling 

time of 16.8 hours (Principe, 1988; Principe et al., 1989). The other cell lines used 

were the human cervical carcinoma cell line, HeLa (Scherer et al., 1953), a human
a .

breast carcinoma cell line (MCF7), and^mouse fibroblast cell line Balb 3T3.

GSH was quantified in each of the cell lines by the enzymatic assay of Tietze (1969). 

The GST content of the soluble supernatant fraction of each cell line was analysed by 

the activity shown towards 1-chloro-2,4-dinitrobenzene (CDNB) and by Western 

blotting. The GSTs were then isolated from the soluble supernatant fractions by GSH- 

agarose affinity chromatography (Simons & Vander Jagt, 1977) and the individual 

subunits were separated and quantified by reverse-phase h.p.I.c (Ostland-Farrants et 

al., 1987). Western blotting and automated amino-terminal protein sequencing of the 

material eluting from the h.p.I.c column were used to help identify the human GST 

subunits, since unlike rat GST subunits, they cannot be unambiguously identified by 

their h.p.I.c retention time. No mouse GST standards were available, and the Balb 3T3 

GST subunits separated by h.p.I.c were assigned to a class by Western blot analysis.
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2.2 MATERIALS AND METHODS.

2.2.1 BASIC CHEMICALS.

Most basic chemicals were obtained from BDH Ltd, PO Box 15, Freshwater Road, 

Dagenham, Essex, and were of Analar grade. Acrylamide, A/,A/-methylenebis- 

acrylamide, A/,A/,A/'A/-tetramethylethylenediamine (TEMED) and ammonium 

persulphate were of Electran grade. 6-nicotinamide adenine dinucleotide phosphate 

(reduced form) (NADPH) and glutathione reductase (yeast suspension) were 

purchased from BCL, Boehringer Mannheim House, Bell Lane, Lewes, East Sussex. 

GSH, GSSG, 2-mercaptoethanol, ethylenediaminetetraacetic acid disodium salt 

(EDTA), dithiothreitol (DTT), phenylmethylsulfonylfluoride (PMSF), GSH-agarose (GSH 

attached via the sulphur atom to epoxy-activated 4% beaded agarose), 3-[A/- 

morpholino]propanesulphonic acid (MOPS), bromophenyl blue, Coomassie Brilliant 

Blue G-250, sodium dodecyl sulphate (SDS), cyanogen bromide, trifluoroacetic acid 

(TFA), polyoxyethylenesorbitan monolaurate (Tween 20), bovine serum albumin (BSA), 

gelatin, nitro blue tetrazolium (NBT), 5-bromo-4-chloro-3-indolyl phosphate p-toluidine 

salt (BCIP) and 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) were obtained from Sigma 

Chemical Company Ltd., Fancy Road, Poole, Dorset. 1-chloro-2,4-dinitrobenzene 

(CDNB) was obtained from Fisons Scientific Equipment, Bishops Meadow Road, 

Loughborough, Leicestershire, and was recrystallized prior to use. H.p.I.c grade 

acetonitrile was obtained from Romil Chemicals, 63, Ashby Rd, Shepshed, 

Loughborough, Leicestershire. Absolute ethanol was obtained from Hayman Ltd., 70 

Eastways Industrial Park, Whitham, Essex. All buffers were made with deionised Milli 

Q water (Milli-Q reagent grade water system).

2.2.2 CELL CULTURE MATERIALS.

Dulbecco’s Modified Eagles Medium (DMEM), Minimal Essential Medium (MEM), 

RPMI 1640 Medium, Williams E medium, foetal calf serum, L-glutamine (29.2mg/ml) 

and trypsin-EDTA (0.05% trypsin, 0.02% EDTA by weight) were purchased from 

Gibco-BRL Ltd. (now Life Technologies Ltd.), Unit 4, Cowely Mill Trading Estate, 

Longbridge way, Uxbridge. Dimethyl sulphoxide (DMSO) and gentamicin solution 

(10mg/ml) were purchased from Sigma Chemical Company Ltd. PBS was made as
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described in Section 2.2.4. Plastic tissue culture flasks and dishes were purchased 

from Gibco-BRL Ltd. (Nunc Products).

2.2.3 ANTIBODIES.

Rabbit antibodies against rat GSTs 1-1, 2-2, 3-3, 4-4 and 7-7 were purchased from

Bioprep, Unit 1c, Stillorgan Industrial Park, County Dublin, Ireland. They were supplied

as neat antisera, with dilutions of 1:2000 to 1:10,000 allowing detection of 0.5 to 20ng

antigen by ELISA and detection of a minimum of 10ng of antigen by dot blot. The GST

1-1 and 2-2 antisera show weak cross reaction with other alpha class GSTs but not

with mu or pi class GSTs. Similarly, the 7-7 antisera shows strong cross reactivity with

other pi class enzymes but no cross reactivity with GSTs from other classes. The GST

3-3 and 4-4 antisera react strongly with both GSTs 3-3 and 4-4, weakly with other mu

class enzymes (but the GST 4-4 antisera also reacts strongly with human GST p), but 
show no cross reaction with alpha and pi class GSTs. Rabbit preimmune serum was

obtained from the same company. Antibodies against human GST p and human alpha 
class GSTs were a gift from Dr. J. Hayes, Department of Clinical Chemistry, University

of Edinburgh. Goat anti-rabbit IgG (H & L) alkaline phosphatase conjugate was

obtained from Biorad Laboratories Ltd., Biorad House, Maylands Avenue, Hemel

Hempstead, Hertfordshire.

2.2.4 COMMONLY USED SOLUTIONS.

Potassium phosphate buffer (K phosphate buffer): 0.05M potassium dihydrogen 

orthophosphate, 0.05M dipotassium hydrogen orthophosphate, pH 6.5. Phosphate 

buffered saline (PBS): 8g sodium chloride (137mM), 0.2g potassium chloride 

(2.7mM), 0.2g potassium dihydrogen orthophosphate (1.5mM), 1.14g disodium 

hydrogen orthophosphate (8mM) in H20  in 11 water. Two x gel sample buffer: 6.82ml 

water, 1.25ml stacking gel buffer (6g Tris(hydroxymethyl)methylamine (Tris) in 100ml 

water adjusted to pH 6.7 with 1M HCI), 1ml 10% SDS, 1.5ml glycerol, 0.1ml 2- 

mercaptoethanol and a few crystals of bromophenol blue. Sodium phosphate buffer: 

1M solutions of disodium hydrogen orthophosphate and sodium dihydrogen 

orthophosphate mixed to give a final pH of 6.8.
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2.2.5 CELL LINES.

The rat liver cell lines IAR20 and IAR6.1 (Montesano et al., 1977) were established 

in the laboratory of Professor R. Montesano, International Agency for Cancer 

Research, Lyon, France, and were obtained through Professor P. Riley, Chemical 

Pathology, University College and Middlesex School of Medicine (UCMSM). The 

IAR20 cells were used between passage numbers 19 and 42, and the IAR6.1 cells 

between passage numbers 66 and 89. The mouse fibroblast Balb 3T3 cell line was 

a gift from Dr.L. Bulawela, Charing Cross Medical School, London, and was used 

between passage numbers 30 and 48. HeLa cells were originally derived from a 

human cervical carcinoma (Scherer et al., 1953). MCF7 cells were derived from a 

breast carcinoma and were a gift from Dr. P. Beverly, Imperial Cancer Research Fund, 

London. They were used between passage numbers 300 and 332.

2.2.6 CELL CULTURE.

All cell lines were grown at 37°C in a humidified atmosphere containing 5% carbon 
dioxide, and were passaged under sterile conditions under a lamina flow hood. The 

IAR20 and IAR6.1 cells were grown in Williams E medium supplemented with 0.29 

mg/ml L-glutamine, the Balb 3T3 cells in DMEM (containing L-glutamine), the HeLa 

cells in MEM (containing L-glutamine), and the MCF7 cells in RPMI 1640 medium 

(containing L-glutamine). All media were supplemented with 10% (v/v) foetal calf 

serum and 100)ig/ml gentamicin solution. Cells were routinely cultured in small 25cm2 

cell culture flasks containing 5ml medium, or medium cell culture flasks (80cm2) 

containing 15ml medium, and were passaged at subconfluency as follows: the medium 

was removed by aspiration, the monolayers were washed with PBS and treated for 

approximately 30 seconds with trypsin-EDTA solution (0.05% trypsin, 0.5mM EDTA)

which was removed by aspiration. Flasks were then incubated at 37°C for about 2 
minutes (HeLa, MCF7) or 5 minutes (IAR20, IAR6.1 and Balb 3T3), 5ml of appropriate

supplemented medium added, the flasks shaken to disaggregate the cells and the

cells plated into new flasks containing fresh supplemented medium (usually at a

dilution of 1:10 to 1:20 (HeLa, MCF7, Balb 3T3, IAR20) or 1:30 to 1:50 (IAR6.1)).
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2.2.7 GST ISOLATION.

Cells were grown in large flasks (175cm2) in 30ml appropriate culture medium and 

were harvested by trypsinization when just confluent. Two to three flasks (around 2 

to 8x107 cells) were used for each experiment. Trypsinized cells were resuspended 

in medium, counted using a haemocytometer, centrifuged at about 475g for 5 minutes, 

the cell pellets resuspended in PBS, re-centrifuged at about 475g for 5 minutes and 

the final cell pellets resuspended in 1ml ice cold homogenization buffer (1.18% (w/v)

KCI, 25pM PMSF, 1mM DTT, 10mM K phosphate buffer, pH 7), sonicated for 5 bursts 
of 10 seconds at 5 second intervals (using a Braun Labsonic 2000 sonicator with a 

127mm x 9.5mm titanium probe), and the sonicates centrifuged at 138,800g for 45 

minutes using the 70iTi rotor for the Beckman L8-70M ultracentrifuge. The supernatant 

fractions were assayed for protein content and CDNB activity and gel samples were 

made by diluting 1:1 with 2 x gel sample buffer.

GSTs were isolated from the soluble supernatant fractions by GSH-agarose affinity 

chromatography (Simons & Vander Jagt, 1977) using 1.5ml or 0.5ml columns. 

Columns were equilibrated in homogenization buffer (see above), the sample applied, 

washed with at least 10 column volumes of homogenization buffer and the GSTs 

eluted with 5ml (for 1.5ml columns) or 2ml (for 0.5ml columns) of GSH elution buffer 

(0.1 M Tris, 25mM GSH, 10% glycerol, 5mM 2-mercaptoethanol, pH 9.2).

2.2.8 PROTEIN DETERMINATION.

Protein was measured by the method of Bradford (1976), using BSA as a standard.

To prepare the assay reagent 100ml 85% (w/v) phosphoric acid was added to 100mg

Coomassie Brilliant Blue G-250 dissolved in 50ml 95% ethanol, and the solution was

diluted with water to 11, and kept at 4°C. For protein assay, samples were added to 
1 ml assay reagent, left for 10 to 15 minutes at room temperature, and the absorbance

at 595nm (minus blank absorbance) measured. Protein concentration was determined

by comparison with a standard curve constructed using 1 to 20 pg/ml BSA (1 to 20pl 
of a 1 mg/ml BSA stock solution in K phosphate buffer or water).

2.2.9 ENZYME ASSAYS.

Activity towards 1 -chloro-2,4-dinitrobenzene (CDNB) was measured at 37°C according 
to Habig & Jakoby (1981) (see Section 4.2.6).
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2.2.10 REVERSE-PHASE H.P.L.C.

Reverse-phase h.p.I.c analysis (Ostlund-Farrants et ai, 1987) was carried out using 

an h.p.I.c system obtained from Waters Chromatography Division, Millipore, (U.K) Ltd., 

The Boulevard, Blackmoor Lane, Watford, Hertfordshire with either a 5pM or 12pM, 
30nm pore size Dynamax C18 reverse-phase column (30cm x 4.6cm) (Rainin

Instrument Co., Woburn, MA, USA). GSTs were eluted with a 35% to 55% gradient 

(using an automated gradient controller) of acetonitrile in water (both the water and

acetonitrile contained 0.05% (v/v) TFA) over 60 minutes at a flow rate of 1 ml/min (5pm 
column) or 1.5ml minute (12pm column). Elution was monitored at 214nm. Previous 
calibration with purified GST standards, allowed the protein content of the GST peaks 

to be determined. Samples eluted from the h.p.I.c column were neutralized with 

0.5M NH4HC03 containing a trace of bromophenol blue, concentrated to dryness using 

a rotary evaporator, and dissolved in gel sample buffer for Western blot analysis.

2.2.11 SDS-PAGE AND WESTERN BLOTTING.

SDS-PAGE was carried out according to Laemmli (1970) using a Midget

electrophoresis unit (LKB-Produkter AB, Box 305,5-161,26 Bromma, Sweden). 12.5%

acrylamide 1.5mm mini gels were preprared by mixing 8.26ml of acrylamide mix (30g

acrylamide, 0.8g A/,A/-methylene-bisacrylamide in 100ml water), 8.84ml water, 2.5ml

resolving gel buffer (48ml 1M HCI + 36.3g Tris pH 8.9 made up to 100ml with water),

0.2ml 10% SDS, 10pl TEMED & 114pl ammonium persulphate. A 7% stacking gel was 
prepared by mixing 1.7ml acrylamide mix, 3.85ml water, 1.88ml stacking gel buffer

(see Section 2.2.4), 75pl 10% SDS, 3.75pl TEMED and 75pl ammonium persulphate. 
5 well (60pl) or 10 well (25pl) combs were used and the gels were run in electrode 
buffer (9g Tris, 43.2g glycine, 30ml 10% SDS in 11 water) at 10mA for about 15

minutes and then at 40mA for 2 to 3 hours.

Protein bands were either visualized by Coomassie Blue staining (70mg Coomassie 

Blue in 100ml 7% acetic acid/40% methanol for 1 to 2 hours, followed by 4-6 hours 

destaining in 7% acetic acid/40% methanol) or were blotted onto immobilon PVDF 

transfer membranes (Millipore, (UK) Ltd.) using a semi-dry blotter (Ancos, Denmark) 

by sequentially laying 6 layers of filter paper (Grade 1, Whatman Labsales Ltd., 

Maidstone, Kent) soaked in anode buffer 1 (0.3M Tris/HCI pH 8, 20% methanol), 3 

layers of filter paper soaked in anode buffer 2 (0.025M Tris/HCI pH 8,20% methanol),
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immobilon that had been wet with methanol, rinsed twice in water and once in TBS 

(20mM Tris, 500mM NaCI, adjusted to pH 7.5 with HCI), the gel, and finally 9 layers 

of filter paper soaked in cathode buffer (0.04M 6-aminohexanoic acid, 20% methanol, 

0.025M Tris/HCI pH8) onto the anode plate of the blotter, and blotting at 50mA 

overnight.

The blots were stained with antibodies as follows: the immobilon was incubated with 

shaking in 3% gelatin in TBS for 1 hour, washed twice for 5 minutes (with shaking) 

with TTBS (TBS containing 0.05% (v/v) Tween-20), and incubated with the appropriate 

GST antisera for at least 1 v2 hours. 1:500 dilutions in TTBS of a 1:1 mixture of antisera 

against GSTs 1-1 and 2-2 (see above), or GSTs 3-3 and 4-4 were used to detect 

alpha and mu class GSTs respectively and 1:500 dilutions of GST 7-7 or human GST 

n antisera in TTBS were used to detect pi class GSTs. For some of the earlier work 
a 1:1000 dilution of antisera to human alpha class GSTs and a 1:500 dilution of 

antisera to human mu class antisera were used. A miniblotter (Biometra 

Biomedizinische Analytik, GmbH, Wagenstieg 5, D-3400, Gottingen) was sometimes 

used to enable several different GST antisera to be applied to different lanes of the 

same protein track. The blot was then washed for 2 x 5 minutes (with shaking) with

TTBS, incubated for 1 hour with second antibody solution (33pJ goat anti-rabbit IgG 
alkaline phosphatase conjugate in 100ml TTBS), washed for a furthur 2 x 5  minutes

with TTBS, and for 5 minutes with TBS. The blot was stained by incubating in colour

development solution (30 mg NBT in 1ml 70% (v/v) A/,A/-dimethylformamide (DMF) and

15mg BCIP in 1ml DMF dissolved in 100ml carbonate buffer (0.1 M NaHCOg/1 mM

MgCI2, adjusted to pH 9.8 with NaOH); final [NBT] = 0.3mg/ml, final [BCIP] = 0.15

mg/ml) prepared just before use. Colour development was stopped after 10 to 45

minutes by rinsing for at least 10 minutes in 3 changes of water.

2.2.12 PROTEIN SEQUENCING.

Samples from reverse-phase h.p.I.c were concentrated to 30|il, and a few crystals of 
DTT, formic acid (to give a final concentration of 70-80%) and two crystals of

cyanogen bromide were added and the material left in the dark overnight. Peptides

were separated by reverse-phase h.p.I.c in a 10 to 70% gradient of acetonitrile in

water (both containing 0.06% TFA) over 1 hour, at a flow rate of 0.5ml/minute.

Sequencing was kindly carried out by Dr. Brian Coles (this laboratory) using an
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Applied Biosystems (Kelvin Close, Birchwood Science Park North, Warrington, 

Cheshire) 470A automated gas-phase sequencer and an Applied Biosystems 120A 

PTH analyser.

2.2.13 QUANTIFICATION OF GSH.

Cells judged to be in the late log phase of growth (1 small flask per assay) were 

rinsed with PBS (PBS was decanted), trypsinised, resuspended in PBS and counted 

using a Coulter counter (see Section 2.2.14). Cell suspensions were centrifuged at 

about 475g for 5 minutes and the pellets resuspended in 500 jil 1.18% KCI/10mM 
phosphate buffer pH 6.5 and freeze-thawed three times in liquid nitrogen. 50pl aliquots 
were removed for protein assay (Bradford, 1976). 500pl 10% perchloric acid (PCA) 
was added, the solutions vortexed and left on ice for 1 hour, centrifuged in a

microfuge and neutralized to pH 7-8 with the required amount (about 200pJ) of 0.6 M 
MOPS/2M KOH. These were re-centrifuged in a microfuge and 200|llI samples of the 
supernatants assayed for GSH by the method of Tietze (1969).

For the Tietze GSH assays, stock solutions were made as follows: buffer A, 125mM

Na phosphate buffer containing 6.3mM EDTA pH 7.5; solution A, 0.3 mM NADPH in

buffer A; Solution B, 6mM DTNB in buffer A; solution C, 50 units/ml glutathione

reductase in buffer A. For each GSH assay 700pl solution A, 100pl solution B (both 
warmed to 37°C) and 10 pJ solution C were mixed, 200pJ sample was added and the 
reaction rate was determined over the first 1-2 minutes (when it was mostly linear) by

measuring the rate of increase in absorption at 412nm. GSH concentration was

determined by comparison of reaction rates with those of GSH standards which were

prepared as follows: 4mg GSH was dissolved in 8 ml buffer B (1:1 mixture of 10%

PCA and 1.18% KCI/10mM K phosphate buffer pH 6.5), neutralized to pH 7-8 with

0.6M MOPS/2M KOH and centrifuged at about 475g for 5 minutes. The supernatant

was diluted x 65 in buffer B to give a 0.025mM (5nmol/200|il) GSH solution which was 
serially diluted in buffer B to give standards containing 5 to 0.078 nmol GSH/200pJ.

2.2.14 MEASUREMENT OF CELL VOLUME.

Modal volumes of cells estimated to be in the late log phase of growth were 

determined using a Coulter counter (Model ZBI, Coulter Electronics Ltd., Coldharbour
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Lane, Harpenden, Hertfordshire) belonging to Professor Riley, Chemical Pathology, 

UCMSM. Cell suspensions in PBS were diluted into 10ml physiological saline (0.9% 

NaCI in water) and the total cell number and size distribution of the cell population 

were determined in triplicate. The machine sorts cells into 100 channels on the basis 

of size and plots of channel number against cell number are obtained. It had 

previously been calibrated with Ragweed pollen, enabling the channel number to be 

converted into volume (1 channel = 50fl).

2.3 RESULTS.

2.3.1 GSH CONTENT OF THE FIVE CELL LINES.

GSH was quantified in the IAR20, IAR6.1, Balb 3T3, HeLa and MCF7 cell lines 

(judged to be in the late log phase of growth) using the enzymic assay of Tietze 

(1969) and was expressed as both nmol GSH/cell or nmol GSH/mg protein (Table 

2.1). Modal volumes of the same cell samples were measured by Coulter counter 

analysis (Figure 2.1), enabling GSH content to be expressed as mM concentration 

(Table 2.1). The modal cell volumes ranged from 196 fl for the IAR6.1 cells to 

1020 fl for the MCF7 cells. The volumes of both human cell lines were larger than 

those of the rat cell lines. A particularly large variation in cell volume was observed 

for the MCF7 cells. The volumes of the rat cell lines were smaller than those reported 

previously (731 fl and 645 fl for the IAR20 & IAR6.1 cells respectively; Principe, 1988). 

This may have been because the cells in the present study were more confluent at the 

time of analysis. The human cells had greater GSH contents in nmol/cell than the 

rodent cell lines (12 and 8.3 nmol/cell for the HeLa and MCF7 cells respectively, 

compared to 1.9, 1.9 and 2.4 nmol/cell for the IAR20, IAR6.1 and Balb 3T3 cells 

respectively). However, the final mM GSH concentrations were fairly similar, the 

average being about 7mM, since the volumes of the human cells were larger.
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IAR20Relative 
cell number

8020 40 60

IAR6.1Relative ’ 
cell number

804020 60
Channel number Channel number

Relative 
cell number-’ HELA

20 40 8060

Relative 
cell number - MCF7

20 40 8060

Channel number Channel number

Relative 
cell number BALB 3T3

20 40 8060

Channel number

FIGURE 2.1 DETERMINATION OF CELL VOLUME.

Modal cell volumes of IAR20, IAR6.1, Balb 3T3, HeLa and MCF7 cells judged to be 
in the late log phase of growth were determined by Coulter counter analysis (cells are 
sorted into 100 channels on the basis of size). Representative plots of relative cell 
number against channel number are shown for each cell line. The machine had 
previously been calibrated with particles of known size (1 channel = 50 fl). The mean 
modal cell volumes (with SEM’s) from 4 to 9 separate experiments are shown in Table 
2.1.
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CELL
LINE

GSH/CELL
(nmol/cell

x106)

GSH
(nmol/mg
protein)

MODAL 
CELL VOL. 
(fl).

GSH
(mM)

IAR20 1.9 ±0.24 28 ± 8.2 275 ± 31 7 ±  1.4

IAR6.1 1.9 ±0.31 31 ±9.6 196 ±40 10.2 ± 1.4

BALB 3T3 2.4 ± 0.34 35 ± 6.0 661 ±61 4.3 ± 0.8

HELA 12 ±3.0 60 ±16.3 964± 100 7.9 ±1.3

MCF7 8.3 ±1.8 50 ± 12.8 1020 ±47 6.8 ±1.3

TABLE 2.1 GSH CONTENT OF THE IAR20, IAR6.1, HELA, MCF7 AND 
BALB 3T3 CELLS.

Cells judged to be at the late log phase of growth were harvested, washed with PBS, 
counted and resuspended in 500|il 10% PCA + 500pl buffer A (1.18% KCI, 10mM 
phosphate buffer), vortexed, freeze/thawed three times in liquid nitrogen, left on ice 
for one hour, microfuged, the supernatant neutralized with 0.6M MOPS/2M KOH, and 
re-microfuged. The final supernatant was assayed for GSH using the enzymic assay 
of Tietze (1969). Blanks and standards were prepared in a similar manner by 
neutralization of a 1:1 mixture of 10% PCA and buffer A (± GSH). Protein was 
determined by the method of Bradford (1976) using BSA as a standard. The mean 
modal cell volumes (with SEM’s) from 4 to 9 separate experiments were determined 
by Coulter counter analysis (see Figure 2.1). Mean GSH content is expressed in nmol 
GSH/cell (n = 7 to 11), nmol GSH/mg protein (n = 3 to 5) and mM GSH (n = 6 to 8). 
All errors are SEM’s.
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2.3.2 CDNB ACTIVITY OF THE SOLUBLE CYTOSOLIC FRACTIONS.

IAR20, IAR6.1, HeLa, MCF7 and Balb 3T3 cells (late log phase) were harvested, 

counted, and the protein content and CDNB activities of the soluble supernatant 

fractions (cytosols) were determined (Table 2.2). All cell lines contained measurable 

CDNB activity which ranged from 0.02 jxmol/min/mg protein for the MCF7 cells to 
1 pmol/min/mg protein for the Balb 3T3 cells. However, since the GST isoenzymes 
show considerable variation in their specific activities for CDNB, these results may not 

necessarily give an accurate estimation of GST content.

2.3.3 SPECIFICITY OF THE GST ANTIBODIES

The specificity of the GST 7-7 antiserum, a 1:1 mixture of the GST 1-1 and GST 2-2 

antisera, and a 1:1 mixture of the GST 3-3 and GST 4-4 antisera, for pi alpha and mu 

class GSTs respectively is illustrated in Figure 2.2 (different lanes of track 5, which 

contained affinity-purified GSTs from rat liver (mainly subunits 1, 2, 3 and 4) and

human GST n, were stained with the different classes of GST antisera). Little cross- 
reactivity was observed between the different classes. The two bands which were 

stained with the alpha class antisera correspond to subunit 1 (lower band) and subunit 

2 (upper band).

2.3.4 ANALYSIS OF THE CELLULAR GST CONTENTS BY WESTERN 
BLOTTING.

The soluble supernatant proteins of the IAR20, HeLa and MCF7 cells were separated

by SDS-PAGE, blotted onto immobilon and stained with antibodies against pi, mu or

alpha class GSTs (Figure 2.2). The IAR20 cells were found to contain pi, mu and

alpha class GST subunits. The alpha class GST corresponded to subunit 2, rather

than subunit 1. There was little cross reaction with other cellular proteins showing that

the antibodies were specific for the GSTs, and little staining was obtained with

preimmune serum (results not shown). The HeLa cells contained material which

reacted strongly with the pi class antiserum suggesting that GST n was present. Very 
weak reactions with the mu and alpha class GST antisera were also observed. The

MCF7 cells did not react with the pi class antiserum, and reacted only weakly with the

alpha class antiserum. A protein which was too small to correspond to GST j l i , was 
faintly stained with the mu class antisera.
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CELL LINE CDNB ACTIVITY PROTEIN

Units/cell
(x108)

Units/mg protein pg/cell 
(x10 )

IAR20 1.1 ±0.4 0.31 ± 0.22 5.0 ± 2.6

IAR6.1 0.58 ±0.15 0.17 ±0.06 3.6 ±1.1

Balb 3T3 6.4 ±1.4 1.0 ±0.05 7.0 ± 1.2

HeLa 2.7 ±0.58 0.54 ± 0.08 5.8 ±1.2

MCF7 0.18 ±0.19 0.02 ± 0.02 7.5 ± 0.5

TABLE 2.2 CDNB ACTIVITIES OF THE SOLUBLE SUPERNATANT
FRACTIONS FROM THE IAR20, IAR6.1, HELA, MCF7 & BALB 3T3 
CELLS.

The CDNB activity of the soluble supernatant fractions of the five cell lines was 
measured at 37°C according to Habig & Jakoby (1981). Protein was measured by the 
assay of Bradford (1976) using BSA as a standard. One unit of enzyme activity is 
defined as that required to produce 1 pmole product per minute. All figures are the 
means of 3 to 5 experiments in which assays were carried out in duplicate or triplicate, 
and errors are standard deviations.
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FIGURE 2.2 WESTERN BLOT ANALYSIS OF THE SOLUBLE SUPERNATANT 
PROTEINS OF THE IAR20, MCF7 and HELA CELLS.

Soluble supernatant proteins (50-200pg) from IAR20 (track 4), MCF7 (track 1) and 
HeLa cells (track 3) were separated by SDS-PAGE, blotted onto immobilon and 
stained with GST antibodies. A mixture of human a, p and n GSTs (0.05pg each, track 
2) and a mixture of affinity purified GSTs from rat liver cytosol (approximately 0.1 pg 
each of GST subunits 1, 2, 3 & 4) and 0.1 pg human GST n (track 5) were used as 
standards. Alpha, mu and pi class GST antisera (1:500 dilutions of the rat antisera, 
and human n and p antisera and a 1:1000 dilution of the human a antiserum) were 
applied to separate lanes of each protein track using a miniblotter. 7, 3/4, 1/2 denote 
GST 7-7 antiserum, a 1:1 mixture of GST 3-3 and GST 4-4 antisera and a 1:1 mixture 
of GST 1-1 and GST 2-2 antisera respectively and n, p and a denote antisera against 
human n, p and a GSTs respectively.
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2.3.5 REVERSE-PHASE H.P.L.C ANALYSIS OF THE GST SUBUNIT CONTENT 
OF THE IAR20 AND IAR6.1 CELLS.

Affinity-purified GSTs from the soluble supernatant fractions of IAR20 and IAR6.1 cells 

were analysed by reverse-phase h.p.I.c (Figure 2.3). Subunit 7 was the major GST 

subunit in both cell lines, but smaller amounts of subunits 2, 3, 4, 11 and 8 were also 

present. The IAR6.1 cells contained higher relative levels of subunits 3 and 4 than the 

IAR20 cells and also contained a trace of subunit 1, but overall the subunit profiles of 

the two cell lines were fairly similar.

2.3.6 REVERSE-PHASE H.P.L.C AND WESTERN BLOT ANALYSES OF THE 
GST SUBUNIT CONTENT OF THE BALB 3T3 CELLS.

Reverse-phase h.p.I.c analysis of the GSTs isolated from the soluble supernatant

fractions of the Balb 3T3 cells showed at least six GST subunits to be present (Figure

2.4). The main protein peak reacted with pi class antisera on Western blots, and three 

of the smaller protein peaks reacted with mu class antisera. None of the remaining 

peaks reacted with any of the GST antisera (results not shown) although this may 

have been because there was insufficient material.

2.3.7 ANALYSIS OF THE GST SUBUNIT CONTENT OF THE MCF7 AND 
HELA CELLS.

One major and one minor protein peak were detected when the GSTs from the soluble 

supernatant fraction of the MCF7 cells were analysed by reverse-phase h.p.I.c (Figure

2.5). The minor peak ran in the same place as the human GST n subunits, but there 
was insufficient material for Western blotting. The major peak ran midway between

human GST ax and ay subunits, and had a similar retention time to human GST ‘11- 
11’ subunits. Human GST ‘11-11’ is a mu class GST isolated from testis in this

laboratory by Dr. D. Meyer (unpublished data), which has similar properties to rat GST

11-11. Notably, it has a blocked amino-terminus and shows little reaction with alpha,

mu or pi class antisera. It is probably identical to the human GST 5.2 purified from

testis and cloned by Campbell et al. (1990), which is also A/-terminally blocked and

which reacts poorly with some mu class antisera, although there is a slight

discrepancy in amino acid sequence (Figure 2.7).
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FIGURE 2.3 REVERSE-PHASE H.P.L.C ANALYSIS OF THE GST SUBUNIT 
CONTENT OF THE IAR20 AND IAR6.1 CELLS.

The GSTs were purified from the soluble supernatant fractions of IAR20 and IAR6.1 
cells by GSH affinity chromatography (Simons & Vander Jagt, 1977) and were 
analysed by reverse-phase h.p.I.c (Ostlund-Farrants et al., 1987). A, B and C show 
integrated h.p.I.c traces for the IAR6.1 cells, IAR20 cells and the standard (affinity- 
purified GSTs from rat liver cytosol) respectively. The GST subunit peaks (identified 
on the basis of their retention times) are labelled in the standard.
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FIGURE 2.4 ANALYSIS OF THE GST SUBUNIT CONTENT OF THE BALB 3T3 
CELLS.

The GSTs were purified from the soluble supernatant fractions of Balb 3T3 cells by 
GSH affinity chromatography (Simons & Vander Jagt, 1977) and were analysed by 
reverse-phase h.p.I.c (Ostlund-Farrants et al., 1987) (A). No mouse GST standards 
were available. In (B), the protein peaks labelled a, b, c and d (0.2pg of each) were 
analysed by Western blotting as described in Figure 2.2. The standard was a mixture 
of affinity-purified GSTs from rat liver cytosol (around 0.1 pg each of GST subunits 1, 
2, 3 & 4) and 0.1 pg human GST n. 1:500 dilutions of alpha mu and pi class GST 
antisera were applied to each protein track using a miniblotter. 7, 3/4 and 1/2 and n 
denote GST 7-7 antiserum, 1:1 mixtures of GST 3-3 & GST 4-4 and GST 1-1 & GST 
2-2 antisera and GST k antiserum respectively.
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FIGURE 2.5 REVERSE-PHASE H.P.L.C ANALYSIS OF THE GST SUBUNIT 
CONTENT OF THE MCF7 CELLS.

The GSTs were purified from the soluble supernatant fractions of MCF7 cells by GSH 
affinity chromatography (Simons & Vander Jagt, 1977) and analysed by reverse-phase 
h.p.I.c (Ostlund-Farrants etal., 1987). Integrated traces are shown for the MCF7 cells 
(A), a mixture of human GSTs (71, ax-cxx, ay-ay and human GST ‘11-11’ (purified in 
this laboratory by Dr. D. Meyer) (B), whose subunits are identified on the basis of their 
retention times, and purified human GST ‘11-11’ (C).
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The major protein from the MCF7 cells also showed little reactivity with any of the 

three classes of GST antisera (results not shown) and was found to have a blocked 

AMerminus. It was re-purified on reverse-phase h.p.I.c, digested with cyanogen 

bromide (which cuts at methionine residues) and the resulting peptides separated on 

reverse-phase h.p.I.c by Dr. David Meyer (this laboratory) (Figure 2.6). Two of these 

peptides were analysed by automated gas-phase protein sequencing and the 

sequence obtained clearly indicated that the protein belonged to the mu class. The 

second peptide contained a valine residue and a phenylalanine residue which are 

conserved between GST 5.2, human GST ‘11-11’ and rat GST 11-11, but not found 

in other mu class GSTs. Similarly, the first peptide contained a deduced methionine, 

present in GST 5.2 and human GST ‘11-11’ but not in other mu class GSTs, and a 

phenylalanine residue present in GST 5.2 (but not present in human GST ‘11-11’). It 

is therefore likely that the major GST from the MCF7 cells is either the same as or 

closely related to human GST ‘11-11’ and GST 5.2.

The reverse-phase h.p.I.c analysis of the GSTs isolated from the HeLa cells (Figure 

2.8) showed that at least three different GST subunits were present. The major

component had the same retention time as GST n subunits and reacted strongly with 
the GST 7-7 antiserum (Figure 2.9), suggesting that it was probably GST n (no other 
human pi class GSTs have been characterized). The next largest protein peak had a 

similar retention time to the major GST subunit from the MCF7 cells and to human 

GST ‘11-11’ subunits, and it did not react with any of the GST antisera (Figure 2.9). 

It is therefore likely that this component is either the same or very similar to human 

GST subunit ‘11’ although this would need to be confirmed by protein sequencing. 

The minor protein peak showed no positive reaction with any of the GST antisera on 

Western blots, but this may have been because there was insufficient material.
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FIGURE 2.6 REVERSE-PHASE H.P.L.C SEPARATION OF THE PEPTIDES
PRODUCED BY CYANOGEN BROMIDE DIGESTION OF THE MAIN 
GST SUBUNIT IN THE MCF7 CELLS.

The major GST subunit present in the MCF7 cells (see Figure 2.5) was collected as 
it eluted from the reverse-phase h.p.I.c column and the material was concentrated to 
30pJ. A few crystals of DTT, formic acid (final concentration 70-80%) and two crystals 
of cyanogen bromide were added, and the material was left in the dark overnight. The 
resulting peptides were separated by reverse-phase h.p.I.c with a 10 to 70% gradient 
of acetonitrile in water (both containing 0.06% TFA) over 1 hour, at a flow rate of 
0.5ml/minute. Two of these peptides (labelled 1 and 2) were then analysed by 
automated gas-phase protein sequencing (see Figure 2.7).
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PEPTIDE 1

hum. GST 5.2a 
rat sub. llb 
hum. GST 'll'c
rat sub. 3d 
rat sub. 4d 
rat sub. Yb3e 
hum. GST Jlf

[M]

M
CM]

8 10 2 2 2 1. 5
F L G K L/D

F L W K F S 
F L G K Q S

E F L G K R P
E F L G K Q P
E F L G K R P
E F L G K R P

1620 13 11 7 6  4 4  4 5  3 3  3 2  3 2  2 2  2
PEPTIDE 2 [M] V L G Y — D I R G L A H A I R L L L E F

hum GST 5.2 M V L G Y W D I R G L A H A I R L L L E F
rat sub. 11 M V L G Y W D I R G L A H A I R[M]L L E F
hum GST '11' [M] V L G Y X D I R G L A H A I R L L L E F
rat sub. 3 M I L G Y w N V R G L T H P I R L L L E Y
rat sub. 4 M T L G Y w D I R G L A H A I R L F L E Y
rat sub. Yb3 M T L G Y w D I R G L A H A I R L L L E Y
hum. GST M I L G Y w D I R G L A H A I R L L L E Y

FIGURE 2.7 SEQUENCE COMPARISON OF TWO PEPTIDES DERIVED FROM 
THE MAIN GST SUBUNIT PRESENT IN MCF7 CELLS, WITH 
OTHER GST SUBUNITS.

Amino-terminal sequences for two of the peptides (peptides labelled 1 and 2 in Figure
2.6) derived by cyanogen bromide digestion of the major GST subunit present in the 
MCF7 cells were determined by automated gas-phase protein sequencing (superscript 
numbers indicate pmoles recovered) and are compared to published sequences for 
other mu class GST subunits (obtained from the sources indicated below). [M] denotes 
a deduced methionine residue and X denotes an unknown residue.

a. Campbell et ai, (1990). GST 5.2 is probably identical to human GST ‘11-11’.
b. Kispert e ta i, (1989).
c. Meyer, (unpublished data).
d. Pickett & Lu (1988)
e. Abramovitz & Listowsky, (1987). Yb3 is equivalent to subunit 6.
f. Dejong e ta i, (1988a).
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FIGURE 2.8 REVERSE-PHASE H.P.L.C ANALYSIS OF THE GST SUBUNIT 
CONTENT OF THE HELA CELLS.

The GSTs were purified from the soluble supernatant fractions of HeLa cells by GSH 
affinity chromatography (Simons & Vander Jagt, 1977) and analysed by reverse-phase 
h.p.I.c (Ostlund-Farrants etaL, 1987). Integrated h.p.I.c traces are shown for the HeLa 
cells (A), the MCF7 cells (B) and a mixture of human GSTs (n, otx-ax, ay-ay and 
human GST 'H - H ’fpurified in this laboratory by Dr. David Meyer) whose subunits 
were identified on the basis of their retention times (C).
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FIGURE 2.9 WESTERN BLOT ANALYSIS OF THE GST SUBUNIT CONTENT OF 
THE HELA CELLS.

The GSTs were isolated from HeLa cells and separated by reverse-phase h.p.I.c as 
described in Figure 2.8. Two of the protein peaks (peaks a and b from Figure 2.8) 
were analysed by Western blotting as described in Figure 2.2. A mixture of affinity- 
purified GSTs from rat liver cytosol (around 0.1 pig each of GST subunits 1, 2, 3 & 4) 
and 0.1 pg human GST n was used as a standard. 1:500 dilutions of alpha mu and pi 
class GST antisera were applied to each proten track using a miniblotter. 7, 3/4 and 
1/2 denote GST 7-7 antiserum, a 1:1 mixture of GST 3-3 & GST 4-4 antisera and a 
1:1 mixture of GST 1-1 & GST 2-2 antisera respectively.
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2.3.8 QUANTIFICATION OF GST ISOENZYME SUBUNITS IN THE FIVE CELL 
LINES.

The GST subunits present in the five cell lines were quantified by reverse-phase 

h.p.I.c. The results are shown in Table 2.3 and summarized in Table 2.4. The IAR20 

cells had a slightly greater total GST content than the IAR6.1 cells. They contained 

slightly higher levels of subunits 7 and 2, but lower levels of subunits 3, 4 and 1 than 

the IAR6.1 cells. The Balb 3T3 cells had a slightly lower total GST content than the 

rat IAR20 and IAR6.1 cell lines (after correcting for volume) and like the IAR6.1 cells 

they contained a fairly high proportion of mu class GST. Both human cell lines 

contained less GST than the rodent cell lines. The total GST concentrations (mM) of 

the HeLa and MCF7 cells were about 3-fold and 10-fold lower respectively than those 

of the rat cell lines.

2.4 DISCUSSION.

The concentration of GSH in the five cell lines ranged from 4.3 mM for the Balb 3T3 

cells to 10.2mM for the IAR6.1 cells, with an average value of about 7mM. The human 

cells had a higher GSH content than the rodent cells if cell volume was not taken into 

account (12 and 8.3 nmol/106 cells (60 and 50 nmol/mg protein) for the HeLa and 

MCF7 cells respectively as opposed to around 2 nmol/106 cells (30 nmol/mg protein) 

for the rodent cells. These values are comparable to published values. The GSH 

contents of IAR20 and IAR6.1 cells were previously found to be 25 nmol/mg protein 

and 37 nmol/mg protein respectively (Principe, 1988) which are close to the figures 

of 28 nmol/mg protein (IAR20 cells) and 31 nmol/mg protein (IAR6.1 cells) obtained 

here. Reed et al. (1983) found the GSH contents of human lung adenocarcinima A549 

cells, HeLa S3 cells, Murine lymphoma L1210 cells to be 25, 4.8 and 3.3 nmol/106 

cells respectively. Hosking et al. (1990) reported that the GSH contents of a variety 

of human tumour cell lines (including stomach, colon, ovarian, bladder, testicular and 

breast carcinoma cell lines) ranged from 18 nmol/mg protein to 80 nmol/mg protein, 

with the breast carcinoma cell line MCF-7P having a value of 41.8 nmol GSH/mg 

protein, which is similar to the value of 50 nmol/mg protein obtained here for the 

MCF7 cells.
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GST CONTENT 
ng/cell (x108) pg/mg protein

RAT CELL LINES
GST Class Subunit IAR20 IAR6.1 IAR20 IAR6.1

PI 7 21 ±5.8 11 ±1.3 6.3 ± 2.4 3.5 ± 0.6

MU 3 1 ± 0.5 1.9 ±0.7 0.3 ± 0.4 0.5 ± 0.2
4 3 ± 0.5 4.3 ± 0.2 0.9 ± 0.4 1.5 ±0.3
11 2 ±0.4 1.5 ±0.5 0.8 ± 0.2 0.5 ± 0.2

ALPHA 1 0 0.9 ± 0.6 0 0.3 ± 0.3
2 2.8 ± 0.8 0.5 ± 0.05 0.6 ± 0.2 0.1 ±0.05
8 0.3 ± 0.04 0.8 ± 0.5 0.1 ±0.03 0.3 ± 0.2

BALB 3T3 CELLS
GST Class

PI 27 ±9.2 4.2 ± 1.8
MU 12 ±2.5 1.8 ± 0.6
UNKNOWN 7.9 ± 0.9 1.1 ± 0.1

HUMAN CELL LINES
HELA MCF7 HELA MCF7

PI CLASS GST
(probably n) 28 ±4.9 0.9 ± 0.4 5.2 ± 0.6 0.12 ± 0.05

MU CLASS GST
(probably GST 
hum.‘11-11’)

3.3 ± 1.4 8.7 ± 2.8 0.6 ± 0.3 1.2 ±0.4

UNKNOWN 0.66 0.22 0.1 0.03

TABLE 2.3 GST SUBUNIT CONTENTS OF THE IAR20, IAR6.1, HELA, BALB 3T3 
AND MCF7 CELLS.

GST subunits from the soluble supernatant fractions of the IAR20, IAR6.1, HeLa, 
MCF7 and Balb 3T3 cell lines were quantified by reverse-phase h.p.I.c. Rat GST 
subunits were identified on the basis of their h.p.I.c retention times (see Figure 2.3). 
Mouse GST subunits were assigned to a GST class by Western blotting (Figure 2.4) 
and human GST subunits were identified by h.p.I.c retention time, Western blot 
analysis and protein sequencing (Figures 2.5 to 2.9). Total soluble supernatant protein 
was quantified by the method of Bradford (1976) using BSA as a standard. Figures 
are means of 3 to 5 experiments and errors are SEM’s.

104



CELL LINE

jig/cell (x107)

GST CONTENT

pg/mg protein Mx106

IAR20 3.1 ±0.7 9.5 ± 3.2 45

IAR6.1 2.0 ± 0.25 6.0 ±1.2 41

BALB 3T3 4.3 ±0.1 6.2 ± 0.6 26

HeLa 3.1 ±0.6 4.1 ± 1.4 13

MCF7 0.98 ± 0.3 1.5 ±0.34 3.8

TABLE 2.4 SUMMARY OF THE TOTAL GST CONTENT OF THE IAR20,
IAR6.1, HELA, BALB 3T3 AND MCF7 CELLS.

This table summarizes the data shown in Table 2.3. Each figure is the mean of 3 to 
5 determinations and errors are SEM’s. The molar concentrations are calculated from 
the data (pg/cell) shown in this table using the cell volumes from Table 2.1.
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The total GST concentrations of the IAR20 and IAR6.1 cells were very similar

(0.045mM and 0.041 mM respectively). In both cell lines the major GST component

was subunit 7 (6.3 pg/mg protein in the IAR20 cells and 3.5pg/mg protein in the 
IAR6.1 cells). Smaller amounts of subunits 1, 2, 3, 4, 8 and 11 (ranging from 0.1 to

1.5 pg/mg protein) were also present, with the IAR20 cells having higher 
concentrations of subunits 7 and 2, and lower concentrations of subunits 3, 4 and 1 

than the IAR6.1 cells. The GST subunit contents of these cell lines are thus 

considerably different to that of rat liver, where very low levels of subunit 7, and much 

higher levels of subunits 1, 2, 3 and 4 are expressed. For example, using reverse- 

phase h.p.I.c. to identify and quantify individual GST subunits, Vandenberghe et al.

(1988) reported that rat liver cytosol contained 43, 15.6, 7.7 and 37.7 pg/mg protein 
of subunits 1, 2, 3 and 4 respectively, with subunit 7 being undetectable. These

authors also examined the GST content of rat hepatocytes after 4 days in primary

culture, and showed that expression of subunits 1 and 2 was decreased dramatically,

expression of subunit 3 was slightly increased, expression of subunit 4 remained

essentially unaltered and subunit 7 was expressed de novo. Expression of subunit 7

mRNA in 48 hour primary rat hepatocytes was previously demonstrated by Power et

al., (1987). Primary rat hepatocytes are thus similar to the IAR20 and IAR6.1 cell lines

in that they express low levels of subunits 1 and 2, and relatively high levels of subunit

7. However, they contain much higher levels of subunits 3 and 4 than the IAR20 and

IAR6.1 cells.

In the study of Power et al. (1987) expression of subunit 7 in rat liver and in cell lines 

derived from rat liver, was found to increase with the degree of transformation. Thus, 

it was undetectable in control rat liver, low in primary rat hepatocytes and an 

immortilized epithelial cell line (BL8) derived from rat liver, but higher in two 

transformed rat liver cell lines derived from the BL8 cells, in aflatoxin Br induced 

hepatomas and two cell lines derived from these hepatomas. This contrasts ukUi 

results obtained here, where the IAR20 cells were found to express higher levels of 

subunit 7 than the more transformed IAR6.1 cells.

The Balb 3T3 cells contained slightly less GST than the rat cell lines (total 

concentration was 0.026mM). They contained mainly pi class GST subunits (in 

common with the rat cell lines), with smaller amounts of mu class and unidentified

106



subunits. Both human cell lines contained lower concentrations of GSTs (0.013mM 

and 0.0038mM for the HeLa and MCF7 cells respectively). The major form found in 

the HeLa cells reacted with the pi class antiserum and had the same retention time 

on reverse-phase h.p.I.c as GST n subunits, and it is thus likely that it is GST n, since 
this is the only human pi class isoenzyme that has been characterized. At least two

other minor subunits were also present in the HeLa cells, one of which was similar to 

the major subunit expressed in the MCF7 cells (see below).

The major GST present in the MCF7 cells was found (on the basis of h.p.I.c retention

time, poor immunoreactivity with all three classes of GST antisera, a blocked N-

terminus and amino acid sequence) to be very similar, if not identical to the human

GST ‘11-11’ isolated in this laboratory from the testis by Dr. D. Meyer (unpublished

data). Human GST ‘11-11’ is the equivalent of the rat GST 11-11 isolated from the

testis by Kispert etal. (1989), and is probably identical to GST 5.2 which was isolated

from testis and cloned by Campbell et al. (1990). GST 5.2 is also present in the brain

(Campbell et al., 1990) and the kidney (Dr. D. Meyer, personal communication). It

shows 75% nucleotide sequence homology to human GST p, but contains additional 
amino and carboxy-terminal residues. It has lower specific activities than GST p 
towards CDNB and the mu class-specific substrate frans-4-phenyl-3-buten-2-one

(tPBO), but shows higher activity towards ethacrynic acid and CuOOH. No published

data showing GST 5.2 to be present in any cell line was found. This may be because

of its low specific activity towards CDNB (7.5 pmol/min/mg) and its poor reaction with 
several mu class (as well as alpha and pi class) GST antisera, since the most

commonly used methods for the detection of GSTs are immunoblotting and the

measurement of CDNB activity.

A large number of human tumour cell lines predominantly express pi class GST. For 

example, Castro et al. (1990) analysed the GST content of about 20 human tumour 

cell lines (including 5 bladder carcinoma, a colon carcinoma, a hepatoma, 2 malignant 

melanoma, 4 Burkitt’s lymphoma and B and T cell lymphoma cell lines) by 

immunoblotting and found that with the exception of the HepG2 (hepatoma) and Raji 

(Burkitt’s lymphoma) cell lines, pi class GST was predominantly expressed, although 

the level of expression varied considerably. Many of the cell lines also expressed an 

alpha class enzyme very similar to the GST ’9.9’ isolated from skin (Del Boccio etal.,
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1987) and some cell lines expressed low levels of other alpha and mu class enzymes, 

with each cell line having a distinct GST profile. Similarly, using isoelectric focusing 

Shea et al. (1988) found that an anionic GST was the major form expressed in the 

MX-1 (breast carcinoma), CX-1 (colon carcinoma) and SCC-25 (squamous cell 

carcinoma) cell lines. Using immunoblotting, Lewis etal. (1989) showed that pi class 

GST was predominantly expressed in seven out of nine human tumor cell lines 

examined (PE04 (ovarian adenocarcinoma), EJ (bladder carcinoma), NCI-H322 & 

NCI-H358 (lung carcinoma), HT29 & LS174T (colonic carcinoma) and EF484 (lung 

fibroblast) (the MCF7 and HepG2 cell lines did not contain detectable pi class GST), 

and that alpha and mu class GSTs were present at low levels in most cell lines, and 

at a high level in the HepG2 cells.

The CDNB activities measured by these workers are comparable to those obtained 

here for the HeLa and MCF7 cells (540 and 20 nmol/min/mg protein respectively). The 

values obtained by Castro et al. (1990) (only measured in 9 of the cell lines) were 

mostly in the range 100 to 330 nmol/min/mg protein, except for the Raji and HepG2 

cell lines which had lower activities of 1.3 and 14 nmol/min/mg protein respectively. 

Shea et al. (1988) and Lewis et al. (1989) also found a wide variation in the CDNB 

activity of different cell lines, ranging from 1.9 nmol/min/mg protein (MCF7 cells) to 

532 nmol/min/mg protein (SCC-25 cells) (Shea etal., 1988), and from 3.5nmol/min/mg 

(MCF7 cells) to 210nmol/min/mg (PE04 cells) (Lewis et al., (1989). The low CDNB 

activity observed here for the MCF7 cells is thus consistent with the findings of Lewis 

etal. (1989) and Shea etal. (1988). In contrast to the other cell lines examined here, 

the MCF7 cells were found to contain little pi class GST. This was also found by Lewis 

et al. (1989) who failed to detect pi class GST on immunoblots of the soluble 

supernatant proteins from MCF7 cells, although it could be detected in solid breast 

tumour samples.

In summary, the GSH concentrations of the IAR20, IAR6.1, Balb 3T3, HeLa and MCF7 

cells were found to be fairly similar, with an average concentration of about 7mM. Pi

class GST (GST 7-7 in the rat and probably GST n in the human cells) was 
predominantly expressed in the IAR20, IAR6.1, Balb 3T3 and HeLa cell lines, as found 

by other workers in rat liver cell lines (Power etal., 1987) and human tumour cell lines
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(Lewis et al., 1989; Shea et al., 1988; Castro et al. 1990). This parallels the de novo 

expression of GST 7-7 during hepatocarcinogenesis in the rat (Satoh etal., 1985), and 

the predominant expression of pi class GSTs in many human tumours (Lewis et al., 

1989; Shea et al., 1988; Mannervik et al., 1987). The IAR20 and IAR6.1 cells also 

contained low levels of subunits 1, 2, 3 and 4, and the Balb 3T3 cells contained mu 

class GST subunits. The major GST in the MCF7 cells was found to be very closely 

related to human GST ‘11-11’ (Dr. David Meyer, unpublished data) which is probably 

equivalent to GST 5.2 (Campbell etal., 1990), and a similar protein was also identified 

in the HeLa cells. Both the HeLa and Balb 3T3 cells also contained low levels of 

unidentified subunits. Overall, the rat and mouse cell lines had higher GST 

concentrations than the human tumour cell lines. The GST concentration of the MCF7 

cells was particularly low, as has been observed by other workers (Lewis etal., 1989; 

Shea et al., 1988).
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CHAPTER 3.

IMMUNOHISTOCHEMICAL LOCALIZATION OF THE GSTs IN
CULTURED CELLS.
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3.1 INTRODUCTION.

This chapter describes the immunohistochemical localization of alpha, mu and pi class 

GSTs in the IAR20, IAR6.1, Balb 3T3 and HeLa cell lines. Histochemical techniques 

were originally developed for use on tissue sections, which may be prepared from 

blocks of tissue by either fixing, drying, embedding in paraffin and sectioning, or by 

freezing, sectioning and sometimes post-fixing (cryostat sections), but many have now 

been applied to cultured cells. Adherent cell lines are usually grown and fixed directly 

on glass cover slips or slides, and then treated in a similar manner to tissue sections. 

They offer a convenient alternative to the use of tissues, although it is known that cells 

cultured in vitro differ in many respects to their in vivo precursors.

A variety of staining techniques can be used to detect cellular components. For 

example, dyes which preferentially bind certain classes of macromolecules can be 

used to stain areas of the cell that are rich in these components (e.g., haematoxylin 

is used to stain chromatin) and some enzymes may be visualized by the addition of 

substrates which become converted to non-diffusible coloured products. In 

immunohistochemistry the specific reaction between a labelled antibody and its 

antigen is utilized for the detection of particular proteins. The procedure for the 

immunohistochemical staining of cultured cells and tissues involves fixation, 

permeabilization, incubation with labelled antibodies and detection of the 

antibody/antigen complexes. These steps are discussed briefly below.

The aim of fixation is to preserve the cell by immobilizing the cellular components to 

produce an exact replica of the living cell, without any loss or redistribution of 

molecules or modification of their properties, such as loss of antigenicity, that would 

affect the subsequent staining. A wide variety of fixatives are available which vary in 

their ability to fulfil these criteria (see Pearse, 1980). Those most commonly used 

include organic solvents such as methanol and acetone, and aldehydes such as 

formaldehyde and glutaraldehyde.
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Organic solvents cause protein denaturation and precipitation. They are less able than 

water to solvate ionisable groups on the surface of proteins (i.e. they have lower 

dielectric constants) and cause destabilization and disruption of the hydrophobic 

bonding which is important in maintaining the tertiary structure of proteins (Pearse, 

1980; Puchtler et al., 1970). They are good solvents for lipid and thus extract a 

considerable amount of cellular lipid. Fixation in organic solvents can be reversible 

since the proteins are not covalently altered. However, methanol and acetone are 

commonly used in immunohistochemistry and have been regarded to result in 

adequate fixation of many proteins.

The aldehyde fixatives are crosslinking reagents. Formaldehyde is supplied in 37-40% 

aqueous solution, usually containing 10% methanol to inhibit spontaneous 

polymerization, or as its high molecular weight polymer paraformaldehyde, which is 

dissolved in water to produce monomeric formaldehyde solutions free from methanol 

and formic acid (produced during deterioration of formaldehyde) which is another 

contaminant of commercial solutions. Formaldehyde fixation has been reviewed by 

Pearse (1980), Fox et al. (1985) and Kiernan (1990). In aqueous solution 

formaldehyde exists as its hydrated product methylene glycol (Figure 3.1). The actual 

species responsible for fixation is thought to be the reactive carbonium ion +CH2OH, 

produced by protonation of formaldehyde, and which is therefore more abundant under 

acidic conditions. This reacts with electron rich functional groups in proteins and other 

macromolecules to form addition products, which can then react with other groups in 

either the same or different molecules to form methylene bridges. Groups known to 

be involved in protein fixation include the amino (lysine, arginine), amide (glutamine, 

asparagine), hydroxyl (serine, threonine), thiol (cysteine) and phenolic (tyrosine) amino 

acid side chain groups, and the amide groups of peptide bonds. One of the most 

common reactions is thought to be the formation of a methylene bridge between 

primary amines (e.g., lysine) and peptide bond amide groups (Figure 3.1). The 

chemistry of fixation of other macromolecules is less well understood, but 

formaldehyde is known to react with amino groups in RNA and DNA (Feldman, 1973) 

and with double bonds in unsaturated fatty acids (Jones, 1972).
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A. Paraformaldehyde.
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FIGURE 3.1 STRUCTURE AND REACTIONS OF FORMALDEHYDE.
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Many of the products of formaldehyde fixation can be hydrolysed on washing in 

aqueous solutions and consequently fixation is partially reversible. Although 

penetration of tissues is rapid, it is generally agreed that formaldehyde fixation 

(especially the secondary reactions resulting in methylene bridge formation) is a slow 

process and it was originally recom3nded that fixation of tissue sections in 4%
A

formaldehyde be carried out for at least 24 hours. However, in practice, cell 

monolayers are generally fixed with 4% buffered paraformaldehyde solution at room 

temperature for less than one hour (often 10 minutes) which is regarded to result in 

sufficient fixation of many proteins.

Glutaraldehyde fixation has been reviewed by Kiernan (1990) and Pearse (1980). 

Each glutaraldehyde molecule contains two aldehyde groups and in aqueous solution 

the molecules undergo aldol condensation yielding glutaraldehyde polymers (Figure 

3.2). The aldehyde groups are known to react with protein amino groups
is

(predominantly lysine side chain amino groups) (Figure 3.2), but impossible that other 

reactions with protein, and reaction with other macromolecules also occur. Only the 

mid-chain aldehyde groups of the glutaraldehyde polymer are thought to form stable 

products (due to conjugation of the C=N double bond with the C=C double bond; see 

Figure 3.2), and the terminal aldehyde groups remain largely free. Glutaraldehyde 

reacts a lot faster than formaldehyde and results in irreversible and more complete 

fixation, although penetration of tissues is slower. However, it is often necessary to 

block unreacted aldehyde groups to prevent non-specific binding of histochemical 

reagents (e.g., antibodies) which would result in high background staining. In addition, 

glutaraldehyde fixation often destroys protein antigenicity. It is most often used for 

electron microscopy where the preservation of cellular ultrastructure is very important.

Cells fixed in organic solvents should be fully permeable to the large antibody 

molecules since much of the membrane lipid will have been extracted. However, an 

additional permeabilization with organic solvents or non-ionic detergents such as Triton 

X-100 is necessary after fixation of cell monolayers with crosslinking aldehydes. This 

step is not usually necessary when using tissue sections as the sectioning process 

itself results in adequate permeabilization.
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A. Glutaraldehyde monomer.
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B. Glutaraldehyde polymer formed by aldol condensation.

C. Reaction with primary amines (e.g., lysine side-chain amino groups).

■ "

p
R
0
T ----- NH,
E

N
. .

C  <C H 2) j  C =  C (C H j )j  C =  C (CH,), C

H L HJ,
r
\

/
C  (CH j )j  C =  C  ( C H j l j  C = = C  (C H j )j ------

H L HJ. < + (/»+!) H ,0

FIGURE 3.2 STRUCTURE AND REACTIONS OF GLUTARALDEHYDE.
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After fixation, cells are incubated with labelled antibodies. Two commonly used types 

of label are fluorophores (e.g., fluoroscein and rhodamine) which can be visualized 

under the fluorescence microscope and enzymes (e.g., alkaline phosphatase and 

horseradish peroxidase) which produce coloured precipitates on incubation with 

appropriate substrates. Immunofluorescence, which was chosen for this study, gives 

greater resolution and requires shorter processing times than the use of enzymatic 

labels, although the sensitivity may be lower. A potential problem is cellular 

autofluorescence arising from excitation of NADH, riboflavin and flavin coenzymes at 

300-500nm (Aubin, 1979) and tryptophan, tyrosine and phenylalanine residues at 250- 

280nm. However, background problems are also often encountered when using 

enzymatic labels as many cells contain endogenous enzyme activities which must be 

blocked. The label may be bound to the antibody against the protein being 

investigated (direct method) or to a second antibody raised to antibodies of the 

species from which the first antibody was obtained (indirect method). The indirect 

method gives greater sensitivity and is often more convenient, since only one labelled 

antibody is required when using several primary antibodies from the same species.

Fluorescence arises when a fluorophore absorbs excitatory light causing electrons to 

be raised to higher energy levels. These then spontaneously revert to the ground state 

releasing most of the energy as light of a longer wavelength (fluorescence). The 

quantum yield of the fluorophore is defined as the number of quanta emitted as 

fluorescence + total number of quanta absorbed. Each fluorophore has a characteristic 

absorption and emission spectrum. Fluorescein, which was used for this work has an 

excitatory peak at 495nm and an emission peak at 525nm. The fluorescence 

microscope provides a source of high energy excitatory light, and filters are used to 

cut out the parts of the spectra that are not required for excitation or which are not re

emitted by the fluorophore. Many fluoropores (especially fluorescein) are prone to 

rapid photobleaching (in the presence of light and oxygen, excited fluorophores 

liberate free radicals which can damage unexcited fluorophores). To help prevent this 

reagents such as DABCO (1,4-diazobicyclo[2.2.2]octane) can be added to scavenge 

free radicals, and the exposure to light should be limited by observing and 

photographing slides as soon as possible after staining, and by exposing them to a 

minimum amount of excitatory light.
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Fluorescence is only proportional to fluorophore concentration in dilute solutions with 

an absorbance of less than 0.05. A high concentration of fluorophore or the presence 

of other absorbing species can prevent the excitatory light being absorbed by all the 

fluorophore molecules present, and may result in reabsorption of the emitted light. This 

results in a loss of linearity between fluorescence and fluorophore concentration, which 

is known as the inner filter effect. In addition, at high fluorophore concentrations, 

association of fluorophore molecules is favored, which can lead to differences in their 

fluorescence properties.

When interpreting fluorescence staining patterns within cultured cells it is important to 

remember that fluorescence intensity is a function of both fluorophore concentration 

and path length (i.e. the cell thickness). Cells grown in monolayer culture generally 

adopt a shape that has been likened to a ‘fried egg’. The nucleus is slightly flattened 

and covered by a thin layer of cytoplasm, while the rest of the cytoplasm is greatly 

flattened and extended, and contacts a large area of the substratum. For example, this 

kind of shape was shown to be adopted within a few hours of plating freshly isolated 

rat hepatocytes on plastic dishes (Peters, 1984). Cultured cells are thus thickest in the 

central nuclear region, and become gradually thinner towards the cell periphery 

although the amount of flattening varies with the cell type, and between individual cells 

within one cell line. Therefore, a region of intense fluorescence could equally well 

indicate a high concentration of antigen in a thin part of the cell or a lower 

concentration in a thicker region.

Several immunohistochemical studies of GST distribution in both normal and tumour 

tissues have been published (see Chapter 1, Section 1.3.3.5) and have shown the 

GSTs to be mainly cytoplasmic, although their presence in the nucleus has also been 

noted. Whether this apparent nuclear localization is real or artefactual is controversial. 

The only published work specifically aimed at investigating the subcellular localization 

of GSTs using immunohistochemistry is that of Bennett and co-workers, who were 

concerned with the localization of the non-histone protein BA, which was later shown 

to be a mixture of GST isoenzymes (Bennett etal., 1986). In experiments using both 

rat liver cryosections (Catino et al., 1979; Bennett etal., 1986) and cultured rat liver 

cells (Bennett et al., 1986; Bennett & Yeoman, 1985) they demonstrated a faint
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cytoplasmic staining and a stronger speckled nuclear staining, and immunoelectron 

microscopy of the cultured rat liver cells showed the protein to be localized to the 

interchromatinic regions of the nucleus (Bennett etal., 1986).

In this study, the localization of alpha, mu and pi class GSTs in cultured cells was 

investigated using indirect immunofluorescence, with a view to establishing whether 

or not the GSTs are present in the nucleus. The rat liver cell line IAR20 was used 

initially, and experiments were then extended to the IAR6.1 (transformed rat liver cell 

line), HeLa (human cervical carcinoma) and Balb 3T3 (mouse fibroblast) cell lines. 

Several methods of fixation and permeabilization were chosen to try and avoid 

artefacts from one particular treatment. The fixatives used were formaldehyde, 

glutaraldehyde, methanol and acetone. Additional permeabilization of aldehyde-fixed 

cells was carried out using organic solvents or the non-ionic detergent Triton X-100. 

A nuclear antibody was used to ensure that the cells were sufficiently permeabilized 

to allow antibodies to fully penetrate the cell. Stained cells were observed by 

fluorescence microscopy and image analysis.

3.2 METHODS.

3.2.1 MATERIALS.

Glutaraldehyde (25% EM grade) was obtained from Agar Scientific Ltd., 66A 

Cambridge Rd., Stanstead, Essex. Paraformaldehyde, saponin and Triton X-100 (octyl 

phenoxy polyethoxy-ethanol) were purchased from Sigma Chemical Company Ltd. 

Sources of other chemicals and materials were described in Chapter 2.

3.2.2 ANTIBODIES.

The GST 7-7 antiserum, a 1:1 mixture of the GST 1-1 and GST 2-2 antisera, and a 

1:1 mixture of the GST 3-3 and GST 4-4 antisera (all rabbit antisera raised against 

purified rat GSTs, see Section 2.2.3) were used to detect pi, alpha and mu class 

GSTs respectively. Rabbit preimmune serum was used as a control. Anti-nuclear and 

control human sera were a gift from Dr. Brian de Sousa, Department of Immunology, 

UCMSM. The anti-nuclear serum was obtained from a patient with the autoimmune
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disease systemic lupus erythematosus (SLE) and produces a diffuse nuclear staining. 

Fluorescein isothiocyanate (FITC)-labelled goat anti-rabbit IgG and goat anti-human 

IgG (Fc specific) (both affinity purified antibodies) were purchased from Sigma 

Chemical Company Ltd. All antibodies were diluted to the required concentration in 3% 

BSA in PBS.

3.2.3 IMMUNOFLUORESCENT STAINING OF CELLS.

The method for the immunofluorescent staining of cells was adapted from Harlow and

Lane (1988). Cells were grown on 4 or 8 well glass slides (C.A. Hendley (Essex) Ltd.,

Oakwood Hill Industrial Estate, Loughton, Essex) placed in large (15cm diameter) Petri

dishes containing 40ml of the appropriate cell culture medium. They were plated at an

appropriate density 2-3 days before processing, so that they would be almost

subconfluent (log phase) when required. All solutions except for PBS were prepared

just before use and all steps were carried out at room temperature unless otherwise

stated. Slides were rinsed briefly in PBS, drained and fixed with neat methanol, neat

acetone, 1% glutaraldehyde in PBS (diluted from a 25% stock) or 4%

paraformaldehyde in PBS for various lengths of time as detailed below. The

paraformaldehyde solution was prepared by dissolving 8g paraformaldehyde in 100ml

water (by heating to 60°C and adding a few drops of 1M NaOH) and diluting with 
100ml 2 x PBS. After fixation in glutaraldehyde or paraformaldehyde cells were rinsed

twice with PBS and additional permeabilization was carried out with neat methanol, 

neat acetone (either at -20°C or room temperature), 0.5% Triton X-100 in PBS as 
detailed below, or with 0.1% saponin in PBS for 15 minutes. For saponin 

permeabilization, 0.1% saponin was included in all antibody solutions and PBS rinses, 

except the final PBS rinse (Willingham, 1990) since for adequate permeabilization the 

saponin must be present throughout the staining procedure (Willingham etal., 1978).

After permeabilization, slides were rinsed for a furthur 10 minutes in PBS (or PBS + 

saponin). For slides fixed with glutaraldehyde this was sometimes preceded by a 2 

hour incubation in 0.2 M ethanolamine in PBS adjusted to pH 7.5 with HCI, to block 

free aldehyde groups. Antibody incubations were carried out in Petri dishes lined with 

wet filter paper. The slides were dried between the wells using cotton buds, so that 

several different antisera (15ul for the 8 well slides or 30ul for the 4 well slides) could
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be applied to different wells on the same slide. Slides were first blocked for 30 minutes 

with 3% BSA in PBS. This solution was decanted and the slides well drained before 

incubation with the GST antisera. Following preliminary investigations using IAR20 

cells, cells were stained with a 1:10 or 1:15 dilution of first antibody (GST antiserum 

(rabbit) or human anti-nuclear serum) for 1 hour, washed for 10 minutes in 1% Triton 

X-100 in PBS and for 2 x 5 minutes in PBS, and then stained for 45 minutes with a 

1:10 dilution of the second antibody (FITC-labelled goat anti-rabbit or anti-human 

antibodies).

Under these staining conditions, greater fluorescence was produced with all three 

classes of GST antisera and with the human anti-nuclear serum, than produced in the 

corresponding controls (rabbit preimmune serum or human control serum). For the 

GST antisera, it is likely that the majority of this additional fluorescence represents 

specific binding of GST antibodies to GST isoenzymes, since the antisera used show 

only weak cross reaction with other soluble supernatant proteins on Western blots 

(Figure 2.2). Dilution of the first antibody to 1:30 or 1:60 produced less difference 

between the control and GST fluorescence, with a loss in specific binding and little 

reduction in non-specific binding. The 30 minute blocking step with 3% BSA in PBS, 

and the 1% Triton X-100 wash were always included to reduce any non-specific 

binding, but they appeared to have a minimal effect.

After incubation with the antibodies, slides were rinsed in 4 changes of PBS over 10 

minutes and were drained well but not allowed to dry. Coverslips were mounted using 

1 drop of either neat glycerol or anti-fluorescence fading mounting medium which was 

a gift from Dr. Brian de Sousa, Department of Immunology, UCMSM (made by 

dissolving 2.5g diazabicyclo(2.2.2)octane (DABCO) in 30ml glycine buffer adjusted to 

pH 8.6 with HCI, and then adding 70ml glycerol). Coverslips were sealed round the 

edges with nail varnish, the slides kept in the dark and viewed and photographed as 

soon as possible after staining (always within two days).
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3.2.4 FLUORESCENCE MICROSCOPY AND IMAGE ANALYSIS.

Cells were viewed with a Zeiss photomicroscope equipped for epi-illuminationF which 

enables rapid switching between fluorescence and phase contrast modes. A high 

pressure mercury lamp provided high energy excitatory light ranging from about 

270nm to 700nm. An excitation filter which cut out excitatory light below 330nm and 

above 500nm, and a barrier filter which cut out emitted light below 470nm were used. 

The excitation and emission maxima of fluorescein are 490nm & 525nm respectively. 

An English Electric Valve low light level camera (intensified CCD camera, model 

P46936) was used to produce a video image which was viewed on a black and white 

monitor. The camera was also linked to an image analyser (Intellect 200 image 

analyser, Quantel Ltd. UK) interfaced to a computer (PDP 11/23+ computer, Digital 

Equipment Corporation, USA). Image analysis was performed using the programme 

KIPS (Microconsultants Ltd.). The computerised image was viewed on a colour 

monitor (Electronic visuals Ltd, UK). This apparatus is schematically represented in 

Figure 3.3.

The camera output is in analogue form (50 frames/second). It is converted into digital 

form by the image analyser, with the luminosity of each pixel being stored as an 8 bit 

number equivalent to a luminosity value of 0 (black) to 255 (peak white) in framestore 

memory, each framestore comprising an array of 512 x 512 pixels. The digitized image 

was enhanced by noise reduction, whereby a proportion of the live video signal and 

the digitized framestore data are added to reduce the most variable part of the video 

signal (noise), and by integration whereby a proportion of the video signal is added 

together over a number of frames to build up an image. Noise reduction helps reduce 

the fluctuations in light intensity that occur during image creation, whereas integration 

improves the capture and contrast of very faint images. The camera sensitivity and 

microscope settings were kept constant for most experiments to allow comparison of 

relative staining intensities, and any variations are indicated in the appropriate figures. 

Photography was carried out using a Polaroid Quickprint Videoprinter linked directly 

to the image analyser and Kodak Kodacolor Gold 100 ASA colour print film. 

Developing and printing was carried outjfre High Street film processing firm ‘Snappy 

Snaps’. The colour variation of the fluorescence photomicrographs was due to a poor 

connection between the video printer and the image analyser.
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FIGURE 3.3 SCHEMATIC REPRESENTATION OF THE APPARATUS USED FOR 
FLUORESCENCE MICROSCOPY AND IMAGE ANALYSIS.

1, English Electric Valve intensified CCD camera; 2, Zeiss photomicroscope; 3, 
monochrome moniter; 4, visual display unit and keyboard; 5, colour moniter; 6, 
Quantel Intellect 200 image analyser; 7, Digital Equipment Corporation PDP 11/23+ 
computer; 8, Magnetic storage devices (discs and tape). Solid lines indicate video data 
signals; broken lines indicate computer control/data lines. This figure is adapted from 
Spargo & Riley (1988).
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3.3 RESULTS.

3.3.1 LOCALIZATION OF GSTs IN IAR20 CELLS FIXED WITH 
PARAFORMALDEHYDE.

Fluorescence photomicrographs of IAR20 cells fixed with 4% paraformaldehyde in

PBS for 10 minutes, permeabilized with methanol for 5 minutes and stained with the

various GST antisera are shown in Figures 3.4 and 3.5. Fluorescence was localized

within the cell by comparison of the fluorescence and phase contrast images (Figure

3.4). The poor resolution of the phase contrast images is due to the use of the low

level light camera (which was necessary for detection of the fluorescence) and the

image analysis. Sharper pictures were obtained when the cells were photographed

directly through the microscope using an ordinary camera, but the magnification was

slightly different, causing imprecise matching of pictures.

No fluorescence was observed on incubation with either the first or the second 

antibody alone (Figure 3.5) but a small amount of non-specific fluorescence was 

produced in the preimmune serum controls. Incubation with antisera against all three 

classes of GST produced specific fluorescence. The GST 7-7 antiserum produced 

diffuse fluorescence covering the whole cell, with the greatest intensity over the 

nucleus. The nucleus was often distinctly brighter than the surrounding cytoplasm and 

had a well defined outline, but in some cells there was a more gradual increase in 

fluorescence intensity towards the centre, and both the nucleus and perinuclear 

cytoplasm were strongly fluorescent. The intensely fluorescent, well defined nuclei 

were more apparent in some experiments than in others (see Figure 3.5) although 

conditions were apparently identical for all experiments. Preincubation of the antiserum 

for 2 hours with a 0.2 mg/ml solution of purified GST 7-7 partially abolished the 

fluorescence providing furthur evidence that it was specific for GST 7-7 (Figure 3.5). 

Antibodies to mu (GSTs 3-3 and 4-4) and alpha class (GSTs 1-1 and 2-2) GSTs 

produced lower levels of diffuse fluorescence which was located over the whole cell, 

with the intensity increasing slightly towards the centre. The staining was slightly 

stronger for the alpha than the mu class GSTs. Preincubation of a mixture of alpha 

and mu class antisera with a 1.3 mg/ml mixture of rat liver cytosolic GSTs isolated by 

GSH affinity chromatography (mainly GSTs 1 -1,2-2,3-3 and 4-4) reduced the staining 

intensity as observed for GST 7-7 (results not shown).
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FIGURE 3.4 IAR20 CELLS FIXED WITH PARAFORMALDEHYDE,
PERMEABILIZED WITH METHANOL AND STAINED WITH GST
ANTIBODIES.

Cells were fixed for 10 minutes with 4% paraformaldehyde in PBS, permeabilized with 
methanol for 5 minutes, incubated with 3% BSA in PBS for 30 minutes, stained for 1 
hour with a 1:15 dilution of the indicated GST antisera or control preimmune serum 
(both from rabbit), washed for 10 minutes with 1% Triton X-100 in PBS, then for 5 
minutes with PBS and stained for 45 minutes with a 1:10 dilution of fluorescein- 
conjugated anti-rabbit antibody. The corresponding phase contrast photomicrograph 
is shown for each fluorescence photomicrograph (magnification is x300). The camera 
sensitivity was slightly lower in this experiment.

A. GST 7-7 antiserum.
B. Preimmune serum.
C. 1:1 mixture of the GST 3-3 and GST 4-4 antisera.
D. 1:1 mixture of the GST 1-1 and GST 2-2 antisera.
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FIGURE 3.5 IAR20 CELLS FIXED WITH PARAFORMALDEHYDE,
PERMEABILIZED WITH METHANOL AND STAINED WITH GST
ANTIBODIES.

Cells were fixed for 10 minutes with 4% paraformaldehyde in PBS, permeabilized with 
methanol for 5 minutes, incubated with 3% BSA in PBS for 30 minutes, stained for 1 
hour with a 1:10 dilution (A to F) or a 1:15 dilution (G and H) of the indicated GST 
antisera or control preimmune serum (both from rabbit), washed for 10 minutes with 
1% Triton X-100 in PBS, then for 5 minutes in PBS and stained for 45 minutes with 
a 1:10 dilution of fluorescein-conjugated anti-rabbit antibody (antibody 2). In B, the 
GST 7-7 antiserum was preincubated for 2 hours with purified GST 7-7. In D, 3% BSA 
in PBS was substituted for the GST antiserum. A to F are from the same experiment. 
G and H are from a separate experiment, in which a different camera sensitivity was 
used. The magnification for all photomicrographs is x300.
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A. GST 7-7 antiserum. B. GST 7-7 antiserum (preincubated).

C. Preimmune serum. D. Antibody 2 alone.

F. GST 1-1 & 2-2 antisera.E. GST 3-3 & 4-4 antisera.

G. GST 7-7 antiserum. H. Preimmune serum.



In order to determine how much of the fluorescence over the nucleus originated from 

the overlying cytoplasm, cells were permeabilized with saponin. This plant glycosde 

forms complexes with cholesterol (Glauert et al., 1962), and was originally used to 

selectively permeabilize the plasma membrane (which is rich in cholesterol) of freshly 

isolated cells, leaving intracellular membranes intact (e.g., Burgess eta!., 1983). It has 

also been used in immunohistochemistry to permeabilize paraformaldehyde or 

gluteraldehyde fixed cells, where it results in better preservation of membranes than
-fcV^at

obtained using Triton X-100 (Willingham et al., 1978), and has been found to oe
A

particularly useful for studying the localization of membrane bound proteiis 

(Willingham et al., 1978; Goldenthal et al., 1985). Wikstrom et al. (1987) aid 

Goldenthal et al. (1985) have both shown that the nuclear membrane of 

paraformaldehyde-fixed cultured cells is not permeabilized by saponin.

Anti-nuclear antibodies (human serum from a patient with SLE) were used to monior 

the permeabilization of the nuclear membrane. Normal human serum was used as a 

control. SLE patients can produce antibodies to DNA, histones, other nuclear proteiis 

and nuclear ribonuclearprotein (Tan, 1982). Each type of antibody produces a 

characteristic pattern of staining. The serum used for this work produces a diffuse 

nuclear staining showing that it contains antibodies against DNA (Tan, 1982), but it 

may also contain antibodies to other nuclear components.

The nuclear antiserum produced strong specific nuclear fluorescence and a contol 

level of cytoplasmic fluorescence in paraformaldehyde fixed IAR20 cells that had been 

permeabilized with methanol (Figure 3.6). In contrast, cells permeabilized with saporin 

showed little specific nuclear staining, confirming that saponin was unable to 

permeabilize the nuclear membrane (Figure 3.7). Cells permeabilized with saponin aid 

incubated with the GST 7-7 antiserum also showed very little fluorescence over t!ie 

nucleus (Figure 3.7), indicating that the cytoplasm contributes very little to the toal 

fluorescence of this region.

128



FLUORESCENCE PHASE CONTRAST

Nuclear

Control

FIGURE 3.6 IAR20 CELLS FIXED WITH PARAFORMALDEHYDE,
PERMEABILIZED WITH METHANOL AND STAINED WITH 
NUCLEAR ANTIBODIES.

Cells were fixed for 10 minutes with 4% paraformaldehyde in PBS, permeabilized for 
5 minutes with methanol, incubated for 30 minutes with 3% BSA in PBS, stained for 
1 hour with a 1:10 dilution of human serum containing anti-nuclear antibodies (A) or 
with control human serum (B), washed for 10 minutes with 1% Triton X-100 in PBS, 
then for 5 minutes with PBS and stained for 45 minutes with a 1:10 dilution of 
fluorescein-conjugated anti-human antibody (magnification is x300). Both the 
fluorescence micrograph and the corresponding phase contrast micrograph are shown 
for A. A slightly different camera sensitivity was used in this experiment.
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A. GST 7-7 antiserum. B. Preimmune serum.

C. Human nuclear antiserum D. Human control serum

FIGURE 3.7 IAR20 CELLS FIXED WITH PARAFORMALDEHYDE,
PERMEABILIZED WITH SAPONIN AND STAINED WITH GST OR 
NUCLEAR ANTIBODIES.

Cells were fixed for 10 minutes with 4% paraformaldehyde in PBS, permeabilized with 
saponin as described in Section 3.2.3, incubated for 30 minutes with 3% BSA in PBS, 
stained for 1 hour with a 1:10 dilution of GST 7-7 antiserum (A) or control preimmune 
serum (B) (both from rabbit), or a 1:10 dilution of human serum containing nuclear 
antibodies (C) or human control serum (D), washed for 10 minutes with 1% Triton X- 
100 in PBS, then for 5 minutes with PBS and stained for 45 minutes with a 1:10 
dilution of anti-rabbit or anti-human fluorescein-conjugated antibodies. The 
magnification is x300.
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Permeabilization of paraformaldehyde-fixed cells with acetone for 2 minutes (Figure 

3.8) or with 0.5% Triton X-100 in PBS for 10 minutes (Figure 3.9) produced similar 

results to those obtained using methanol. Increasing the length of paraformaldeyde 

fixation from 10 minutes to 1 hour also produced similar results whether cells were 

permeabilized with methanol for 5 minutes (results not shown) or with acetone for 2 

minutes (Figure 3.8). However, the very bright, well defined nuclei sometimes 

observed in the cells stained with the GST 7-7 antiserum were never observed in the 

cells fixed for 1 hour, suggesting that there may have been some diffusion of GST 

from the nucleus. Cells fixed for 10 minutes in unbuffered 4% paraformaldehyde 

solution (which should in theory be a stronger fixative since it is more acidic and will 

contain a higher concentration of the reactive carbonium ion) gave similar results to 

those fixed with buffered paraformaldehyde (results not shown). Cells were also 

treated exactly according to Bennett & Yeoman (1985) who used a 20 minute fixation 

with 2% paraformaldehyde in PBS and a 3 minute permeabilization with acetone at 

-20°C (with no 3% BSA pre-block or Triton X-100 wash) (Ochs et al., 1983). The 

results were very similar to the others presented here (Figure 3.9). The fluorescence 

produced with the nuclear antiserum was very similar for all the above methods of 

fixation and permeabilization (Figure 3.10).

3.3.2 LOCALIZATION OF GSTs IN IAR20 CELLS FIXED WITH 
GLUTARALDEHYDE.

The results obtained using paraformaldehyde fixation indicated that all three classes

of GST were present in both the cytoplasm and the nucleus of the IAR20 cells.

However, the variability in the ratio of nuclear to cytoplasmic fluorescence intensity

suggested that some diffusion of GST may have occurjpd. Glutaraldehyde fixation is

irreversible, more rapid and stronger than paraformaldehyde fixation and is thus more

likely to prevent redistribution of the GSTs. The appearance of IAR20 cells fixed with

1% glutaraldehyde in PBS for 1 hour, permeabilized with methanol for 5 or 10 minutes

and stained with GST antisera as described above is shown in Figures 3.11 and 3.12.

Glutaraldehyde fixation alone was found to induce cellular autofluorescence (Figure

3.11) which is commonly encountered (Collins & Goldsmith, 1981). No extra

fluorescence was produced on incubation with either the first or the second antibody

alone, but slightly greater fluorescence was observed in the preimmune serum control.
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FIGURE 3.8 IAR20 CELLS FIXED WITH PARAFORMALDEHYDE,
PERMEABILIZED WITH ACETONE AND STAINED WITH GST
ANTIBODIES.

Cells were fixed for 10 minutes or for 1 hour with 4% paraformaldehyde in PBS, 
permeabilized with acetone for 2 minutes, incubated with 3% BSA in PBS for 30 
minutes, stained for 1 hour with a 1:10 dilution of the indicated GST antisera or control 
preimmune serum (both from rabbit), washed for 10 minutes with 1% Triton X-100 in 
PBS, then for 5 minutes in PBS and stained for 45 minutes with a 1:10 dilution of 
fluorescein-conjugated anti-rabbit antibody. The magnification is x300.

A. GST 7-7 antiserum.
B. Preimmune serum.
C. 1:1 mixture of the GST 3-3 and GST 4-4 antisera.
D. 1:1 mixture of the GST 1-1 and GST 2-2 antisera.
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FIGURE 3.9 IAR20 CELLS FIXED WITH PARAFORMALDEHYDE,
PERMEABILIZED WITH TRITON X-100 OR ACETONE AND
STAINED WITH GST ANTIBODIES.

1. TRITON X-100
Cells were fixed for 10 minutes with 4% paraformaldehyde in PBS, permeabilized with 
0.5% Triton X-100 in PBS for 10 minutes, incubated with 3% BSA in PBS for 30 
minutes, stained for 1 hour with a 1:10 dilution of the indicated GST antisera or control 
preimmune serum (both from rabbit), washed for 10 minutes with 1% Triton X-100 in 
PBS, then for 5 minutes with PBS and stained for 45 minutes with a 1:10 dilution of 
fluorescein-conjugated anti-rabbit antibody. The magnification is x300.

2. ACETONE
Cells were fixed for 20 minutes in 2% paraformaldehyde in PBS and permeabilized 
with acetone at -20°C for 3 minutes as described by Ochs et al. (1983), stained for 1 
hour with a 1:15 dilution of the indicated GST antiserum or preimmune serum (both 
from rabbit), washed in PBS for 15 minutes and stained for 45 minutes with a 1:10 
dilution of fluorescein-conjugated anti-rabbit antibody. The camera sensitivity was 
different in this experiment. The magnification is x300.

A. GST 7-7 antiserum.
B. Preimmune serum.
C. 1:1 mixture of the GST 3-3 and GST 4-4 antisera.
D. 1:1 mixture of the GST 1-1 and GST 2-2 antisera.
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NUCLEAR ANTISERUM. CONTROL ANTISERUM

A.
10 min fix 
Acetone.

B.
10 min fix. 
Triton.

C.
1 hour fix. 
MeOH.

FIGURE 3.10 IAR20 CELLS FIXED WITH PARAFORMALDEHYDE,
PERMEABILIZED WITH ACETONE, METHANOL OR TRITON 
X-100 AND STAINED WITH NUCLEAR ANTIBODIES.

Cells were fixed with 4% paraformaldehyde in PBS for 10 minutes (A & B) or 1 hour 
(C), permeabilized with acetone for 2 minutes (A), with 0.5% Triton X-100 in PBS for 
10 minutes (B) or with methanol for 5 minutes (C), incubated with 3% BSA in PBS for 
30 minutes, stained for 1 hour with a 1:10 dilution of human antiserum containing 
nuclear antibodies or with human control serum, washed with 1% Triton X-100 in PBS 
for 10 minutes, then with PBS for 5 minutes and stained for 45 minutes with a 1:10 
dilution of fluorescein-conjugated anti-human antibody. The magnification is x300.
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Specific fluorescence was produced with ail three classes of GST antisera. Most cells 

showed strong cytoplasmic fluorescence which increased from the cell periphery 

towards the nucleus, and was often particularly strong in the perinuclear region. In 

some cells, the fluorescence at the cell periphery was so faint, that the appearance 

was of a bright ring of fluorescence around a fainter nucleus. It is notable that this 

staining pattern was also observed when saponin permeabilized cells were stained 

with the preimmune antiserum (Figure 3.13). The majority of cells showed weaker 

nuclear fluorescence, although the ratio of nuclear to cytoplasmic fluorescence varied 

greatly from cell to cell. In most cells the nuclear fluorescence appeared to be slightly 

greater than in the control, but it often had a mottled appearance. A few cells 

appeared to show brighter fluorescence over the nucleus although on careful 

observation the innermost part of the nucleus was often fainter, and it is possible that 

the very bright cytoplasmic fluorescence was obscuring a fainter nucleus. 

Permeabilization with methanol for 15 minutes or with acetone for 5 minutes (Figure 

3.13) produced similar results to those obtained with a 5 minute methanol 

permeabilization.

A 2 hour treatment with 0.2 M ethanolamine in PBS to block unreacted aldehyde 

groups did not appear to greatly reduce the non-specific fluorescence, but resulted 

in slightly more uniform fluorescence with less reduction in fluorescence intensity over 

the nucleus (Figure 3.14, C). The nuclear fluorescence was still considerably fainter 

than the cytoplasmic fluorescence in ethanolamine-treated cells that had been 

permeabilized with 0.5% Triton X-100 for 5 minutes, but there was less difference 

between the nuclear and cytoplasmic fluorescence in cells that had been treated with 

Triton X-100 for 25 minutes (Figure 3.14).

When glutaraldehyde-fixed cells were permeabilized with methanol for 10 minutes and 

stained with the nuclear antibodies, no specific nuclear fluorescence was produced. 

Instead, a strong cytoplasmic fluorescence was observed, and the cells appeared very 

similar to those that had been stained with the GST antisera (Figure 3.15). This 

suggested that either the antigenicity of the nuclear antigen had been destroyed, or 

that even under these harsh conditions, permeabilization was insufficient to allow the 

antibodies to fully penetrate the cells.
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FIGURE 3.11 IAR20 CELLS FIXED WITH GLUTARALDEHYDE,
PERMEABILIZED WITH METHANOL AND STAINED WITH GST
ANTIBODIES.

Cells were fixed for 1 hour with 1% glutaraldehyde in PBS, permeabilized with 
methanol for 5 minutes, incubated with 3% BSA in PBS for 30 minutes, stained for 1 
hour with a 1:15 dilution of the indicated GST antisera or control preimmune serum 
(both from rabbit), washed for 10 minutes with 1% Triton X-100 in PBS, then for 5 
minutes with PBS and stained for 45 minutes with a 1:10 dilution of fluorescein- 
conjugated anti-rabbit antibody (2nd antibody). In some experiments the GST 
antiserum or 2nd antibody were substituted with 3% BSA in PBS. The magnification 
is x300.
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A. GST 7-7 antiserum. B. GST 3-3 & 4-4 antisera.

D. GST 1-1 & 2-2 antisera.C. Preimmune serum

F. 2nd antibody alone.E. GST 1-1 & 2-2 antisera alone.

G. No antibodies.



FIGURE 3.12 IAR20 CELLS FIXED WITH GLUTARALDEHYDE,
PERMEABILIZED WITH METHANOL AND STAINED WITH GST
ANTIBODIES.

Cells were fixed for 1 hour with 1% glutaraldehyde in PBS, permeabilized with 
methanol for 10 minutes, incubated with 3% BSA in PBS for 30 minutes, stained for 
1 hour with a 1:15 dilution of the indicated GST antisera or control preimmune serum 
(both from rabbit), washed for 10 minutes with 1% Triton X-100 in PBS, then for 5 
minutes with PBS and stained for 45 minutes with a 1:10 dilution of fluorescein- 
conjugated anti-rabbit antibody. The corresponding phase contrast photomicrograph 
is shown for each fluorescence photomicrograph (magnification is x300).

A. GST 7-7 antiserum.
B. Preimmune serum.
C. 1:1 mixture of the GST 3-3 and GST 4-4 antisera.
D. 1:1 mixture of the GST 1-1 and GST 2-2 antisera.
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FIGURE 3.13 IAR20 CELLS FIXED WITH GLUTARALDEHYDE,
PERMEABILIZED WITH ACETONE, METHANOL OR SAPONIN 
AND STAINED WITH GST ANTIBODIES.

Cells were fixed for 1 hour with 1 % glutaraldehyde in PBS, permeabilized with acetone 
for 5 minutes (A), methanol for 15 minutes (B) or with saponin (C) as described in 
Section 3.2.3, incubated for 30 minutes with 3% BSA in PBS, stained for 1 hour with 
a 1:15 dilution (A & C) or 1:10 dilution (B) of the GST 7-7 antiserum or control 
preimmune serum (both from rabbit), washed for 10 minutes with 1% Triton X-100 in 
PBS, then for 5 minutes with PBS and stained for 45 minutes with a 1:10 dilution of 
fluorescein-conjugated anti-rabbit antibody. The magnification is x300.
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GST 7-7 ANTISERUM. PREIMMUNE SERUM.

Triton,
5 mins.

Triton,
25 mins

C.
Methanol

FIGURE 3.14 IAR20 CELLS FIXED WITH GLUTARALDEHYDE,
PERMEABILIZED WITH TRITON X-100 OR METHANOL, 
PREBLOCKED WITH ETHANOLAMINE AND STAINED WITH 
GST ANTIBODIES.

Cells were fixed for 1 hour with 1% glutaraldehyde in PBS, permeabilized with 0.5% 
Triton X-100 in PBS for 5 minutes (A) or 25 minutes (B) or with methanol for 5 
minutes (C), blocked for 2 hours with 0.2M ethanolamine in PBS pH 7.5, incubated for 
30 minutes with 3% BSA in PBS, stained for 1 hour with a 1:10 (A & B) or 1:15 
dilution (C) of GST 7-7 antiserum or control preimmune serum (both from rabbit), 
washed for 10 minutes with 1% Triton X-100 in PBS, for 5 minutes in PBS and stained 
for 45 minutes with a 1:10 dilution of fluorescein-conjugated anti-rabbit antibody. The 
magnification is x300.
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A. NUCLEAR ANTISERUM. B. CONTROL ANTISERUM.

w

FIGURE 3.15 IAR20 CELLS FIXED WITH GLUTARALDEHYDE,
PERMEABILIZED WITH METHANOL AND STAINED WITH 
NUCLEAR ANTIBODIES.

Cells were fixed for 1 hour with 1% glutaraldehyde in PBS, permeabilized with 
methanol for 10minutes, incubated for 30 minutes with 3% BSA in PBS, stained for 1 
hour with a 1:10 dilution of human serum containing nuclear antibodies (A) or with 
human control serum (B), washed for 10 minutes with 1% Triton X-100 in PBS, then 
for 5 minutes with PBS and stained for 45 minutes with a 1:10 dilution of fluorescein- 
conjugated anti-human antibody. The magnification is x300. The camera sensitivity 
was slightly different in this experiment (but the same as in Figure 3.16, and Figure 
3.17 A & C).
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3.3.3 LOCALIZATION OF GSTs IN IAR20 CELLS FIXED WITH METHANOL OR 
ACETONE.

Cells were fixed with methanol or acetone for either 2 or 10 minutes, and were stained

with GST antisera as described previously. Little fluorescence was observed on

incubation with the second antibody alone (results not shown), but a variable amount

of fluorescence was observed in the preimmune serum controls (Figures 3.16 and

3.17). In all experiments the specific fluorescence produced with the GST antisera

(especially with the GST 7-7 antiserum) was a lot fainter than that observed in

paraformaldehyde-fixed cells and in some experiments was not much brighter than the

control fluorescence. Both the control and GST fluorescence was diffuse and mainly

cytoplasmic, being most intense in the perinuclear region. For the cells fixed with

acetone for 2 minutes at -20°C (Figure 3.17) the cytoplasmic GST fluorescence 
appeared no greater than the control fluorescence.

For all methods of fixation, the nuclei were always much less fluorescent than the 

cytoplasm, but some cells, especially those which had been fixed with methanol or 

acetone for 10 minutes, contained spots of nuclear fluorescence. The lack of nuclear 

fluorescence was not due to incomplete permeabilization of the nuclear membrane 

since for all methods of fixation, specific nuclear fluorescence was produced with the 

nuclear antibodies (Figures 3.16 and 3.18).

3.3.4 LOCALIZATION OF GSTs IN IAR6.1, HELA AND BALB 3T3 CELLS FIXED 
WITH PARAFORMALDEHYDE.

IAR6.1, HeLa and Balb 3T3 cells were fixed with paraformaldehyde for 10 minutes, 

permeabilized with acetone for 2 minutes, methanol for 5 minutes, or 0.5% Triton X- 

100 in PBS for 5 or 10 minutes and stained with GST antisera as described above. 

Some of the results are shown in Figures 3.19 and 3.20. For all three classes of GST 

antisera, diffuse fluorescence over the whole cell was observed in the IAR6.1 cells 

(Figure 3.19). The fluorescence appeared to be slightly brighter over the nucleus, 

although this was not so obvious as observed previously in the IAR20 cells. The Hela 

cells also showed a faint diffuse fluorescence over the whole cell for each of the GST 

antisera, but there was no increase in fluorescence intensity over the nucleus (Figure

145



FIGURE 3.16 IAR20 CELLS FIXED WITH METHANOL AND STAINED WITH
GST OR NUCLEAR ANTIBODIES.

Cells were fixed for 2 minutes or 10 minutes with methanol, incubated with 3% BSA 
in PBS for 30 minutes, stained for 1 hour with a 1:10 dilution of GST 7-7 antiserum 
or contol preimmune serum (both from rabbit), or with a 1:10 dilution of human serum 
containing nuclear antibodies or human control serum, washed for 10 minutes with 1% 
Triton X-100 in PBS, then for 5 minutes with PBS and stained for 45 minutes with a 
1:10 dilution of fluorescein-conjugated anti-rabbit or anti-human antibody. The 
magnification is x300. The camera sensitivity was slightly different in this experiment 
(but the same as in Figures 3.15, and 3.17 A & C).

A. GST 7-7 antiserum.
B. Preimmune serum.
C. Human serum containing nuclear antibodies.
D. Control human serum.
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FIGURE 3.17 IAR20 CELLS FIXED WITH ACETONE AND STAINED WITH
GST ANTIBODIES.

Cells were fixed for 2 minutes (A & B) or 10 minutes (C) with acetone at room 
temperature or for 2 minutes with acetone at -20°C (D), incubated with 3% BSA in 
PBS for 30 minutes, stained for 1 hour with a 1:10 dilution of GST 7-7 antiserum or 
control preimmune serum (both from rabbit), washed for 10 minutes with 1% Triton X- 
100 in PBS, then for 5 minutes with PBS and stained for 45 minutes with a 1:10 
dilution of fluorescein-conjugated anti-rabbit antibody. The magnification is x300. The 
camera sensitivity was slightly different in A and C (but the same as in Figures 3.15 
and 3.16).
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NUCLEAR ANTISERUM. CONTROL ANTISERUM.

10 mins,

FIGURE 3.18 IAR20 CELLS FIXED WITH ACETONE AND STAINED WITH 
NUCLEAR ANTIBODIES.

Cells were fixed for 2 minutes (A) or 10 minutes (B) with acetone at room temperature, 
or for 2 minutes with acetone at -20°C (C), incubated with 3% BSA in PBS for 30 
minutes, stained for 1 hour with a 1:10 dilution of the human serum containing nuclear 
antibodies, or human control serum, washed for 10 minutes with 1% Triton X-100 in 
PBS, then for 5 minutes with PBS and stained for 45 minutes with a 1:10 dilution of 
fluorescein-conjugated anti-human antibody. The magnification is x300.
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A. GST 7-7 antiserum. B. Preimmune serum.

f f

C. GST 3-3 & 4-4 antisera. D. GST 1-1 & 2-2 antisera.

i i
E. Human nuclear antiserum. F. Human control serum.

FIGURE 3.20 BALB 3T3 CELLS FIXED WITH PARAFORMALDEHYDE, 
PERMEABILIZED WITH ACETONE AND STAINED WITH GST OR 
NUCLEAR ANTIBODIES.

Cells were fixed with 4% paraformaldehyde in PBS for 10 minutes, permeabilized with 
acetone for 2 minutes, incubated with 3% BSA in PBS for 30 minutes, stained for 1 
hour with a 1:10 dilution of the indicated GST antisera or control preimmune serum 
(both from rabbit), or with human serum containing nuclear antibodies or the human 
control serum, washed for 10 minutes with 1% Triton X-100 in PBS, and stained with 
a 1:10 dilution of appropriate fluorescein-conjugated antibody. The magnification is 
x300.
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3.19). A diffuse cytoplasmic fluorescence and a fainter nuclear fluorescence, whichi 

was only slightly stronger than in the preimmune serum control, was observed in the 

Balb 3T3 cells (Figure 3.20). Specific nuclear fluorescence was observed when all 

three cell lines were stained with the anti-nuclear antibodies (shown for the Balb 3T3 

cells in Figure 3.20), indicating that the weak nuclear fluorescence was not due to 

restricted access of the antibodies to the nucleus.

3.4 DISCUSSION.

Alpha, mu and pi class GSTs were detected in the cytoplasm of the IAR20, IAR6.1, 

HeLa and Balb 3T3 cells, for all methods of fixation and permeabilization. For the 

IAR20 and IAR6.1 cells, this is consistent with the results presented in Chapter 2, 

which show they contain mainly pi class GST and smaller amounts of alpha and mu 

class GSTs. Although no known alpha class GSTs were detected in either the HeLa 

or Balb 3T3 cells and no known mu class GST was detected in the HeLa cells 

(Chapter 2), the possibility that low levels of these isoenzymes are present in these 

cells cannot be ruled out, since some small h.p.I.c protein peaks were not identified. 

The antisera were not accurately titred, so comparison of the fluorescence produced 

with each class of GST antisera, may not reflect the relative concentrations of the 

three classes of GST. In the previous chapter, none of the cell lines were found to 

contain high levels of alpha class GSTs, and the strong staining observed here may 

simply be because the alpha class GST antisera were particularly strong. Similarly, 

comparison between cell lines of the fluorescence produced with each class of GST 

antisera, may not accurately reflect differences in GST content, since it is likely that 

antibodies raised against the rat GSTs will react less efficiently with GSTs from other 

species.

In all cases, the GSTs were found to be diffusely distributed throughout the cytoplasm. 

This is in agreement with published immunohistochemical studies (see Section 1.3.3.5) 

and is consistent with the GSTs being small, highly water soluble proteins. The strong 

perinuclear staining observed with all methods of fixation suggests some localization 

of GST to this region. However, this pattern of fluorescence could arise if there was 

an even concentration of GST throughout the cytoplasm and a lower concentration in
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the nucleus, since cells grown in monolayer culture generally increase in thickness 

towards the centre. The control antiserum also sometimes produced strong perinuclear 

staining, notably in cells fixed and permeabilized with methanol, acetone or 

glutaraldehyde & saponin, suggesting that this staining pattern may result from 

increased cell thickness (or possibly greater fixation) in the perinuclear region, rather 

than from a higher concentration of antigen.

All the experiments on paraformaldehyde-fixed IAR20 cells clearly indicated that all 

three classes of GST were present in the nucleus. One can only speculate as to 

whether the increased fluorescence in the nuclear and perinuclear regions indicates 

that the GST concentrations are greater, or whether it simply reflects increased cell 

thickness. However, the very sharp drop in fluorescence intensity between the edge 

of the nucleus and the cytoplasm observed in some experiments using the GST 7-7 

antiserum, does strongly suggest that the concentration of GST 7-7 is higher in the 

nucleus than in the cytoplasm. A possible explanation for the varying patterns of 

fluorescence observed in a single field of cells, is cell cycle variation in the cellular 

distribution of the GSTs, although there is no actual evidence for this.

The experiments with the paraformaldehyde-fixed IAR6.1 and the HeLa cells also 

suggested that all three classes of GST were present in the nucleus, although the 

contribution of the overlying cytoplasm to the fluorescence of the nuclear region was 

not estimated for these cells. However, in contrast to the IAR20 cells, the nuclear 

fluorescence was not much greater than the cytoplasmic fluorescence, suggesting a 

comparatively low concentration of nuclear GST. The results with the 

paraformaldehyde-fixed Balb 3T3 cells were less clear. The nuclear fluorescence was 

often less intense than the cytoplasmic fluorescence, although it did appear to be 

slightly more intense than the control fluorescence. This suggests that there may be 

a low concentration of GSTs in the nucleus, but more accurate comparison of nuclear 

fluorescence between cells stained with GST or control antisera in a greater number 

of cells would be necessary to confirm this.

It is possible that the variation in the ratio of cytoplasmic to nuclear fluorescence 

observed between cell lines, is simply due to differences in cell morphology, or to
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variations in fixation. For example, the IAR20 cells appeared much more flattened than 

the IAR6.1 and HeLa cells, and the difference in thickness between the nucleus and
q

the cytoplasm may have been greater, which would tend to exagerate the nuclear
A

fluorescence. Alternatively, the GSTs may have different localizations in each of the 

cell lines, which could reflect differences in cell type and function, or the degree of 

transformation.

In contrast to the results obtained using paraformaldehyde fixation, little specific 

fluorescence was observed in the nuclei of any cells permeabilized with acetone or 

methanol, even though the nuclear membrane was shown to be fully permeable to the 

anti-nuclear antibodies. This would at first suggest that the GSTs were mainly 

cytoplasmic. However, with the longer lengths of fixation some spots of fluorescence 

were apparent in the nuclei, suggesting that the lack of nuclear fluorescence may have 

resulted from inadequate fixation. This is supported by the fact that the cytoplasmic 

fluorescence in these cells also generally appeared fainter than in the 

paraformaldehyde fixed cells (and in some cases was not much higher than in the 

controls), indicating a loss of cytoplasmic GST. There was also evidence for loss of 

nuclear material, since the control serum produced less staining in the nucleus, than 

in the cytoplasm of cells fixed in this manner.

The correct localization of a protein is critically dependent on the process of fixation. 

However, no fixative is ideal. Fixation with organic solvents generally results in a 

poorer preservation of cell morphology than fixation with formaldehyde or 

glutaraldehyde (e.g., see Laurila et al., 1978) and this was also apparent in the 

present study. Formaldehyde fixation gives adequate preservation but membrane 

vesiculation can be observed at the ultrastructural level (Scott, 1976; Fox, 1985). 

Glutaraldehyde gives excellent morphological preservation, but often at the expense 

of destroying protein antigenicity.

Several investigations have demonstrated that fixation, especially with organic 

solvents, results in loss of cellular protein. This can presumably occur during the 

actual fixation, or if fixation is incomplete during the staining. For example, 

methanol/acetic acid (3:1) fixation was found to remove histones from rat liver nuclei
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(Reitief & Ruchel, 1977), and studies on the loss of insulin from rat pancreas sections 

showed that the ability of the fixative to retain insulin was in the order glutaraldehyde 

> formaldehyde > ethanol (Grillo et al., 1971). Unlike the aldehyde fixatives, organic 

solvents extract lipid from the cell membranes thus increasing the chance of protein 

loss (especially of small proteins like the GSTs). The GSTs are highly soluble in water 

and in acidified organic solvents. It is known that, after denaturation in
•fc

acetonitrile/trifluoroacejc acid, they can be sufficiently renatured to regain enzymic 

activity (unpublished results, this laboratory). It is likely that denaturation of the GSTs 

by acetone and methanol is also reversible, since the proteins are not covalently 

altered, and this could enable ‘fixed’ GST to leak from the cell during the aqueous 

washing and staining steps.

This suggests that the results obtained using paraformaldehyde fixation are more likely 

to be correct. However, although paraformaldehyde fixation does result in covalent 

crosslinking of proteins, the reactions are slow and many are reversible, so some 

migration or loss of GSTs could possibly occur. No very brightly fluorescent, clearly 

defined nuclei observed in IAR20 cells fixed for in paraformaldehyde for 10 minutes, 

were apparent in cells that had been fixed in paraformaldehyde for 1 hour. One 

interpretation of these results is that fixation is incomplete after 10 minutes, and that 

the GSTs are either lost from the cytoplasm, or are able to migrate to the nucleus, 

thus producing a high ratio of nucleancytoplasmic fluorescence. It is known that the 

GSTs can bind DNA (Catino et al., 1978; Bennett et al., 1982; Bennett et al., 1986), 

providing a possible mechanism for their concentration in the nucleus. However, 

athough loss from the cytoplasm is plausible, there would appear to be no good 

reason as to why they should migrate to the nucleus. It is more likely that the GSTs 

migrate from the nucleus to the cytoplasm during the longer 1 hour fixation, by 

diffusing down a concentration gradient. This theory is supported by the study of 

Vanha-Pertulla & Grimley (1970), in which a greater loss of radioactively-labelled 

amino acids and protein from cultured cells was observed on increasing the length of 

paraformaldehyde fixation.

In order to preserve the GSTs in their correct location, fixation must be rapid and 

irreversible and it was thought that this might be achieved using glutaraldehyde. In the
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experiments using glutaraldehyde-fixed IAR20 cells, substantial cytoplasmic 

fluorescence, but considerably lower nuclear fluorescence was observed with all three 

classes of GST antisera, and no specific nuclear staining was obtained with the anti- 

nuclear antibodies, even after extensive permeabilization. Although this could be due 

to loss of antigenicity, taken together, the results obtained suggest that the high 

degree of cross-linking produced by glutaraldehyde fixation may limit the penetration 

of the large antibody molecules through the cell. The greater nuclear fluorescence 

produced on blocking reactive aldehyde groups with ethanolamine, could be due to 

the inhibition of furthur crosslinking, which can presumably occur even after removal 

of the fixative if free aldehyde groups are still present. It is possible that the more 

uniform cellular fluorescence produced when the ethanolamine-treated cells were 

permeabilized with Triton X-100 for 25 minutes, resulted from disruption of the 

hydrophobic bonds holding the GST dimers together, and the release of GST 

monomers which are then free to diffuse through the cell. Glutaraldehyde would 

therefore appear to be unsuitable for this study, although the use of lower 

concentrations may be worth investigating.

Of interest to this discussion are the conflicting reports of the immunohistochemical

localization of DNA polymerase a. Although it can presumably only function in the 
nucleus, this protein is routinely recovered from the cytosolic rather than the nuclear 

fraction on isolation of nuclei in aqueous buffers, and there is controversy over its 

intracellular localization. Using several different monoclonal antisera against human 

DNA polymerase a an exclusively nuclear localization was reported by Bensch et al. 

(1982) in three cell lines fixed for 5-6 minutes with 4% paraformaldehyde. However, 

a perinuclear cytoplasmic localization was reported by Brown et al. (1981) in cells

fixed for 10 minutes with methanol at 4°C, and stained with a polyclonal antiserum 
against the bovine enzyme.

These results resemble those reported here for the localization of GSTs in

paraformaldehyde or methanol-fixed cells, suggesting that the differences in the

localization of DNA polymerase a may be due to the methods of fixation (although 
they could also be due to differences in the antibodies used by each laboratory). If

DNA polymerase a is located in the nucleus (which would appear the most likely), 
these results suggest that methanol fixation results in an artefactual localization and
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that even though the GSTs differ considerably in structure to DNA polymerase a (they 
are small dimers of 50kD whereas DNA polymerase a is much larger: for example, the 
three forms isolated from cultured human KB cells had a minimum MW of 140kD and

were composed of four subunits with molecular weights ranging from 55kD to 70kD

(Fipula et al., 1982)), their localization in methanol-fixed cells may also be artefactual.

There are several differences between the results presented here and those obtained 

by Bennett and co-workers concerning the intracellular localization of protein BA. 

Immunofluorescent staining of rat liver cryosections with antibodies raised against 

protein BAbound (which is probably composed of GST subunits 3 and 4; Bennett eta l., 

1986) produced faint cytoplasmic fluorescence which was strongest around the 

nucleus and cell periphery, and a bright nuclear fluorescence which was particularly 

strong over the nucleoli (Catino etal., 1979).

Using antibodies raised against protein BAfree (probably a mixture of GSTs composed

of subunits 1, 2 and 3/4; Bennett etal., 1986), Bennett & Yeoman (1985) and Bennett

et al. (1986) demonstrated a strong speckled nuclear fluorescence and fainter

cytoplasmic fluorescence in cultured rat liver cells fixed with 2% paraformaldehyde for

20 minutes and permeabilized for 3 minutes with acetone at -20°C according to Ochs 
etal. (1983). However, the cytoplasmic fluorescence was not much greater than in the

control and only the nuclear fluorescence was abolished on preabsorbtion with the

antigen, suggesting a predominantly nuclear localization (Bennett & Yeoman, 1985).

Using antibodies raised against protein BA^, similar intracellular localizations of

protein BA were also demonstrated in rat liver cryosections (Bennett etal., 1986) and

in cultured rat liver cells fixed with 95% ethanol for 20 minutes and permeabilized with

Triton X-100 (Bennett & Yeoman, 1985).

In the work presented here, a diffuse rather than a speckled nuclear fluorescence and 

a stronger cytoplasmic fluorescence were observed in rat liver IAR20 cells fixed with 

paraformaldehyde, even when fixation was carried out exactly as reported by Bennett 

and co-workers. The only hint of speckled nuclear fluorescence found in the present 

study, was in some cells which had been fixed with methanol or acetone, in which 

spots of nuclear fluorescence were observed. It is possible that the nuclear 

fluorescence observed on fixation in organic solvents by Bennett & Yeoman (1985)
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could be due to the use of ethanol rather than methanol or acetone (as used in this 

study) or to the longer length of fixation. The reasons for the other differences are 

unclear, but could be due to the cell lines used, the exact fixation protocol or the 

specificity of the antibodies. The antibodies raised against BAfree recognise GST Yb 

subunits (subunits 3 & 4), and were shown to be specific for protein BAfree and protein 

BAb0Und on Western blots of total rat liver proteins (Bennett etal., 1986). The antibodies 

used in this study were raised against highly purified GST isoenzymes and showed 

little cross reaction with other soluble supernatant proteins (Chapter 2, Figure 2.2).

In conclusion, the results presented in this chapter show that the subcellular 

localization of GSTs in IAR20, IAR6.1, HeLa and Balb 3T3 cells observed using 

immunofluorescence is dependent on the method of fixation. Using paraformaldehyde 

fixation all three classes of GSTs were found to be diffusely distributed throughout the 

cytoplasm and nucleus of IAR20, IAR6.1 and HeLa cells, and in the cytoplasm and 

possibly the nucleus of Balb 3T3 cells. The intensity of nuclear staining varied 

between cell lines, and was strongest in the IAR20 cells, particularly those stained with 

the GST 7-7 antiserum. In contrast, a faint cytoplasmic fluorescence, with the 

occasional patch of nuclear fluorescence was observed in all the cell lines after 

fixation with methanol or acetone. The available evidence suggests that this lack of 

staining may be due to inadequate fixation. It is concluded that the results obtained 

using paraformaldehyde fixation are more likely to reflect the true intracellular 

distribution of the GSTs, and that these results are more consistent with the presence 

of GSTs in the nucleus, than with their exclusive localization to the cytoplasm.
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CHAPTER 4.

INVESTIGATION OF THE CELLULAR LOCALIZATION OF THE GSTs BY 
SUBCELLULAR FRACTIONATION OF RAT LIVER.
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4.1 INTRODUCTION.

The immunohistochemical results presented in Chapter 3 provided some evidence for 

the presence of GST isoenzymes in the nuclei of IAR20, IAR6.1, HeLa and possibly 

Balb 3T3 cells. However, the results obtained were not conclusive and varied with the 

method of fixation. In this chapter, the possible nuclear localization of the GSTs is 

investigated furthur by analysing the GST content of isolated rat liver nuclei.

The aim of any method of nuclei isolation is to produce nuclei which are 

morphologically and chemically identical to those in the intact cell, with no loss of 

nuclear components or contamination with cytoplasmic components. These criteria 

may be assessed by electron microscopy, biochemical analysis of the DNA, RNA and 

protein content, determination of nuclear enzyme activities (e.g., RNA polymerase) and 

other cellular marker enzyme activities (e.g., 5’-nucleotidase for the plasma 

membrane, cytochrome oxidase for mitochondria, acid phosphatase for lysosomes, 

catalase for peroxisomes, glucose 6-phosphatase for endoplasmic reticulum, and lactic 

dehydrogenase for the soluble cytosolic fraction, see Fleischer & Kervina, 1974).

Numerous procedures have been described for the isolation of nuclei from mammalian 

tissues (for reviews see Tata (1974) and Busch (1967)) and these may be divided into 

aqueous and non-aqueous methods. Aqueous methods involve homogenization of the 

tissue in aqueous buffer, commonly using a glass/Teflon Potter-Elvehjem 

homogenizer, and isolation of the nuclei from the homogenate by centrifugation. The 

majority of these methods are based on the hypertonic sucrose/Ca2+ method of 

Chaveau et al., (1956), and some are based on the citric acid method of Marshak 

(1941). Marshak’s method involved homogenization of mouse liver in 5% citric acid 

followed by low speed centrifugation to yield nuclei that were essentially free (as 

judged by microscopy) of cytoplasmic tags, which represented a considerable 

improvement over existing methods. Similar results were obtained using acetic acid, 

suggesting that the acidity was responsible for the lack of cytoplasmic contamination. 

Marshak’s method was adapted by Dounce (1950), and became popular for isolating 

nuclei from tumour cells, where cytoplasmic contamination was a particular problem.
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The method of Chaveau et al., (1956) involved homogenization of rat liver in 2.2M 

sucrose and centrifugation at 40,000g for 60 minutes, which caused the nuclei to pellet 

and the less dense cytoplasmic material including the endoplasmic reticulum to 

become stripped from the nucleus and to float. This produced nuclei which were also 

virtually free of cytoplasmic contamination, but the yield was low since homogenization 

in such a viscous solution caused considerable breakage of nuclei. Many modifications 

of this method have been described. These generally involve homogenization in 

isotonic or hypertonic sucrose solutions (often containing divalent cations), followed 

at some stage by centrifugation through a dense sucrose solution. For example, in the 

method of Widnell & Tata (1964) rat liver is homogenized in 0.32M sucrose/3mM 

MgCI2, centrifuged at 700g for 10 minutes to yield a crude nuclear pellet which is then 

furthur purified by resuspending in 2.4M sucrose/1 mM MgCI2 and centrifuging for 1 

hour at 50,000g (final [sucrose] = 2.2M). In the method of Blobel & Potter (1966), rat 

liver is homogenized in 0.25M sucrose in buffer (50mM Tris-HCI pH 7.5 containing 

5mM MgCI2 & 25mM KCI), the homogenate adjusted to 1.6M sucrose, underlaid by 

2.3M sucrose and centrifuged for 30 minutes at 124,000g. The layering of the 

homogenate over a sucrose cushion was found to reduce the cytoplasmic 

contamination, and the particular sucrose concentration used prevents the collection 

of endoplasmic reticulum and mitochondria at the interface of the homogenate and 

sucrose cushion, which inteferes with the sedimentation of the nuclei and reduces the 

yield.

The inclusion of Ca2+ ions helps prevent nuclear clumping, swelling and fragmentation. 

Mg2+ ions are often used as an alternative, especially when nuclei active in RNA 

synthesis are required since Ca2+ ions inactivate RNA polymerase. The extent of 

homogenization, clearance of the homogenizer pestle, ratio of tissue to 

homogenisation solution, concentration of divalent cations, and exact molarity of the 

dense sucrose solution are all important in determining the yield and purity of the 

resulting nuclei. Several adaptions of these methods, such as the use of non-ionic 

detergents, are used for some applications. At the correct concentration, detergents 

such as Triton X-100 and Nonidet P-40 disrupt the cell and remove the outer nuclear 

membrane without damaging the rest of the nucleus, and they can be useful in 

reducing cytoplasmic contamination. They are often used for the preparation of nuclei
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from tissue culture cells which have altered cytoskeletal structures and are not 

sufficiently disrupted by homogenization in sucrose solutions (Howell et al., 1989).

Although aqueous methods of nuclei isolation are most commonly used, it is thought 

that they may result in loss of soluble nuclear material. Non-aqueous methods of 

nuclei isolation based on a method introduced by Behrens (1939) were therefore 

developed. These involve the homogenization of freeze-dried tissue in petroleum 

ether, and isolation of nuclei by centrifugation in a cyclohexane/carbon tetrachloride 

mixture of a specific gravity that causes the nuclei to sediment and the cytoplasm to 

float (see review by Busch, 1967). However, nuclei produced in this way are severely 

depleted in lipid, do not have a normal morphology and are often contaminated with 

cytoplasmic material, and although they may be valuable for some applications they 

are not often used.

Reports from two laboratories have demonstrated that GSTs are present in nuclei 

isolated from rat liver by a citric method of Taylor et al. (1973), which involves 

homogenization of liver in dilute (0.5%) citric acid (pH 2.5), low speed centrifugation 

to yield a crude nuclear pellet which is furthur purified by centrifugation through 2.2M 

sucrose/3.3mM Ca2+, and then through 0.88M sucrose/3.3mM Ca2+.

Protein BAbound, which was later identified as a mixture of GST isoenzymes (Bennett 

et al., 1986) was first purified from these citrate nuclei by Catino et al. (1978), by a 

method involving the preparation of chromatin from isolated nuclei (Marushige & 

Bonner, 1966), extraction of acid-soluble proteins such as the histones and treatment 

with DNAase 1 (Yeoman etal., 1973), solubilization with 8M urea (Gronow, 1969) and 

isolation of protein BA by preparative slab gel electrophoresis. Bennett et al. (1982) 

later reported the purification of a slightly different form of protein BA (BAfree) from 

75mM NaCI/25mM EDTA pH8 extracts of the citrate nuclei. On the basis of substrate 

specificity, amino acid composition, mobility on SDS-PAGE, immunoreactivity and 

peptide mapping, Bennett et al. (1986) showed that BAfree was probably a mixture of 

GSTs composed of subunits 1, 2 and 3/4, and that BAbound was probably composed 

of Yb GST subunits (subunits 3 and 4).
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This work prompted the study of Tan et al. (1988), in which reverse-phase h.p.I.c 

(Ostlund-Farrants et al., 1987) was used to quantify the GST isoenzyme subunits in 

nuclei prepared by the citric acid method of Taylor etal. (1973). These workers found 

that 75mM NaCI/25mM EDTA pH8 extracts of the citrate nuclei contained a mixture 

of GST subunits, with subunits 1, 2, 3 and 4 being the most abundant. The salt/EDTA 

extracts were also shown (using isoelectric focusing; Beale etal., 1983) to contain the 

novel GST 5*-5*, which had very similar properties (a pi of 7, low CDNB, high EPNP 

and high CuOOH activities, and a similar mobility on SDS-PAGE) to GST 5-5, but 

which, unlike GST 5-5 was retained on the GSH affinity column. F.p.I.c 

chromatofocusing and reverse-phase h.p.I.c analysis of a renatured 8.5M urea extract 

(dialysed against decreasing concentrations of urea) of the residual nuclear material, 

showed that it contained GST 5*-5* and a small amount of GST 6-6.

GST 5*-5* was of considerable interest due to its high reported activity (1.5 

pmol/min/mg protein) towards DNA hydroperoxides (DNAOOH) (Tan et al., 1988). 

Partially purified GST 5-5 (purified as far as the chromatofocusing step; Meyer etal., 

1991), was also found to show high activity towards DNAOOH (0.5 pmol/min/mg 
protein) but the specific activities of the other GSTs were considerably lower (0.018,

0.032 and 0.082 pmol/min/mg protein respectively for GSTs 3-3, 4-4 and human GST 
p) (Tan et al., 1988). GST isoenzymes had previously been shown to catalyse the

reduction of the thymine hydroperoxide, 5-hydroperoxymethyluracil (Tan etal., 1986)

and it was suggested that the GSTs, especially GST 5*-5* and GST 5-5, may be

involved in the In vivo detoxification of DNA hydroperoxides (Tan et al., 1988).

The work described in this chapter was initially concerned with repeating the work of 

Tan etal. (1988) with a view to isolating GST 5*-5*. Nuclei were isolated from rat liver 

by the citric acid method of Taylor etal. (1973) and the GST content of salt/EDTA and 

renatured 8.5M urea nuclear extracts was analysed by enzymic activity, mobility on 

SDS-PAGE, reverse-phase h.p.I.c, f.p.I.c chromatofocusing and gas-phase protein 

sequencing. However, no evidence for the existence of GST 5*-5* was obtained. In 

addition, during the course of this study it became apparent that the high DNA 

hydroperoxide activity of GST 5-5, was due to a small amount of contaminating protein 

with a very high specific activity for DNAOOH which co-purified with GST 5-5.
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The citric acid nuclei isolation method of Taylor et al. (1973) has been criticised by 

McCusker et al. (1990), who suggested that the acid pH may cause cytoplasmic GST 

to associate with the nuclei. Therefore, the GST content of nuclei prepared by the 

sucrose/Mg2+ method of Blobel & Potter (1966) was also analysed. Conflicting results 

were obtained using these two methods of isolating nuclei and possible reasons for 

this were investigated.

4.2 METHODS.

4.2.1 MATERIALS.

Urea (ultrapure enzyme grade) was obtained from BRL. DNA (type XIV sodium salt 

from herring testes), 1,2-epoxy-3(p-nitrophenoxy)propane (EPNP), and polybuffer 6-9 

were obtained from Sigma Chemical Company Ltd. 7rans-4-phenyl-3-buten-2-one 

(tPBO) was obtained from Aldrich Chemical Company Ltd., The Old Brick Yard, New 

Road, Gillingham, Dorset. 1,2-dichloro-4-nitrobenzene (DCNB) and cumene 

hydroperoxide (CuOOH) were obtained from Fluka Chemicals Ltd., Peakdale Road, 

Glossop, Derbyshire. PD-10 (Sephadex G-25M) columns, Mono P HR 5/20 and Mono 

Q HR 5/5 columns were obtained from Pharmacia LKB, Pharmacia House, 351 

Midsummer Boulevard, Central Milton Keynes. Centriprep concentrators were obtained 

from Amicon Ltd., Upper Mill, Stonehouse, Gloucestershire. The sources of other 

chemicals and materials were as described in Chapter 2.

4.2.2 ISOLATION OF NUCLEI.

Male Sprague-Dawley rats were killed by cervical dislocation, the livers were perfused

with 1.15% (w/v) KCI (0-4°C), removed, minced and the nuclei prepared by the citric 
acid method of Taylor et al. (1973) or the sucrose/Mg2+ method of Blobel & Potter

(1966). All operations were carried out at 0-4°C unless otherwise stated. For the citric 
acid method, livers (50g to 200g per experiment) were homogenized in 10 volumes

(v/w) of 0.5% (w/v) citric acid containing 25pM PMSF (pH 2.2) using a loose fitting 
glass/Teflon Potter-Elvehjem homogenizer (6-8 strokes), the homogenate filtered

through two layers of cheesecloth, and then centrifuged at 110Og for 20 minutes. The

crude nuclear pellets were gently resuspended (using the same homogenizer) in 2

volumes (v/w) of 2.2M sucrose/3.3mM CaCI2> layered onto 6ml cushions of the same

2.2M sucrose solution and centrifuged at 27,000g for 20 minutes using a swing out

rotor (SW28 rotor for the Beckman L8-70M ultracentrifuge). The resulting pellets were
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resuspended in 0.34M sucrose/3.3mM CaCI2 (10ml/80g liver) and centrifuged through 

4ml cushions of 0.88M sucrose/3.3mM CaCI2 at 110Og for 20 minutes to produce 

cream-coloured nuclear pellets. The yield of nuclei (based on wet weight of nuclear 

pellet) was estimated, assuming that 1ml = 1.3g (the approximate density of 2.2 M 

sucrose) and that the nucleus occupies 8% of the rat hepatocyte volume (Drabkin, 

1975).

For the sucrose/Mg2+ nuclei, livers (sometimes unperfused) were minced, 

homogenized in 2 volumes (v/w) 0.25 M sucrose in TKM buffer (0.05M Tris-HCI pH

7.5 containing 25mM KCI and 5mM MgCI2) in the same homogenizer used for the 

citrate nuclei and filtered through 2 layers of cheesecloth. 1 ml homogenate was added 

to 2ml of 2.3M sucrose in TKM, mixed thoroughly, the resulting solution (of roughly

1.6M sucrose) was underlaid by 1ml 2.3M sucrose in TKM using a syringe, and the 

tubes centrifuged for 50 minutes at 98,000g using the SW28 swing out rotor for the 

Beckman ultracentrifuge. The resulting nuclear pellets were weighed and the yield 

calculated as described above for the citrate nuclei.

4.2.3 EXTRACTION OF GSTs FROM ISOLATED NUCLEI.

Freshly prepared nuclei were resuspended in 10 volumes 75mM NaCI, 25mM EDTA, 

25pM PMSF, 10% glycerol, 1mM 2-mercaptoethanol pH 8 using a loose fitting glass 
homogenizer and centrifuged for 13,500g for 20 minutes. This was repeated and the 

supernatants (salt/EDTA extracts) were combined, dialysed overnight against buffer 

A (1.18% (w/v) KCI, 1mM EDTA, 1mM 2-mercaptoethanol, 10% glycerol 10mM K 

phosphate buffer pH 7), and concentrated by dialysis against sucrose.

The pellet remaining after the salt/EDTA extraction was resuspended in 10 volumes 

8.5M urea, 1mM GSH, 2mM 2-mercaptoethanol, 1mM EDTA, 10% glycerol 10mM K 

phosphate buffer, pH 7.6, homogenized at room temperature using a loose fitting glass 

homogenizer for 30 minutes (during which time the solution became very gelatinous) 

and centrifuged at 171,000g for 1 hour using the 70iTi rotor for the Beckman 

ultracentrifuge. The supernatant (urea extract) was renatured by dialysis against 

decreasing urea concentrations (4.4M to 1.1M by two-fold dilutions with water or buffer 

B (see below) over 18 hours), concentrated 10-fold using a Centriprep concentrator,
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dialysed against 0.5M urea for 2 hours then against buffer B (1mM EDTA, 10% 

glycerol, 2mM 2-mercaptoethanol 10mM K phosphate buffer, pH 7) for at least 2 days. 

Any precipitate which formed was removed by centrifugation. The GSTs were isolated 

from the salt/EDTA and urea extracts by GSH-agarose affinity chromatography 

(Simons & Vander Jagt, 1977) on a 1.5ml column equilibrated and washed in buffer 

A or buffer B respectively, and eluted with 50mM Tris, 5mM GSH, 1mM 2- 

mercaptoethanol, 10% (v/v) glycerol, 1mM EDTA, pH 9.1.

4.2.4 PREPARATION OF CYTOSOL.

Minced liver was homogenized in 1-2 volumes (v/w) of 1.18% (w/v) KCI, 2mM 2-

mercaptoethanol, 1mM EDTA, 25pM PMSF, 10mM K phosphate buffer pH 7 using a 
loose fitting glass/Teflon Potter-Elvehjem homogeniser, and the homogenate 

centrifuged at 138,800g for 45 minutes using the 70iTi rotor for the Beckman 

ultracentrifuge.

4.2.5 PREPARATION OF DNA HYDROPEROXIDES.

DNA hydroperoxides (DNAOOH) were prepared by dissolving 150mg DNA in 100ml

water, irradiating with X-rays (75min at 2 krad/minute) and removing the H202 under

vacuum during the course of two periods of freeze-drying (Tan et al., 1988). The

resulting DNA hydroperoxides were added to 4ml water and the peroxide content

determined by a method based on the iodometric assay of Buege & Aust (1978). 25pl 
of a solution of Kl (6g in 5ml water, bubbled with N2 for 15 minutes) was added to

100pl DNAOOH solution containing 100pl glacial acetic acid and placed in the dark 
for 5 minutes. 1.5ml cadmium acetate (0.5g in 100ml water) was added, the solution

was centrifuged at 1000g for 10 minutes, the absorbance at 353nm of the supernatant

was measured, and the peroxide content determined by comparison with standards

containing known amounts of CuOOH.

4.2.6 GST ISOENZYME CHARACTERIZATION AND QUANTIFICATION.

Reverse-phase h.p.I.c, SDS-PAGE and gas-phase protein sequencing were carried

out as described in Chapter 2. Activity towards CDNB, EPNP, DCNB and tPBO was

assayed at 37°C according to Habig & Jakoby (1974) in 0.1 M K phosphate buffer pH
6.5 (pH 7.5 for DCNB) containing 5mM GSH (for DCNB, EPNP) or 1mM GSH (for

CDNB, tPBO), and 1mM DCNB or CDNB, 0.5mM EPNP or 0.05mM tPBO, by
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measuring the change in absorbance at 340nm (CDNB) 345nm (DCNB) 360nm 

(EPNP) or 290nm (tPBO). Activity towards DNAOOH and H202 was measured by a 

method based on the method of Prohaska & Ganther (1976) outlined below:-

ROOH ROH + H20

glutathione peroxidase

2 GSH GSSG

glutathione reductase

2 NADP+ 2 NADPH

The reaction is followed by measuring the fall in NADPH absorbance at 340nm. The 

sample was added to the reaction mix (0.1 M Tris/HCI pH 7.4, 1mM GSH, 0.27mM 

NADPH, 1mM EDTA (30mM EDTA for H202 assays), 0.24 units/ml GSH reductase), 

the blank reaction rate measured and subtracted from the enzymatic rate measured 

on addition of peroxide. Assay concentrations of DNAOOH and H202 were 50pM and 

170pM respectively.

F.p.I.c chromatofocusing was carried out as follows: the sample was transferred by 

rapid gel filtration on a PD-10 column into 25mM diethanolamine containing 10% (v/v) 

glycerol adjusted to pH 9.56 with HCI, and was applied at a flow rate of 0.3ml/minute 

to a Mono P column equilibrated in the same buffer, and a pH gradient developed with 

10% (v/v) polybuffer 9-6 containing 10% (v/v) glycerol adjusted to pH 6 with HCI. 

F.p.I.c anion exchange chromatography was carried out on a Mono Q column 

equilibrated in 30mM piperazine/HCI buffer pH 9.55 containing 2mM 2- 

mercaptoethanol and 10% (v/v) glycerol, and eluted with a gradient of 0-0.15 M NaCI 

in the same buffer at a flow rate of 0.35ml/minute.
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4.3 RESULTS.

4.3.1 GST CONTENT OF RAT LIVER NUCLEI ISOLATED BY THE CITRIC ACID 
METHOD OF TAYLOR ETAL  (1973).

Rat liver nuclei prepared by the citric acid method of Taylor et al. (1973) appeared

pure under the phase contrast microscope and an average of 0.022 ± 0.0075 (SD, 
n=3) g nuclei were obtained per g liver, a yield of 21% (see Section 4.2.2).

Representative reverse-phase h.p.I.c traces showing the separation of GST subunits

isolated from 75mM NaCI/25mM EDTA (salt/EDTA) nuclear extracts, renatured 8.5M

urea nuclear extracts and the cytosolic fractions by GSH affinity chromatography, are

shown in Figure 4.1. The GST subunits are quantified in Table 4.1.

The salt/EDTA GSH affinity column eluate contained GST subunits 1,2, 3 and 4, and 

smaller amounts of subunits 7, 6, 8 and 11. All these subunits were also present in 

the cytosol. The total concentration of GST in the salt/EDTA nuclear extracts was 

about 48% of the total concentration in the cytosolic fraction. The salt/EDTA fraction 

contained lower relative concentrations of subunits 7 and 8 and higher relative 

concentrations of subunits 2, 3 and 11 (Table 4.1). The renatured 8.5M urea nuclear 

extracts contained substantial amounts of subunits 3 and 4 (20% and 44% of their 

respective concentrations in the salt/EDTA extracts) and traces of other subunits 

(notably subunit 1) were also probably present. The identity of the GST subunits in the 

salt/EDTA and urea nuclear extracts was supported by SDS-PAGE analysis of the 

material eluting from reverse-phase h.p.I.c (Figure 4.2).

Dialysis of the 8.5M urea extracts against decreasing concentrations of urea restored 

the GST enzymic activity. The affinity-purified GST fractions from both the salt/EDTA 

and urea extracts showed high activity towards CDNB and low activity towards EPNP 

(Table 4.2). The observed activities were fairly consistent with the GST subunit 

contents determined by h.p.I.c analysis. For example, from the CDNB activities shown 

in Table 4.2, it can be calculated (using an average specific activity for CDNB of 35 

pmol/min/mg protein, see Ketterer et al. 1988) that the salt/EDTA and urea extracts 

should contain an average of 1.19mg/ml and 0.1 mg/ml GST respectively, which are 

close to the values obtained using reverse-phase h.p.I.c (Table 4.1). The EPNP
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FIGURE 4.1. REVERSE-PHASE H.P.L.C ANALYSIS OF THE GST SUBUNIT 
CONTENT OF RAT LIVER NUCLEI ISOLATED BY THE CITRIC 
ACID METHOD OF TAYLOR ETAL  (1973).

Rat liver nuclei isolated by the citric acid method of Taylor etal. (1973) were extracted 
first with 75mM NaCI, 25mM EDTA, 25pM PMSF pH8 (salt/EDTA extract) and then 
with 8.5M urea, 1mM GSH, 10% glycerol, 1mM 2-mercaptoethanol, 1mM EDTA, 
10mM K phosphate buffer pH 7.6 (urea extract). The urea extract was renatured by 
dialysis against decreasing concentrations of urea. GSTs were isolated from these 
extracts by GSH affinity chromatography (Simons & Vander Jagt, 1977) and the 
subunit content was analysed by reverse-phase h.p.I.c (Ostlund-Farrants etal., 1987). 
A, B and C show integrated h.p.I.c traces for the salt/EDTA and urea nuclear extracts, 
and the standard (affinity-purified GSTs from rat liver cytosol) respectively. The results 
are representative of at least three experiments.
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FIGURE 4.2 SDS-PAGE ANALYSIS OF THE GST SUBUNIT CONTENT OF RAT 
LIVER NUCLEI ISOLATED BY THE CITRIC ACID METHOD OF 
TAYLOR ETAL. (1973).

GSTs were isolated from the 75mM NaCI/25mM EDTA (salt/EDTA) and 8.5M urea 
extracts of nuclei prepared by the citric acid method of Taylor et al. (1973) by GSH 
affinity chromatography (Simons & Vander Jagt, 1977) and the individual subunits 
were separated by reverse-phase h.p.I.c according to Ostlund-Farrants et al. (1987) 
(see Figure 4.1). Three of the salt/EDTA h.p.I.c protein peaks (labelled a, b and c in 
Figure 4.1) and the two 8.5M urea h.p.I.c. protein peaks (labelled a and b) were 
analysed by SDS-PAGE. Protein was visualized by Coomassie Blue staining, and the 
GST subunits were identified by comparison with the standard (a mixture of rat GST 
subunits 1, 2, 3 and 4).
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GST
SUBUNIT

GST CONTENT (pg/ml nuclei or cytosol).

NUCLEUS CYTOSOL 

SALT/EDTA UREA

NUC./CYT.

1 229 ± 43 5 ± 0 466 ± 15 0.5

2 281 ± 65 < 1.3 434 ± 36 0.7

3 176 ±52 35 ± 4 297 ± 23 0.6

4 186 ±52 82 ±9 573 ± 17 0.3

6 10 ±3 <0.7 28 ± 3 0.4

7 1.3 ±0 < 0.4 12 ± 2 0.1

8 4 ±1 < 0.4 52 ± 4 0.08

11 5 ±1 < 0.4 5 1.1

TOTAL 892 125 1866 0.5
(average)

TABLE 4.1. QUANTIFICATION OF GST SUBUNITS IN RAT LIVER NUCLEI
PREPARED BY THE CITRIC ACID METHOD OF TAYLOR ETAL  
(1973).

The GST subunits present in the GSH affinity column eluates of rat liver cytosol and 
the salt/EDTA and renatured 8.5M urea extracts of rat liver nuclei prepared by the 
citric acid method of Taylor etal. (1973) were quantified by reverse-phase h.p.I.c. GST 
concentration was calculated in pg/ml nucleus or cytosol assuming that 1ml nuclei 
weigh 1.3g (the approximate density of 2.3M sucrose) and that 1 ml cytosol weighs 1 g. 
Each figure is the mean of three experiments and errors are SEM’s. In the column 
marked NUC./CYT., the subunit concentrations in the salt/EDTA extract were divided 
by the cytosolic concentrations to enable the relative subunit concentrations to be 
compared.
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FRACTION ACTIVITY (nmol/min/ml nuclei or cytosol).

CDNB EPNP DNAOOH H202

NUCLEUS

salt/EDTA eluate 

salt/EDTA F/T

41486 ± 14590 

1765 ±757

154 ±86 

2066 ± 955

29 ±16 

1555 ± 622

N.D

1030 ±88

urea eluate 

urea F/T

3628 ±637 

411 ±33

66 ±2  

181 ±26

15 ±16 

109 ±70

N.D

200 ±139

CYTOSOL

cytosol eluate 

cytosol F/T

N.D

57950

1340

3035

N.D

9811

N.D

17642

TABLE 4.2 ENZYMIC ACTIVITY OF THE GSTs PRESENT IN NUCLEI
ISOLATED BY THE CITRIC ACID METHOD OF TAYLOR ETAL  
(1973).

Rat liver nuclei isolated by the citric acid method of Taylor etal. (1973) were extracted 
first with 75mM NaCI, 25mM EDTA, 25jiM PMSF pH8 (salt/EDTA extract) and then 
with 8.5M urea, 1mM GSH, 10% glycerol, 1mM 2-mercaptoethanol, 1mM EDTA, 
10mM K phosphate buffer pH 7.6 (urea extract) and the urea extract was renatured 
by dialysis against decreasing concentrations of urea. GSTs were isolated from these 
extracts by GSH affinity chromatography (Simons & Vander Jagt, 1977). The GSH 
eluates, and the material not retained on the affinity column (flow throughs, F/T) were 
assayed for their activity towards 1-chloro-2,4-dinitrobenzene (CDNB) and 1,2-epoxy- 
3(/>nitrophenoxy)propane (EPNP) (Habig & Jakoby, 1974), and towards DNA 
hydroperoxide (37p.M) and hydrogen peroxide (170|iM) (Prohaska & Ganther, 1976). 
Except for the cytosol figures, which are from a single experiment, each figure is the 
mean of three separate experiments in which assays were carried out in duplicate or 
triplicate (errors are SEM’s). It was assumed that 1ml nuclei weigh 1.3g (the 
approximate density of 2.3M sucrose) and that 1ml cytosol weighs 1g. N.D = not 
determined.
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activity of the salt/EDTA extract (Table 4.2) was slightly lower than that expected from 

the CDNB activity (calculated using an average EPNP specific activity of 0.5 

pmol/min/mg protein, see Ketterer etal. 1988). The EPNP activity of the urea extract 

was about the same as the expected value.

The GSH affinity column eluate from the urea extract showed high activity towards

1,2-dichloro-4-nitrobenzene (DCNB) and f/ans-4-phenoxy-3-buten-2-one (tPBO) which 

are specific substrates for GST subunits 3 and 4 respectively. This is consistent with 

the GST subunit content determined by h.p.I.c analysis. The urea-extracted material 

with the same h.p.I.c retention time as subunit 4 was analysed by gas-phase protein 

sequencing, and the amino-terminal sequence (first 20 residues) was found to be 

identical to that of the cytosolic subunit 4. The GSH affinity column eluate from the 

urea extract was also analysed by f.p.I.c chromatofocusing (Figure 4.3). Four protein 

peaks which all showed activity towards CDNB were obtained. Peaks 1, 2 and 3 

showed high activity towards DCNB (suggesting they contained subunit 3), and peaks 

2, 3 and 4 showed high activity towards tPBO (suggesting they contained subunit 4). 

Comparison with standards suggested that peaks 1 and 2 probably corresponded to 

GST 3-3, peak 3 to GST 3-4 and peak 4 to GST 4-4.

The GSH affinity column eluates from the salt/EDTA and urea extracts were also 

assayed for activity towards DNAOOH (Table 4.2). In both cases, the activity observed 

was similar to that expected from the concentrations of GST subunits 1, 2, 3 and 4 

(salt/EDTA extract) or subunits 3 and 4 (urea extract) estimated to be present (these 

subunits all show low activity towards DNAOOH (Tan et al., 1988)). There was no 

evidence for the presence of a protein with high activity towards DNAOOH, such as 

the 5*-5* described by Tan et al. (1988).

Activity towards CDNB and EPNP was also detected in the material not retained on 

the GSH affinity column (flow-through) in both the salt/EDTA and urea extracts (Table 

4.2). The ratio of EPNP:CDNB activity was higher than would be expected from the 

presence of small amounts of GST subunits 1, 2, 3 and 4 which had not been 

adsorbed to the affinity column. This suggested that GST 5-5 was present, since this 

isoenzyme has the highest activity of any GST towards EPNP, and unlike the other
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FIGURE 4.3 ANALYSIS OF THE GST ISOENZYME CONTENT OF THE UREA 
EXTRACT OF CITRIC ACID NUCLEI BY F.P.L.C 
CHROMATOFOCUSING.

The GSH affinity column eluate from the 8.5M urea extract of rat liver nuclei isolated 
by the citric acid method of Taylor et al. (1973) was analysed for its GST isoenzyme 
content by f.p.I.c chromatofocusing on a Mono P column equilibrated with 25mM 
diethanolamine containing 10% (v/v) glycerol, adjusted to pH 9.56 with HCI, and eluted 
with 10% (v/v) Polybuffer 9-6 containing 10% (v/v) glycerol, adjusted to pH 6 with HCI. 
Fractions were analysed for their activity towards CDNB, DCNB and tPBO (Habig & 
Jakoby, 1981). GST 3-3, 3-4 and 4-4 standards were analysed in a separate 
experiment. The pH gradient is indicated by a solid line.
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GST isoenzymes it does not bind GSH-agarose (Meyer et al. 1991a). However,

attempts to furthur purify the putative GST 5-5 from these nuclear extracts according

to Meyer et a/. (1991a) were unsuccessful, probably due to the small amount of

material. If it is assumed that the majority of the EPNP activity in the flow throughs

(that remaining after subtraction of the activity due to traces of subunits 1, 2, 3 and 4)

is due to GST 5-5, the concentration of GST 5-5 can be calculated (using an EPNP

specific activity for GST 5-5 of 180 pmol/min/mg protein; Meyer et at. 1991a) to be

about 11pg/ml in the salt/EDTA nuclear extract, about 1 pg/ml in the urea nuclear 
extract and about 12pg/ml in the cytosol.

The salt/EDTA and urea flow-through fractions showed considerable activity towards

DNAOOH (Table 4.2). It was thought at the time that this could be due to the presence

of GST 5-5 which had been reported (Tan etal., 1988) to show high activity towards

this substrate. However, during the course of this investigation it was found that most

of the DNAOOH activity earlier attributed to GST 5-5 was probably due to the

presence of a small amount of contaminating protein with a very high specific activity

towards DNAOOH. This protein co-purified with GST 5-5 during most of its isolation

(which involves sequential Matrex Gel Orange A, hydroxy apatite, anion exchange and

hydrophobic interaction chromatography of the material not retained on a GSH-

agarose affinity column), but was separated during the anion-exchange step (Figure

4.4; Meyer et al., 1991a). GST 5-5 was found to have a low specific activity of 0.03

pmol/min/mg protein towards DNAOOH, which is similar to the figures for GSTs 3-3 
and 4-4 (Meyer et al., 1991a). The salt/EDTA and urea flow-through fractions also

showed activity towards H202, although the total nuclear activity was 14-fold lower than

the cytosolic activity. This suggested that the Se-dependent GSH peroxidase was

present, since the GSTs do not show activity towards H202. The Se-dependent

glutathione peroxidase also shows activity towards DNAOOH (Tan etal., 1988), and

the activities of this enzyme towards DNAOOH and H202 have been shown to be fairly

similar (Dr. D. Meyer, personal communication). The ratio of DNAOOH to H20 2 activity

in the urea extract was 0.56, suggesting that the Se-dependent GSH peroxidase was

responsible for the observed DNAOOH activity, but the higher ratio (1.5) of DNAOOH

to H20 2 activity in the salt/EDTA extracts suggested that another enzyme able to

catalyse reduction of DNAOOH may be present, although furthur experiments would

be required to confirm this since the errors were large.
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FIGURE 4.4 SEPARATION OF THE DNA HYDROPEROXIDE AND EPNP
ACTIVITIES BY ANION-EXCHANGE CHROMATOGRAPHY DURING 
THE PURIFICATION OF GST 5-5.

A rat liver cytosol fraction containing GST 5-5 (identified by its activity towards EPNP 
and obtained by passage of the material not retained on a GSH-agarose affinity 
column down Matrix Gel Orange A and hydroxyapatite columns) was analysed by 
anion exchange f.p.I.c on a Mono Q column equilibrated in 30mM piperazine/HCI 
buffer pH 9.55, containing 2mM 2-mercaptoethanol & 10% (v/v) glycerol, and eluted 
with a gradient of 0-0.15 M NaCI in the same buffer. Fractions were assayed for GST 
activity towards EPNP (Habig & Jakoby, 1981) and GSH peroxidase activity towards 
DNA hydroperoxides (Prohaska & Ganther, 1976). The NaCI gradient is indicated by 
a dotted line.
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4.3.2 GST CONTENT OF RAT LIVER NUCLEI ISOLATED BY THE 
SUCROSE/Mg2+ METHOD OF BLOBEL & POTTER (1966).

The average yield (0.09 ± 0.01 (SD, n=3) g nuclei/g liver) of rat liver nuclei prepared 
by the method of Blobel & Potter (1966) was 86% (see Section 4.2.2). Nuclei prepared

in this way have been shown to retain the outer nuclear membrane and attached

ribosomes (Blobel & Potter, 1966), so there may have been a small amount of

cytoplasmic contamination. GSTs were isolated from salt/EDTA and urea extracts of

these nuclei as described for the citrate nuclei. Representative reverse-phase h.p.I.c.

traces 'of the GSH affinity column eluates are shown in Figure 4.5 and the GST

subunits are quantified in Table 4.3. The total concentration of GSTs in the GSH

affinity column eluate from the salt/EDTA extract was an order of magnitude lower

than that observed in the salt/EDTA extract of the citrate nuclei, and was only 3.7%

of the total cytosolic GST concentration (as opposed to 48% found previously for the

citrate nuclei). No GSTs were observed in the urea extracts. The salt/EDTA extract

contained mainly subunits 1, 2, 3 and 4 with smaller amounts of subunits 6, 7, 8 and

11. In contrast to the citrate nuclei, subunits 7 and 8 were not depleted in the nuclear

extract. The relative concentration of subunit 11 was higher in the nuclear extract,

compared to the cytosolic fraction (as found for the citrate nuclei), and the relative

concentrations of subunits 1 and 2 were slightly lower. The EPNP activity of the GSH

affinity column flow through of the salt/EDTA extract was slightly higher than expected

from the concentration of GST subunits 1, 2, 3 and 4 estimated (from the CDNB

activity) to be present, suggesting that a small amount (0.55 pg/ml nuclei) of GST 5-5 
was also present (Table 4.4). Some EPNP activity was also observed in the GSH

affinity column eluate of the urea extract even though both the CDNB activity and the

GST subunit content determined by reverse-phase h.p.I.c were negligible.
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FIGURE 4.5. REVERSE-PHASE H.P.L.C ANALYSIS OF THE GST SUBUNIT 
CONTENT OF RAT LIVER NUCLEI ISOLATED BY THE 
SUCROSE/Mg2+ METHOD OF BLOBEL & POTTER (1966).

Rat liver nuclei isolated by the method of Blobel & Potter (1966) were extracted first 
with 75mM NaCI, 25mM EDTA, 25pM PMSF pH8 (salt/EDTA extract) and then with 
8.5M urea, 1mM GSH, 10% glycerol, 1mM EDTA, 1mM 2-mercaptoethanol, 10mM K 
phosphate buffer pH 7.6 (urea extract). The urea extract was renatured by dialysis 
against decreasing concentrations of urea. The GSTs were isolated from the 
salt/EDTA and urea extracts by GSH affinity chromatography (Simons & Vander Jagt 
1977), and were analysed by reverse-phase h.p.I.c (Ostlund-Farrants et al., 1987). 
Integrated h.p.I.c traces for the salt/EDTA (A) and urea (B) extracts are shown. The 
results are representative of at least three experiments.
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GST
SUBUNIT

GST CONTENT (|ig/ml nuclei or cytosol). NUC./CYT.

NUCLEUS CYTOSOL 

SALT/EDTA UREA

1 8 ±3 0 466 ± 15 0.02

2 14 ±5 0 434 ± 36 0.03

3 15 ± 7 < 1.3 297 ± 23 0.05

4 24 ± 7 < 1.3 573 ± 17 0.04

6 2 ±0.8 0 28 ± 3 0.08

7 0.7 ± 0.3 0 12 ± 2 0.06

8 4 ±1 0 52 ± 4 0.08

11 1 ±0.4 0 5 0.2

TOTALS 69 <3 1866 0.07
(average)

TABLE 4.3. QUANTIFICATION OF GST SUBUNITS IN RAT LIVER NUCLEI 
PREPARED BY THE METHOD OF BLOBEL & POTTER (1966).

GST subunits present in the GSH affinity column eluates of rat liver cytosol and the 
salt/EDTA and 8.5M urea extracts of rat liver nuclei prepared by the method of Blobel 
& Potter, (1966) were quantified by reverse-phase h.p.I.c. GST concentration was 
calculated in pg/ml nucleus or cytosol assuming that 1ml nuclei weigh 1.3g (the 
approximate density of 2.3M sucrose) and that 1ml cytosol weighs 1g. Each figure is 
the mean of three experiments and errors are SEM’s. In the column marked 
NUC./CYT., the subunit concentrations in the salt/EDTA extract were divided by the 
cytosolic concentrations to enable the relative subunit concentrations to be compared. 
The cytosol results are taken from Table 4.2.

181



FRACTION ACTIVITY (nmol/min/ml nuclei or cytosol).

CDNB EPNP DNAOOH H202

NUCLEUS

salt/EDTA eluate 4085 ± 1112 57 ±10 N.D N.D

salt/EDTA F/T 1417 ±221 113 ±77 779 ± 329 516 ±264

urea eluate 3 ± 2  32 ±16 N.D N.D

urea F/T N.D N.D N.D N.D

CYTOSOL

cytosol eluate N.D 1340 N.D N.D

cytosol F/T 57950 3035 9811 17642

TABLE 4.4 ENZYMIC ACTIVITY OF THE GSTs ISOLATED FROM NUCLEI 
PREPARED BY THE METHOD OF BLOBEL & POTTER (1966).

Rat liver nuclei isolated by the sucrose/Mg2+ method of Taylor et al. (1973) were 
extracted first with 75mM NaCI, 25mM EDTA, 25pM PMSF pH8 (salt/EDTA extract) 
and then with 8.5M urea, 1mM GSH, 10% glycerol, 1mM 2-mercaptoethanol, 1mM 
EDTA, 10mM K phosphate buffer pH 7.6 (urea extract) and the urea extract was 
renatured by dialysis against decreasing concentrations of urea. GSTs were isolated 
from these extracts by GSH affinity chromatography (Simons & Vander Jagt, 1977). 
The GSH eluates, and the material not retained on the affinity column (flow throughs, 
F/T) were assayed for their activity towards 1-chloro-2,4-dinitrobenzene (CDNB) and
1,2-epoxy-3(p-nitrophenoxy)propane (EPNP) (Habig & Jakoby (1974), and towards 
DNA hydroperoxide (37pM) and H202 (170pM) (Prohaska & Ganther, 1976). Each 
figure is the mean of three separate experiments in which assays were carried out in 
duplicate or triplicate (errors are SEM’s). It was assumed that 1m! nuclei weigh 1.3g 
(the approximate density of 2.3M sucrose) and that 1ml cytosol weighs 1g. N.D = not 
determined. The cytosol results from Table 4.2 are shown for comparison.
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4.3.3 ADDITION OF CYTOSOL TO NUCLEI PREPARED BY THE METHOD OF 
BLOBEL & POTTER (1966), AND THEIR RE-ISOLATION BY THE CITRIC 
ACID METHOD OF TAYLOR ETAL  (1973).

Nuclei prepared by the sucrose/Mg2+ method of Blobel & Potter (1966) were 

resuspended in cytosol prepared from an equivalent weight of liver, left for 10 minutes 

at 4°C and the nuclei re-isolated using the citric acid method of Taylor et al. (1973) 

(5 rather than 10 volumes of citrate were used, and nuclei from the 2.2M spin were 

not re-purified through 0.8M sucrose). Table 4.5 shows the GST subunit content 

(determined by reverse-phase h.p.I.c analysis) of the GSH affinity column eluates of 

the salt/EDTA and urea extracts, of both the original sucrose/Mg2+ nuclei and the re

isolated citrate nuclei. The concentration of all GST subunits (except subunit 7), and 

especially of subunits 1 and 2, was considerably greater in the salt/EDTA extract of 

the re-isolated nuclei than in the salt/EDTA extract of the Blobel & Potter nuclei. The 

urea extract of the re-isolated citrate nuclei contained substantial amounts of subunits 

3 and 4, as observed previously in the urea extracts of citrate nuclei, even though no 

GST was detected in the urea extracts of Blobel & Potter nuclei.

4.4 DISCUSSION.

The results presented here confirm that GSTs are present in 75mM NaCI/25mM EDTA 

and 8.5M urea extracts of nuclei isolated by the citric acid method of Taylor et al. 

(1973), as found previously by Bennett and co-workers (Catino et aL 1978; Bennett 

etal., 1982; Bennett etal., 1986) and by Tan etal. (1988). Renaturation of the urea- 

extracted material by dialysis against decreasing concentrations of urea restored the 

enzymic activity as observed previously (Tan etal., 1988). The probable identity of the 

GST subunits present in these extracts was determined by their retention time on 

reverse-phase h.p.I.c and mobility on SDS-PAGE. The salt/EDTA nuclear extracts 

(which should contain loosely-bound proteins) were found to contain subunits 1, 2, 3 

and 4 and lower concentrations of subunits 6, 7, 8 and 11. 8.5M urea extracts of the 

residual nuclear material (which should contain more tightly bound proteins) were 

found to contain subunits 3 and 4. The identity of the subunit 4 in the nuclear extracts 

was confirmed by protein sequencing, and analysis of the urea-extracted material
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GST GST CONTENT (pg/ml nuclei).
SUBUNIT.

SUCROSE NUCLEI RE-ISOLATED NUCLEI

SALT/EDTA UREA SALT/EDTA UREA

1 13 0 437 0

2 22 0 489 2

3 28
<2

151 8

4 39 254 24

6 3 0 7 0

7 0.6 0 0 0

8 4 0 11 0

11 1.6 0 14 0

TABLE 4.5 QUANTIFICATION OF GST SUBUNITS IN NUCLEI ISOLATED BY 
THE METHOD OF BLOBEL & POTTER (1966), INCUBATED WITH 
CYTOSOL AND RE-ISOLATED BY THE CITRIC ACID METHOD OF 
TAYLOR ETAL  (1973).

Rat liver nuclei prepared by the sucrose/Mg2+ method of Blobel & Potter (1966) were 
resuspended in cytosol, left at 4°C for 10 minutes and then re-isolated by the citric 
acid method of Taylor et al. (1973). The GST subunits present in the GSH affinity 
column eluates of the salt/EDTA and 8.5M urea extracts of both nuclei preparations 
were quantified by reverse-phase h.p.I.c (Ostlund-Farrants et al., 1987). GST 
concentration was calculated in ug/ml nucleus assuming that 1ml nuclei weighs 1.3g 
(the approximate density of 2.3M sucrose) The results are from a single experiment.
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by f.p.I.c chromatofocusing indicated that GSTs 3-3, 3-4 and 4-4 were present. The 

high ratio of EPNP:CDNB activity in the material that was not retained on GSH- 

agarose affinity columns suggested that GST 5-5 was also present in both the 

salt/EDTA and the urea-extracted material.

Electron microscopy of citric acid nuclei prepared by the method of Taylor etal. (1973) 

has shown that they do not contain the outer nuclear membrane and attached 

ribosomes, suggesting that the GSTs observed in nuclei prepared by this method are 

not simply cytoplasmic contaminants. This is furthur supported by the fact that the 

relative concentrations of the individual GST subunits were different in the nuclear 

extracts and the cytosolic fraction. In addition, it has been found that citric acid 

inactivates cytosolic GST 5-5 (Dr. David Meyer, personal communication), suggesting 

that the high EPNP activity found in the material not retained on the GSH affinity 

columns, is due to nuclear GST 5-5 which may not have been exposed to the citric 

acid.

These results differ somewhat to those obtained by Tan et al. (1988). Although these 

authors also found that GST subunits 1, 2, 3 and 4 were the major components of 

salt/EDTA extracts of citrate nuclei, the subunit concentrations were 8 to 45-fold lower 

than those observed here, and the relative concentrations of subunits 3 and 4 were 

considerably lower (about 6% of the total GST content in this fraction, as opposed to 

20%). They also found that the novel GST 5*-5* was present at a similar concentration 

to subunit 2 in the salt/EDTA extracts, and that it was the major component of the 

urea-extracted material, with subunits 3 and 4 being undetectable. No evidence for the 

presence of GST 5*-5* in either the salt/EDTA or the urea extracts was found in the 

work presented here. GST 5*-5* had the same retention time as GST subunit 2 on 

reverse-phase h.p.I.c (Tan etal., 1988). In the present study, the subunit 2 peak from 

the reverse-phase h.p.I.c analyses did not contain material of the same mobility of 

subunits 3, 4 and 5 when analysed by SDS-PAGE. The low DNAOOH activity of the 

material eluted from the GSH affinity columns was consistent with the concentrations 

of GST subunits 1, 2,3 and 4 found (by reverse-phase h.p.I.c analysis) to be present.
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The reason for these differences is not clear, unless some change in methodology 

caused GST 5-5 to bind the affinity column. Several improvements on the original 

protocol used by Tan et al. (1988) were made in the present study. These included 

carrying out two extractions with 75mM NaCI/25mM EDTA (rather then one), since in 

preliminary work using a single extraction, little difference in the GST subunit content 

of the salt/EDTA and urea extracts was observed, the inclusion of glycerol and 2- 

mercaptoethanol in most buffers to stabilize GST 5-5 (Meyer etal., 1991a), and rapid 

sample concentration (Centriprep concentration) during renaturation of the urea 

extract. It is possible that the subunit 5* observed in the GSH eluates by Tan et al. 

(1988) was in fact subunit 5 which was bound to the affinity column as a heterodimer 

with another GST subunit. A subunit with similar properties to subunit 5 has recently 

been shown to form heterodimers with a mu class GST subunit which binds GSH- 

agarose (Chang et al., 1990), and subunit 5 has recently been cloned and found to 

show some homology to mu class subunits (Pemble & Taylor, 1992). However, this 

would still not explain the high DNAOOH activity previously observed in the salt/EDTA 

and urea GSH affinity column eluates (Tan et al., 1988).

The results obtained here are more consistent with those of Bennett etal. (1986) who 

showed that protein BAfree isolated from salt/EDTA nuclear extracts was resolved into 

three bands on SDS-PAGE, which co-migrated with Ya (subunit 1), Yb (subunits 3 & 

4) and Yc (subunit 2) GST subunits, suggesting that BAfree was composed of GST 

subunits 1,2 and 3/4. Protein BAbound, isolated from the urea nuclear extracts, migrated 

as a single band between the Yb and Yc subunits and reacted with antibodies raised 

against BAfree, which were known to recognise Yb subunits. It was resolved into two 

pi variants on 2-dimensional isoelectric focusing/SDS-PAGE (Bennett et al., 1982), 

suggesting that it was composed of subunits 3 and 4, although no enzymic activity 

was recovered.

Further evidence for a nuclear localization of GST subunits 3 and 4 was provided by 

Bennett & Yeoman (1987) who introduced radioactively labelled Yb subunits (isolated 

from protein BAfree) into rat liver Walker carcinoma cells (which do not contain these 

subunits in their chromatin; Yeoman etal., 1975) via red blood cell-mediated fusion, 

and showed that after 1 hour, 85% of the labelled protein was associated with the
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nuclei (isolated by a modification of the citric acid method of Taylor et al., 1973), 

whereas labelled BSA microinjected into the cells in the same manner remained 

predominantly cytoplasmic.

In contrast to the citric acid nuclei, little GST was detected in nuclei isolated by the 

sucrose/Mg2+ method of Blobel & Potter (1966). Similar results were obtained by 

McCusker et al. (1991) who used a mixture of antisera against GST subunits 1, 2, 3, 

4, 7 and 8 to show by Western blotting that although Ya (subunit 1), Yb (subunit 3 and 

4) and Yc (subunit 2) GST subunits were present in nuclei isolated by the citric acid 

method of Taylor et al. (1973), virtually no GST could be detected in nuclei isolated 

by the method of Blobel & Potter (1966). Bennett etal. (1985) have also shown using 

Western blotting that nuclei prepared by homogenization in 0.34M sucrose/1 OmM 

MgClg/IOmM Tris HCI pH 8 (Busch, 1967), do not contain material which reacts with 

antibodies raised against protein BA. In contrast, to the citrate nuclei, the outer nuclear 

membrane and attached ribosomes are still present in nuclei prepared by the method 

of Blobel & Potter (1966) and so there will be some cytoplasmic contamination. It is 

possible that this may be the source of the low levels of GST detected in these nuclei.

One interpretation of the results obtained in this study is that nuclear GSTs are lost

from Blobel & Potter ‘sucrose’ nuclei, but are somehow preserved in their correct

location when nuclei are isolated in the presence of citric acid. There is considerable

evidence to suggest that soluble nuclear proteins are lost on isolation of nuclei in

aqueous solutions. A classic example is DNA polymerase a, which although it 
presumably has a nuclear function, is commonly isolated from the soluble cytoplasmic

supernatant fraction of cell homogenates (Bollum & Potter, 1958; Fipula etal., 1982)

although small amounts are also sometimes recovered in the nuclear fraction. Using

techniques such as cytochalasin B enucleation (described by Shay et al., 1975)

(Herrick et al., 1976), isolation of nuclei by non-aqueous methods (Foster & Gurney,

1976), and immunofluorescence (Bensch et al., 1982) the majority of cellular DNA

polymerase a has been shown to be localized to the nucleus, suggesting that it is lost 
from this compartment during isolation in aqueous buffers. Similarly, in the absence

of hormone, steroid hormone receptors, such as the oestrogen receptor were originally
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only detected in the cytosolic fractions of cells disrupted in aqueous buffers, whereas 
P

the oestrogen/recetor complexes were mainly detected in the nuclei (Shymala & 

Gorski, 1969). However, more recent experiments using cytochalasin B enucleation 

(Welshons et al., 1984) and immunocytochemistry (King & Green, 1984) have 

indicated that free receptor is present in the nucleus. It would therefore appear 

possible that the GSTs, which are small highly water soluble proteins, could be lost 

from Blobel & Potter ‘sucrose’ nuclei.

However, it is also possible that citric acid causes artefactual binding of cytoplasmic 

GSTs to the nucleus, possibly as a result of a net positive charge on the acidified 

proteins. McCusker et al. (1990) showed that when nuclei isolated by the method of 

Blobel & Potter (1966) were incubated in cytosol and re-isolated by the citric acid 

method of Taylor et al. (1973) they contained substantial amounts of cytosolic Ya 

(subunit 1), Yb (subunits 3/4) and Yc (subunit 2) GST subunits (determined by 

Western blotting). When the nuclei were re-isolated in the absence of citric acid, there 

was a much reduced (although still detectable) nuclear association of cytosolic GSTs. 

A similar result was obtained in the present study. The GST subunit profiles of both 

the salt/EDTA and urea extracts of Blobel & Potter nuclei that had been incubated with 

cytosol and re-isolated in the presence of citric acid were found to be very similar to 

those of the original citric acid nuclei. McCusker etal. (1990) showed that it was likely 

to be the acid pH that was responsible for this nuclear association of GST, since 

similar results were obtained when the citric acid was replaced by HCI (final pH 2.2).

These results may be interpreted in two different ways. Firstly, cytoplasmic GSTs 

could diffuse into the Blobel & Potter nuclei during the incubation with cytosol, bind to 

physiologically relevant sites and remain there during re-isolation of the nuclei under 

acidic conditions. This would imply that citric acid has the ability to retain nuclear 

components In situ, during nuclei isolation, suggesting that the results obtained using 

citric acid may be correct, and that the GSTs are present in nuclei in vivo, but are lost 

during the isolation of nuclei by the method of Blobel & Potter (1966). Alternatively, the 

acid pH could cause artefactual binding of cytoplasmic GSTs to the nuclei, in which 

case the citric acid results would be incorrect.
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McCusker et al. (1991) also observed an association of the cytoplasmic enzyme 

lactate dehydrogenase with the re-isolated nuclei, which may suggest that the latter 

explanation is correct. Citric acid nuclei have been shown to have a very different 

morphology to nuclei isolated by a 2.2M sucrose/3.3mM Ca2+ method (Taylor et al., 

1973). In addition to the presence of the outer nuclear membrane, the chromatin of 

the citric acid nuclei was found to be condensed into clumps, rather than being 

dispersed throughout the nucleus, showing that citric acid results in a substantial 

reorganisation of cellular components. If the citric acid does cause artefactual binding 

of GSTs to the nucleus, the different relative concentrations of GST subunits in the 

salt/EDTA nuclear extracts and cytosolic fractions could be explained by variation in 

the efficiency of acid-mediated nuclear binding.

In summary, the results presented in this chapter have shown that GST subunits 1, 

2, 3, 4 and traces of subunits 6, 7, 8 and 11 are present in 75mM NaCI/25mM EDTA 

extracts of nuclei isolated by the citric acid method of Taylor et al. (1973), and that 

subunits 3 and 4 are present in 8.5M urea extracts of the residual nuclear material. 

Some evidence for the presence of GST 5-5 in both these extracts was also obtained. 

However, it is possible that citric acid causes an association of cytoplasmic GSTs with 

the nucleus, including the tight nuclear binding of subunits 3 and 4, so these results 

may be artefactual. Little GST was recovered from nuclei prepared by the 

sucrose/Mg2+ method of Blobel & Potter (1966). However, this does not necessarily 

indicate that they are absent from the nucleus in vivo, since there is considerable 

evidence that soluble nuclear proteins are lost from the nucleus during isolation in 

aqueous buffers. The results obtained were therefore inconclusive. Isolation of nuclei 

by non-aqueous methods or by cytochalasin B enucleation may be more valuable than 

the methods used here, for investigating the possible nuclear localization of the GSTs.
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CHAPTER 5.

ENZYME KINETICS OF THE GST-CATALYSED CONJUGATION 
OF MONOCHLOROBIMANE TO GSH.
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5.1 INTRODUCTION.

Monochlorobimane (3,7-dimethyl-4-chloromethyl-6-methyl-1,5-diazabicyclo[3.3.0]octa- 

3,6-diene-2,8-dione; sy/7-(CICH2,CH3)(CH3,CH3)-9,10-dioxabimane) is one of a new 

class of non-fluorescent or weakly fluorescent heterocyclic compounds, the bromo and 

chloro syn-9,10-dioxabimanes (Kosower & Pazhenchevsky, 1980; Kosower et al., 

1981), which react with thiols to yield fluorescent products (Kosower etal., 1981). The 

bromobimanes react under physiological conditions with both protein and non-protein 

thiols (Kosower et al., 1979) and are widely used as fluorescent probes for cellular 

thiols. For example, monobromobimane is used in conjunction with h.p.I.c to quantitate 

low molecular weight cellular thiols such as GSH (Newton et al., 1981). Conjugation 

of monobromobimane and monochlorobimane (MCB) to GSH is catalysed by the 

GSTs (Hulbert & Yakubu, 1983). The structure and fluorescence properties of MCB 

and its GSH conjugate (MB-SG) are shown in Figure 5.1. In contrast to the 

bromobimanes, the spontaneous reaction of MCB with cellular thiols is very slow, and 

GST catalysis results in specific labelling of GSH (Rice etal., 1986). Coupled with its 

ability to rapidly penetrate cell membranes, this makes MCB a potentially useful 

fluorescent probe for intracellular GSH and GSTs.

The possibility of using MCB in conjunction with flow cytometry (FCM) to measure 

cellular GSH has attracted a great deal of interest. This technique was introduced by 

Rice etal. (1986), and unlike conventional methods of assaying GSH (see Chapter 1, 

Section 1.3.1) which measure the average GSH content of a cell population, it can be 

used to examine GSH heterogeneity within a cell population (Rice etal., 1986; Shrieve 

etal., 1988) since each cell is analysed separately. This is particularly important when 

investigating the possible role of GSH in the resistance of tumour cells to 

chemotherapeutic drugs and ionizing radiation, since resistance may arise from 

elevated levels of GSH in only a small percentage of the cell population. MCB has 

also been used successfully to sort cells on the basis of their GSH content (with 

retention of cell viability), using fluorescence activated cell sorting (FACS) (Shrieve et 

al., 1988; Lee & Siemann, 1989), which enables the potential role of GSH in cellular 

drug and radiation resistance to be tested directly.
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A. MONOCHLOROBIMANE 

(MCB).

c

h 2ci

B. MONOCHLOROBIMANE-GSH 
CONJUGATE.

(MB-SG).

C. ‘HYDROXY-BIMANE’ 

(MB-OH).

COMPOUND SOLVENT X MAXexcjtatjon X MAXgppjggjQH QUANTUM YIELD

MCB dioxane 374nm 424nm 0.016
MB-SG water 390nm 482nm 0.3
MB-OH dioxane 372nm 430nm 0.79

FIGURE 5.1 STRUCTURE AND FLUORESCENCE PROPERTIES OF SOME 
BIMANES.

The structure and fluorescence properties (in the solvents indicated) of 
monochlorobimane (MCB), its GSH conjugate (MB-SG) and ‘hydroxy-bimane’ (MB- 
OH) are shown. Data is from Kosower etal. (1981) and Kosower etal. (1979).

H,OH

T-G IuCyS-Gly
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In addition, MCB has been used to sort cells on the basis of their GST content 

(Puchalski & Fahl, 1990). These authors sorted MCB-stained cells using FACS, to 

select those cells transiently expressing transfected GST cDNA’s from the rest of the 

non-expressing population, in order to test whether elevation of particular GST 

isoenzymes could confer resistance to chemotherapeutic drugs. Finally, it may also 

be possible to use MCB to investigate the distribution of GSH and/or GST in cells 

using fluorescence microscopy (Lutsky et al., 1989).

The aim of the work described in the next three chapters of this thesis was to evaluate 

the use of MCB as a probe for measuring cellular GSH, and for investigating the 

subcellular distribution of GSH and GSTs. The GSTs are expressed in a tissue and 

cell type specific manner, and differential isoenzyme specificity is generally shown 

towards GST substrates (see Chapter 1). It was therefore necessary to determine the 

specificity of the GST isoenzymes for MCB conjugation, since no data concerning this 

had been published at the start of this study.

In this chapter, the GST isoenzyme specificity for MCB was determined by analysis 

of the enzyme kinetics. The MB-SG conjugate was chemically synthesized and purified 

and the fluorescence properties of MCB and MB-SG were investigated, to enable 

suitable assay conditions to be chosen. Kinetic constants for the catalysis of MCB 

conjugation to GSH by a variety of purified rat and human GST isoenzymes were then 

obtained. Towards the end of this study, two reports on the specificity of the GST 

isoenzymes for MCB were published (Cook et al., 1991a; Ublacker et al., 1991). The 

results from both these studies differed considerably to those presented here and 

possible reasons for this discrepancy were investigated.
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5.2 METHODS.

5.2.1 MATERIALS.

Monochlorobimane (MCB) was purchased from Calbiochem Corporation 

(Novabiochem (UK) Ltd., 3 Heathwat building, Highfields Science Park, University 

Boulevard, Nottingham. Sep-pak reverse-phase C-18 cartridges were obtained from 

Waters Chromatography Division, Millipore Corporation, Milford, Massachusetts, USA. 

Diethylenetriaminepentaacetic acid (DETPA), A/-[2-hydroxyethyl]piperazine-/V-[2- 

ethanesulphonic acid] (HEPES) and ninhydrin were obtained from Sigma Chemical 

Company Ltd. TLC plates (aluminium plates coated with cellulose (0.1mm, no 

fluorescence indicator, AA 5552) or silica gel 60 (0.2mm, no fluorescence indicator AA 

5553) were obtained from Merck, Darmstadt, FRG. The sources of other chemicals 

and materials were as described in Chapter 2.

5.2.2 SYNTHESIS AND PURIFICATION OF THE MB-SG CONJUGATE.

10mg of MCB were dissolved in 3ml ethanol, added to 10ml of 10mM Tris buffer 

containing 50mM GSH (adjusted to pH 8 with HCI) and left overnight in the dark, at 

room temperature (final [MCB] was 3.4 mM and final [ethanol] was 23% v/v). 

Unreacted MCB was extracted with ethylacetate (3 x 10ml). The bottom aqueous layer 

was acidified to pH 2.5 to 3 with 1M HCI, and the conjugate extracted with butan-1-ol 

(5 x 6ml) into the top layer. The butanol was removed under vacuum using a rotary 

evaporator, and the remaining yellow solid was dissolved in 3ml water. This solution 

was concentrated under vacuum to produce a yellow oil which was dissolved in 1 ml 

of water. The crude conjugate was further purified on a Sep-pak C-18 cartridge. The 

cartridge was made wet with 5ml methanol and equilibrated with water (10ml), 0.5ml 

conjugate solution applied, the cartridge washed with 10ml more water and the 

conjugate eluted with 40% methanol in water. 1 ml fractions were collected and those 

containing pure conjugate (determined by TLC analysis - see below) were combined, 

concentrated under vacuum and dissolved in water to the required concentration.

194



5.2.3 TLC ANALYSIS OF MCB AND MB-SG.

MCB, MB-SG, GSH and GSSG were dissolved in appropriate solvents (water for MB-

SG, GSH and GSSG, methanol for MCB), spotted onto TLC plates (the stationary

phase being cellulose for MB-SG analysis and silica for MCB analysis) with glass

capillary tubes, and the plates run for about 2 hours in glass tanks, in which the

gaseous phase is in equilibrium with the solvent. For MB-SG analysis the solvent was

a mixture of butan-1-ol, acetic acid, water and pyridine in the ratio 15:3:12:10, and for

MCB analysis it was a mixture of diethyl ether, petroleum ether 40-60, acetic acid,

isopropanol and water in the ratio 25:75:1:16:4. Fluorescent material was viewed and

photographed under U.V light. TLC plates were stained with ninhydrin (a few crystals

of ninhydrin were dissolved in acetone and sprayed as an aerosol onto the plates) to

detect amino acids. For some experiments with MCB, individual spots were scraped

off the TLC plate, dissolved in 100pl DMSO, diluted into 2ml of 50mM HEPES buffer 
pH 7.5 containing 0.1 mM DETPA, microfuged, and the fluorescence spectra and

reactivity with GSH analysed as described below (Section 5.2.4).

5.2.4 FLUORESCENCE SPECTROPHOTOMETRY.

A Perkin-Elmer LS-5 luminescence spectrophotometer (fluorimeter) connected to a 

chart recorder was used to monitor fluorescence. All measurements were carried out 

in a quartz cuvette in 2ml of 50mM HEPES buffer containing 0.1 mM DETPA, pH 7.5 

as described by Shrieve et al. (1988). The fluorescence excitation and emission 

spectra of MCB (50pM), purified MB-SG (1.4pM) and buffer blanks were determined 
by fixing the emission or excitation wavelength (470nm or 395nm respectively) and

scanning for peaks of excitation or emission (from 300nm to 470nm or 420nm to 

600nm respectively). Spectra were determined in the presence of 2.5% (v/v) ethanol, 

either with or without GSH (0.1M GSH in the HEPES buffer adjusted to pH 7.5 with 

NaOH). MCB was added to the cuvette from stocks in ethanol (stored at 4°C, final 
[ethanol] was 2.5% (v/v) unless otherwise stated) or in later experiments from stocks 

in DMF (kept at 4°C, final [DMF] was 1% (v/v) unless otherwise stated). MB-SG was 
prepared as described above. GSH was added from a 260mM stock in 0.1 M

phosphate buffer adjusted to pH 6.5 with NaOH. Fluorescence was usually monitored 

using excitation and emission wavelengths of 395nm and 470nm respectively, but in 

later experiments excitation and emission wavelengths of 460nm & 479nm respectively 

were also used.
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5.2.5 CALIBRATION OF THE FLUORIMETER & CALCULATION OF THE RATE 
CONSTANT FOR THE UNCATALYSED CONJUGATION OF MCB TO GSH.

Known amounts (0.5pM to 5|iM in 2ml assays) of MCB were reacted to completion 
with GSH by incubating for 2 hours in the dark with 3mM GSH in 50mM HEPES

buffer/0.1 mM DETPA (adjusted to pH 7.5 with NaOH) in the presence of purified GST,

or with excess GSH (0.1 M or 0.05M) in the HEPES buffer (adjusted to pH 7.5 with

NaOH). A calibration curve was constructed to enable fluorescence in mm of chart

paper to be converted into |imoles MB-SG. The rate constant for uncatalysed 
conjugation of MCB to GSH was determined by reacting 0.5pM or 1 pM MCB with 
excess GSH (0.1 or 0.05M), as described in Section 5.3.6.

5.2.6 ENZYME PURIFICATION.

GST isoenzymes were purified in this laboratory by Dr. David Meyer. They were 

characterized by their activity shown towards various substrates, pi, MW, retention 

time on reverse phase h.p.I.c, immunoreactivity and, if necessary, analysis of amino 

acid sequence. Rat GSTs 1-1, 2-2, 3-3 and 4-4 were prepared as described by Beale 

etal. (1983) and GST 7-7 was prepared as described by Meyer etal. (1985a). Human 

GSTs ax-ax and ay-ay were prepared from human liver as described by Cmarik etal. 

(1990). GSTs (i and k were prepared from human liver and kidney as described by 
Ostlund Farrants et al. (1987). GST n was also obtained from Sigma Chemical

Company Ltd. and dissolved in 50mM HEPES buffer/0.1mM DETPA/10% glycerol pH 

7.5. Human GST ‘11-11’ (a mu class GST structurally related to rat GST 11-11 

(Meyer, Harris & Ketterer, unpublished data) was purified from human testis essentially 

as described for rat GST 11-11 (Kispert et a!., 1989). GST ‘ji9’ a novel GST of the mu 

class which is structurally related to rat GST 3-3 (Meyer, Harris and Ketterer, 

unpublished data) was purified from human liver, and was found in a GST fraction 

eluting from hydroxyapatite (Hussey et al., (1986) after the major alpha class 

enzymes.

Protein concentration was determined by the method of Bradford (1976), by reverse- 

phase h.p.I.c (Ostlund Farrants et al., 1987) and by activity shown towards CDNB 

(Habig & Jakoby, 1981) using published specific activities for the soluble rat GSTs 

(Ketterer etal., 1988), microsomal GST (Morgenstern & DePierre, 1983) and specific
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activities determined in this laboratory for the human GSTs (Dr. D. Meyer,

unpublished). Where discrepancies occurpd (for human GST *11-11’ and GST p9), the 
average of the h.p.I.c and the CDNB determinations was taken.

5.2.7 ENZYME ASSAYS.

Formation of MB-SG was monitored by recording the increase in fluorescence at room 

temperature in 50mM HEPES buffer/0.1 mM DETPA containing 3mM GSH adjusted 

to pH 7.5 with NaOH, using excitation and emission wavelengths of 395nm and 

470nm respectively. Reactions were monitored for the first minute and initial rates 

(which were almost linear except when using very low concentrations of MCB) were 

determined by drawing gradients to the reaction traces. Calibration of the fluorimeter 

(Section 5.2.5) allowed the rates of reaction in mm chart paper/minute to be converted 

to pmol MB-SG produced/minute.

Catalysed rates of reaction using the various purified GST isoenzymes were

determined for suitable ranges of MCB concentrations (from 0.1 pM to 50pM). The 
concentration of GST in the assays ranged from 0.013pg/ml to 5pg/ml for the different 
isoenzymes. The ethanol concentration was always 2.5% (v/v) except for assays with

human GST *11-11’ when it was 1.5% (v/v). For each assay the uncatalysed rate of

reaction was subtracted from the catalysed rate to give the true enzymatic rate.

5.2.8 CALCULATION OF KINETIC CONSTANTS.

For most GST isoenzymes the reaction rates (catalysed minus uncatalysed rate) were

determined in triplicate for six suitable concentrations of MCB, and the K^s and Vmax’s

with standard deviations were calculated using a computer programme to perform a

least squares fit of V (initial rate) and S (MCB concentration) to a hyperbola (Dr. Alan

Clark, unpublished), using a model for uninhibited catalysis. The computer programme

also directly calculated the Vmax/Km’s with their standard deviations, and this data was

used to determine the errors for k^/K^, (calculated on a % basis). The results

presented are from single experiments but for most isoenzymes they are

representative of at least two more experiments carried out on different days. For GST

n data from several different experiments is shown, as there was a greater 
discrepancy in results.
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5.3 RESULTS.
5.3.1 PURITY OF THE MCB.

The purity of the MCB was checked by TLC (Figure 5.2). There was only one main 

fluorescent band although several fainter bands, which increased in intensity on 

storage of the MCB stock solution at 4°C for several months, were observed. The 
fluorescence spectra of the minor bands were similar but not identical to that of the

main band. Only the main band reacted with GSH to yield a more fluorescent product 

(results not shown). Both the main band from the TLC analysis, and the stock MCB 

were incubated with GSH in the presence of GST, and the reaction products analysed 

by TLC. In each case only one fluorescent band, with an identical Rf value to that of 

purified MB-SG (see below) was observed (results not shown).

5.3.2 SYNTHESIS AND PURIFICATION OF THE MB-SG CONJUGATE.

The MB-SG conjugate was chemically synthesized and purified as described in 

Section 5.2.2. The crude material extracted from the reaction mix with butanol was 

analysed by TLC (Figures 5.2 & 5.3). All the MCB had reacted and one main 

fluorescent band, which ran slightly faster than GSH and which stained with ninhydrin 

(showing that it contained primary amino groups, consistent with it being a GSH 

conjugate) was observed. GSH and GSSG were also present, and in one experiment 

a minor fluorescent band running nearer the solvent front, which also stained with 

ninhydrin was observed. The GSH and GSSG were removed by furthur purification on 

a C-18 Sep-pak cartridge. This step also removed most of the minor fluorescent band 

which was retarded on the C-18 column, and the final MB-SG conjugate solution was 

essentially pure as judged by TLC.

5.3.3 FLUORESCENCE SPECTRA OF MCB AND MB-SG.

The fluorescence excitation and emission spectra of purified MB-SG and MCB were 

determined (Figure 5.4). The MCB was found to be slightly fluorescent, rather than 

non-fluorescent as previously described (Rice etal., 1986). Both MCB and MB-SG had 

an excitation maximum of 392nm. The emission maxima were 480nm and 475nm for 

MCB and MB-SG respectively. An emission wavelength of 470nm (used by Shrieve 

et al., 1989) should thus optimize the fluorescence arising from MB-SG (rather than 

MCB), and was also chosen for this study.
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MCB Crude MB-SG MCB

FIGURE 5.2 TLC ANALYSIS OF MCB AND MB-SG.

TLC was used check the purity of the MCB and to monitor the synthesis of the MB-SG 
conjugate. For MCB analysis (A), silica TLC plates and a solvent mixture of diethyl 
ether, petroleum ether 40-60, acetic acid, isopropanol and water in the ratio 
25:75:1:16:4 were used. For MB-SG analysis (B), cellulose TLC plates and a solvent 
mixture of butan-1-ol, acetic acid, water and pyridine in the ratio 15:3:12:10 were used. 
MCB was dissolved in methanol and MB-SG was dissolved in water. The fluorescent 
bands were visualized under U.V light.
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MCB crude purified contam.b GSSG GSH
MB-SG MB-SGa (impure)

a. First two fractions eluted from the Sep-pak column.
b. Other fractions eluting from the Sep-pak column (pooled).

FIGURE 5.3 TLC ANALYSIS OF THE PURIFICATION OF MB-SG.

TLC (using cellulose plates and a solvent mixture of butan-1-ol, acetic acid, water and 
pyridine in the ratio 15:3:12:10) was used to monitor the synthesis and purification of 
the MB-SG conjugate. The MCB standard was dissolved in methanol and the MB-SG, 
GSH and GSSG standards were dissolved in water. The GSSG standard contained 
some GSH. Fluorescent bands were visualized under U.V light (A) and in (B) the TLC 
plate was stained with ninhydrin.
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A. EXCITATION SPECTRA.
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COMPOUND EXCITATION MAXIMUM EMISSION MAXIMUM

MCB 392nm 480nm
MB-SG 392nm 475nm

FIGURE 5.4 FLUORESCENCE SPECTRA OF MCB AND MB-SG.

The fluorescence excitation and emission spectra of MCB (50pM) and purified MB-SG 
(1.4|iM), both in 50mM HEPES buffer containing 0.1 mM DETPA and 2.5% (v/v) EtOH 
(pH 7.5) are shown. For the excitation spectra (A), the emission wavelength was set 
to 470nm and excitation was scanned from 300nm to 500nm. For the emission spectra 
(B), the excitation wavelength was set to 395nm and emission was scanned from 
400nm to 600nm. Similar data was obtained in the presence of 0.1 M GSH (the 
HEPES buffer being adjusted to pH 7.5 with NaOH).
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5.3.4 ESTABLISHMENT OF THE ASSAY CONDITIONS.

No fluorescence was observed with the HEPES buffer alone or when ethanol, GSH 

or purified GST were added. The fluorescence of the purified MB-SG was measured 

and was found to be proportional to concentration up to '

about 1 pM MB-SG (Figure 5.5). Addition of MCB to the HEPES buffer produced 
measurable fluorescence which increased with time, at a rate proportional to MCB

concentration (results not shown). It is known that monobromobimane is hydrolysed 

in aqueous buffer to produce the highly fluorescent ‘hydroxy-bimane’ (MB-OH) 

(illustrated in Figure 5.1) and it is possible that the increase in fluorescence observed 

here represents hydrolysis of MCB to MB-OH, although Shrieve et al. (1988) have 

reported that MCB does not react significantly with OH' ions. Alternatively, it could 

result from photolysis of MCB to unknown fluorescent photoproducts, as occurs with 

monobromobimane (Kosower et al., 1979). Even at 50|llM MCB (the highest 

concentration used for the enzyme assays), the rate of increase in fluorescence was 

only 1.3 units/minute which is small compared with that for the uncatalysed reaction 

of MCB with 3mM GSH (66.7 units/minute), and it was therefore ignored when 

measuring rates of MB-SG formation in the enzyme assays. Similarly, the fluorescence 

due to MCB itself was also ignored, since it was only a very small fraction of the MB- 

SG fluorescence produced in the assays.

Reaction rates between MCB and GSH were determined using 3mM GSH, which is

saturating for most GST isoenzymes whose K^s for GSH (measured using CDNB as

the other substrate) range from 0.13mM to 0.77mM for rat GSTs 1-1,2-2, 3-3,4-4 and

7-7 (Hayes, 1988), and are 0.11mM for GST n (Polidoro etal., 1981), 0.16mM for GST

Ix (Warholm et al., 1983) and 0.1 mM for GST B1B1 (Stenberg et al., 1991). The

apparent uncatalysed rate of reaction increased with MCB concentration up to about

100pM MCB, but a slight curve rather than a straight line was produced and above 
100|iM it decreased sharply (Figure 5.6). This was also found by Shrieve etal. (1988)

and suggests that the MB-SG fluorescence is being quenched. MB-SG does not

quench its own fluorescence (Figure 5.5), and ethanol, purified GST isoenzymes

(results not shown) and GSH (Figure 5.7), were not found to quench the fluorescence

of MB-SG. In contrast, MCB was found to quench its owrr fluorescence (Figure 5.8).

The reason for this was unclear, but it did not appear to be due to insolubility of high
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FIGURE 5.5 STANDARD CURVE FOR MB-SG FLUORESCENCE.

The fluorescence of increasing concentrations of purified MB-SG in 50mM HEPES 
buffer containing 0.1 mM DETPA (pH 7.5) was measured using excitation and emission 
wavelengths of 395nm and 470nm respectively. Each point represents a single assay.
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FIGURE 5.6 RATES OF INCREASE IN FLUORESCENCE FOR THE 
UNCATALYSED CONJUGATION OF MCB TO GSH.

The apparent uncatalysed initial rates of reaction for conjugation of MCB to GSH were 
determined for increasing [MCB] (added from stocks in EtOH, final EtOH concentration 
was 2.5% (v/v)) in 50mM HEPES buffer containing 0.1 mM DETPA and 3mM GSH 
(adjusted to pH 7.5 with NaOH), using excitation and emission wavelengths of 395nm 
and 470nm respectively. Most points represent the mean of three assays, but those 
for 200|iM and 500pM MCB represent single assays. Error bars indicate standard 
deviations.
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FIGURE 5.7 EFFECT OF GSH ON THE FLUORESCENCE OF MB-SG.

Increasing amounts of GSH from a stock in K phosphate buffer adjusted to pH 7.5 
with NaOH, or buffer blank alone were added in succession to purified MB-SG 
conjugate (3jllM) in 50mM HEPES buffer containing 0.1 mM DETPA (pH 7.5) and the 
fluorescence measured using excitation and emission wavelenghts of 395nm and 
470nm respectively. Each point represents a single assay.
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concentrations of MCB nor to shielding of some MCB molecules from the excitatory

light, since the absorbance at 395nm was proportional to MCB concentration (Figure

5.8). Neither was it apparently due to reabsorption of the emitted light, since MCB

absorbs little light at 470nm. MCB also quenched the fluorescence of the purified MB-

SG conjugate (Figure 5.8). Since the quenching increased with MB-SG concentration

as well as MCB concentration, it was virtually impossible to correct accurately for MCB

quenching in the enzyme assays. Instead, quenching was minimized by keeping the

MCB concentration below 50p.M, where the uncatalysed reaction rate is roughly 
proportional to MCB concentration (Figure 5.6).

5.3.5 CALIBRATION OF THE FLUORIMETER.

Known amounts of MCB were reacted to completion with GSH as described in Section

5.2.5 and a calibration curve was constructed enabling fluorescence in mm chart 

paper to be converted into pmol MB-SG (Figure 5.9).

5.3.6 CALCULATION OF THE RATE CONSTANT FOR THE UNCATALYSED 
CONJUGATION OF MCB TO GSH.

For the uncatalysed conjugation of MCB to GSH, rate = Kr.[MCB][GSH] where Kr is the 

second order rate constant. If GSH is in excess, rate = ^.[MCB] where K, is the 

pseudo-first order rate constant. On integration this gives time = Kvln([MCB]0-i-[MCB]t). 

To determine K1f MCB was reacted with excess GSH, time was plotted against 

ln([MCB]0+[MCB]t) and the slope (K^ was measured (Figure 5.10). The true reaction 

rate constant Kr was derived from ^  using K^K^G SH] (Figure 5.10), and was 

calculated to be 0.22 M 'V  (average of 5 experiments) at 24°C and pH 7.5, which is 

similar to the figure of 0.33 M 'V  at 37°C obtained by Shrieve et al. (1988).

5.3.7 GST CATALYSIS OF MCB CONJUGATION TO GSH.

Michaelis Menten kinetics were assumed for all purified GST isoenzymes. Lineweaver 

Burk plots (1 A/ against 1/S, where V = initial velocity and S = MCB concentration) are 

shown in Figures 5.11 and 5.12 and kinetic constants are shown in Table 5.1. The 

large error of some values probably results from the necessity of keeping the MCB 

concentration below 50pM, which is below the Km of many GSTs.
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FIGURE 5.8 FLUORESCENCE QUENCHING BY MCB.

A. SELF-QUENCHING OF MCB FLUORESCENCE.

The fluorescence of increasing concentrations of MCB (added from stocks in EtOH, 
final [EtOH] was 2.5% v/v) in 50mM HEPES buffer containing 0.1 mM DETPA (pH 7.5) 
was measured using excitation and emission wavelenghts of 395nm and 470nm 
respectively. The absorbance at 395nm of the same samples is also shown (in both 
cases buffer blanks were subtracted). Each point represents a single assay.

B. QUENCHING OF MB-SG FLUORESCENCE BY MCB.

Increasing amounts of MCB from stocks in EtOH were added in succession to various 
concentrations of the purified MB-SG conjugate in 50mM HEPES buffer containing 
0.1 mM DETPA (pH 7.5). Each point represents the average of two assays. The final 
EtOH concentration varied.
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A. CALIBRATION CURVE.

1500

w  1000- 0) o 
d u o
S 500< u o 
d

MCB (m M)

B. CALCULATION

260mm fluorescence = 1pM MCB or MB-SG.

In a 2ml assay, 1pM MB-SG = 0.002pmoles MB-SG

So, 1mm fluorescence = 0.002 + 260 
= 0.0000077 (imoles MB-SG.

FIGURE 5.9 CALIBRATION OF THE FLUORIMETER.

Known amounts of MCB from stocks in EtOH were reacted to completion with GSH 
(by incubating in the dark for 1 hour with either 3mM GSH + GST, or excess (0.1M or 
0.5M) GSH in 50mM HEPES buffer containing 0.1 mM DETPA, adjusted to pH 7.5 with 
NaOH), to produce known amounts of MB-SG conjugate and fluorescence was 
measured using excitation and emission wavelenghts of 395nm and 470nm 
respectively. The calibration curve (A) was used to enable fluorescence in mm chart 
paper to be converted into pmoles MB-SG (B). The data is pooled from experiments 
carried out on different days. Each point is the mean of at least 3 determinations and 
error bars indicate standard deviations.
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C. The slope (K^ of graph B = 0.74 s'1

Kr = ^/[GSH]
= 0.74 / 0.05 
= 14.8 M'1Minute'1 
= 0.25 M 'V

FIGURE 5.10 CALCULATION OF THE RATE CONSTANT FOR THE 
UNCATALYSED CONJUGATION OF MCB TO GSH.

1|iM or 0.5pM MCB was incubated with excess GSH (0.1 or 0.05M) in 50mM HEPES 
buffer/ 0.1 mM DETPA (adjusted to pH 7.5 with NaOH), and the formation of MB-SG 
followed by measuring the fluorescence using excitation and emission wavelengths 
of 395nm and 470nm respectively (A). Time was plotted against In ([MCB]0-*-[MCB]t) 
and the slope of this graph calculated to give the pseudo first order rate constant K, 
(B). The second order rate constant, was calculated using k^K ^G S H ] (C). Data 
in this figure is from a single experiment using 1pM MCB and 0.05M GSH, but the 
figure for quoted in the text is the mean from five experiments.
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The kca/f^ is an apparent second order rate constant that describes the specificity of

an enzyme for a substrate (Fersht, 1984). The enhancement of the reaction rate due

to enzyme catalysis is given by the ratio of k^/K^, to Kr (the rate constant for the

uncatalysed reaction) (Douglas, 1988). All the GST isoenzymes tested were able to

catalyse conjugation of MCB to GSH, but considerable isoenzyme specificity was

observed. Rat GST 3-3 and the structurally related human GST ‘p9’ were by far the 
best enzymes, with kca/Km’s of 2.7x106 M 'V  and 1.1x10® M 'V  respectively, which are

30-50 fold higher than those for any other GSTs. Next best were GST 4-4, GST ax-ax 
and GST p with kJ K ^s  of 3.3x104 M 'V , 1.7x104 M 'V  and 1.3x104 M 'V

respectively and then human GST ‘11-11’, GST 1-1 and GST ay-ay with k^/K ^s  of

5.3x103 M 'V , 8.1x103 M 'V  and 3.7x103 M 'V  respectively. The poorest enzymes

were GST k, GST 7-7, GST 2-2 and microsomal GST with k^/K^s of 2x103 M 'V ,

1.6x103 M 'V , 1.2x103 M 'V  and 0.9x103 M 'V  respectively, which are around 3

orders of magnitude lower than those for GST 3-3 and GST ‘p9’.

The isoenzyme specificity was not entirely related to class, although in general the mu

class GSTs were the best catalysts and the pi class GSTs were the worst. Several

results are shown for GST n which was either purified in this laboratory or purchased 
from Sigma Chemical Company Ltd. Despite their differences, they all showed GST

7i to have a high Km and a low k^, and since the k ^ / ^  was similar for all

experiments, the results were averaged. The k^/K^s for MCB obtained here are in

the same range as those found for other GST substrates (57 M 'V  for (R)-a-

bromoisovaleryl urea to 5x107 M 'V  for A/-acetyl-p-benzoquinone imine (NABQI) (see

Coles & Ketterer, 1990).

GST 3-3 and GST p9 had very low Km’s of 0.09pM and 0.73pM respectively which are

over 100-fold lower than those of any other GST isoenzymes. These Km’s are also low

compared to those for many other GST substrates, which range from 2.6mM for (R)-a- 
bromoisovaleryl urea to 0.7pM for NABQI, see Coles & Ketterer (1990). The average 
Km for GSTs 1-1, 2-2, 3-3 and 4-4 (the most abundant GSTs in rat liver) was

calculated to be about 13pM which is similar to the figures of 2.5 pM (Shrieve etal.,

1988) and 10pM (Rice etal., 1986) which have previously been reported for mixtures

of rat liver GSTs.
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FIGURE 5.11 LINEWEAVER-BURK PLOTS FOR THE CATALYSIS OF MCB 
CONJUGATION BY PURIFIED RAT GST ISOENZYMES.

Plots of 1/V against 1/S (where V = initial rate and S = MCB concentration) are shown 
for the catalysis of MCB-GSH conjugation by purified rat GST isoenzymes. Enzyme 
assays were carried out at room temperature in 50mM HEPES buffer containing 
0.1 mM DETPA & 3mM GSH, adjusted to pH 7.5 with NaOH, using excitation and 
emission wavelengths of 395nm and 470nm respectively. MCB was added from stocks 
in EtOH (final [EtOH] was 2.5% v/v). Initial catalysed rates, (minus spontaneous rates) 
were determined (usually in triplicate) for at least six suitable MCB concentrations (but 
for GST 1-1 and microsomal GST only one assay was carried out for each [MCB]). 
Each graph shows data from a single experiment but in most cases is representative 
of at least two more experiments. Error bars indicate standard deviations.
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FIGURE 5.12 LINEWEAVER-BURK PLOTS FOR THE CATALYSIS OF MCB 
CONJUGATION BY PURIFIED HUMAN GST ISOENZYMES.

Plots of 1/V against 1/S (where V = initial rate and S = MCB concentration) are shown 
for the catalysis of MCB-GSH conjugation by purified human GST isoenzymes. Data 
was obtained as described in Figure 5.11. For GST p.9 single assays were carried out 
for each MCB concentration. Each graph shows data from a single experiment, but in 
most cases is representative of at least two more experiments. Error bars indicate 
standard deviations.
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TABLE 5.1 KINETIC CONSTANTS FOR THE GST ISOENZYME CATALYSIS OF 
MCB CONJUGATION TO GSH.

Kinetic constants with standard deviations were calculated using a computer 
programme to perform a least squares fit of V (initial rate) and S (MCB concentration) 
to a hyperbola (Dr. A. Clark, unpublished), using a model for uninhibited enzyme 
catalysis. Enzyme assays were carried out as described in Figure 5.11. Data for 
each GST isoenzyme is from a single experiment but in most cases is representative 
of at least two more experiments. The errors for kca/Km were estimated (on a 
percentage basis) from the standard deviations obtained (from the computer 
programme) for Vmax/Km.

a. The figure taken for protein concentration was the average of those determined by 
reverse-phase h.p.I.c analysis and activity towards CDNB (using specific activities 
determined by Dr. David Meyer, unpublished data). p9 is a novel GST which is 
structurally related to GST 3-3 (see Section 5.2.6).

b. GST 7i purified in this laboratory by Dr. D. Meyer. The protein concentration was 
determined by reverse-phase h.p.I.c analysis.

c. GST k obtained from Sigma Chemical Company Ltd. The protein concentration was 
determined by reverse-phase h.p.I.c analysis.

d. A different experiment using GST jt obtained from Sigma Chemical Company Ltd. 
The protein concentration was determined by the activity shown towards CDNB 
using a specific activity of 140 pmol/min/mg (determined by Dr. David Meyer for 
GST ji purified in this laboratory)

e. The same experiment as in d. The protein concentration was based on the CDNB 
activity using a specific activity of 43 pmol/min/mg (supplied by Sigma Chemical 
Company Ltd.), but which was found to be inaccurate.

f. The average of the above four experiments with GST n.
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GST Km Vmax krat kJKn
ISOENZYME (nM) (|imol/min/mg) (s'1) (M 's 1)

RAT

1-1 13.3 ±3.5 0.26 ± 0.03 0.108 8.13x103± 3.0x103

2-2 20.7 ± 9.2 0.063 ±0.014 0.026 1 .2 x 103 ±  0 .8 x 1 03

3-3 0.09 ± 0.02 0.55 ± 0.022 0.23 2.7x106± 0.58x106

4-4 19.5 ± 1.85 1.55 ±0.072 0.65 3.3x104 ± 0.41 x104

7-7 70.5 ± 14.6 0.27 ± 0.042 0.113 1.6x103± 0.4x103

microsomal 9.34 ± 1.3 0.022 ±0.0011 0.009 9.6x102± 1.7x102
GST.

HUMAN

(xx-ax 99.3 ± 39.4 3.95 ± 1.24 1.65 1.7x104± 1.06x104

<xy-ay 316 ± 161 2.84 ±2.15 1.18 3.7x103± 5.3x103

57.3 ± 27.9 1.8 ±0.62 0.75 1.3x104± 0.96x104

Hum. ‘11,a 50.0 ± 15.9 0.64 ±0.13 0.267 5.3x103± 2.4x103

ji9a 0.73 ±0.17 1.97 ±0.18 0.82 1.1 x 106 ± 0.3x106

n b 126 ±68.6 0.43 ±0.18 0.18 1.4x103 ±1.2x103

k Sigc 102 ±49.8 0.73 ± 0.28 0.3 2.9x103± 2.2x103

k Sigd 75.7 ± 17.9 0.57 ± 0.091 0.24 3.1x103 ± 1.1 x 103

k Sig8 80.8 ±21.2 0.183 ±0.0033 0.08 9.9x102± 3.9x102

K 96.0 ± 23.0 0.48 ± 0.23 0.2 2.1x103± 1.1x103
averagef
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5.3.8 CORRECTION OF KINETIC DATA FOR QUENCHING OF 
FLUORESCENCE BY MCB.

For some GSTs, an attempt was made to correct the results for quenching of the

MB-SG fluorescence by MCB. The concentration of MB-SG at the end of each kinetic

assay was estimated to range from 0.003pM (uncatalysed reaction with 0.1 pM MCB) 
to around 1.5pM (catalysed reaction with the highest MCB concentrations), and was 
often close to 0.61 pM, which was one of the concentrations used when investigating 
MCB quenching. Therefore, except where the estimated MB-SG concentration was

below about 0 .3 |liM (where little quenching was observed), the reaction rates were 

adjusted according to the % reduction in fluorescence seen when the appropriate

concentration of MCB was added to 0.61pM MB-SG (see Figure 5.8). Corrected 
kinetic data is shown for GST 2-2, GST 4-4, GST n and GST ax-ay in Table 5.2. The 
Km’s and Vmax’s were both increased slightly, but the kca/Km’s remained much the 

same.

5.3.9 INHIBITION OF THE GSTs BY ETHANOL.

Ethanol and other organic solvents are known to inhibit the GSTs (Aitio & Bend, 

1979). For the heterodimer GST ax-ay, the rate of MCB conjugation was inhibited by 
about 50% when the ethanol concentration was raised from 0.5% (v/v) to 2.5% (v/v). 

Inhibition was independent of MCB concentration indicating that it was non

competitive. Less inhibition was observed with GST 3-3. The K^s and Vmax’s for GST

ax-ay and GST 3-3 at 0.5% and 2.5% ethanol were obtained using a computer model 
for uninhibited catalysis (Table 5.3). A model for non-competitive inhibition was then

used to determine the Kj’s for ethanol inhibition and the oretical kinetic constants for

the uninhibited reactions (Table 5.3). The K, for GST 3-3 was 14.2%, and 2.5%

ethanol had little effect on the Vmax, whereas the K, for GST ax-ax was 1.24 % and at

2.5% ethanol, the Vmax was only a third of the theoretical Vmax at 0% ethanol. It was

concluded that 2.5% (v/v) ethanol (the concentration used in the enzyme assays) may

cause significant inhibition of some, but not all the GST isoenzymes.
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ENZYME Km
(pM)

Vmax
(pmol/min/mg)

ĉat
(s 1)

kca/Km
(M 'V )

GST 2-2
corrected
not

79.4 ± 60.8 
20.7 ± 9.18

0.19 ± 0.11 
0.06 ± 0.01

0.08
0.03

1x103 ±1.2x103 
1.4x 103 ± 8.3x 1 02

GST 4-4
corrected
not

53.0 ± 7.4 
19.5 ± 1.85

3.5 ±0.33 
1.55 ±0.07

1.46
0.65

2.8x104± 5.7x103 
3.3x104 ± 4.1x103

GST n
corrected
not

104 ±49.2 
80.8 ±21.2

0.28 ±0.1 
0.18 ±0.03

0.12
0.08

1.2x 103 ± 8.4x 1 02 
9.9x102± 3.8x102

GST ax-ax
corrected
not

244 ± 195 
99.3 ± 39.4

10.0 ±7.2 
3.95 ± 1.24

4.17
1.65

1.7x104± 2.2x104 
1.7x104± 1x104

TABLE 5.2 CORRECTION OF KINETIC DATA FOR FLUORESCENCE 
QUENCHING BY MCB.

Initial rates of reaction determined previously for GST 2-2, GST 4-4, GST iz (obtained 
from Sigma Chemical Company Ltd.) and GST ax-ax were corrected for quenching 
of the MB-SG fluorescence by MCB, according to the % reduction in fluorescence 
observed when the appropriate MCB concentration was added to 0.61 pM purified 
MB-SG (see Figure 5.8), since this was about the concentration estimated to be 
present at the end of many enzyme assays. No correction was made when the 
concentration of MB-SG was estimated to be below 0.3pM. Kinetic constants were 
determined as described in Table 5.1.
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ENZYME Km
(M-M)

vmax
(pmol/min/mg)

K,
(%, v/v)

GST ax-ay

Uninhibited model

0.5% EtOH 26.3 ± 5.9 4.8 ± 0.49

2.5% EtOH 22.4 ± 8.9 2.1 ± 0.35

Non-competitive 
inhibition model

0% EtOH 
(theoretical value 
from computer model)

25.4 ± 4.5 6.6 ± 0.62 1.24 ±0.18

GST 3-3

Uninhibited model

0.5% EtOH 0.12 ±0.07 0.86 ±0.12

2.5% EtOH 0.22 ± 0.04 0.88 ± 0.06

Non-competitive 
inhibition model

0% ethanol 
(theoretical)

0.15 ±0.05 0.94 ±0.1 14.2 ±9.7

TABLE 5.3 ETHANOL INHIBITION OF GST-CATALYSED MCB-GSH 
CONJUGATION.

Enzyme assays for rat GST 3-3 and human GST ax-ay were carried out in duplicate 
as described in Figure 5.11, using final EtOH concentrations of 0.5% (v/v) and 2.5% 
(v/v). Kinetic constants for GST catalysis at each EtOH concentration were determined 
as described in Table 5.1, using a model for uninhibited catalysis. The K, for ethanol 
and the theoretical K,* and Vmax for the uninhibited reaction were calculated for each 
isoenzyme using the same data and a computer model for non-competitive inhibition.
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5.3.10 COMPARISON OF RESULTS TO PUBLISHED KINETIC DATA.

The kinetic data for the GST catalysis of MCB conjugation to GSH published by Cook 

et al. (1991a) and Ublacker et al. (1991) is summarized in Table 5.4. It should be 

noted that Cook et al. (1991a) used the dimeric molecular weight rather than the 

subunit molecular weight (as used in the present study) for calculating k^, so their 

figures for kcat and kca/Km should be halved for comparison with those presented in 

Table 5.1. It is unclear which figure was used by Ublacker etal. (1991). Both reports 

contain data concerning mixtures of GST isoenzymes, but Cook’s data for GST n and 
GST B2B2 (equivalent to GST ay-ay) and Ublacker’s data for GST k and GSTs 1-1,
2-2 and 3-3 can be compared directly with the results presented here. Cook and co

workers purchased their GST n and rat liver enzymes from Sigma Chemical Company 
Ltd., and purified their human GSTs from liver by chromatofocusing (Soma et al., 

1986). Ublacker and co-workers purified their rat GSTs from liver by f.p.I.c 

chromatofocusing (Johnson etal., 1990).

The relative catalytic efficiencies of the various GSTs isoenzymes were similar in all 

three studies. Hence, GST n was always found to be a poor enzyme with a low k^/K ^ 

the alpha class GSTs were slightly better, but the rat mu class GSTs were by far the 

best enzymes with low Km’s and high kca/Km’s. However, many of the published kinetic 

constants differ considerably to those obtained in the present study. In particular, the 

k ^ ’s and Vmax’s were generally around an order of magnitude higher than those 

obtained here. For example, Cook’s k^'s for GST k and GST B2B2 (ay-ay) are 

approximately 4 and 10 times higher than those obtained here, and the k ^ ’s for 

mixtures of rat liver GSTs are 10 to 50-fold higher than those obtained here for 

purified rat GSTs 1-1, 2-2, 3-3 and 4-4. Similarly, Ublacker’s k ^ ’s for GSTs n, 1-1, 2-2 

and 3-3 are at least 10-fold higher than those presented here. The published K^s are 

more similar to those obtained here, although Ublacker’s figure for GST 3-3 is 20-fold 

higher, and Cook’s figure for GST 1-2 is an order of magnitude higher than the figures 

for GSTs 1-1 and 2-2 obtained in the present study.
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COOK E T A L  (1991a).

GST Km
(pM)

vmax
(pmol/min/mg)

ĉat
(S'1)

kca/Km
(M'1s'1)

HUMAN
K
B2B2
B1B2
GST w (mu class)

264 ± 23 
283 ±1 
354 ± 20 
204

1.99 ±0.1 
33.3 ± 2.9 
34.6 ± 3.5 
6.5

1.5 ±0.1 
24 ± 3  
28 ± 3
5.6

5.8x103 
8.5x104 
7.8x104 
3.1x104

RAT
liver GSTs 
GST 1-2

5.8 ± 0.4 
199 ±28

7.4 ± 3.5 
35.5 ± 4

6.2
29 ± 4

2.1x106
1.7x105

GST’s 3-3 & 3-4 2.6 ± 0.2 35.1 ± 2 29 ± 2 1.1X107

UBLACKER E T A L  (1991).

GST Km
0*M)

It■xat
(s'1)

^ca/^m
(M ’s ')

HUMAN
n 68.6 ± 4.5 4 ±0.2 5.8x104

RAT
Rat liver GST 
1-1 
2-2 
3-3 
3-4

8.6 ± 1.3
30.1 ± 3.8 
28 ± 6.5
2.1 ± 1 
4.4 ±2

12.1 ± 1.8 
18.8 ± 1.2 
14.9 ±2.8 
10 ± 0.1 
13.5 ±0.5

1.4x106 
6.2x105 
5.3x10s 
4.8x106 
3.1x106

TABLE 5.4 PUBLISHED KINETIC DATA FOR THE GST ISOENZYME 
CATALYSIS OF MCB-GSH CONJUGATION.

Data is taken from Cook et al. (1991a) and Ublacker et al. (1991). GST B2B2 is 
equivalent to GST ay-ay and GST B2B1 is equivalent to GST ax-ay. Cook et al. 
(1991a) used the dimeric rather than the subunit molecular weight molecular weight 
to calculate k^, so these values should be halved when comparing them with the data 
presented in Table 5.1. It is unclear which molecular weight was used in the 
calculations of Ublacker et al. (1991).
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Cook and co-workers used excitation and emission wavelengths of 460nm and 479nm

respectively, instead of 395nm and 470nm as used here. 460nm is on the very edge

of the MB-SG excitation spectrum and much less fluorescence is emitted at this

excitation wavelength, than at 395nm. These wavelengths were chosen in order to

reduce fluorescence quenching, enabling higher MCB concentrations to be used

(100|iM to 1mM, added from stocks in DMF). These conditions may be expected to 
produce more accurate kinetic data since the Km’s for many GSTs appear to be

greater than 50jiM. The only other differences in the methodology of Cook et al.

(1991a) appear to be the buffer used for the enzyme assays (2mM GSH in PBS pH

6.6, as opposed to the 3mM GSH in HEPES buffer, pH 7.5), and the automated

determination of initial reaction rates. The conditions used by Ublacker and co-workers

were apparently identical to those used here except for the use of 2mM, rather than

3mM GSH. The possibility that the differences between the results obtained here and

those of Cook et al. (1991a) arose from the differences in assay conditions was

investigated, although this would still not explain the results obtained by Ublacker et

al. (1991).

Rates of GST-catalysed MCB conjugation were found to be similar in PBS and 

HEPES (results not shown), and it is unlikely that the use of 3mM rather than 2mM 

GSH accounts for the differences observed, since both these concentrations should 

be saturating for the GSTs. Similarly, it seems unlikely that ethanol inhibition of the 

GSTs was responsible for the conflicting results, since not all isoenzymes (e.g., GST

3-3) appear to be inhibited by 2.5% (v/v) ethanol, and the estimated k ^  for the 

uninhibited reaction of GST ax-ay (see Section 5.3.9) was still much lower than that 
obtained by Cook etal. (1991a) for GST B1B2 (equivalent to GST ax-ay). In addition,

DMF was also found to inhibit GST ax-ay, with the reaction rate at 1% (v/v) DMF 
being 60% of that at 0.05% (v/v) DMF (results not shown). Aitio & Bend (1979) have

also shown that DMF inhibits the GSTs, although it was not found to be such an

effective inhibitor as ethanol. At 3.3% (v/v) DMF the rates of reaction catalysed by a

mixture of rat liver GSTs, ranged from 61.4% to 91.7% of those at 0.56% (v/v) DMF

depending on the GST substrate used, whereas for 3.3% (v/v) ethanol, the rates

ranged from 43% to 83.9% of those at 0.56% (v/v) ethanol depending on the substrate

used.
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The fluorescence spectra showed no peak of excitation at 460nm which could be due 

to an impurity in the MCB, and none of the minor components of the MCB reacted 

with GSH to produce an increase in fluorescence. In addition, the MCB used here was 

purchased from the same company as that used by Cook et al. (1991a) so it is 

unlikely that different compounds were being monitored at 395 & 470nm and 460 & 

479nm.

Correction of the results for quenching of the MB-SG fluorescence by MCB (see 

Section 5.3.8) produced an increase in the k^/s. This suggested that the high k^/s 

obtained by Cook et al. (1991a) may have resulted from a reduction in fluorescence 

quenching, and so the quenching of fluorescence under their assay conditions was 

investigated. Both DMF and GSH were found to quench the fluorescence of the 

purified MB-SG conjugate at 460nm/479nm but not at 395nm/470nm (Figures 5.13 

and 5.7). However, if (as is likely), the concentrations of DMF and GSH were kept 

constant for the calibrations and enzyme assays this should not have affected the 

results.

At 395nm/470nm, using MCB in DMF (final [DMF] was 1%), both self-quenching of 

MCB, and MCB quenching of the MB-SG fluorescence were observed, as found 

previously using MCB in ethanol (Figure 5.14). In contrast, at 460nm/479nm there was 

little MCB self-quenching, no greater reduction of MB-SG fluorescence on addition of 

MCB than the 70% reduction observed with 1% DMF alone (Figure 5.14) and no 

decrease in fluorescence on addition of MCB to MB-SG in the presence of 1% DMF 

(results not shown). However, when added from stocks in ethanol, MCB did quench 

the fluorescence of the MB-SG at 460nm/479nm in a similar manner to that observed 

at 395nm/470nm (Figure 5.15). These experiments confirm that fluorescence was not 

quenched by MCB in a concentration dependent manner (as was observed in the 

present study) under the conditions used by Cook et al. (1991a), although the reasons 

for this are unclear. It seems plausible that this may account for at least some of the 

differences observed between the two studies, although even after correcting for 

fluorescence quenching, the k ^ ’s obtained here were still lower than those obtained 

by Cook et al. (1991a).
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FIGURE 5.13 EFFECT OF DMF AND GSH ON MB-SG FLUORESCENCE 
MEASURED USING EXCITATION AND EMISSION 
WAVELENGTHS OF 395 & 470nm OR 460 & 479nm.

A. QUENCHING OF MB-SG FLUORESCENCE BY GSH.

Increasing amounts of GSH from a 260mM stock in K phosphate buffer adjusted to 
pH 7.5 with NAOH, or buffer blank alone, were added in succession to 6.1pM purified 
MB-SG conjugate in 50mM HEPES buffer containing 0.1 mM DETPA (pH 7.5), and the 
fluorescence measured using excitation and emission wavelengths of either 460nm 
& 479nm or 395nm & 470nm respectively. Each point represents a single assay.

B. QUENCHING OF MB-SG FLUORESCENCE BY DMF.

Increasing amounts of DMF were added in succession to 6.1pM MB-SG conjugate in 
50mM HEPES buffer containing 0.1 mM DETPA (pH 7.5), and the fluorescence 
measured using excitation and emission wavelengths of either 460nm & 479nm or 
395nm & 470nm respectively. Each point represents a single assay.
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A. QUENCHING OF MB-SG FLUORESCENCE BY GSH.
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FIGURE 5.14 FLUORESCENCE QUENCHING BY MCB ADDED FROM 
STOCKS IN DMF USING EXCITATION AND EMISSION 
WAVELENGTHS OF 395 & 470nm OR 450 & 479nm.

A. SELF-QUENCHING OF MCB FLUORESCENCE.

The fluorescence of different concentrations of MCB from stocks in DMF (final [DMF] 
was 1%) in 50mM HEPES buffer containing 0.1 mM DETPA (pH 7.5) was measured 
using excitation and emission wavelengths of either 460nm & 497nm or 395nm & 
470nm. Each point represents a single assay.

B. QUENCHING OF MB-SG FLUORESCENCE BY MCB.

Different concentrations of MCB from stocks in DMF (final [DMF] was 1%) were added 
to 6.1pM MB-SG in 50mM HEPES buffer containing 0.1 mM DETPA (pH 7.5), and the 
fluorescence was measured using excitation ana emission wavelengths of either 
460nm & 497nm or 395nm & 470nm. Each point represents a single assay.
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A. SELFQUENCHING OF MCB FLUORESCENCE.
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FIGURE 5.15 FLUORESCENCE QUENCHING BY MCB ADDED FROM 
STOCKS IN ETHANOL.

Increasing amounts of MCB from stocks in EtOH were added in succession to various 
concentrations of MB-SG in 50mM HEPES buffer containing 0.1 mM DETPA (pH 7.5), 
and the fluorescence was measured using excitation and emission wavelengths of 
460nm & 479nm. Each point represents the mean of two experiments. The results 
obtained using excitation and emission wavelengths of 395nm & 470nm were shown 
in Figure 5.8. The final [EtOH] varied.
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As a final attempt to as ertain whether the conflicting results were simply due to

differences in methodology, the enzyme kinetics of GST ax-ay were investigated using 
excitation and emission wavelengths of 395nm & 470nm or 460nm & 479nm, and

MCB stock solutions in either ethanol or DMF (final assay concentrations 0.5% (v/v)

and 1% (v/v) respectively). At 395nm/470nm the calibration of the fluorimeter was the

same whether DMF or ethanol was used, but re-calibration was necessary at

460nm/479nm, and this was carried out as described previously (Section 5.3.5), using

MCB stocks in either DMF or ethanol, and correcting for quenching of fluorescence

by GSH at 460nm/479nm where 0.1M GSH rather than 3mM GSH + GST was used

(results not shown).

For each set of wavelengths, similar results were obtained whether ethanol or DMF 

was used (Table 5.5), which indicates that the use of DMF rather than ethanol by 

Cook et al. (1991a) was probably not in itself responsible for the difference in results. 

However, for both ethanol and DMF, the k ^ ’s and Km’s were consistently greater at 

460nm/479nm than at 395nm/470nm (Table 5.5), although they were still not as high 

as those obtained by Cook et al. (1991a).

It was concluded that the differences between the results presented here and those 

obtained by Cook et al. (1991a) may have been due in part to the use of different 

excitation and emission wavelengths (and possibly the use of different MCB solvents) 

which led to differences in fluorescence quenching. However, this explanation appears 

to be insufficient to fully account for the differences observed, and other factors such 

as solvent inhibition, and the use of different MCB concentrations may also be 

involved. Additionally, the enzyme preparations may have been very different, and this 

would appear to be the only plausible reason for the differences between the results 

presented here and those of Ublacker etal. (1991).
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CONDITIONS Km
GiM)

m̂ax
(pmol/min/mg)

1/̂cat
(s')

kca/Km
(s-’M ')

395/470nm

DMF
(5pM-100|iM MCB) 24 ±3.8 3.5 ± 0.2 1.46 6.1x10“ ± 1.3x10“

ETHANOL 
(10pM-50pM MCB) 56 ±12 4.7 ± 0.6 2.0 3.6x10“ ± 1.2x10“

460/479nm

DMF
(100|iM-1mM MCB) 108 ±30 9.4 ± 0.7 3.9 3.6x10“ ± 1.2x10“

(5|iM-100pM MCB) 327 ±214 17 ± 9 7 2.1x10“ + 2.1x10“

ETHANOL 
(10|nM-50|iM MCB) 80 ±35 8.5 ±2.6 3.5 4.4x10“ ±2.8x10“

TABLE 5.5 ANALYSIS OF THE KINETICS OF GST-CATALYSED MCB 
CONJUATION USING VARIOUS EXCITATION AND 
EMISSION WAVELENGTHS AND MCB SOLVENTS.

Enzyme assays using purified GST ax-ay were carried out as described in Figure 5.11 
using excitation and emission wavelengths of either 395nm & 470nm or 460nm & 
479nm. Stock solutions of MCB were in either ethanol or DMF (final assay 
concentrations were 0.5% (v/v) and 1% (v/v) respectively). Initial enzymic rates (minus 
spontaneous rates) were determined for eight concentrations of MCB in the ranges 
indicated, and kinetic constants with standard deviations were calculated as described 
in Table 5.1.
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5.4 CONCLUSIONS.

The results presented in this chapter show that although all rat and human GST

isoenzymes tested are able to catalyse the conjugation of MCB to GSH, considerable

isoenzyme specificity is observed. Rat GST 3-3 and the structurally related human

GST ‘fi9’ were found to have 30-50 fold higher catalytic abilities than any other 
isoenzymes tested, which was due in part to their extremely low Km’s for MCB (under

1pM). Other mu class GSTs were also fairly good catalysts of MCB conjugation, as 
was human GST ax-ax. Among the GSTs which showed the lowest catalytic abilities 
were GST n and GST ‘11-11’, which is notable since GST k is the isoenzyme 
predominantly expressed in many human tumours and human tumour cell lines (Lewis 

et al., 1989; Shea et al., 1988; Castro et al., 1990), and GST n and human GST 

‘11-11’ were found to be the isoenzymes predominantly expressed in the HeLa and 

MCF7 cell lines (Chapter 4).

The reports by Cook et al. (1991a) and Ublacker et al. (1991) also showed rat mu

class GSTs to be good catalysts, and GST n to be a particularly poor catalyst of MCB 
conjugation. However, the kinetic data obtained by these authors differed considerably

to that presented here. Some evidence was obtained to suggest that this may have

been partly due to the different assay conditions used, although this did not appear

to fully account for the differences observed.

The GST isoenzyme specificity for MCB, coupled with the tissue and cell type specific 

expression of the GST isoenzymes (see Chapter 1), suggests that MCB may be more 

suitable as a probe for GSH and GSTs in some cells than in others, and this is 

explored in the next two chapters of this thesis.
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CHAPTER 6.

ANALYSIS OF THE KINETICS OF CELLULAR MONOCHLOROBIMANE- 
GSH CONJUGATION USING FLOW CYTOMETRY - COMPARISON WITH

PREDICTED RESULTS.
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6.1 INTRODUCTION.

The use of MCB in conjunction with flow cytometry (FCM) is a potentially powerful 

technique for measuring cellular GSH. It involves the high speed passage of a single 

stream of MCB-labelled cells past a beam of excitatory light, enabling the fluorescence 

of a large number of individual cells to be rapidly quantified. The MCB-FCM technique 

was introduced by Rice etal. (1986) following a study by Durand & Olive (1983) which 

explored the possibility of using various fluorescent thiol probes (including 

monobromobimane) in conjunction with FCM to investigate the thiol status of cells. 

Unlike existing methods for measuring cellular GSH, such as the enzymatic assay of 

Tietze (1969) and h.p.I.c analysis of monobromobimane-labelled material (Newton et 

al., 1981), the MCB/FCM technique is rapid, does not involve cell disruption, and has 

the potential to detect GSH heterogeneity within a cell population. This information is 

of particular value to those workers investigating the possible role of GSH in the 

resistance of tumour cells to chemotherapeutic drugs and ionizing radiation, since 

resistance may arise from small subpopulations of tumour cells with elevated levels 

of GSH, and tumour cell samples often contain normal cell contaminants (Sieman et 

al., 1981) which may have very different GSH contents to the tumour cells themselves. 

Consequently, conventional methods of assaying GSH which measure the average 

GSH content for the entire cell population may provide misleading data concerning the 

GSH content of the resistant tumour cells.

Early studies by Rice etal. (1986), Shrieve etal. (1988) and Hedley etal. (1990) using 

rodent cells artificially depleted of GSH to varying extents, indicated that the relative 

levels of fluorescence produced on labelling with 10p.M to 40jiM MCB for 5 or 10 

minutes, correlated well with the GSH levels measured using the assay of Tietze 

(1969), suggesting that if fluorescence was measured relative to a reference sample 

of known GSH content, MCB could be used to quantitate GSH. These studies also 

showed that the MCB/FCM method could be used to detect subpopulations of cells 

with different levels of fluorescence in mouse EMT-6/SF tumours (Rice et al., 1986; 

Shrieve etal., 1988) and in a human renal cell carcinoma biopsy (Shrieve etal., 1988) 

indicating that this technique should prove useful for investigating GSH heterogeneity 

within tumour cell samples. However, a later study by Cook etal. (1989) demonstrated
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that although derivatization of GSH in hamster V79 cells labelled with 10pM MCB 
appeared complete in under 30 minutes, little of the available GSH in human A549 

lung adenocarcinoma cells was labelled under these conditions, and that treatment

with at least 800|iM MCB for one hour was required for plateau levels of fluorescence 
to be reached. Since A549 cells showed substantial GST activity towards CDNB, they

suggested that the inadequate labelling with 10jiM may result from the presence of 
human GST isoenzymes which are poor at utilizing MCB.

The results presented in Chapter 5, and the reports of Cook et al. (1991a) and

Ublacker et al. (1991) have confirmed that differential GST isoenzyme specificity is

shown towards MCB, and that GST n, which is the major isoenzyme expressed in 
many human tumour cells and tumour cell lines, is particularly poor at catalysing MCB-

GSH conjugation. It is therefore possible that under mild labelling conditions, the

MB-SG fluorescence of some cells will reflect the GST isoenzyme content rather than

the GSH content.

The aim of the work described in this chapter was to investigate the influence of the 

cellular GST isoenzyme and GSH contents on the kinetics of MCB-GSH conjugation, 

and to evaluate the MCB/FCM technique as a method for measuring cellular GSH. A 

computer programme was used in conjunction with the kinetic data for the GST 

isoenzyme catalysis of MCB-GSH conjuation obtained experimentally in Chapter 5, 

and the GSH and GST isoenzyme contents of the IAR20 (rat liver), IAR6.1 (rat liver), 

HeLa (human cervical carcinoma) and MCF7 (human breast carcinoma) cell lines 

reported in Chapter 2, to predict the rates of MCB-GSH conjugation in cells with 

different GSH and GST isoenzyme profiles. The kinetics of MCB conjugation to GSH 

in these cell lines, and in the mouse Balb 3T3 ceil line were then investigated 

experimentally using flow cytometry. It was thus possible to establish whether the 

kinetic data obtained for the purified GST isoenzymes in vitro accurately reflects their 

activity in vivo, and to evaluate the MCB/FCM technique as a method for measuring 

cellular GSH.
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6.2 METHODS.
6.2.1 MATERIALS.

Sources of chemicals and other materials were as described in Chapter 2 and Chapter 

5. Cell culture was carried out as described in Chapter 2.

6.2.2 COMPUTER SIMULATION OF CELLULAR MCB-GSH CONJUGATION.

A computer programme (Dr. Alan Clark, unpublished) was used to simulate the rates

of GST-catalysed MCB conjugation in samples containing specified concentrations of

MCB, GSH and GST isoenzymes, enabling the rates of MCB conjugation in the IAR20,

IAR6.1, MCF7 and HeLa cell lines to be predicted. Data for the concentrations of GSH

and GST isoenzymes in these cell lines wenetaken from the results presented in

Chapter 2 (summarized in Table 6.1) and kinetic data (Km’s and k ^ ’s for the catalysis

of MCB conjugation by purified GST isoenzymes, and the rate constant (Kr) for

uncatalysed MCB conjugation) was taken from the results presented in Chapter 5. The

Km for GSH of all isoenzymes was taken to be 0.1 mM. In all cases, the intracellular

MCB concentration was assumed to remain constant at 50pM (the extracellular 
concentration used for flow cytometry, see below).

The simulations were repeated using the kinetic data obtained by Cook etal. (1991a)

and Ublacker etal. (1991) (see Table 5.4). For the HeLa and MCF7 cells, the kinetic

data obtained in the present study for human GST *11-11’ was used in combination

with either Cook’s or Ublacker’s data for GST n. For the IAR20 and IAR6.1 cells, the 
kinetic data for GST 7-7 obtained in the present study was used in combination with

Cook’s data for GST 1-2 (used for GSTs 1-1 and 2-2) and GST 3-3/4-4 (used for

GSTs 3-3 and 4-4).

6.2.3 FLOW CYTOMETRY.

Flow cytometry was kindly carried out by Dr. G. Wilson from the Cancer Research 

Campaign Gray Laboratory, Northwood, Middlesex, using a Cytofluograf System 50 

(Ortho Diagnostic Systems, Westwood, Massachusetts, USA) machine interfaced to 

a 2150 dedicated computer. A schematic diagram of the system used is shown in 

Figure 5.1. Labelled cells in aqueous suspension (in this case MCB-labelled cells in 

PBS) are placed in a pressurized sample chamber and are driven under pressure into
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the flow cell, where they are injected through a 250pm diameter sample needle into 
a concentrically flowing stream of sheath fluid (in this case water). This process which

is known as hydrodynamic focusing, produces laminar flow conditions resulting in

practically no mixing of sample and sheath fluid, and compression of the sample

stream to about 5pm in diameter. The cells flow in single file past a focused laser 
beam with a height of 3pm, so that only one cell is excited at once. Monochlorobimane 
requires U.V. excitation, and this was achieved using the U.V. line from a 5 watt 

argon-ion laser (Coherent, Cambridge) which produces two wavelengths; 351.1 and

363.8 nm. The excitation power was 100 mW. A representative portion of the emitted 

light is collected by an optical system consisting of lenses, mirrors and filters.

Scattered light emitted at 180° to the excitatory light (forward angle light scatter, 
F.A.L.S) which is mostly of the same wavelength as the excitatory light, is collected 

by an objective lens and passed to a reflective silver strip. The small fraction of light 

that passes through the glass on either side of the strip is collected, and is used as 

a measure of cell size (the amount of light is proportional to cell size). Light emerging

at 90° to the excitatory light is passed through a set of filters to select the wavelengths 
of interest (several different signals from one cell may be separated and analysed 

individually). For this work, only the fluorescent light was collected: the 90° light was 
passed via an objective lens through a 410nm longpass dichroic filter placed at 45° 
to the light path, to filter out light below 410nm (i.e. the excitatory light).

The optical signals are collected by fibre optics, relayed to photomultiplier tubes where 

they are converted into electrical signals. They are then amplified and passed to a 

signal processor where they may be analysed in various ways, converted to digital 

form and observed on a cathode ray tube display. The infomation may be displayed 

in a variety of ways. In a cytogram two different measurements are plotted on the X 

and Y axes, forming a bi-parametric display in which each cell is represented as a dot. 

For example, F.A.L.S (Y-axis) is often plotted against fluorescence (X-axis) which 

allows the relationship of fluorescence intensity to cell size to be examined. A 

histogram is a monoparametric plot where a parameter such as fluorescence intensity 

(X-axis) is plotted against cell number (Y-axis). The mean fluorescence for the entire 

cell population or for particular subpopulations selected by drawing 'windows’ around 

certain areas of a cytogram may be obtained. The use of these ‘windows’ enables cell 

debris (of low F.A.L.S) to be gated out when calculating mean cellular fluorescence.
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For this work, IAR20, IAR6.1, HeLa, MCF7 and Balb 3T3 cell monolayers judged to 

be in the late log phase of growth were rinsed with PBS, the PBS was decanted and 

the cells trypsinised, resuspended in PBS, centrifuged at 317g for 5 minutes and 

resuspended in PBS at a concentration of about 0.5 x 105 cells/ml (cells were counted
a t voor>\

using a haemocytometer). Cell suspensions were stained^with 50pM MCB from a 
20mM stock in DMSO (final concentration of DMSO was 0.25% v/v), and kept in the

dark with constant mixing using a rotary turntable. At certain time intervals, samples

of 5000 cells were analysed by flow cytometry at a flow rate of 200 cells/second, and

the mean fluorescence of the cell population (after gating out cell debris and

unlabelled cells), was determined. The same cell suspension was used for time points

up to 35 minutes. A different cell suspension that had been treated identically was

used for later timepoints and for a 30 minute timepoint. Fluorescence was monitored

until a plateau level was reached or until three hours had elapsed. Sometimes cells

were assayed for GSH using the Tietze (1969) assay (see Chapter 2) on the same

day that they were analysed using flow cytometry. Identical flasks of cells to those

used for flow cytometry during the day were harvested and resuspended in 500pl 10% 
PCA in the evening, left on ice overnight, and the procedure for GSH assay continued

in the same way on the following day.

6.3 RESULTS.

6.3.1 COMPUTER SIMULATION OF MCB CONJUGATION TO GSH IN 
FIVE CELL LINES.

A computer programme was used to simulate GST-catalysed MCB conjugation in

IAR20, IAR6.1, HeLa and MCF7 cells labelled with 50pM MCB. It was assumed that 
the intracellular MCB concentration was also 50pM and that it remained constant. 
The mM concentrations of GSH and GST isoenzymes used for this analysis, and the

kinetic data for the GST isoenzyme catalysis of MCB conjugation, are summarized in

Table 6.1. Some GST isoenzymes present at low concentrations (see Chapter 2) and

whose kinetics were not determined in Chapter 5 were omitted. These included GST

subunits 8 and 11 in the rat cell lines, and the unidentified GST subunits present at

very low concentrations in the HeLa cells (minor protein peaks on reverse-phase
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h.p.I.c, see Figure 2.8). It was assumed that the major GST in the MCF7 cells, and the 

minor GST in the HeLa cells were both human GST ‘11-11’ (see Chapter 2).

It was predicted that the rate of MCB-GSH conjugation would be fast in the rat cell

lines, with GSH derivatization being complete after about 30 minutes, but that

conjugation would be slower in the HeLa and the MCF7 cells, with some unreacted

GSH still being present after about 90 minutes (Figure 6.2). In contrast, using the

kinetic data obtained by Cook et al. (1991a) and Ublacker et al. (1991), it was

predicted that GSH derivatization would be completed almost instantaneously in the

IAR20 and IAR6.1 cells, and that if only GST 1-2 (using Cook’s data) or GST 3-3

(using Ublacker’s data), were present (and these are both minor subunits in these cell

lines), GSH derivatization would be complete in about 20 minutes (results not shown).

For the HeLa cells it was predicted that GSH derivatization would be complete after

about 20 minutes or 90 minutes using Ublacker’s and Cook’s data for GST n 
respectively (Figure 6.2).

6.3.2 ANALYSIS OF CELLULAR GSH CONTENT AS A FUNCTION OF CELL 
GROWTH.

It has been reported that the GSH content of human HepG2 cells (hepatoma cell line) 

declines slowly after each subculture, with a large drop in GSH content being 

observed as cells reach confluence and the growth rate slows (Duthie et al., 1988) 

and it is possible that other cell lines show similar variations in GSH content 

throughout the growth cycle. The cellular GSH and GST concentrations used for the 

computer simulations of MCB conjugation were determined (Chapter 2) using cells 

judged to be in the late log phase of growth. In order for the data from the FCM 

analysis to be compared with the predictions from the computer simulations, it was 

therefore important to ensure that the cells used were also in the late log phase of 

growth. Since the growth phase was judged by cell confluency, which may not be very 

accurate, an attempt was made to establish how much the GSH content changed over 

three days when the cells could have been judged to be in the late log phase. Flasks 

of cells were analysed by FCM on the second of these three days, and the GSH 

concentration (measured using the assay of Tietze, 1969) and cell volumes of identical 

flasks of cells were determined on the preceeding and following days and sometimes 

on the evening of the day of FCM analysis, as described in Section 2.2.13.
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A. SUMMARY OF THE GST CONTENT OF THE FIVE CELL LINES.

GST Km OiM) kCat(s1) GST SUBUNIT CONCENTRATION (Mx106). 

IAR20 IAR6.1 HELA MCF7 BALB 3T3

RAT
1-1 13.3 0.108 0 1.8
2-2 20.7 0.026 4 0.96
3-3 0.09 0.23 1.4 3.8
4-4 19.5 0.65 4.3 8.6
7-7 70.5 0.11 30 22

HUMAN
7C 96 0.2 11 0.34
GST5.2 50 0.27 1.3 3.4

MOUSE
mu class 7.3
pi class 16

TOTAL 45 41 13 3.8 26
CONTENT

B. SUMMARY OF THE GSH CONTENT OF THE FIVE CELL LINES.

IAR20 IAR6.1 HELA MCF7 BALB 3T3

GSH/CELL (nmolxlO6) 1.9 1.9 12 8.3 2.4

CELL VOLUME (fl) 275 196 964 1020 661

GSH (mM) 7 10.2 7.9 6.8 4.3

TABLE 6.1 SUMMARY OF THE GSH AND GST ISOENZYME CONTENT OF 
IAR20, IAR6.1, MCF7, HELA AND BALB 3T3 CELLS.

Data for the cellular GSH and GST isoenzyme contents is taken from Chapter 2. The 
total GST contents include isoenzymes not included in this table either because they 
were unidentified or because their kinetics were not analysed. Kinetic data for the 
purified GST isoenzymes is taken from Chapter 5 (the k^/s were calculated using the 
monomeric molecular weight).
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FIGURE 6.2 COMPUTER SIMULATION OF CELLULAR MCB-GSH CONJUGATION.

A computer programme (Dr. Alan Clark, unpublished) was used to simulate GST- 
catalysed conjugation of MCB to GSH in IAR20, IAR6.1, HeLa and MCF7 cells as 
described in Section 6.2.2, using kinetic data for the purified GST isoenzymes 
obtained in Chapter 5 and the cellular GSH and GST isoenzyme concentrations 
determined in Chapter 2 (both summarized in Table 6.1). The graphs show the 
predicted rates of GSH depletion (equivalent to MB-GSH formation) for cells incubated 
with 50jliM MCB. It was assumed that the intracellular concentraton of MCB was also 
50jiM and that it remained constant. For the HeLa cells the simulations were repeated 
using the kinetic data for GST n obtained by Cook et al. (1991) or Ublacker et al. 
(1991) in combination with the kinetic data obtained in the present study for human 
GST ‘11-11’.
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The results are shown in Table 6.2. Although only single measurements were made 

(and errors may be thus be large), there was no obvious trend showing a rise or fall 

in GSH content over these three days, and it was concluded that, for each cell line, 

all flasks of cells judged to be in the late log phase of growth should have similar GSH 

contents.

6.3.3 FLOW CYTOMETRIC ANALYSIS OF CELLULAR MCB-GSH CONJUGATION. 

Flow cytometry was used to monitor the development of MB-SG fluorescence in
at room

IAR20, IAR6.1, Balb 3T3, HeLa and MCF7 cells labelledAwith 50pM MCB. Figure 6.3 
shows cytograms of forward angle light scatter (F.A.L.S) plotted against fluorescence, 

for a series of HeLa cell timepoints (0 to 90 minutes). Cytograms for the 20 minute 

timepoint of each cell line are compared in Figure 6.4. For all the cell lines, and 

especially the MCF cells, a large variation in cellular fluorescence, which did not relate 

specifically to cell size was observed (the standard deviations were usually at least 

50% of the mean fluorescence of the 5000 cells analysed in each sample, see Figure 

6.4). In each cell line, the fluorescence of a proportion of cells did not increase with 

time, indicating that they were unlabelled. The reason for this was not clear. Both 

these cells and cell debris (very low F.A.L.S) were gated out (as illustrated for the 

HeLa cells in Figure 6.3) when calculating the mean cellular fluorescence for each 

timepoint.

The rates of increase in mean cellular fluorescence for the five cell lines are illustrated 

in Figure 6.5. In all cell lines the fluorescence eventually reached a plateau level. This 

took about 10 minutes in the Balb 3T3 cells, about 40 minutes in the IAR20 and
an d  I U o u r resfe£fciw£|v|.

IAR6.1 cells and around 2 hoursjn the HeLa and MCF7 cellsA The final plateau levels 

of fluorescence correlated fail y well with the GSH contents in nmol/cell determined in 

Chapter 2 using the assay of Tietze (1969) (Figure 6.6). These flow cytometry results 

are in fairly good agreement with the predictions from the computer simulations using 

the kinetic data obtained for the purified GST isoenzymes (Section 6.3.1), where 

complete derivatization of GSH was expected to take about 30 minutes in the rat 

IAR20 and IAR6.1 cell lines, but in excess of 90 minutes in the human HeLa and 

MCF7 cell lines. They are less consistent with the predictions based on the kinetic 

data of Cook etal. (1991a) and Ublacker etal. (1991), where GSH depletion was
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DAY 1 DAY 2 DAY 3

GSH (nmol/cell x 106).

IAR20 2.6 1.1 1.2
IAR6.1 3.9 2.2 1.1
Balb 3T3 3.0 3.0 2.9
HeLa 2.8 10 4.6
MCF7 13.3 7.7 7.2

CELL VOLUME (fl).

IAR20 325 213 100
IAR6.1 325 213 100
Balb 3T3 700 625 550
HeLa 875 688 500
MCF7 1100 1100 1100

GSH (mM).

IAR20 8 5.2 12
IAR6.1 12 10.3 11
Balb 3T3 4.3 4.8 5.3
HeLa 3.2 14.5 9.2
MCF7 12 7 6.5

TABLE 6.2 VARIATION OF GSH CONTENT AND CELL VOLUME DURING CELL 
GROWTH.

Flasks of IAR20, IAR6.1, Balb 3T3, HeLa and MCF7 cells were plated at suitable 
densities, so that they would be in the late log phase of growth by the day they were 
required for FCM analysis (day 2). Identical flasks of cells (one per experiment) were 
used to determine cell volumes on the preceeding and following days (days 1 and 3) 
and to determine GSH content on all three days, as described in Chapter 2 (Section 
2.2.13). The average of the cell volumes from days 1 and 3 was used to calculate the 
mM GSH concentration for the cells analysed on day 2.
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A. CONTROL B. 10 MINUTES

Monochlorobimane fluorescence Monochlorobimane fluorescence

C  40 MINUTES

Monochlorobimane fluorescence

D. 90 MINUTES

0 20 40 60 80 100 
Monochlorobimane fluorescence

FIGURE 6.3 FLOW CYTOMETRIC ANALYSIS OF THE DEVELOPMENT OF 
FLUORESCENCE IN MCB-LABELLED HELA CELLS.

HeLa cells judged to be in the late log phase of growth were trypsinised, resuspended 
in PBS and centrifuged at 317g for 5 minutes. Cell pellets were resuspended in 2ml ̂ - ' cut rtpom
PBS at a concentration of about 5 x 1 0  cells/ml, and were stained^with 50p.M MCB 
added from stocks in DMSO (final DMSO concentration was 0.25% v/v), and the 
development of fluorescence was monitored by flow cytometry using U.V excitation 
(351.3 & 363.8nm) and collecting fluorescent light above 410nm. A to D show 
cytograms of fluorescence intensity plotted against forward angle light scatter (which 
is proportional to cell size) for control cells (0.25% DMSO alone) and the 10, 40, and 
90 minute timepoints respectively. 5000 cells were analysed for each timepoint. A and 
B also show the ‘windows’ that were drawn to gate out cell debris and non-fluorescent 
cells when calculating the mean fluorescence of each cell sample. The results are 
representative of two other experiments.
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FIGURE 6.4 FLOW CYTOMETRIC ANALYSIS OF IAR20, IAR6.1, BALB 3T3, HELA 
AND MCF7 CELLS LABELLED WITH MCB FOR 15 OR 20 MINUTES.

Suspensions of IAR20, IAR6.1, Bal£3TI^Hela and MCF7 cells in PBS (prepared as 
described in Figure 6.3) were labelledjor lT(Bafb 3T3, MCF 7) or 20 minutes (IAR20, 
IAR6.1, HeLa) with 50pM MCB (from stocks in DMSO, final [DMSO] was 0.25% v/v) 
and were analysed by flow cytometry, using U.V excitation (351.1 & 363.8nm) and 
collecting fluorescence of above 410nm. A to E show cytograms of fluorescence 
intensity plotted against forward angle light scatter. 5000 cells were analysed for each 
cell sample (the mean fluorescence with standard deviation is indicated). The results 
are representative of two other experiments.
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FIGURE 6.5 MEASUREMENT OF THE KINETICS OF MCB CONJUGATION TO GSH 
IN IAR20, IAR6.1, BALB 3T3, HELA AND MCF7 CELLS USING 
FLOW CYTOMETRY.

Suspensions of IAR20, IAR6.1, Balfc^J^JIgLa and MCF7 in PBS (prepared as 
described in Figure 6.3) were labelled„with 50 îM MCB (added from stocks in DMSO, 
final DMSO concentration was 0.25% v/v), and the development of fluorescence was 
monitored by flow cytometry using U.V excitation (351.1 & 363.8nm) and collecting 
fluorescence of above 410nm. The mean fluorescence of 5000 cells (excluding cell 
debris and unlabelled cells) was determined for each time point. The same cell 
suspension was used for time points up to 35 minutes. Later timepoints (and the 30 
minute timepoint) were from a different sample of cells which had been treated 
identically. Results are from a single experiment but are representative of two others 
carried out on different days.
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FIGURE 6.6 CORRELATION BETWEEN CELLULAR GSH CONTENTS MEASURED 
USING THE TIETZE (1969) ASSAY AND THE MCB/FCM METHOD.

The data is taken from the experiment shown in Figure 6.5. The mean GSH contents 
were determined in Chapter 2 (errors are SEM’s).
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expected to occur almost instantaneously in the rat cell lines, and by 20 minutes 

(Ublacker’s data) or 90 minutes (Cook’s data) in the HeLa cells. This suggests that the 

kinetic data presented hereon more accurate than thosereported by Cook etal. (1991a) 

and Ublacker et a l (1991), and that the kinetic data obtained for purified GST 

isoenzymes in vitro, can be used to predict the kinetics of MCB conjugation in vivo.

6.4 DISCUSSION.

The flow cytometric analysis of cellular MCB-GSH conjugation showed that the time 

taken for the fluorescence to plateau (which suggests that all the GSH has been 

derivatized) was greater in the human tumour cell lines, than in the rodent cell lines, 

which is in agreement with the predictions from the computer simulations of cellular 

MCB-GSH conjugation. Derivatization of cellular GSH was fastest in the mouse Balb 

3T3 cells, slightly slower in the rat IAR20 and IAR6.1 cell lines and slowest in the 

human HeLa and MCF7 cells lines, with plateau levels of fluorescence being reached 

after about 10 minutes, 40 minutes and 2 hours in the mouse, rat and human cell lines 

respectively. A fairly good correlation between the final levels of MB-SG fluorescence 

and the GSH contents determined by assay of Tietze (1969) was obtained.

These results are consistent with those of other workers. Plateau levels of

fluorescence were reached after 4 minutes in hamster CHO cells labelled with 20pM 
MCB (Rice et al., 1986), after 15 minutes in mouse EMT-6/SF cells labelled with 5-

10pM MCB (Hedley et al., 1990) and after 30 minutes in hamster V79 cell labelled

with 10pM MCB (Cook et al., 1989). When these rodent cells were depleted of GSH

to varying extents with either diethylmaleate (DEM) for CHO cells (Rice et al., 1986)

or buthionine sulphoximine (BSO) (Griffith & Meister, 1979a) for EMT-6/SF cells,

(Shrieve etal., 1988; Hedley etal., 1990), and were then labelled with 10p,M MCB for

5 minutes (Rice et al., 1986) or 40pM for 5 minutes (Shrieve et al., 1988; Hedley et

al., 1990), the relative levels of fluorescence correlated well with the relative GSH

contents determined by the assay of Tietze (1969).

In contrast, Cook et al. (1989) found that treatment with > 800jiM MCB for 1 hour was 

required for a plateau level of fluorescence to be reached in human A549 

adenocarcinoma cells, and that labelling with 10-100pM MCB for 1 hour produced a
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poor correlation with results obtained using the Tietze assay. They later showed (Cook 

etal., 1991a) that little (0.2-0.6%) of the available GSH was labelled in several human 

tumour cell lines (including A549, MCF7, HepG2 (hepatoma) and HT29 (colon 

carcinoma)) treated with 10pM MCB for 1 hour, although under these conditions 39% 
and 75% of the available GSH was labelled in hamster V79 and CHO cells 

respectively, and that treatment with 1 mM MCB for 1 hour was necessary to label 

between 60% and 87% of the available GSH in these human tumour cell lines. 

Similarly, Ublacker et al. (1991) showed that little GSH was labelled in the A549, 

HT29, BE (prostrate carcinoma) and LNCaP (lung carcinoma) human cell lines treated

with 50pM MCB for 1 hour, (although labelling increased on treatment with 1mM MCB 
for 1 hour), even though labelling of hamster V79 and mouse EMT6 cells with 50pM 
MCB for 5 minutes was sufficient to produce a good correlation with the results 

obtained using the Tietze assay.

The results presented in Chapter 5 of this thesis, and the reports of Cook et al. 

(1991 a) and Ublacker et al. (1991) show that the GST isoenzymes differ considerably 

in their ability to catalyse MCB-GSH conjugation. In general, the human GSTs were 

found to have higher Km’s for MCB than the rat GSTs, and in all three studies it was 

found that the rat mu class GSTs 3-3 and 4-4 were particularly good enzymes and 

that GST 7i, which is the major GST in many human tumour cell lines (e.g. Lewis et 

al., 1989: Castro et al., 1990) was a particularly poor enzyme for MCB conjugation. 

Cook et al. (1991a) did not examine the GST content of their cell lines, but suggested 

that if other rodent GSTs were similar to the rat mu class GSTs in showing high 

activity towards MCB, then the differential labelling of their hamster and human tumour 

cell lines might be explained by differences in GST isoenzyme content and the GST 

isoenzyme specificity for MCB. Ublacker et al. (1991) reached a similar conclusion, 

and provided evidence to support this theory, by using Western blotting to show that 

their human tumour cell lines contained mainly GST n, and that their hamster and 
mouse cell lines contained mu and alpha class GSTs.

The results presented here confirm and extend these results, and show that the 

kinetics of MCB-GSH conjugation observed in the different cell lines can be explained 

by their respective GSH and GST isoenzyme contents, coupled with the ability of the 

individual GST isoenzymes to catalyse MCB-GSH conjugation. The rat IAR20 and
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IAR6.1 cell lines have the highest GST concentrations (about 43pM) and the lowest 
GSH contents (1.9x10'6nmol/cell) of the five cell lines analysed, and they contain the

mu class GSTs 3-3 and 4-4, which show high activity towards MCB, which explains 

the fairly rapid derivatization of GSH observed in these cells. The Balb 3T3 cells have 

a slightly lower GST concentration (about 26p.M) and a similar GSH content 
(2.4x10'6nmol/cell) to the rat cells. The very rapid derivatization of GSH observed may

be due to the presence of substantial amounts of mu class GSTs, which, at least in

rat and man, show the highest activities towards MCB (kinetic data were not obtained

for the mouse GST isoenzymes). In contrast, the human HeLa and MCF7 cells have

low GST concentrations (12p.M and 3.8pM respectively) and high GSH contents 
(12x1 O'6 and 8.3x1 O'6 nmol/cell respectively), and they contain mainly GST n and

human GST ‘11-11’, both of which are poor at catalysing MCB-GSH conjugation, thus

accounting for the greater length of time required for the fluorescence to plateau.

Although the kinetics of conjugation varied widely between cell lines, plateau levels

of fluorescence were eventually reached in all cell lines, and these correlated fairly

well with the relative GSH contents measured using the assay of Tietze (1969), which

suggests that, under appropriate labelling conditions, it may be possible to use the

MCB/FCM technique to measure GSH in both rodent, and at least some human

tumour cell lines. As discussed above, Rice et al. (1986), Shrieve et al. (1988) and

Hedley et al. (1990) also found that the relative levels of GSH determined by the

MCB/FCM method in rodent cells correlated with those obtained using the assay of

Tietze (1969). However, in contrast to the results presented here, Ublacker et al.

(1991) found no correlation between the relative levels of MB-SG fluorescence and the

GSH contents determined by the Tietze assay, on staining four human cell lines with

1mM MCB for 1 hour. Cook et al. (1989, 1991a and 1991b) found that under these

labelling conditions, semi-quantitative estimations of GSH content in several human

tumour cell lines was possible, even though accurate quantitation was not. However,

the use of 1mM MCB is not ideal, since the high rate of spontaneous conjugation to

other cellular thiols which occurs at this concentration (Cook et al. (1991b) showed

that up to 25% of the total cellular fluorescence was associated with protein in the

human MCF7 and A549 cell lines, and in human lymphocytes labelled under these

conditions) will produce considerable error.
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Cook etal. (1991a) showed that even when rodent cells were labelled for 1 hour with 

1mM MCB, not all the available GSH was derivatized (the total GSH content was 

determined by lysing cells, adding exogenous GST and using h.p.I.c to quantitate 

MB-SG), indicating that complete derivatization of GSH was not possible. They 

suggested that this may be due to product inhibition of the GST isoenzymes, since 

MB-SG was found to inhibit the GST-catalysed conjugation of GSH to CDNB, with

70pM and 35pM MB-SG producing 50% inhibition of a mixture of rat liver GSTs and 
GST 71 respectively. In a recent study, Bellomo et al. (1992) found that the pool of 

intracellular GSH labelled by MCB in primary rat hepatocytes was very similar to that 

affected by diethyl maleate (DEM), which has been reported not to deplete the 

mitochondrial GSH pool (Meredith & Reed, 1982), and they suggested that MCB may 

not label mitochondrial GSH. In support of this theory is their finding that the MB-SG 

fluorescence was completely lost on permeabilization of cells with digitonin at a 

concentration which permeabilizes only the plasma membrane. Therefore, it is 

possible that even if the relative GSH contents determined using the MCB/FCM 

method correlate with those determined by the Tietze assay, the MB-SG fluorescence 

may actually underestimate the true GSH content.

Although it is obviously far from ideal for measuring cellular GSH, particularly in

human tumour cells which often predominantly express GST n, much interest has 
been shown in the MCB/FCM technique since it is the only method available which

has the potential to detect GSH heterogeneity within cell populations. Using either mild

labelling conditions of < 50pM MCB for 5 or 10 minutes, (Shrieve et al., 1988; Lee et

al., 1989), or 1mM MCB for 1 hour (Cook et al., 1991b) it has been used to detect

subpopulations of cells with different levels of fluorescence (which do not simply relate

to cell size) in human tumour biopsies. Lee et al. (1989) confirmed using the

monobromobimane/h.p.I.c technique, that the cells with higher levels of fluorescence

did indeed contain elevated levels of GSH. Results from these types of analysis must,

however, be interpreted with care, since it is possible that GST isoenzyme

heterogeneity also exists within a cell population, and unless one can be sure that the

labelling conditions used are sufficient to allow complete conjugation of GSH in all

cells, the differences in fluorescence intensity could reflect differences in GST activity

rather than GSH content.
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In conclusion, the results presented in this chapter have shown that the kinetics of 

MCB conjugation in the IAR20, IAR6.1, Balb 3T3, HeLa and MCF7 cell lines may be 

explained by their individual GSH and GST isoenzyme profiles and the GST 

isoenzyme specificity for MCB. Conjugation was found to be less efficient in the 

human cell lines, which is consistent with reports published by other workers. 

However, given long enough labelling periods, plateau levels of fluorescence which 

correlated with the relative GSH contents measured by the Tietze (1969) assay, were 

eventually reached in all the cell lines. This suggests that it may be possible to use 

the MCB/FCM technique to estimate cellular GSH in some human cells as well as in 

rodent cells, but that it is very important to ensure that adequate labelling conditions 

are chosen for each cell type examined.
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CHAPTER 7.

EVALUATION OF MONOCHLOROBIMANE AS A FLUORESCENT PROBE FOR 
INVESTIGATING THE INTRACELLULAR DISTRIBUTION OF GSH AND THE GSTs.
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7.1 INTRODUCTION.

The aim of the work described in this chapter was to investigate the possible use of 

MCB as a fluorescent probe to analyse the distribution of GSH and GSTs in cells by 

fluorescence microscopy. This study was prompted by a report of Lutzky etal. (1989), 

which indicated that MCB could be used to detect sites of GSH and/or GST 

localization. These authors showed that a diffuse nuclear and cytoplasmic 

fluorescence was produced when HL60 (human myelogenous leukaemia) cells were 

stained with MCB, whereas fluorescence was mostly localized to the Golgi apparatus 

in adaunorubicin-resistant cell subline, HL60/AR. Pretreatment of cells with buthionine 

sulfoximine (BSO) (a GSH synthesis inhibitor; Griffith & Meister, 1979a) partially 

reversed daunorubicin resistance and abolished the localized fluorescence, suggesting 

that changes in the intracellular distribution of GSH and/or GSTs may be involved in 

daunorubicin resistance.

The investigations in this chapter were carried out using the IAR20, IAR6.1, MCF7, 

HeLa and Balb 3T3 cell lines, and rat hepatocytes in primary culture. Cells were 

stained with MCB and the fluorescence visualized by fluorescence microscopy and 

image analysis. Experiments were performed to check that the observed fluorescence 

was actually due to GST-catalysed MB-SG formation, rather than the uncatalysed 

conjugation of MCB to GSH or other cellular thiols. The mobility of the MB-SG 

conjugate within the cell was then investigated by microinjection of purified MB-SG into 

primary rat hepatocytes. Possible reasons for the patterns of fluorescence observed 

are discussed and the use of MCB as a fluorescent probe for analysing the distribution 

of GSH and GSTs in cells is evaluated.
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7.2 METHODS.
7.2.1 MATERIALS.

G-50 Sephadex was obtained from Pharmacia LKB Ltd., Nonidet P-40 and dextran 

sulphate were obtained from Sigma Chemical Company Ltd. Tributyltin acetate (TBTA) 

was made by Dr. Brian Coles (this laboratory). Sources of other materials were as 

described in Chapters 2 and 5.

7.2.2 CELL CULTURE.

Culture of the IAR20, IAR6.1, HeLa, MCF7 and Balb 3T3 cell lines was carried out as 

described in Chapter 2. For MCB staining, cells were plated at an appropriate density 

into small (3.5cm diameter) dishes containing 3ml appropriate culture medium so that 

they would be in the log phase of growth when required 2-3 days later. Rat 

hepatocytes in primary culture were a gift from Professor J. Judah, Department of 

Physiology, UCL. They were prepared approximately 24 hours prior to MCB-staining 

using the collagenase-free method of Meredith (1988). Briefly, the livers of 250g 

anaesthetized male rats were perfused for 30 minutes at 50ml/minute with Ca2+-free 

Ringer’s solution (150mM NaCI, 0.8mM MgCI2, 5mM KCI, 25mM NaHC03, 2mM Na- 

EDTA) and were removed and resuspended in HEPES-buffered Ringer’s solution 

(150mM NaCI, 5mM KCI, 1mM CaCI2, 1mM MgCI2, 25mM HEPES (Na salt), 8mg/ml 

BSA pH 7.4), filtered through 200 mesh nylon and centrifuged at 40-50g for 3 minutes. 

Cell pellets were washed twice with the HEPES-buffered Ringer’s solution and dead 

cells removed by centrifugation at 100g for 3 minutes through a Percoll gradient (8.7ml 

Percoll + 1.3 ml 1.5M NaCI, 8mM MgCI2, 50mM KCI). The cell pellets were washed 

with HEPES-buffered Ringer’s solution and plated into 3.5cm diameter collagen coated 

dishes (6pg collagen/cm2) containing 1.5ml Williams E medium supplemented with 5% 

foetal calf serum, 100pg/ml gentamycin sulphate and 1pg/ml insulin at approximately
800,000 cells/dish. The medium was changed after approximately 1 hour, when the

cells had attached.

7.2.3 LABELLING OF CELLS WITH MCB.

Cell monolayers were stained with 50pM MCB (from stock solutions in DMSO, [DMSO] 
was 0.25% v/v) in 3ml appropriate cell culture medium (PBS caused the cells to round 

up more quickly) for the appropriate lengths of time in the dark at room temperature.
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7.2.4 PEMEABILIZATION OF CELL MONOLAYERS IN SITU.

The method of Loh et al. (1990) was used to permeabilize cells and produce nuclei 

‘ghosts’ (the nuclei remain attached to the dish after the rest of the cell is washed 

away). Cell monolayers were washed with PBS, incubated in 1ml 0.5% Nonidet P-40 

in 30mM HEPES buffer pH 8, containing 200mM sucrose, 40mM NaCI and 5mM 

EGTA for 2 minutes (IAR20 cells) or 2.5 minutes (Balb 3T3 cells) and then rinsed 

again with PBS.

7.2.5 FLUORESCENCE MICROSCOPY, IMAGE ANALYSIS AND 
PHOTOGRAPHY.

Fluorescence microscopy, image analysis and photography were carried out as 

described in Chapter 3 (using the same filters). The microscope lens was dipped 

directly into the MCB-staining solution to observe the fluorescence of the MCB-stained 

cells.

7.2.6 G50-SEPHADEX CHROMATOGRAPHY.

Small dishes (3.5cm diameter) of cells (2-3 per experiment) were labelled with 50pM 
MCB at room temperature for 25 minutes exactly as described above. The staining 

solution was decanted, the cell monolayers rinsed with PBS, 1ml 20mM Tris buffer pH

7.5 containing 8M urea added to each dish, and the cells scraped from the dish with 

a rubber policeman. The material was applied to a 6cm x 1.5cm G50 Sepharose 

column equilibrated with the same urea solution and 1 ml fractions were eluted with 

the urea solution. The A280 and fluorescence (measured using a Perkin-Elmer LS-5 

luminescence spectrophotometer with excitation and emission wavelengths of 395nm 

and 470nm respectively, after 2-fold dilution of the samples with the 8M urea solution) 

were measured. 8M urea was found to quench the fluorescence of the purified MB-SG 

conjugate, but since 8M urea was present in all fractions this was ignored.

7.2.7 TLC ANALYSIS OF MCB-LABELLED MATERIAL.

IAR20, IAR6.1 and MCF7 cells (one medium sized (80cm2) flask per experiment) were

trypsinized, resuspended in 3ml PBS and labelled with 50pM MCB for 25 minutes as 
described above. Cell suspensions were then centrifuged at 475g for 5 minutes, and

the cell pellet resuspended in 1ml homogenization buffer (1.18% KCI, 10mM

phosphate buffer adjusted to pH 7) and sonicated for 10 bursts of 5 seconds at 5
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second intervals, using a Braun Labsonic 2000 Sonicator with a 127mm x 9.5mm 

titanium probe. The sonicates were applied to C-18 Sep-pak cartridges that had been 

made wet with 5ml methanol and equilibrated with 15 ml water, and after washing with 

5mi water, 1 or 2ml fractions were eluted with 40% MeOH in water. These were 

concentrated by rotary evaporation, and analysed by TLC as described in Section 

5.2.3. Flasks of unlabelled cells were processed in an identical manner as a control.

7.2.8 MICROINJECTION.

Microinjection of MB-SG into the cytoplasm of 24 hour primary rat hepatocytes was

kindly carried out by Dr. Peter Tatham, Department of Physiology, UCL. The cells

were grown in 3.5cm diameter dishes in Williams E medium. Microinjection was

carried out using glass needles prepared from thin-walled filament capillaries (1mm

diameter, Kwik-fil, Clarke Electromedical Instruments, Pangbourne, UK) drawn to a

fine tip with a vertical needle puller (Kopf 720, Tujunga, CA USA) and then backfilled

with 1-2pl of a 33mM solution of MB-SG in water (purified in section 5.2.2). Filled 
needles were mounted in the holder of a Leitz micromanipulator (Leitz Wetzlar, FRG)

and a hand-held syringe provided continuous gentle positive pressure. Each injection

took approximately 1 second and the volume injected was estimated to be between

5 and 20 fl.

Cell fluorescence was observed with a modified Leitz Fluovert microscope fitted with 

a fixed stage. The cells were illuminated by a mercury lamp and a Leitz filter block A 

(excitation from 340nm to 380nm and a 430nm long pass filter in the emission path). 

Photography was carried out using Kodak Ectochrome 400 ASA slide film, with 1 

minute exposures.

7.3 RESULTS.

7.3.1 INITIAL OBSERVATIONS.

A 20 or 25 minute incubation with 50(iM MCB produced strong fluorescence in the 
IAR20, Balb 3T3, HeLa and MCF7 cell lines. No fluorescence was observed when 

0.25% (v/v) DMSO alone (MCB stocks were in DMSO) was added. The MCB was 

toxic, and with longer periods of labelling the condition of the cells began to deteriorate
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and blebbing of the membranes was observed (this was not apparent when cells were 

incubated in medium at room temperature for equivalent lengths of time, in the 

absence of MCB). Some background fluorescence was observed. This was probably 

due to the MCB which is slightly fluorescent, since it was reduced on replacement of 

the MCB-staining solution with fresh medium after labelling.

In all four cell lines, the fluorescence produced on labelling for 20 minutes with 50pM 
MCB was diffuse and covered the whole cell (Figure 7.1). In the IAR20 and Balb 3T3

cells it was distinctly brighter over the nucleus. Most cell lines showed fairly uniform

fluorescence throughout the cell population. However, considerable variation in

staining was observed in the MCF7 cells, with some cells being intensely fluorescent,

while others, which appeared no different when viewed under phase contrast, were

only very weakly fluorescent. The bright and dim cells often appeared in groups,

suggesting that this heterogeneity was of clonal origin.

7.3.2 INVESTIGATION OF WHETHER THE OBSERVED FLUORESCENCE WAS 
ENTIRELY DUE TO GST-CATALYSED CONJUGATION OF MCB TO GSH.

Although the spontaneous reaction of MCB with cellular thiols is known to be slow

(Rice etal., 1986; Hedley etal., 1990), it was conceivable that some of the observed

fluorescence resulted from MCB-labelling of protein thiols. However, when cells that

had been labelled with 50pM MCB for 15 or 30 minutes (IAR20 & Balb 3T3 cells 
respectively) or for 90 minutes (HeLa & MCF7 cells), were fixed with 100% methanol

for 5 to 10 minutes, all the fluorescence in the IAR20 and Balb 3T3 cells, and virtually

all the fluorescence in the Hela and MCF7 cells was lost (results not shown). Similarly,

when IAR20 or Balb 3T3 cells that had been labelled for 40 minutes with 50p.M MCB, 
were permeabilized In situ with the non-ionic detergent Nonidet P-40, all fluorescence 

was completely lost (results not shown). These results suggested that the fluorescence 

was associated with non-protein rather than protein thiols. This was confirmed by 

separation on a G50-Sephadex column of the protein and non-protein fractions of cells

(all cell lines) that had been labelled with 50jiM MCB for 25 minutes (see Figure 7.2 
for the results obtained with the IAR20 cells).
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FIGURE 7.1 VISUALIZATION OF MCB-STAINED CELLS UNDER THE 
FLUORESCENCE MICROSCOPE.

Monolayers of IAR20, Balb 3T3, HeLa and MCF7 cells were incubated with 50liM 
MCB in the appropriate cell culture medium (MCB was added from stocks in DMSO, 
final [DMSO] was 0.25% v/v) for 20 minutes at room temperature, and fluorescence 
was observed by fluorescence microscopy and image analysis as described in Section 
7.2.5. Photomicrographs of the fluorescence and phase contrast images are shown 
for each cell line as indicated. The magnification is x300.
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FIGURE 7.2 LOCALIZATION OF THE FLUORESCENCE TO THE NON-PROTEIN 
FRACTION OF MCB-LABELLED CELLS BY G50-SEPHADEX 
CHROMATOGRAPHY.

IAR20 cell monolayers were labelled for 25 minutes with 50uM MCB in Williams E 
medium, the medium was decanted, the ceils washed with PBS, and then scraped 
from the dish into 8M urea/20mM Tris buffer pH 7.5 using a rubber policeman. The 
material was then applied to a G50 Sephadex column equilibrated with the same urea 
buffer and 1 ml fractions were eluted using the urea buffer. These were assayed for 
fluorescence using excitation and emission wavelengths of 395nm and 470nm 
respectively, and for absorbance at 280nm. Each point represents a single assay.
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The fluorescent material from cells (IAR20, IAR6.1 & MCF7) that had been labelled

for 25 minutes with 50pM MCB, was isolated using C18 Sep-pak cartridges and 
analysed by TLC as described in Section 7.2.7 (the results for the IAR20 and IAR6.1

cells are shown in Figure 7.3). One main fluorescent spot which stained with ninhydrin

and had an Rf value identical to that of the purified MB-SG conjugate was observed

in all three cases, and it was concluded that the majority of fluorescence observed in

cells labelled under these conditions was due to MB-SG. A fluorescent spot with a

greater Rf value which also stained with ninhydrin was observed in the material

extracted from the IAR6.1 cells. It is possible that this is the S-cysteinyl-glycine

degradation product of MB-SG produced by y-glutamyltranspeptidase which catalyses 
the removal of the y-Glu residue from GSH and GSH conjugates, y-glutamyl- 
transpeptidase treatment of two GSH adducts of A/-benzoyloxy-A/-methyl-4-

aminoazobenzene has previously been shown to produce more hydrophobic,

ninhydrin-reactive derivatives (Ketterer et al., 1979).

The computer programme used in the previous chapter to simulate cellular conjugation 

of MCB to GSH (see Section 6.2.2) was used to show that the uncatalysed rate of 

cellular MCB-GSH conjugation should be considerably slower than the catalysed rate, 

even in the MCF7 cells which contain little GST (Figure 7.4). Similarly, it was shown 

in Chapter 5 that the uncatalysed rates of reaction measured by fluorimetry were 

considerably slower than the GST-catalysed rates. However, although this suggests 

that the majority of fluorescence observed under the fluorescence microscope will
ib

be due to GST-catalysed MCB conjugation,Js difficult to relate the predicted levels of 

fluorescence, or those measured by fluorimetry, to the levels observed by fluorescence 

microscopy. Therefore, an attempt was made to estimate the contribution of the 

uncatalysed reaction to the fluorescence observed under the microscope.

When 20mM GSH (around 2-3 times the cellular concentration) was included in the

MCB-staining solution the cellular fluorescence produced in the IAR20 and IAR6.1

cells after 30 minutes labelling with 50pM MCB was still much greater than the 
background fluorescence, indicating that much of the MCB-GSH conjugation in these

cells was GST-catalysed (results not shown). In addition, the GST inhibitor tributyltin

acetate (TBTA) was successfully used to inhibit the development of fluorescence in

IAR20 cells labelled with 50|iM MCB (the l^ ’s (for TBTA inhibition of rat GSTs

265



MCB MB-SJG 6.1 6.1 20 20 GSH
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FIGURE 7.3 TLC ANALYSIS OF THE FLUORESCENT MATERIAL FROM MCB- 
LABELLED IAR20 AND IAR6.1 CELLS.

Suspensions of IAR20 and IAR6.1 cells in PBS were labelled with 50fiM MCB for 20 
minutes, centrifuged at about 475g for 5 minutes and the cell pellets resuspended in 
1 ml homogenization buffer (1.18% KCI/10mM phosphate buffer pH 6.5), sonicated 
and the sonicate applied to a C-18 Sep-pak column made wet with MeOH and 
equilibrated with water. The column was washed with 5ml water and 1ml fractions 
were eluted with 40% MeOH in water. These were concentrated using a rotary 
evaporator and analysed by TLC on cellulose plates using a solvent mixture of 
butanol, acetic acid, pyridine and water in the ratio 15:3:12:10. For the controls 
(labelled con), unlabelled cells were processed in an identical manner. The 
fluorescence was visualized and photographed under U.V light.
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FIGURE 7.4 COMPARISON OF THE THEORETICAL RATES OF UNCATALYSED 
AND GST-CATALYSED MCB CONJUGATION IN IAR20 AND MCF7 
CELLS.

Computer simulations of uncatalysed and GST-catalysed conjugation of MCB to GSH 
in IAR20 and MCF7 cells were carried out as described in Section 6.2.2.
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composed of subunits 1, 2, 3 and 4 range from 0.5p.M to 2pM (Alin etal., 1985), and

the Iso’s for human alpha, mu and pi class GSTs are 0.1pM, 0.5fiM and 4pM

respectively (Tahir etal., 1985)). Preincubation of IAR20 cells for 20 minutes with low

concentrations (2pM to 8pM) of TBTA (from a stock solution in DMSO) had little effect, 
but preincubation for 1 hour with 15|liM TBTA partially prevented the development of 
fluorescence (results not shown). Treatment with 30pM TBTA completely prevented 
the development of fluorescence, but was also very toxic (Figure 7.5).

When the staining medium was removed from cells (IAR20, Balb 3T3, HeLa & MCF7)

which had been labelled with 50jllM MCB for 20 to 45 minutes, and replaced with fresh 

medium, less fluorescence was detectable 1 hour later, suggesting that the MB-SG

was slowly exported from the cell. This is illustrated in Figure 7.6 for the IAR20 cells.

Rat hepatocytes are known to have an ATP-dependent GSH conjugate export system

localized to the canalicular membrane (Inoue et al., 1984) which may be responsible

for MB-SG export, and similar systems have been reported in other cell types

including human erythrocytes (Board, 1981b) and rat heart sarcolemma (Ishikawa,

1989). Export of MB-SG from primary rat hepatocytes has also been suggested by

Bellomo et al. (1992). These workers showed that at 37°C there was a rapid loss of

cellular fluorescence (cytoplasmic fluorescence was approximately halved in 15

minutes) with an increase in the fluorescence of the extracellular medium, and that at

20°C the loss of fluorescence was around 3 times slower. It is possible that a faster 
loss of fluorescence would have been observed in the present study if the cells had

been incubated at 37°C in the presence of ATP.

7.3.3 KINETICS OF THE DEVELOPMENT OF CELLULAR MB-SG 
FLUORESCENCE.

When IAR20, Balb 3T3, HeLa and MCF7 cell monolayers were stained with 50|iM 
MCB, a diffuse fluorescence covering the whole cell was observed as soon as it was

experimentally possible to focus on the cells (1 to 2 minutes after addition of MCB),

and the fluorescence intensity increased with time. The intensity of the initial

fluorescence and the rate of increase in fluorescence varied between cell lines

(Figures 7.7 & 7.8).
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FLUORESCENCE PHASE CONTRAST

CONTROL

TBTA

FIGURE 7.5 INHIBITION OF GST-CATALYSED CELLULAR MCB-GSH 
CONJUGATION.

IAR20 cell monolayers were pre-treated for 1 hour with 30p.M tributyltin acetate (TBTA) 
(added from a 1mM stock in DMSO, final [DMSO] was 3.2% v/v) to inhibit the GST 
isoenzymes, and were then labelled for 20 minutes with 50pM MCB. For the controls, 
cells were treated with DMSO alone. Fluorescence was observed by fluorescence 
microscopy and image analysis. The magnification is x300. The camera sensitivity was 
different in this experiment.
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A. MCB-LABELLED CELLS.

B. SLOW LOSS OF FLUORESCENCE FROM MCB-LABELLED CELLS.

FIGURE 7.6 SLOW LOSS OF FLUORESCENCE ON REMOVAL OF THE 
STAINING MEDIUM FROM MCB-LABELLED IAR20 CELLS.

IAR20 cell monolayers were stained with 50pM MCB (MCB was added from stocks 
in DMSO, [DMSO] was 2.5% v/v) in Williams E medium for 20 minutes at room 
temperature (A). The MCB solution was removed, the cells rinsed and re-incubated 
in fresh medium, and the fluorescence monitored as a function of time by fluorescence 
microscopy and image analysis. B shows the appearance of the cells 1 hour after 
removal of the MCB.
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The fluorescence of the Balb 3T3 cells was already strong by 5 minutes, and it 

increased slightly over the next 10 minutes. The initial fluorescence of the IAR20 cells 

was fainter than that of the Balb 3T3 cells, but increased rapidly over about 30 

minutes until it was only slightly fainter. The initial fluorescence of the Hela cells was 

very weak, and although the intensity increased steadily, after 30 minutes labelling the 

fluorescence was still fainter than in the other cells lines. A wide variation in staining 

intensity was observed in the MCF7 cells (as discussed above). The initial 

fluorescence of some cells was of a similar intensity to that of the IAR20 cells, and 

increased at a similar rate, but in other cells the fluorescence was only just detectable, 

even after 20 minutes labelling.

The kinetics of the development of fluorescence in each of the cell lines observed here 

by fluorescence microscopy are thus very similar to those measured using flow 

cytometry (Chapter 6, Section 6.3.3) and may be explained by differences in the 

cellular GSH and GST isoenzyme contents as discussed previously (Section 6.4). The 

differential MCB-staining of the MCF7 cells observed using fluorescence microscopy 

is consistent with the large variation in fluorescence intensity observed using flow 

cytometry, and suggests that heterogeniety in GST isoenzyme or GSH content exists 

within the cell population.

7.3.4 MCB-STAINING OF PRIMARY RAT HEPATOCYTES.

The development of fluorescence in rat hepatocytes in primary culture (prepared 24

hours prior to staining with 50pM MCB) was very rapid and appeared to be complete 
by about 5 minutes (Figure 7.9). A very slow loss of fluorescence was observed on

removal of the MCB staining solution, as observed previously in the cell lines. The

GST and GSH contents of the hepatocytes used in this study were not determined.

However, after 2 days in primary culture, rat hepatocytes have been shown to express

GSTs 1-1, 2-2, 3-3 and 4-4 and 7-7 (Vandenberghe etal., 1990). Freshly isolated rat

hepatocytes have a GSH concentration of 4.5mM - 6.5mM (Kowower & Kosower,

1978) and Bellomo et al., (1992) reported that 24-hour primary rat hepatocytes had

a GSH concentration of 7.75mM. The rapid development of fluorescence observed

here is consistent with this data.
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FIGURE 7.7 KINETICS OF THE DEVELOPMENT OF FLUORESCENCE IN MCB-
LABELLED IAR20 AND BALB 3T3 CELLS.

IAR20 cells and Balb 3T3 cells were labelled with 50pM MCB (in the appropriate cell 
culture medium) and fluorescence was monitored as a function of time by fluorescence 
microscopy and image analysis as described in Section 7.2.5. Fluorescence 
photomicrographs taken at 2 minutes, 5 minutes and 15 minutes are shown with the 
corresponding phase contrast photomicrograph (magnification is x300). The camera 
sensitivity was slightly different in this experiment, but was the same as used in Figure 
7.8.
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FIGURE 7.8 KINETICS OF THE DEVELOPMENT OF FLUORESCENCE IN MCB-
LABELLED HELA AND MCF7 CELLS.

HeLa and MCF7 cells were labelled with SOjliM MCB (in the appropriate cell culture 
medium) and fluorescence was monitored as a function of time by fluorescence 
microscope and image analysis as described in Section 7.2.5. Fluorescence 
photomicrographs taken at 2 minutes, 5 minutes and 15 minutes are shown with the 
corresponding phase contrast photomicrograph (magnification is x300). The camera 
sensitivity was slightly different in this experiment, but was the same as used in Figure 
7.7.
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FIGURE 7.9 MCB-UVBELLING OF PRIMARY RAT HEPATOCYTES.

Rat hepatocytes in primary culture prepared approximately 24 hours previously, were 
labelled with 50pM MCB in Williams E medium and fluorescence was monitored as 
a function of time by fluorescence microscopy and image analysis as described in 
Section 7.2.5. Fluorescence photomicrographs taken at 2 minutes, 5 minutes and 15 
minutes with the corresponding phase contrast micrograph are shown (A). B1 shows 
cells labelled with 50pM MCB for 20 minutes. B2 shows the appearance of the cells 
10 minutes after the MCB staining solution was removed and replaced with fresh 
medium. The magnification is x300.
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7.3.5 THE CELLULAR DISTRIBUTION OF MB-SG FLUORESCENCE.

In all cells examined, diffuse fluorescence was observed over both the cytoplasm and 

the nucleus (Figures 7.1, 7.7, 7.8 & 7.9). There was no apparent localization cf 

fluorescence to any cytoplasmic organelles comparable to the intense staining of the 

Golgi apparatus observed in a drug resistant HL60 cell line by Lutzky etal. (1989). In 

the MCF7 and HeLa cells the fluorescence intensity was similar in the cytoplasm ard 

nucleus, except fcr in occasional cells which appeared extremely flattened where the 

fluorescence was brighter over the nucleus. In contrast, the fluorescence of the IAR20, 

Balb 3T3 and primary rat hepatocytes was always considerably brighter over the 

nucleus. In the primary rat hepatocytes the boundary between the bright nuclear and 

fainter cytoplasmb fluorescence was very distinct, and coincided exactly with the 

boundary of the nucleus (observed under phase contrast). This was also true in many 

of the IAR20 cells and Balb 3T3 cells, but in a few cells the fluorescence appeared to 

cover a larger area than that of the nucleus.

7.3.6 DIFFUSION OF MCB AND MB-SG WITHIN THE CELL.

If MB-SG is released from the GST isoenzyme as soon as it is formed and is able to 

diffuse freely throigh the cell, the distribution of the fluorescence may not necessarily 

indicate sites of MB-SG synthesis (i.e. the cellular distribution of GSH and the GSTs).

The rate of linear diffusion is given by the expression x 2 = 2Dt where t = time in 

seconds, D = the dffusion constant in cm2/s and x = distance in cm (Setlow & Pollard, 

1962). The diffusion constants for diffusion both in aqueous solution and inside cells 

have been measued for a number of compounds (reviewed by Peters, 1986). They 

generally decrease with increasing molecular weight, and are lower in cells than in 

aqueous solution vhich may result from a combination of increased viscosity, non

specific binding to cellular components and a longer diffusional path due to barriers 

such as impermeajle cellular organelles. From these published values (Peters, 1986) 

the cellular diffusbn constants for MCB (MW 226) and MB-SG (MW 497) were 

estimated to be a)out 3x1 O'6 cm2/s and 1.5x1 O'6 cm2/s respectively. The cellular 

diffusion rates canthus be predicted to be 2.5x1 O'3 cm/s and 1.7x1 O'3 cm/s for MCB 

and MB-SG respectively. The diameters of the various cells used in this work were 

calculated from th( cell volumes determined in Section 2.3.1 (using volume = 4 /3 ^ ,
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and assuming the cells are spherical) and were found to range from about 7.4x10'4cm 

for the IAR6.1 cells to about 1.2x10'3cm for the MCF7 cells. The diameter of rat 

hepatocytes is reported to be about 2x10'3cm (Drabkin, 1975). Even allowing for the 

fact that the diameter may increase as cells flatten in monolayer culture, it can thus 

be predicted that both MCB and MB-SG may be able to diffuse the length of the cell 

in a matter of seconds.

If these predicted rates of diffusion are correct and if MCB and MB-SG are both able 

to rapidly migrate into the nucleus, then the nuclear fluorescence observed 1 to 2 

minutes after MCB-staining could arise either by synthesis of MB-SG in the nucleus 

by nuclear GSTs, or by migration of MB-SG to the nucleus from sites of synthesis in 

the cytoplasm.

MCB is lipid soluble and, when added to cells it penetrates the plasma membrane very 

rapidly. Its diffusion through the cell should not be restricted by intracellular 

membranes, and it would be expected to be able to diffuse rapidly into the nucleus 

across the nuclear membrane. Its rate of diffusion through the cell may therefore be 

expected to be similar to the figure predicted above. In contrast, MB-SG is water 

soluble and was found to be unable to cross the plasma membrane when added to 

cell monolayers (results not shown). Its diffusion across the cell may be restricted by 

intracellular membranes and it may not so readily gain access to the nucleus, since 

it is likely that it cannot penetrate the nuclear membrane, although it should be able 

to enter the nucleus through the nuclear pores. If its rate of diffusion through the cell 

is a lot lower than the figure predicted above, the very rapid development of nuclear 

fluorescence on addition of MCB may indicate that MB-SG is being synthesized in the 

nucleus by nuclear GST and GSH. An attempt was therefore made to examine the 

migration of MB-SG within the cell.

7.3.7 MICROINJECTION OF MB-SG INTO PRIMARY RAT HEPATOCYTES. 

MB-SG was not taken up by any of the cell lines even after attempts to permeabilize 

the cells with dextran sulphate (see Kucera & Paulus, 1982). It was thought that the 

GSH monoethyl ester of MB-SG (esterified on the glycine residue of the GSH) may 

be able to enter the cell, since GSH monoethyl ester is able to cross the plasma
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membrane (Anderson etal., 1985). This compound was synthesized by Dr. D. Meyer 

of this laboratory, from MCB and GSH monoethyl ester, a gift from A.C.P. Adang, 

University of Leiden. However, no cellular fluorescence was observed when this 

compound was added to the cells.

It was therefore decided to microinject the MB-SG into the cytoplasm of primary rat 

hepatocytes, and these experiments were kindly carried out by Dr. Peter Tatham, 

Department of Physiology, UCL. The MB-SG used was essentially pure and contained 

no MCB as judged by TLC analysis (see Section 5.3.2). The final cellular 

concentration of MB-SG was estimated to be about 0.2mM, which is rather less than 

the concentration of MB-SG expected to be produced on incubation with MCB (the 

GSH concentration of these cells is probably about 7mM, see above). About 20% of 

the microinjected cells remained intact and were fluorescent. The results presented 

below are based on observations from about five successfully microinjected cells. Of 

these, only two cells were sufficiently fluorescent to photograph (Figure 7.10). 

Approximately two minutes after microinjection of MB-SG (which was the earliest it 

was possible to visualize the cells) diffuse fluorescence was observed over the whole 

cell. It was generally possible to distinguish brighter nuclear than cytoplasmic 

fluorescjjice, and the cells appeared similar to those that had been stained with MCB 

(see Figures 7.10 and 7.9), although the ratio of nuclear to cytoplasmic fluorescence 

was possibly slightly greater in the MCB-stained cells. This strong nuclear 

fluorescence is shown clearly in the cell pictured in Figure 7.10 (A1). In the other cell 

shown in Figure 7.10 (A2), one nucleus appeared to be only slightly more fluorescent 

than the cytoplasm, and it’ is unclear whether the very bright region of fluorescence 

observed in this cell corresponds to a second nucleus. In both cells shown in Figure 

7.10 there also appeared to be some localization of fluorescence to unidentified 

regions of the cytoplasm. These results indicate that MB-SG is able to diffuse rapidly 

through the cell and (assuming that the microinjection does not damage the nuclear 

membrane) that it is able to migrate rapidly from the cytoplasm into the nucleus.

7.3.8 INVESTIGATION OF WHETHER MB-SG BINDS TO THE NUCLEUS.

Nuclei were prepared in situ from IAR20 cells in monolayer culture exactly according 

to Loh et al. (1990) which involves permeabilization with the non-ionic detergent
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FIGURE 7.10 MICROINJECTION OF MB-SG INTO PRIMARY RAT 
HEPATOCYTES.

A 33mM solution of MB-SG in water (purified as described in Chapter 5, Section 5.2.2) 
was microinjected into the cytoplasm of primary rat hepatocytes plated approximately 
24 hours previously as described in Section 7.2.8. The final cellular concentration of 
MB-SG was estimated to be about 0.2mM. Fluorescence photomicrographs of two 
microinjected cells (taken approximately two minutes after microinjection) are shown, 
with their corresponding phase contrast photomicrographs (A). Cells labelled for 2 
minutes with MCB are shown for comparison (B). Fluorescence microscopy and 
photography was carried out as described in Section 7.2.8.
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Nonidet P-40 under conditions such that the cytoplasm is washed away and only the 

nuclei, which are attached to the dish by cytoskeletal elements remain. When either 

50|iM MCB + rat GST 4-4 (IAR20 cells), or 50jiM MCB +/- 15mM GSH (Balb 3T3, 
IAR20 & IAR6.1 cells) or 50p.M purified MB-SG (IAR20 cells) were added to nuclei 
prepared in this manner, no localization of fluorescence to the nuclei was observed, 

even after briefly rinsing with PBS to remove the strong background fluorescence, 

which suggests that MB-SG does not bind strongly to nuclear DNA and structural 

nuclear proteins.

7.4 DISCUSSION.

The results described in this chapter show that diffuse nuclear and cytoplasmic 

fluorescence (which is predominantly due to GST-catalysed MB-SG formation), is 

observed within two minutes of adding MCB to IAR20, Balb 3T3, HeLa and MCF7 cell 

monolayers and to primary rat hepatocytes, and that in the IAR20 and Balb 3T3 cells 

and the primary rat hepatocytes the nuclear fluorescence is considerably stronger than 

the cytoplasmic fluorescence. The microinjection studies demonstrated that MB-SG 

could diffuse rapidly through the cell and was able to rapidly migrate from the 

cytoplasm to the nucleus. This indicates that, if the MB-SG is released from the 

enzyme as soon as it is formed, the distribution of fluorescence may not necessarily 

indicate the cellular distribution of GSH and GSTs. The nuclear fluorescence could 

arise either from synthesis of MB-SG in the nucleus by nuclear GSH and GSTs, or 

from its synthesis in the cytoplasm and its rapid migration to the nucleus. The rapid 

migration of MB-SG from the cytoplasm to the nucleus is consistent with other reports 

which indicate that the nuclear envelope does not substantially restrict the diffusion of 

small water soluble molecules such as sucrose (MW 342) (Horowitz, 1972) and inulin 

(MW 5.5KD) (Horowitz & Moore, 1974) into the nucleus.

There are several possible explanations for the strong nuclear fluorescence observed 

on microinjection of MB-SG into the primary rat hepatocytes. It could simply reflect the 

greater cell thickness in this region (it is generally agreed that cells in monolayer 

culture, including primary rat hepatocytes (Peters, 1984), are thicker over the nucleus),
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in which case the nuclear MB-SG concentration may be no greater than the 

cytoplasmic concentration. No data concerning the relative thickness of the nucleus 

and cytoplasm in these cells was available, so it was not possible to estimate whether 

the difference in fluorescence intensity of the nucleus and cytoplasm might simply be 

accounted for by the cell morphology. Interaction of MB-SG with neighboring 

molecules may result in a location-dependent variation in its fluorescence properties. 

Although there is no direct evidence for this, the fluorescence quenching of MB-SG 

by GSH, DMF and MCB observed in Chapter 5 suggests that it is possible.

Alternatively, the nuclear MB-SG concentration may actually be higher than the 

cytoplasmic concentration. Using autoradiography or microfluorimetry techniques, the 

equilibrium concentrations of a number of compounds including potassium ions (Paine 

et al., 1981), sucrose (Horowitz, 1972), inulin (Horowitz & Moore, 1974), dextrans 

(Paine et al., 1975) and proteins including myoglobin (MW 17.8 kD) and lysosyme 

(MW 14.6kD) (Paine & Feldherr, 1972) were shown to be higher in the nucleus of 

amphibian oocytes than in the cytoplasm. This may partly result from the greater water 

content (about 74-85% water) of the nucleus compared to the cytoplasm (about 45- 

50% water) which contains a high concentration of yolk platelets (Century etal., 1970). 

However, even after calculation of concentration on a per unit water basis, the nuclear 

concentrations of sucrose (Horowitz, 1972) and inulin (Horowitz & Moore, 1974) were 

shown to be 1.6 and 4 times higher respectively than the cytoplasmic concentrations 

and exclusion of solutes from the cytoplasmic water (Horowitz & Moore, 1974) was 

suggested as a likely cause. Experiments on amphibian oocytes in which the 

distribution of labelled solutes between the nucleus, cytoplasm and an injected gelatin 

reference phase (into which small solutes may freely diffuse) was examined, have 

confirmed that sucrose (Horowitz & Paine, 1976), sodium and potassium ions (Paine 

et al., 1981) and variety of amino acids and sugars (Horowitz & Miller, 1984) are 

indeed excluded from the cytoplasm. This is thought to arise because much of the 

cytoplasmic water is bound to the yolk platelets in the form of 'hydrate crystals’, thus 

reducing its capacity as a solvent for polar solutes (Horowitz & Miller, 1984). However, 

it is unclear how the data obtained using amphibian oocytes relates to mammalian 

cells.
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MB-SG is unlikely to be able to enter membrane-bound cytoplasmic organelles and 

the greater fluorescence observed in the nucleus may be due to a larger accessible 

nuclear volume. Cytoplasmic exclusion may also be involved. Cellular cytoskeletal 

structures provide a very large surface area to which a considerable amount of 

cytoplasmic water (estimates range from 2-4% to 33-66%) may be bound (see review 

by Clegg, 1984) resulting in alteration of its solvent properties.

-tl^e
Binding to nuclear components may also contribute to^high nuclear:cytoplasmic 

ratio of some molecules. This may be particularly important for the observed nuclear 

accumulation of karyophilic proteins such as the histones (see Peters, 1986) but it has 

also been shown to contribute to the greater nuclear concentration of potassium ions 

in amphibian oocytes (Paine etal., 1981). However, the experiments presented here 

(Section 7.3.8) suggest that binding to nuclear components is unlikely to account for 

the increased nuclear MB-SG fluorescence. The rapid loss of fluorescence from MCB- 

labelled cells on fixation with methanol or permeabilization with Nonidet P-40 supports 

this conclusion.

If the MB-SG is free to diffuse within the cell any of the above explanations could also 

account for the strong nuclear fluorescence observed in the MCB-labelled IAR20 cells, 

Balb 3T3 cells and primary rat hepatocytes. It is unclear why the nuclear fluorescence 

was less strong in the HeLa and MCF7 cells, although it is possible that the difference 

in thickness between the nucleus and cytoplasm is greater in the IAR20, Balb 3T3 

cells and primary rat hepatocytes, which appeared (with the possible exception of the 

rat hepatocytes) to have a more flattened morphology than the other cell lines. In 

support of this theory are the observations that the fluorescence was more intense in 

cells which were rounded up (and therefore thicker), and that a few MCF7 cells which 

appeared very flattened showed slightly greater fluorescence in the nucleus.

The fact that the pattern of fluorescence in the MCB-labelled primary rat hepatocytes 

was so similar to that of those that had been microinjected with MB-SG, strongly 

suggests that the greater nuclear fluorescence observed in the MCB-labelled cells 

simply reflects the cellular distribution and fluorescence properties of the MB-SG. 

However, one cannot rule out the possibility that the greater nuclear fluoresce nee
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observed in these cells results from increased production of MB-SG in the nucleus. 

This would require a higher nuclear concentration of GSH and the presence of 

sufficient nuclear GST to catalyse rapid MCB conjugation. A higher concentration of 

nuclear GST alone would result in an increased rate of MB-SG synthesis, but would 

not explain the greater final nuclear fluorescence intensities observed (conjugation 

appeared complete in 5 minutes, 15 minutes and 30 minutes for the primary rat 

hepatocytes, Balb 3T3 cells and IAR20 cells respectively), unless there was 

insufficient GST in the cytoplasm to allow conjugation to reach completion.

It is possible, however, that MB-SG remains bound to the enzyme, in which case the

fluorescence may indicate sites of GST localization. There is considerable evidence

that the GSTs can be product-inhibited, which supports this theory. For example,

Jakobson etal., (1977) demonstrated that GST 3-3 (GST A) was product-inhibited by

the GSH conjugate of 3,4-dichloro-1-nitrobenzene, and in a recent study by Meyer et

al., (1992) non-covalent sequestration of the monoglutathionyl chlorambucil conjugate

by human alpha class GSTs was demonstrated, resulting in inhibition of their activity

towards CDNB. Cook et al., (1991a) demonstrated that MB-SG inhibited the CDNB

activities of a mixture of rat liver GSTs and of GST n, with concentrations of about 
70|llM and 35pM respectively producing 50% inhibition. Many of the GST isoenzymes, 
including GST n, have Km’s for MCB which are higher or in the same range as these

concentrations, so it is possible that they will be product-inhibited by MB-SG. In

contrast, isoenzymes such as GST 3-3 which has a very low Km for MCB (about 0.1

pM), may not be product-inhibited.

In their studies on the staining of primary rat hepatocytes with 80pM MCB, Bellomo 
etal. (1992) found that MCB-GSH conjugation was complete in less than 1 minute and

that the intensity of fluorescence was approximately three times greater in the nucleus

than in the cytoplasm in more than 95% of cells. They showed that the nuclear

fluorescence was not likely to result from non-specific reaction of MCB with protein

thiols and they showed that nuclei isolated from rat liver by the method of Spelsberg

et al. (1974), contained only about 9% of the MCB activity of the cytosolic fraction,

suggesting that the increased fluorescence did not result from selective localization

of GSTs to the nucleus. They also reported that 24 hour rat hepatocytes showed a

depression of the cell surface in the proximity of the nucleus, and they found that
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fewer proteins were labelled with fluorescein isothiocyanate (FITC) in the nuclear 

region, suggesting that their results could not simply be explained by an increase in 

cell thickness over the nucleus.

Their interpretation of these results was that the GSH concentration was higher in the 

nucleus than in the cytoplasm. They showed that a 20 minute pretreatment with the 

uncoupler and proton ionophore carbonylcyanide-3-chlorophenylhydrazone (CCCP) 

(Alberts etal., 1983) abolished the high ratio of nuclear to cytoplasmic fluorescence, 

suggesting that active processes requiring ATP were responsible for maintaining a 

high concentration of GSH in the nucleus. However, they did not consider the fact that 

MB-SG may be able to diffuse from the cytoplasm to the nucleus, or that it may be 

bound to nuclear GST. The results presented here show that rapid migration of 

cytoplasmic MB-SG into the nucleus does occur in primary rat hepatocytes, and that 

this may account for most, if not all the nuclear fluorescence observed in MCB-stained 

cells.

In summary, the results presented here have shown that MCB-labelled IAR20, Balb 

3T3, HeLa and MCF7 cells and primary rat hepatocytes show both nuclear and 

cytoplasmic fluorescence and that in the IAR20 cells, the Balb 3T3 cells and the 

primary rat hepatocytes, the nuclear fluorescnce is considerably greater than the 

cytoplasmic fluorescence. However, microinjection of MB-SG into primary rat 

hepatocytes showed that MB-SG was able to migrate rapidly from the cytoplasm into 

the nucleus, suggesting that, if MB-SG is released from the enzyme as soon as it is 

formed, the patterns of fluorescence observed may not indicate the true cellular 

distributions of GSH and GSTs, and that the increased nuclear fluorescence in some 

of the cells may simply result from the cellular distribution and fluorescence properties 

of diffusible MB-SG. Therefore, it would not appear to be possible to use MCB to 

obtain conclusive data concerning the intracellular distribution of GSH and the GST 

isoenzymes, although if it could be demonstrated that binding of MB-SG by the GST 

isoenzymes does occur, MCB could be used to indicate probable sites of GST and 

GSH localization.
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GENERAL DISCUSSION.
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GENERAL DISCUSSION.

In this thesis, the content and intracellular distribution of GSH and the GST 

isoenzymes in the IAR20 (rat liver), IAR6.1 (rat liver), Balb 3T3 (mouse fibroblast), 

HeLa (human cervical carcinoma) and MCF 7 (human breast carcinoma) cell lines 

have been examined. It was of particular interest to establish whether or not the GSTs 

are present in the nucleus, and this was furthur investigated by subcellular 

fractionation of rat liver.

Using the enzymatic assay of Tietze (1969) the average GSH concentration of the five 

cell lines was found to be 7mM, with values ranging from 4.3 mM (Balb 3T3) cells to 

10.2mM (IAR6.1 cells). On a nmol/cell basis, the IAR20, IAR6.1 cells and Balb 3T3 

cells had considerably lower GSH contents (1.9,1.9 & 2.4 nmol/cell respectively) than 

the human cell lines (12 and 8.3 nmol/cell for HeLa and MCF7 cell respectively) 

whose cell volumes were larger. These values are comparable to published data for 

these and other cell lines (Principe, 1988; Reed e/a/., 1983; Hosking e/a/., 1990). 

The GST subunit contents of the rat IAR20 and IAR6.1 cell lines were very similar. 

They contained mainly subunit 7 with smaller amounts of subunits 1, 2, 3, 4, 8 & 11 

and they thus have very different GST isoenzyme profiles to rat hepatocytes, where 

high levels of subunits 1, 2, 3 and 4, but extremely low levels of subunit 7 are 

expressed. De novo expression of subunit 7 (Power etal., 1987; Vandenburghe et al., 

1988) and decreased expression of subunits 1 and 2 (Vandenberge et al., 1988) is 

also observed in rat hepatocytes in primary culture, and expression of subunit 7 has 

been reported in an immortalized epithelial cell line derived from rat liver (BL8), in 

tumourigenic cell lines derived from BL8 and in cell lines derived from rat hepatomas 

(Power et al., 1987). The mouse Balb 3T3 cells had a similar GST concentration to 

the rat IAR20 and IAR6.1 cell lines. The major GST was of the pi class and smaller 

amounts of mu class and unidentified GST subunits were also present. The HeLa and 

MCF7 cells contained lower concentrations of GST. In common with many other 

human tumour cell lines (Castro etal., 1990; Shea etal., 1988; Lewis etal., 1989) the 

major form expressed in the HeLa cells was GST k. In contrast, the major GST in the 

MCF 7 cells was identified (on the basis of retention time on reverse-phase h.p.I.c and 

amino acid sequence) as being either very similar or identical to human GST ‘11-11’
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(Dr. David Meyer, unpublished results) which is probably equivalent to GST 5.2 

(Campbell et al., 1990). A similar GST subunit was also expressed at a low level in 

the HeLa cells.

The suitability of the fluorescent probe, monochlorobimane (Kosower etal., 1981) for

measuring cellular GSH by a flow cytometric method was also investigated. The GST

isoenzyme specificity for MCB was first determined by analysis of the enzyme kinetics

using fluorescence spectrophotometry. Rat GST 3-3 and the structurally related human

GST 'p9’ purified in this laboratory by Dr. David Meyer (unpublished results) were 
found to be the best catalysts for conjugation of MCB to GSH, with k^/K^s of 2.7x106

M 'V  and 1.1 x106 M 'V  respectively, which are not too distant from those of some of

the most efficient enzymes known (e.g., catalase and fumarase which have k^/K^s

of 4x107 M 'V  and 1.6x108 M 'V  respectively; Fersht, 1984). This is partly a result of

their very low Km’s for MCB (0.09pM and 0.73pM for GST 3-3 and GST ‘p9’

respectively). The poorest enzymes were human GST n, rat GSTs 7-7 & 2-2 and rat 
microsomal GST, whose kca/Km’s were all around three orders of magnitude lower than

those of GST 3-3 and GST ‘ji9 \ Some evidence was obtained to suggest that the 
discrepancy between these results and those published during the course of this study 

by Cook et al. (1991a) and Ublacker et al. (1991) may have resulted from the use of 

different excitation and emission wavelengths which led to differences in fluorescence 

quenching.

The kinetics of MCB-GSH conjugation in the cell lines were examined using flow

cytometry. Conjugation was rapid in the Balb 3T3, IAR20 and IAR6.1 cells. Using

50pM MCB, plateau levels of fluorescence which correlated with the relative levels of 
GSH measured by the assay of Tietze (1969), were reached in 10,40 and 40 minutes

respectively suggesting that MCB can be used under mild labelling conditions to

measure GSH in rodent cells as originally found by Rice etal. (1986) and Shrieve et

al. (1988). The fluorescence also reached plateau levels in the human HeLa and

MCF7 cells, although longer labelling periods of around 2 hours were required. This

may be explained by the lower levels of GST, higher levels of GSH (on a nmol/cell

basis), and the presence of GST isoenzymes (GST n & human ‘11-11’) which show 
low activity towards MCB. Several other workers have also reported poor MCB-

labelling of GSH in human cell lines (Cook etal., 1989; Cook et al., 1991a; Ublacker
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et al., 1991) which may result from the presence of GST n. However, the results 

obtained here and those reported by Cook etal. (1991 a) suggest that, under adequate 

labelling conditions, is should be possible to use MCB to give semi-quantitative, if not 

quantitative estimations of cellular GSH in several human tumour cell lines, although 

Ublacker et al. (1991) did not find this to be the case. It would appear possible, 

however, that although MCB may give accurate estimations of relative GSH levels in 

both rodent and human cell lines, it may underestimate the absolute GSH levels, since 

Cook et al. (1991a) provided some evidence to suggest that the GST activity towards 

MCB may be product-inhibited by MB-SG.

The intracellular distribution of the GSTs was examined by immunofluorescent staining 

of the cell lines. GSTs of the alpha, mu and pi classes were all shown to be diffusely 

distributed throughout the cytoplasm and nucleus of paraformaldehyde-fixed IAR20, 

IAR6.1, HeLa and Balb 3T3 cells. The nuclear staining (especially that obtained with 

the GST 7-7 antiserum) was particularly strong in the IAR20 cells and was often 

stronger than the cytoplasmic staining, but was less strong in the IAR6.1 and HeLa 

cells, and very weak in the Balb 3T3 cells. In contrast, cells fixed with organic solvents 

showed little nuclear staining and weaker cytoplasmic staining and it was concluded 

that this may have arisen from inadequate fixation.

These results differ slightly from those obtained by Bennett and co-workers, who 

examined the subcellular distribution of protein BA (a mixture of GST isoenzymes, 

Bennett et al., 1986) in a rat liver cell line fixed with 2% paraformaldehyde for 20

minutes at room temperature and permeabilized for 3 minutes with acetone at -20°C 
(Ochs etal., 1983). These workers demonstrated speckled rather than diffuse nuclear 

fluorescence in cells stained with antibodies against protein BAfree (probably a mixture 

of GSTs composed of subunits 1, 2, 3/4) and a weaker cytoplasmic fluorescence 

which was greatest around the nucleus (Bennett & Yeomann, 1985; Bennett et al.,

1986). Only the nuclear staining was abolished on pre-absorption of the antiserum with 

purified protein BA (Bennett & Yeoman, 1985). Similar results were also obtained 

using rat liver cryosections (Catino etal., 1978; Bennett etal., 1986). The only hint of 

speckled nuclear fluorescence obtained in the present study was in the IAR20 cells 

that had been fixed with methanol or acetone for 10 minutes, where spots of nuclear
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fluorescence were sometimes observed over a fainter diffuse nuclear fluorescence. 

The differences between the results obtained here and those of Bennett and co

workers may have arisen from differences in the cell lines used, the fixation protocols 

or the specificity of the antibodies. Since, in the present study, different results were 

obtained with different methods of fixation, and one cannot be sure whether any fixed 

cell is a true replica of the living cell, it was concluded that the existence of nuclear 

GST cannot be demonstrated unambiguously using immunocytochemistry, but that 

since the results with paraformaldehyde appeared most likely to be correct, it is 

probable that the GSTs are present in the nuclei of IAR20, IAR6.1, HeLa and possibly 

Balb 3T3 cells, although the nuclear concentration may vary between the cell lines.

The cell fractionation experiments were also inconclusive, since the presence of the 

GSTs in the nuclei was dependent on the method of isolation. Rat liver nuclei isolated 

in 0.5% citric acid by the method of Taylor etal., (1973) contained substantial amounts 

of GST subunits 1, 2, 3, 4 as found previously by Tan etal. (1988) and Bennett etal.

(1986), and possibly some subunit 5. Subunits 3 and 4 were also present in a tightly 

bound nuclear fraction obtained by extraction of the residual nuclear material with 

8.5M urea. This result is consistent with the findings of Bennett et al. (1986), but 

differs from the results obtained by Tan et al. (1988) who detected the novel GST 5*- 

5* and GST 6-6 in this fraction. No evidence for the existence of GST 5*-5* was 

obtained in the present study. In contrast to the results with the citric acid nuclei, 

nuclei isolated by the sucrose/Mg2+ method of Blobel & Potter (1966) contained little 

GST. The absence of GST in nuclei purified by sucrose/Mg2+ methods has been 

observed by other workers (McCusker et al., 1990; Bennett & Yeoman, 1985).

There is considerable evidence to suggest that soluble proteins can be lost from nuclei 

isolated in aqueous buffers. For example, several proteins including DNA polymerase 

a (Bensch et al., 1982; Foster & Gurney, 1976), steroid hormone receptors (King & 

Green, 1984; Welshons et al., 1985), heat shock protein 90 (Gasc et al., 1990) and 

the karyophilic oocyte protein nucleoplasmin (Krohne & Franke, 1980) which were 

originally isolated from the cytosol have since been detected in nuclei using 

techniques such as isolation of nuclei in non-aqueous solvents, immunocytochemistry 

and cytochalasin B enucleation (Shay et al., 1975), and although there has been

292



controversy over their cellular localization, it is now generally believed that these 

proteins are present in the nucleus and are lost during isolation of nuclei in aqueous 

buffers. It has been shown that nucleoplasmin is readily lost from isolated nuclei on 

incubation in aqueous physiological buffers (Krohne & Franke, 1980), which supports 

this conclusion. This would suggest that the citric acid results may be correct. 

However, when nuclei isolated by the sucrose/Mg2+ method of Blobel & Potter (1966) 

were incubated with cytosol and re-isolated in the presence of citric acid, an 

association of the cytosolic GSTs with the nuclei was observed, as found previously 

by McCusker et al. (1990). This could indicate that the citric acid is capable of 

preventing the loss of nuclear GST (i.e. any GST that had diffused into the nuclei and 

had bound to physiologically relevant sites during the incubation with cytosol), but 

equally, it could indicate that the citric acid causes an artefactual association of 

cytoplasmic GSTs with the nuclei (possibly mediated by a net positive charge on the 

protein), suggesting that the results obtained with the citric acid nuclei could also be 

artefactual.

The possibility of using MCB to analyse the intracellular distribution of GSH and GST 

in intact cells using fluorescence microscopy was examined. MCB-stained IAR20, 

HeLa, Balb 3T3, MCF7 cells and primary rat hepatocytes all showed diffuse 

cytoplasmic and nuclear fluorescence as soon as it was possible to visualize the cells. 

In the IAR20 cells and primary rat hepatocytes the fluorescence was considerably 

brighter in the nucleus. However, when MB-SG was microinjected into the cytoplasm 

of primary rat hepatocytes, it diffused rapidly through the cell and into the nucleus, so 

that by about two minutes after microinjection the nuclear fluorescence was stronger 

than the cytoplasmic fluorescence and the staining pattern closely resembled that 

observed in the MCB-stained cells. Therefore, if the MB-SG conjugate is released from 

the GST enzyme as soon as it is formed, the MCB-staining pattern, at least in the 

primary rat hepatocytes, will reflect the distribution of the free, diffusible MB-SG 

conjugate rather than the distribution of GSH and GST. The strong nuclear 

fluorescence could simply be a result of factors such as increased cell thickness in this 

region, or exclusion of MB-SG from the cytoplasm.

293



However, it is possible that the MB-SG remains bound to the enzyme. Several studies

have indicated that the GST isoenzymes may be product inhibited, suggesting that

GSH conjugates are not readily released from the enzyme. For example, Jakobsen

etal. (1977) showed that GST 3-3 was product inhibited by the GSH conjugate of 3,4-

dichloro-1-nitrobenzene. Brophy & Barrett (1990) found that GSH conjugates of

aldehydic lipid peroxidation products were strong inhibitors of helminth GSTs, and

proposed that a primary function of the GSTs may be transport of GSH conjugates.

This is supported by the recent study of Meyer et al. (1992), where non-covalent

sequestration of the monoglutathionyl chlorambucil conjugate by human alpha class

GSTs, resulting in inhibition (with Ki’s of about 1pM) of their CDNB activity was

demonstrated. Inhibition of the GSTs by the MB-SG conjugate has also been reported

(Cook et al. 1991a). These authors found that the CDNB activities of GST 3-3 and

GST k were inhibited by 50% at MB-SG concentrations of about 70pM and 35p.M 
respectively. Since 70pM is well above the Km for MCB of GST 3-3 (found in the

present study to be 0.09}iM) it appears unlikely that product inhibition of GST 3-3 will 
be significant. In contrast, the data suggests that GST n, which has a higher Km for 

MCB (found in the present study to be about 96pM), may be significantly product 
inhibited by MB-SG. In their recent study, Bellomo et al. (1992) concluded that the 

strong nuclear fluorescence produced in MCB-stained primary rat hepatocytes 

indicated a localization of GSH to the nucleus. However, these workers did not 

consider the possible diffusion of free MB-SG through the cell, nor the possible binding 

of MB-SG by nuclear GST.

The attempt to establish whether or not the GSTs are present in the nucleus was not 

therefore very successful, due to the limitations of the techniques used. Isolation of 

nuclei by cell fractionation in aqueous buffers may result in loss of soluble nuclear 

material or contamination with cytosolic material (or material from other organelles) 

and immunocytochemical techniques are limited by the efficiency and accuracy of 

fixation, the specificity of the antibodies and perhaps the successful permeabilization 

of the nuclear membrane to enable adequate access of the antibody. Overall however, 

the results obtained are more consistent with the presence of GSTs in the nucleus, 

than with their exclusive localization to the cytoplasm. The study of Bennett et al.

(1987), in which radioactively labelled Yb subunits microinjected into rat Walker 

carcinoma cells which do not express these subunits (Yeoman et aL, 1975) were
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found to be associated with the nuclei on fractionation of cells by a modification of the 

citric acid method of Taylor etal., (1973), and the numerous reports of nuclear staining 

in immunohistochemical studies (e.g., Bannikov et al., 1973; Redick et al., 1982; 

Shiratori etal., 1987; Abei etal., 1989; Campbell etal., 1991) support this conclusion.

Alternative methods of purifying nuclei, such as isolation in non-aqueous media or 

cytochalasin B cell enucleation may yield more conclusive results concerning the 

possible existence of nuclear GST. However, there are also problems associated with 

these techniques. For example, the nucleoplasts produced by cytochalasin B 

enucleation consist of a nucleus surrounded by an outer membrane and a small 

amount of cytoplasmic material (Shay etal., 1975), rather than pure nuclei. However, 

it may be possible to use this technique in combination with immunocytochemistry to 

demonstrate the presence of GST in the nuclear portion of the nucleoplasts. Another 

technique which could be useful in the longer term is fluorescent analogue 

cytochemistry (Lansing-Taylor etal., 1984), in which the distribution of a fluorescently- 

labelled protein introduced into cells by a method such as microinjection, is analysed 

by fluorescence microscopy. However, there are also drawbacks to this technique, 

since labelling may affect the behaviour of the protein within the cell, and procedures 

such as microinjection may cause cellular damage.

It is generally believed that small molecules, including proteins with molecular weights 

up to about 60-70 kD, are able to diffuse from the cytoplasm to the nucleus through 

the nuclear pores at a rate roughly proportional to size. For example, Stacy & Allfrey

(1984) showed that cytochrome C (13kD), lysozyme (15kD), and haemoglobin (68kD) 

(which are not recognised nuclear proteins) became uniformly distributed throughout 

the cell within 2 minutes on microinjection into the cytoplasm of HeLa cells. It might 

therefore be expected that GSH (MW 342) and possibly the GSTs (dimeric MW 50 

kD), which are both highly water soluble molecules, are able to diffuse rapidly across 

the nuclear membrane. If, as is generally assumed, they are present at high 

concentrations in the cytoplasm, it would therefore appear likely that they will also be 

present in the nucleus. However, some reports have indicated that gradients of small 

molecules such as Ca+ ions (Williams et al., 1985) can be maintained across the 

nuclear envelope. This suggests that mechanisms to regulate the nucleo-cytoplasmic
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transport of small, diffusible molecules may exist, and that even if cytosolic GSH and 

GSTs are small enough to diffuse freely into the nucleus, they may not in fact do so. 

The observation of Bellomo et al. (1992) that the uncoupler and proton ionophore 

CCCP abolished the strong nuclear fluorescence in MCB-stained primary rat 

hepatocytes, suggests that active processes are involved in maintaining a GSH 

gradient (or possibly a MCB, MB-SG or GST gradient) across the nuclear envelope. 

Alternatively, if the GSTs are present in the nucleus, but are too large to diffuse freely 

across through the nuclear pores, they may contain nuclear location signal (NLS) 

sequences to facilitate their entry into the nucleus. However, since there is no 

consensus NLS, it is difficult to determine whether these sequences are present in the 

GSTs, although there do not appear to be any obvious candidates.

There are several potential functions of nuclear GST and GSH. The interest in the

possible nuclear localization of the GSTs partly arose from their reported activities

towards 5-hydroperoxymethyluracil (Tan e/a/., 1986) and DNA hydroperoxides (Tan

et al., 1988). It was proposed (Tan et al., 1988) that the GSTs were involved in the

repair of peroxidised DNA, which would presumably necessitate their presence in the

nucleus. Partially purified GST 5-5 and the novel GST 5*-5* were found to show the

highest activity towards DNAOOH and were therefore the most likely candidates for

this function (Tan et al., 1988). However, GST 5-5 has since been shown to have a

lower activity towards DNAOOH (0.03 pmol/min/mg protein), which is similar to those 
of GSTs 3-3 and 4-4, the next best rat enzymes (0.018 & 0.032 pmol/min/mg protein 
respectively), and no evidence for the existence of an enzyme such as GST 5*-5* was

found during this study. The original form may have represented the binding of GST

5-5 subunits to the GSH affinity column, possibly in the form of heterdimers (e.g., with

mu class GST subunits), although this would still not explain the high DNA peroxidase

activity observed. Alternatively, another GSH peroxidase (such as that which was

found to co-purify with GST 5-5), may have been responsible for the observed activity

towards DNAOOH, although the forms so far identified have not been found to bind

GSH-agarose affinity columns.

The low activity shown by GSTs 3-3, 4-4, 5-5 and the human alpha class GSTs 

towards DNAOOH may be of some importance in vivo, and it is but is not likely to be
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of major importance. However, it is interesting that it was these three isoenzymes 

which were detected in the 8.5M urea extracts (which should contain tightly-bound 

nuclear proteins) of nuclei isolated by the citric acid method of Taylor et al. (1973). 

The Se-dependent GSH peroxidase also shows activity towards DNAOOH, and some 

evidence for its presence in the citric acid nuclei was obtained, although the activity 

observed may have represented cytoplasmic contamination since the nuclear activity 

was only a small proportion of the cytosolic activity. This protein has a larger 

molecular weight than the GSTs and is not likely to be able to diffuse freely into the 

nucleus, suggesting that if it does have a nuclear localization there must be specific 

mechanisms for its uptake. If there were no Se-dependent GSH peroxidase in the 

nucleus, it is likely that nuclear GST activity would be of major importance.

Nuclear GST and GSH could also be important in the detoxification of reactive 

electrophiles which have escaped detoxification in the cytoplasm. Nuclear GST activity 

may be particularly important in the proposed role of GSTs in the protection against 

caracinogenesis, since DNA is considered to be the ultimate target for initiation of 

carcinogenesis by many carcinogens. Many chemical carcinogens are activated by 

phase I enzymes such as the cytochrome P-450’s, which are predominantly localized 

to the endoplasmic reticulum which surrounds the nucleus, and which have also been 

detected in the nucleus (Bartoli etal., 1977). The nuclear membrane is subject to lipid 

peroxidation, and nuclear GST may play an important role in the detoxification of 

mutagenic lipid peroxidation products such as 4-hydroxynon-2-enal, which are 

generated within the nucleus.

Nuclear GSH and GSTs could be involved in the prevention of nuclear lipid 

peroxidation. Both GSH and GSTs are able to detoxify lipid peroxides (via 

spontaneous, GST or Se-dependent GSH peroxidase activity) which can be broken 

down to alkoxy and alkylperoxy radicals which propagate the peroxidation chain 

reaction, and GSH can spontaneously detoxify free radicals thus preventing fresh 

initiations. These activities may also be important in preventing free radical damage 

to DNA and nuclear proteins which may be initiated by exposure to ionizing radiation, 

or which may be secondary damage resulting from the attack of free radicals 

generated, for example, during nuclear membrane peroxidation, which are sufficiently

297



unreactive to diffuse to other cellular targets. There is evidence that certain DNA- 

binding redox-cycling drugs may exert their toxicity through the generation of reactive 

oxygen species within the nucleus. For example, Bachur et al. (1982) showed that 

adriamycin was activated to its semiquinone free radical by isolated rat liver, kidney 

and heart nuclei, and that this process resulted in nuclear lipid peroxidation 

(Mimnaugh et al., 1985). Therefore, nuclear GSH and GST may also be important in 

the cellular resistance to redox-cycling chemotherapeutic drugs. Finally, it has been 

shown that a choline-deficient diet associated with development of liver cancer in rats, 

induces nuclear lipid peroxidation (Rushmore et al., 1987) and DNA damage and 

repair (Rushmore etal., 1986), implicating nuclear lipid peroxidation in carcinogenesis, 

and suggesting that nuclear GSH peroxidase activity and the detoxification of free 

radicals by nuclear GSH may be important in the prevention of carcinogenesis.

Tirmenstein & Reed (1988 & 1989) have shown that lipid peroxidation in isolated rat 

liver nuclei is inhibited by a GSH-dependent mechanism, mediated by the GSH 

peroxidase activity of a GST associated with the nuclear membrane. This enzyme has 

not been characterized, but it appears to be distinct from the microsomal GST. In the 

work presented here, the GSTs isolated from rat liver nuclei appeared to be equivalent 

to the cytosolic forms. This was confirmed for GST 4-4 by amino-terminal protein 

sequencing of the material isolated from the 8.5M urea nuclear extracts. However, no 

attempt was made to determine whether membrane-associated GSTs, that could be 

solubilized by treatment with detergents, were present in the isolated nuclei, although 

it might be expected that much of the membrane-bound protein would have been 

solublilized in 8.5M urea.

It has been reported that nuclear GSH (measured in isolated nuclei) is depleted by 

BSOto a lesser extent than total cellular GSH (Edgren, 1987; Britten etal., 1991), and 

that the oxygen enhancement ratio correlates with the nuclear rather than the cellular 

GSH content (Edgren, 1987). This may explain the low oxygen enhancement ratios 

observed in BSO treated cells, and suggests that nuclear rather than cytoplasmic GSH 

is involved in the protection of hypoxic cells against radiation damage. Similarly, the 

resistance of human ovarian carcinoma cell lines to melphalan has been shown to 

correlate with the nuclear rather than the cellular levels of GSH (Britten etal., 1991),
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suggesting nuclear GSH may be specifically involved in melphalan resistance. 

However, recent work has shown that the ability of thiols to protect DNA from the 

effects of ionizing radiation depends on their charge and that anionic GSH is not as 

able to protect DNA as cationic thiols such as cysteamine (Zheng et al., 1988). This 

may be explained by the counterion theory which predicts that cationic thiols will be 

concentrated near DNA while anionic thiols will be depleted, and which has been 

confirmed experimentally (Smoluk etal., 1988). However, it is conceivable the counter

ion theory could be overcome if GSH was bound to nuclear GST.

Finally, a nuclear localization of the GSTs may also be relevant with respect to their 

proposed binding and transport functions. The GSTs (notably the mu class GSTs) bind 

a variety of compounds including steroid hormones, which exert their effects by 

modulation of gene activity via the interaction of a hormone/receptor complex with 

DNA. The mode of action of steroid hormones is not fully understood. It was originally 

thought that free receptors were localized to the cytoplasm and that on hormone 

binding the complexes were translocated to the nucleus. However, there is now 

considerable evidence that the free receptors are also present in the nucleus (e.g., 

see Welshons et al., 1985), and a role for proteins such as the GSTs in the binding 

and transport of these hormones through the cell to their specific nuclear receptors 

may be envisaged, as has been suggested by Listowsky et al. (1988).
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