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Historical Perspectives on
Conjugation-Dependent Bioactivation
of Foreign Compounds

James A. Miller* and Young-Joon Surht

*McArdle Laboratory for Cancer Research
University of Wisconsin Medical School
Madison, Wisconsin 53706

tDepartment of Epidemiology and Public Health
Yale University School of Medicine
New Haven, Connecticut 06510

I. Metabolic Research Leading to Conjugation-
Dependent Bioactivation of 4-
Dimethylaminoazobenzene and 2-Acetylaminofluorene

A. Introduction

The conjugation-dependent bioactivation of foreign compounds for carci-
nogenesis and toxicity had its origin in research conducted by the senior
author with his late co-worker, Professor Elizabeth C. Miller, and our
associates on the mechanisms of action of chemical carcinogens. These
studies started in the early 1940s in graduate school in the Department of
Biochemistry in the School of Agriculture at the University of Wisconsin
in Madison and continued for many years in the nearby McArdle Labora-
tory for Cancer Research in the Medical School. For about 25 years, these
investigations concerned primarily the metabolism and carcinogenicity of
two compounds: 4-dimethylaminoazobenzene (DAB) and 2-acetyl-
aminofluorene (AAF) (Fig. 1). The carcinogenic activity of DAB in the

Advances in Pharmacology, Volume 27
Copyright © 1994 by Academic Press, Inc. All rights of reproduction in any form reserved. 1
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3 2 2__3 CHg 6— 3 Q\
/ C—
* @NZ @'N\ ©.© N Ot
CHa 5 < f i
DAB AAF

Fig. 1 The structures of 4-dimethylaminoazobenzene (DAB) and 2-acetylaminofluorene
(AAF).

rat was first reported by Kinosita (1937), and the corresponding activity
of AAF was discovered by Wilson et al. (1941). The long-term objective
of our studies was the elucidation of the biochemical mechanisms of action
of these carcinogens in the induction of tumors, especially in the liver, in
rats after prolonged feeding of these compounds. Surprisingly, these stud-
ies led to the first observations of (a) the covalent binding of carcinogens
to the cellular macromolecules of tissues undergoing carcinogenesis,
(b) the hepatic microsomal oxidases that metabolize many carcinogens
and drugs and the induction of the synthesis of these enzymes in vivo
following the administration of many different chemicals, and ¢c) the acti-
vation of many carcinogens by hepatic oxidases and conjugases to form
electrophilic ultimate carcinogens that covalently bind to informational
macromolecules in cells and initiate the development of carcinogenic,
mutagenic, and other toxic lesions. These findings are summarized in brief
detail below.

B. Covalent Binding of Carcinogens
to Tissue Macromolecules

The detection of the covalent binding of aminoazo dyes to liver protein
in rats fed DAB and similar dyes (Miller and Miller, 1947) depended on
the intense red color of these dyes in acid as a marker for the whole p-
aminoazobenzene structure (Cilento et al., 1956). The protein-bound dye
from DAB was the first identification of an adduct of a metabolite of a
carcinogen to a macromolecule in a tissue undergoing carcinogenesis. The
amount of these adducts correlated strongly with the carcinogenicities of
DAB and its ring-methyl derivatives in the rat liver (Miller et al., 1949).
Surprisingly, no protein-bound dye could be detected in the liver tumors
caused by DAB, even during its administration. This led to a deletion
theory of the mechanism of tumor formation by this carcinogen (E. C.
Miller and Miller, 1947; J. A. Miller and Miiler, 1953). Thus, if dye bound
to proteins that controlled growth led to a loss of these proteins in certain
cells, then these cells would become tumor cells. This research was done
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in the 1940s when the structures and functions of DNA and RNA were
poorly understood. Attempts were made to find nucleic acid-bound dye
but none was found (Miller and Miller, 1952). Only much later was it
found that the structure of the principal nucleic acid-bound dye from DAB
did not show ared colorin acid (Lin et al., 1975b). In the 1950s, “C-labeled
carcinogens became available and it was shown that various chemical
carcinogens became covalently bound to proteins, RNAs, and DNA in
vive (Miller and Miller, 1985). The seminal paper by Watson and Crick
(1953) on the structure and genetic function of DN A soon directed studies
on covalent binding of carcinogens to DNA, and the protein-binding of
these agents was less studied. Attention also turned to the metabolism
and possible reactive forms of chemical carcinogens.

C. Hepatic Microsomal Metabolism of Carcinogens and Its
Induction by Unrelated Chemicals

As noted by Trager (1980), the carcinogen DAB was the first xenobiotic to
be studied in vitro for its metabolism by liver homogenates or microsomes.
These studies by Mueller and Miller (1948) showed the N-demethylation,
reduction of the azo linkage, and aromatic ring-hydroxylation occurred
on aerobic incubation of DAB with liver homogenates fortified with pyri-
dine nucleotides and hexose diphosphate. Enzymatic reduction of the
azo linkage was found predominantly in the microsome fraction (then
called the small granule fraction) and was dependent on both NADPH
and a flavin adenine dinucleotide-containing protein (Mueller and Miller,
1949, 1950). It was further shown that the enzymatic demethylation of
N-monomethylaminoazo dyes depended on oxygen and NADPH with
the formation of stoichiometric amounts of formaldehyde (Mueller and
Miller, 1953). One of the substrates used in these studies was 3-methyl-
4-monomethylaminoazobenzene (3-methyl-MAB). It proved to be very
resistant to reduction of the azo linkage and formed equimolar amounts
of 3-methyl-4-aminoazobenzene and formaldehyde. Further study of this
oxidative demethylation enzyme system led unexpectedly to the finding
that the liver homogenates of mice fed certain crude diets had activities
two to three times greater than the liver homogenates of mice fed a purified
diet (Brown et al., 1954). Several pure compounds, including pinane hy-
droperoxide and 3-methylcholanthrene, were active at low levels in the
purified diet, but none were active in homogenates. With rat liver homoge-
nates and microsomes, even larger increases up to 5-fold were observed
with the inclusion of these pure compounds in the purified diet (Conney
et al., 1956, 1957a). Several lines of evidence, including the strong inhibi-
tion by ethionine in the diet. suggested that these increases in demethylase
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activity were increases in the amount of the enzyme. Still larger increases
of up to 10-fold were found in benzpyrene hydroxylase activity after ip
injections of benzpyrene (Conney et al., 1957b). Subsequent studies with
protein synthesis inhibitors demonstrated that these increases in enzyme
activity were increases in the amount of enzyme (Conney et al., 1956;
von der Decken and Hultin, 1960; Gelboin and Sokoloff, 1961; Gelboin
and Blackburn, 1963; Conney and Gilman, 1963; Gelboin, 1964).

Today, a variety of microsomal oxidases dependent on NADPH and
molecular oxygen are known (the large family of cytochromes P450 and
flavoprotein enzymes) that metabolize a range of endogenous and exoge-
nous substrates, including many carcinogens and other xenobiotics. Many
of these enzymes are inducible by a range of chemicals.

D. Conjugation-Dependent Bioactivation of DAB and AAF

The early findings of protein- and nucleic acid-bound derivatives of chemi-
cal carcinogens and the lack of demonstrable reactivity of most of these
carcinogens in the absence of in vivo conditions suggested that reactive
metabolites of chemical carcinogens were formed in vivo. The approximate
correlations between the carcinogenic activities and the levels of their
macromolecular-bound derivatives further suggested that reactive metab-
olites and their precursors would be ultimate or proximate carcinogens.
Early in our studies on the protein-bound aminoazo dyes, we hoped to
characterize these dyes and get clues about the nature of reactive metabo-
lites that formed these bound derivatives. However, this approach proved
to be very difficult since analytical methods for the characterization of
small amounts of the bound dyes were not available. A more fruitful lead
came instead from our studies on the urinary metabolites of AAF in rats.
AAF was known to form a series of ring-hydroxylated urinary metabolites
in the rat after the administration of single doses of this carcinogen (Weis-
burger and Weisburger, 1958). It was also known that low dietary
levels of 3-methylcholanthrene strongly inhibited hepatocarcinogene-
sis by aminoazo dyes and AAF (Richardson et al., 1952; Miller et al.,
1958). In an attempt (Cramer er al., 1959, 1960; Miller et al., 1960)
to associate hepatocarcinogenesis with some of the ring-hydroxylated
metabolites of AAF, 0.03% of AAF was fed with and without 0.003%
3-methylcholanthrene and analyses of the hydroxylated metabolites in
the urine were made during continuous feeding of the two diets until
liver tumors appeared. As it turned out, 3-methylcholanthrene raised the
levels of some of the ring-hydroxylated metabolites, but after feeding
of AAF alone a new spot appeared on the paper chromatogram of the
glucuronidase-treated urine extract. It tested positive with a molybdate-
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based test for phenols, but was negative in a diazo-coupling test for phe-
nols. Most importantly, it increased greatly in amount as the feeding of
AAF alone proceeded and as damage to the liver increased. The new
metabolite was shown to be a metabolite of AAF since it contained '*C
when “C-labeled AAF was fed and it amounted to over 10% of the AAF
fed. The low excretion of this metabolite in the urine of rats protected
against the effects of AAF by 3-methylcholanthrene in the diet suggested
that the new metabolite might be important in carcinogenesis by AAF.
Isolation of the metabolite from large amounts of urine by column chroma-
tography yielded milligram quantities of a crystalline compound that was
different from all the possible mono ring-hydroxylated derivatives of AAF,
yet its elementary analysis showed that it contained one oxygen atom
more than found in AAF. After some consideration, it was realized that
it was N-hydroxy-AAF, a hydroxamic acid that was easily oxidized by
the molybdate reagent but did not respond to the diazo-coupling test
for phenols. Synthesis of N-hydroxy-AAF was achieved by the catalytic
hydrogenation of 2-nitrofluorene in excess acetic anhydride to form N-
acetoxy-AAF. Removal of the O-acetyl group with base yielded N-
hydroxy-AAF. It proved to be more toxic than AAF and to be more car-
cinogenic than AAF, not only in the usual tissues, but also in tissues that
do not respond to AAF. It was also carcinogenic in the guinea pig in
which AAF is inactive (Miller ef al., 1961, 1964). However, although it
formed more covalently bound adducts with proteins and nucleic acids
in the liver in vivo than did AAF, it was not reactive with these macromole-
cules in vitro. Thus it became the first example of proximate carcinogenic
metabolite of a carcinogen. Subsequent studies with a variety of aromatic
amines and amides similarly indicate that N-hydroxylation is the first step
in the bioactivation for carcinogenic activity (Beland and Kadlubar, 1990).

Several years passed before the nature of the second step in the bioacti-
vation of AAF became clear. The key observation came from further
studies on the aminoazo dyes. Qur first efforts to prepare N-hydroxy-
MAB proved to be very difficult, and as a substitute we prepared the
ester N-benzoyloxy-MAB (Poirier et al., 1967) hoping that it would be
hydrolyzed in vivo to N-hydroxy-MAB. Instead, this ester was found to
be directly reactive with methionine, proteins, and nucleic acids to form
covalently bound adducts. Then it was realized that this ester was a strong
electrophile and contained a strong benzoyloxy leaving group forming an
electrophilic residue at the nitrogen atom that combined covalently with
nucleophilic sites in methionine, protein, and nucleic acids. Analogous
studies showed that N-acetoxy-AAF has similar and even stronger electro-
philic activity. Similarly, enzymatic degradation of the DNA and RNA
from the livers of rats given [9-'*C]AAF yielded products chromatographi-



6 James A. Miller and Young-Joon Surh

cally indistinguishable from the N-(guan-8-yl)AAF derivatives obtained
on reaction of N-acetoxy-AAF with deoxyguanosine and guanosine (Kriek
et al., 1967; Kriek, 1969).

These results, as well as the carcinogenicities of N-benzoyloxy-MAB
and N-acetoxy-AAF in the subcutaneous tissue of the rat where MAB
and AAF are not active (Poirier et al., 1967; Miller and Miller, 1969),
stimulated searches for the enzymatic formation of reactive esters of N-
hydroxy-AAF by tissue preparations. Studies from our laboratory (De-
Baun et al., 1968, 1970a,b) and that of King and Phillips (1968) soon
provided evidence for the formation of an electrophilic N-sulfate from N-
hydroxy-AAF by liver cytosols supplemented with 3'-phosphoadenosine-
5'-phosphosulfate (PAPS). Studies in vivo showed that the hepatic toxicity
of N-hydroxy-AAF was reduced by the simultaneous feeding of p-
hydroxyacetanilide that is excreted as a stable O-sulfate and leads to a
depletion of PAPS (DeBaun et al., 1970a). Likewise, the hepatocarcino-
genicity of N-hydroxy-AAF was inhibited by the administration of acetani-
lide, a precursor of p-hydroxyacetanilide (Weisburger et al., 1972). These
studies suggested that the sulfuric acid ester of N-hydroxy-AAF has im-
portant biological activity.

Later studies have shown that N-hydroxy-AAF forms multiple electro-
philic metabolites in rat and mouse livers. Today it is known that six
metabolic pathways give rise to five strong electrophilic metabolites of
N-hydroxy-AAF:

1. Cytosolic sulfotransferase activity for N-hydroxy-AAF gives rise to
a sulfuric acid ester that reacts with DNA to form two adducts of the
guanine ring, N-(deoxyguanosin-8-yl)-AAF and 3-(deoxyguanosin-N>-yl)-
AAF (Kriek ef al., 1967; Kriek, 1969).

2. A microsomal one-electron peroxidatic reaction forms the nitroxide
free radical of N-hydroxy-AAF that dismutates to form 2-nitrosofluorene
and N-acetoxy-AAF (Bartsch and Hecker, 1971). The latter ester reacts
with DNA to form the guanine-DNA adducts just described.

3. Cytosolic N,O-transacetylase activity for N-hydroxy-AAF trans-
fers the N-acetyl group to the N-hydroxy! oxygen to form N-acetoxy-2-
aminofluorene (Bartsch et al., 1972) that reacts with DNA to form N-
(deoxyguanosin-8-yl)-2-aminofluorene, the major DN A adduct found after
the administration of AAF or N-hydroxy-AAF.

4. A microsomal deacetylase activity for N-hydroxy-AAF (Irving, 1966)
forms N-hydroxy-2-aminofluorene (N-hydroxy-AF), which can be acti-
vated to form N-(deoxyguanosin-8-yl)-AF adducts in DNA by three cyto-
solic pathways: (@) acetyl-CoA-transacetylase activity to form N-acetoxy-
AF (Flammang and Kadlubar, 1986), (b) sulfotransferase activity to form
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the sulfuric acid ester of N-hydroxy-AF (Lai et al., 1985), and (c) proto-
nation at slightly acid pHs with loss of water to form AF-nitrenium ion
(Kriek, 1960).

These complex pathways are well reviewed by Beland and Kadlubar (1990)
and are outlined in Figure 2.

In addition, N-hydroxy-AAF is found in the urine of rats given AAF
or N-hydroxy-AAF as a N,O-glucuronide that has weak electrophilic activ-
ity. It reacts at neutral pH with nucleic acids in vitro and with partial loss
of the N-acetyl groups to form N-(guanosin-8-yl)-AAF and -AF adducts
(Miller et al., 1968; Irving et al., 1969). This was the first glucuronide
found with electrophilic activity for cellular constituents.

Although less extensive, similar findings were made with DAB following
the characterization of the polar aminoazo dyes derived from the alkaline
hydrolysis of the hepatic protein-bound dye in the livers of rats fed DAB
or MAB (Lin e al., 1968, 1969). The synthesis of N-hydroxy-MAB was
achieved by Kadlubar er al. (1976a). This metabolite was shown to form
an electrophilic N-sulfate with hepatic sulfotransferase activity plus PAPS;
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Fig. 2 Multiple pathways in the metabolism of AAF to strong electrophilic reactants in rat
and mouse liver.



8 James A. Miller and Young-Joon Surh

this ester reacted with guanosine to form the N-(guanosin-8-yl)-MAB ad-
duct (Kadlubar et al., 1976b). The availability of N-benzoyloxy-MAB
facilitated the characterization of the nucleic acid-bound dyes formed from
MAB in vitro and in vivo (Lin et al., 1975a,b; Beland et al., 1980; Tullis
et al., 1981).

E. Conclusion

By 1968-1972, the studies described above provided the first examples
of the conjugation-dependent bioactivation by enzymatic sulfonation, ace-
tylation, and glucuronidation of xenobiotics. The central role of electro-
philic metabolites in carcinogenesis, mutagenesis, and toxicity of xenobi-
otics has been discussed in a previous historical perspective (Miller and
Miller, 1985) and the prominent role of sulfonation in chemical carcinogen-
esis has recently been reviewed (Miller and Surh, 1993).

Il. Important Observations Leading to Bioactivation of
Foreign Compounds via Gluthathione Conjugation,
Methylation, and Epoxide Formation and Hydrolysis

A. Introduction

As described in the above section, three major conjugation reactions,
sulfonation, acetylation, and glucuronidation, have been shown to be
implicated in the toxication by certain xenobiotics such as carcinogenic
arylamines. These reactions give rise to the formation of electrophilic
esters that generate reactive species, such as nitrenium and benzylic or
allylic carbonium ions. However, other phase-II reactions may also play
roles in the bioactivation of other types of toxicants. Some important
findings and current knowledge about glutathione conjugation-, methyla-
tion-, and epoxide formation and hydration-dependent activation of foreign
compounds will be briefly presented here.

B. Glutathione Conjugation

The formation of glutathione conjugates, in general, has been regarded
an important cellular defense mechanism against a variety of toxic xenobi-
otics or their reactive metabolites (Ketterer, 1986). More recently, how-
ever, it has become apparent that glutathione conjugation of certain types
of chemicals leads to the transformation of the parent compounds into
more reactive and toxic derivatives (Anders ef al., 1992). Investigations
on the glutathione-dependent toxification of xenobiotics started with an
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earlier finding of the hazardous nature of S-(1,2-dichlorovinyl)-L-cysteine
(DCVC). This cysteine conjugate of trichloroethylene produced hemato-
poietic toxicity in calves (McKinney et al., 1957; Schultze et al., 1959).
DCVC was also found to be a potent nephrotoxic agent, which produced
lesions in the proximal kidney tubules in rodents (Teracini and Parker,
1965). In addition to DCVC, cysteine S conjugates of certain polyhaloge-
nated olefinic hydrocarbons such as trichloroethene, chlorotrifluoro-
ethene, tetrafluoroethene, and hexachloro-1,3-butadiene have also been
found to be nephrotoxic, indicating that conjugation with glutathione may
be involved in the selective renal toxicity of these halogenated alkenes
(reviewed by Dekant er al., 1989; Lock, 1988). The target-organ toxicity
of these hydrocarbons appears to be associated with selective uptake and
subsequent processing of glutathione conjugates by the kidney. Hence
the glutathione conjugates formed in the liver by glutathione S-transferase
activity are further metabolized by y-glutamyl transpeptidase and cysteinyl
glycine dipeptidase to the corresponding cysteine S conjugates, which
then undergo bioactivation by cysteine conjugate B-lyase (B-lyase) pre-
dominantly localized in proximal tubular epithelium (reviewed by Anders
et al., 1987; van Bladeren, 1988). B-Lyase cleaves DCVC and other neph-
rotoxic cysteine conjugates to produce putative reactive thiols, which can
react covalently with nucleophiles of target cells. Another early example
of the involvement of glutathione in the formation of reactive species is
the increased DNA methylation by N-methyl-N'-nitro-N-nitroguanidine
(MNNG) in the presence of glutathione (Lawley and Thatcher, 1970).
Glutathione conjugation also plays an important role in the toxic action of
vicinal halodialkanes such as 1,2-dibromoethane and 1,2-dichloroethane.
This concept was based on the initial observation by Rannug et al. (1978)
of enhanced mutagenicity of 1,2-dichloroethane in the presence of rat
liver cytosol containing glutathione S-transferase activity. The same result
occurred when the analog 1,2-dibromoethane was activated by glutathione
conjugation (van Bladeren et al., 1980). In both cases, the resulting S-(2-
haloethyl)glutathione conjugates are considered to yield highly electro-
philic episulfonium (thiiranium) ion intermediates that alkylate cellular
nucleophiles, such as DNA (Hill ez al., 1978; Peterson et al., 1988; Kim
and Guengerich, 1990). In this respect, glutathione-dependent formation
of sulfur half-mustards appears to be responsible for genotoxicity and
possibly carcinogenicity of above vicinal dihaloalkanes and other related
hydrocarbons. There are other examples in which adverse effects of toxi-
cants are mediated through glutathione conjugation (Anders et al., 1992;
Baillie and Slatter, 1991; Koob and Dekant, 1991; Monks et al., 1990).
More detailed considerations of these matters will be covered elsewhere
in this volume.
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C. Methylation

Methyl conjugation is common in the biotransformation of endogenous
compounds, such as catecholamine neurotransmitters, but some xenobi-
otics are also methylated by nonspecific or physiological methyltrans-
ferases under certain conditions. Enzymatic methylation, in general, in-
volves the transfer of an activated methyl group from the coenzyme S-
adenosylmethionine to hydroxyl, amino, and thiol functions of acceptor
molecules. Methylation differs from other conjugation reactions in that
the reaction products formed, in the majority of cases, are less polar or
more lipophilic than the parent molecules, and thus their excretion may
not be facilitated. The products formed by methylation reactions may in
some cases have as great or greater pharmacological activity than the
parent compounds. An example is the conversion of norepinephrine to
epinephrine. Methylated metabolites may interfere with the actions of
their parent compounds. Thus, methylation of the 8-agonist isoprenalin,
which is used as a bronchodilator in the treatment of asthma, produces
3-O-methylisoprenalin with B-receptor blocking properties (8-blocker).
In this case, the methylated metabolite exerts a pharmacological effect
opposed to that of the parent drug, thereby aggravating the symptoms if
given to patients at high doses (Dollery and Davies, 1971). In addition,
methylation may result in the formation of toxic metabolites. For example,
amine-N-methyltransferase in the brain tissues of humans and animals
catalyzes the methylation of 4-phenyi-1,2,3,6-tetrahydropyridine and 4-
phenylpyridine to l-methyl-4-phenyltetrahydropyridine (MPTP) and 1-
methyl-4-phenylpyridinium ion (MPP*), respectively (Ansher et al., 1986).
The metabolite in each instance is neurotoxic and regarded as a causative
factor in a Parkinson-like syndrome. Methylation also appears to play
a role in carcinogenesis by some aromatic amines. The importance of
methylation in chemical carcinogenesis by certain aromatic amines was
emphasized in the early 1950s by the Millers, who found that N-methyl-
4-aminoazobenzene was carcinogenic in rats, whereas the parent com-
pound 4-aminoazobenzene was very weakly active (Miller and Miller,
1953). Later studies by other investigators have demonstrated that
methylation and subsequent oxygenation at nitrogen are necessary to
achieve carcinogenicity of a certain type of arylamines. For instance, N-
methylation of 4-aminoazobenzene renders it oxidizable by microsomal
flavin-containing monooxygenase (Ziegler et al., 1988). Esterification of
the resulting N-hydroxylamine then would convert it to an ultimate electro-
philic and carcinogenic metabolite. In the case of thiols, methy] transfer
mainly represents a detoxification step. In addition to O-, N-, and S-
methylation reactions, direct incorporation of the methvl group to an
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aromatic ring system (C-methylation) has been reported. Earlier studies
on the structure—activity relationships clearly demonstrated dramatic in-
creases in the carcinogenicity of several polynuclear aromatic hydrocar-
bons following substitution (e.g., methylation) in the mesoposition (Fieser,
1938). On the basis of these early observations, Flesher and co-workers
have proposed a unified hypothesis that the chemical or enzymatic intro-
duction of a methyl group, most favorably in the meso-anthracenic carbon
center with high chemical reactivity, is important in the activation of a
poiycyclic aromatic hydrocarbon to an ultimate carcinogen (Flesher et
al., 1988). Further studies by Flesher’s group have demonstrated the
methylation of hydrocarbons in vivo as well as in reactions in vitro with
cytosols fortified with S-adenosylmethionine as a methyl group donor
(recently reviewed by Flesher and Myers, 1991). The oxidation at the
methyl group with subsequent esterification of the resulting hydroxy-
methyl derivative would produce a highly reactive benzylic carbocation
capable of interacting covalently with critical cellular macromolecules
such as DNA, RNA, and protein (Flesher and Myers, 1991). However,
few quantitative data have been provided on the extent of aforementioned
bioalkylation reactions, and it remains unclear whether such reactions
play a role in carcinogenesis by unsubstituted polycyclic aromatic hydro-
carbons that generally have no or weak carcinogenic activities.

D. Epoxide Formation and Hydrolysis

Epoxides formed by oxidation of aromatic rings or alkenes are, in general,
chemically reactive and play roles as ultimate electrophiles in various
toxiiication reactions, including necrosis, mutagenesis, carcinogenesis, and
teratogenesis (Daly et al., 1972). These active oxiranes are subject to
further transformation in the body. Conjugation with a water molecule,
that is, hydration, converts epoxides to dihydrodiols. The hydration of
an epoxide may proceed nonenzymatically, but the reaction is facilitated
by the action of the enzyme epoxide hydrolase (EC 3.3.2.3), formerly
known as epoxide hydratase or epoxide hydrase. Two distinct epoxide
hydrolases are known to exist in the cell; one in the microsomal fractions
and the other in the cytosol. Epoxide hydrolases have dual roles in the
ep-aide metabolism. In general, the dihydrodiols that result from the
oxirane cleavage are less reactive and less toxic than the parent epoxides,
and the process hence represents detoxification. Under certain conditions,
however, dihydrodiols may undergo further oxidation to form intermedi-
ates far more reactive than the parent oxiranes. Thus, benzo[alpyrene
7,8-dihydrodiol derived from benzo[a]pyrene 7,8-oxide is a precursor of
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7,8-dihydroxy-9,10-0x0-7,8.,9,10-tetrahydrobenzol[alpyrene, an ultimate
mutagen and carcinogenic metabolite of benzo[alpyrene (Wood er al.,
1976).
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I. Introduction

Glutathione transferases can be regarded the most important and versatile
enzymes that protect organisms from electrophilic compounds. The versa-
tility is manifested in many isoenzymes with different subcellular locations
displaying broad and overlapping substrate specificities (for reviews, see
Armstrong, 1991; Chasseaud, 1979; Mannervik, 1985; Mannervik and
Danielson, 1988; Morgenstern and DePierre, 1985, 1988). Microsomal
glutathione transferase was first purified from rat liver microsomes (Mor-
genstern et al., 1982). The key factor that made this possible was the
observation that the glutathione transferase activity toward l-chloro-
2,4-dinitrobenzene (CDNB)' could be activated severalfold by sulfhdryl
reagents in microsomes but not in the cytosol (Morgenstern et al., 1979).
Thus microsomes that had been treated with N-ethylmaleimide (NEM)
were used as the starting material for purification. This resulted not only
in an increased activity but also permitted the selective purification of the
enzyme without contamination by cytosolic glutathione transferases. The

I Abbreviations used: CDNB, {-chloro-2,4-dinitrobenzene; NEM, N-ethylmaleimide;
HCBD, hexachlorobutadiene.
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cytosolic transferases are bound to the endoplasmic reticulum in amounts
much higher than can be expected from simple contamination (Morgen-
stern et al., 1983). Not surprisingly, there are reports describing the purifi-
cation of cytosolic glutathione transferases from microsomes (Friedberg et
al., 1980; Lee and McKinney, 1982). Once the purification of the activated
enzyme had been achieved, the identical procedure was used to purify
the microsomal glutathione transferase in its unactivated form (Morgen-
stern and DePierre, 1983). The unactivated purified enzyme could be
activated by sulfhydryl reagents to the same extent as the enzyme activity
in microsomes (allowing for the contribution of bound cytosolic glutathi-
one transferases). It also became clear that NEM treatment of the enzyme
does not increase its activity to all electrophilic substrates and that sub-
strate reactivity seemed to be an important factor. Thus, in general, but
certainly not always, reactive substrates are ‘‘activatable.”

A. Molecular Properties

The subunit molecular mass of the purified protein is 17.3 kDa, as deter-
mined by amino acid and cDNA sequence analysis (Morgenstern et al.,
1985; DeJong et al., 1988). After SDS-PAGE, the mass varies between
14 and 17 kDa, depending on the gel electrophoretic system used and
choice of molecular mass markers. The isoelectric point is 10.1, which
facilitates the purification of the enzyme by cation exchange chromatogra-
phy. The molecular properties together with the lack of immunological
cross-reactivity (Morgenstern 7 al., 1982) clearly distinguish the enzyme
from cytosolic glutathione transferases to which there is no obvious rela-
tionship at the amino acid or cDNA sequence level (Morgenstern et al.,
1985; DeJong et al., 1988).

The quaternary structure of the microsomal glutathione transferase is
trimeric. Hydrodynamic, radiation inactivation, and cross-linking studies
as well as two-dimensional crystal structure determination all support this
conclusion (Morgenstern et al., 1982; Boyer et al., 1986; Lundqvist et
al., 1992; Andersson et al., 1993). The trimeric structure is present in the
purified detergent complex, in proteoliposomes, and in the endoplasmic
reticulum.

B. Subcellular, Extrahepatic, and Phylogenetic Distribution

Microsomal glutathione transferase is present in very high amounts in
liver microsomes (3.1% of the protein) as well as in the outer mitochondrial
membrane (4.8%) (Morgenstern et al., 1984). The concentration of the
enzyme in the endoplasmic reticulum has been estimated at 1 mM (Mor-
genstern and DePierre, 1985). These levels are not increased by common
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inducers of drug-metabolizing enzymes (Morgenstern et al., 1980). A re-
cent report shows hepatocyte plasma membrane location with differing
amounts in canalicular and sinusoidal membrane fractions (2% and
0.5-1%, respectively) (Horbach er al., 1993). The claim that microsomal
glutathione transferase is present in peroxisomes is difficult to ascertain,
since high levels of microsomal contamination have to be taken into ac-
count (Nishino and Ito, 1990). In general, the amount of microsomal
glutathione transferase in other intracellular membranes is not higher than
that calculated from microsomal contamination (Morgenstern et al., 1984).
Nevertheless, improvements in obtaining extremely pure subcellular frac-
tions could make quantification in other locations possible, as was the
case with plasma membrane fractions.

The extrahepatic distribution of the microsomal glutathione transferase
has been probed by activity measurements and by Western and Northern
blot analysis (Delong et al., 1988; Morgenstern et al., 1984). The activity
measurements revealed, somewhat surprisingly, that no NEM activation
could be detected in microsomes from any of the organs tested, although
Western blots showed the presence of significant amounts of protein [10-
to 100-fold lower than in liver (Table I)]. The reason for the lack of
activation is not clear, although the presence of endogenous inhibitors,
which have been suggested to be present in liver microsomes (Boyer et

Table |

Extrahepatic Distribution of Rat Microsomal Glutathione
Transferase as Measured by Western- and
Northern-Blot Analysis

Microsomal glutathione transferase

Protein in microsomes mRNA expression
Organ (ng/mg) (% of liver)
Liver 31 100
Kidney =0.3 20
Lung 0.9 1-8°
Intestine 4.0
Adrenal 3.2
Testes 2.5 20
Spleen 0.5 1-8°
Brain =0.3 1-8°
Heart <0.3
Thymus 1.1

9-¢ Relative amount a > b > c.
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al., 1982), could explain the phenomena. The activated enzyme is, in
general, more sensitive to inhibition than the unactivated enzyme (Mosia-
lou and Morgenstern, 1990). Northern blot analysis indicated that mRNAs
were expressed at 20% of the liver level in kidney and testis with lower
levels being present in other organs (Table I). The high amount in testis
agrees with the Western blot analysis, whereas the kidney contained very
little protein. The reason for the discrepancies between Western and
Northern blot analysis is not known. Different subcellular localization of
the protein in different organs (only the microsomal fraction was analyzed)
or different turnover rates, or both, are possible explanations. Studies on
the half-life and extrahepatic cellular and subcellular localization of the
microsomal glutathione transferase are warranted, especially regarding
the possible contribution of the enzyme to the production of glutathione
conjugates that are carcinogenic and toxic.

The phylogenetic distribution, as probed by immunological cross-
reaction and activity measurements, shows that all mammalian species
examined contain a related enzyme of similar size (Morgenstern et al.,
1984). The human microsomal glutathione transferase is, of course, of
special interest and has been purified and characterized with respect to
substrate specificity, activation characteristics, size, isoelectric point, and
cDNA sequence (McLellan ez al., 1989; Mosialou e al., 1993a; DelJong
et al., 1988). The human enzyme is similar to the rat enzyme with a
95% conservation at the amino acid sequence level. The gene for human
microsomal glutathione transferase is located on chromosome 12 (DeJong
et al., 1990).

Il. Catalysis

The substrates and, consequently, the assays for glutathione transferases
are numerous. For routine work, the substrate of choice is CDNB, because
it displays high activity with most glutathione transferases. In principle,
assays for cytosolic and microsomal glutathione transferase differ only
by the inclusion of detergent (0.1% Triton X-100) when the purified micro-
somal enzyme is used (representative substrates are given in Table II).
Microsomal fractions are normally assayed in the absence of detergent,
although the inclusion of detergent can be used to decrease turbidity. Any
inhibitory or stimulatory effect has to be checked because, with human
liver microsomes, the inclusion of detergent increases the activity toward
CDNB up to threefold. Immobilized microsomal (and cytosolic) fractions
have also been used for studying conjugate formation and offer advantages
in the ease of product separation (Pallante et al., 1986). When the micro-
somal fraction is assayed, it must always be borne in mind that cytosolic
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Table 11

Specific Activity of Purified Rat Liver Microsomal Glutathione Transferase with
Selected Substrates

Specific activity
(umol/min mg protein)

Substrate Unactivated NEM-treated Reference
CDNB 2.0 30 Morgenstern and
DePierre (1983)
(+ N-acetyl-L-cysteine) 5.6 2.0 ¢
2.5-Dichloronitrobenzene 1.3 1.3 Morgenstern et af.
(1988)
(+ N-acetyl-L-cysteine) 0.11 1.6 ¢
p-Nitrophenylacetate 0.2 0.9 Morgenstern et al.
(1988)
Dilinoleoylphosphatidyl- 0.3 0.8 Mosialou and
choline hydroperoxide Morgenstern (1989)
y-Linoleoyl, 8-palmitoyl- 0.2 ND* a
phosphatidylcholine
hydroperoxide
Cholesteryl linoleate 0.2 ND “
hydroperoxide
4-Hydroxy-2-nonenal 0.5 ND Mosialou and
Morgenstern (1989)
Methyl iodide 0.61 0.61 Morgenstern and
DePierre (1983)
Hexachlorobutadiene 0.005 0.005 Morgenstern and
DePierre (1983)
Hexachlorobutadiene 0.44 0.44 Wallin et al. (1988)

? Weinander et af., 1993,
b Not determined.
¢ Improved assay.

glutathione transferases are present in low amounts (Morgenstern ez al.,
1983). When the presence of detergent is not compatible with the experi-
mental design, the purified microsomal glutathione transferase can be
reconstituted into proteoliposomes by cholate dialysis in the presence of
phosphatidyl choline (Lundqvist ez al., 1992). Other detergents might also
be used to exchange Triton X-100, which absorbs strongly around 275
nm. Reduced Triton X-100, lauryldiaminoxide, and zwittergent 3-14 have
been used successfully for this purpose.

Characterization of the catalytic activity of the microsomal glutathione
transferase has shown that it follows a random sequential mechanism,
both in the activated and unactivated state (R. Morgenstern, unpublished
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observation). The ability of the enzyme to lower the pK, of the thiol in
glutathione to 6.4—6.8 seems to be responsible for part of the catalytic
enhancement in both the activated and the unactivated enzymes (unpub-
lished observation). The finding that only the activity with more reactive
substrates is increased upon activation indicates that activation augments
the rate of product release (Morgenstern ef al., 1988). It has been noted
that the NEM-activated enzyme is much more susceptible to trypsin cleav-
age than the unactivated enzyme, indicating that activation is accompanied
by a conformational change in the enzyme (Morgenstern ef al., 1989).
Substrates for glutathione transferases are lipophilic and electrophilic
and are important because of their potential carcinogenic, tumorigenic,
toxic, and pharmacological properties. In comparison with cytosolic gluta-
thione transferases, the microsomal enzyme shares their broad substrate
specificity, and the catalytic efficiency ranges from lower to higher in
certain cases. Substrates that display selectivity for the microsomal gluta-
thione transferase include many polyhalogenated, unsaturated hydrocar-
bons as well as lipid hydroperoxides (Tables II and IIT). Other substrates
include aromatic hydrocarbons with activated ring structures and halogen-
leaving groups (i.e., CDNB), a,B-unsatured carbonyls, activated esters
(thiolysis of p-nitrophenylacetate), and simple halocarbons (Table II).

Table 11

Relative Contribution of Rat Liver Microsomal and Cytosolic Fractions to the
Glutathione Conjugate Formation from Various Polyhalogenated Hydrocarbons

Specific activity (nmol/min

mg protein)
Substrate Microsomes Cytosol Reference
Trichloroethene 0.002 —_ Dekant et al. (1989)
Tetrachloroethene 0.23 0.13 Dekant er al. (1987)
Tetrafluoroethene 3 0.7 Odum and Green (1984)
Chlorotrifluoroethene 170 90 Dohn ez al. (1985)
Perfluoropropene 276 136 Koob and Dekant (1990)
Trichlorotrifluoropropene 530 120 Vamvakas et al. (1989)
Dichloroacetylene 3160 660 Kanhai er al. (1989)
3030(kidney) 127(kidney)

Hexachlorobutadiene 1.12 0.04 Dekant er al. (1988)

382 0.09° Wallin er al. (1988)

1.17° 0.031° Oesch and Wolf (1989)

? Improved assay.
® Human.
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Epoxides are, in general, poor substrates (Morgenstern et al., 1988). Al-
though the glutathione transferase reaction generally represents a detoxi-
fication reaction, a growing number of glutathione conjugates with toxic
properties have been discovered (Koob and Dekant, 1991). Many of these
harmful substances are halocarbons (Dekant et al., 1990a,b). Around the
same time that microsomal glutathione transferase was purified, it was
reported that some halogenated hydrocarbons were conjugated to glutathi-
one preferentially in the microsomal fraction of liver (Table I1I) (Dohn
and Anders, 1982; Odum and Green, 1984; Wolf ef al., 1984). The question
arose whether the enzyme responsible for this metabolism was the micro-
somal glutathione transferase and whether the higher reaction rates ob-
served were inherent to the enzyme or a consequence of its location in
the membrane, where lipophilic substances may be expected to accumu-
late. The following examples illustrate the importance of the microsomal
glutathione transferase and its catalytic efficiency as well as membrane
location. Hexachlorobutadiene (HCBD), which is nephrotoxic, was found
to be metabolized more efficiently in microsomes than in cytosol (Wolf et
al., 1984). In experiments designed to pinpoint the role of the microsomal
glutathione transferase, an observed lack of mutual inhibition of CDNB
and HCBD conjugation was interpreted as an indication of additional
membrane bound enzymes (Oesch and Wolf, 1989). However, experi-
ments where the activity was followed during purification of the human
enzyme clearly established that the microsomal glutathione transferase
was responsible for the HCBD conjugation (McLellan ez al., 1989). In
addition, experiments utilizing an tmproved assay procedure showed a
very high conjugation rate by the pure enzyme, which accounts for the
activity observed in microsomes (allowing for an inhibitory effect of Triton
X-100) (Tables II and III) (Wallin et al., 1988). It is important to note
that the activity toward HCBD is not influenced when the microsomal
glutathione transferase is treated with NEM. In general, lack of NEM
activation can never be taken as evidence for the lack of involvement
of the microsomal glutathione transferase, whereas activation is a good
indication that the enzyme catalyzes the activity under study. In the case
of chlorotrifluoroethene, where the specific activities in the cytosol and
microsomal fractions are comparable (Table I11), experiments examining
diastereomeric product distributions have shown that the membrane loca-
tion of the microsomal glutathione transferase is very favorable (Hargus
et al., 1991).

Perhaps one reason for the membrane location of microsomal glutathi-
one transferase is its activity toward lipid hydroperoxides and, unique to
glutathione transferases, toward phospholipid hydroperoxides (Table II).
The ability of the enzyme to reduce hydroperoxides formed in the mem-
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brane as well as its capability to conjugate hydroxyalkenals may serve to
protect cells against one consequence of oxidative stress, namely lipid
peroxidation (Mosialou and Morgenstern, 1989; Mosialou et al., 1993b).
It is also interesting to note that activation of the enzyme increases its
peroxidase activity toward phospholipid hydroperoxides (Mosialou and
Morgenstern, 1989) and that the enzyme is activated by hydrogen peroxide
in the purified form as well as by hydrogen peroxide and by ischemia-
reperfusion in the liver (Aniya and Anders, 1992; Aniya and Naito, 1993).

l1l. Activation

There are now numerous examples of activation of the microsomal gluta-
thione transferase in vitro as well as in vivo (Table IV). The purified
enzyme can be activated by sulfhydryl reagents, including various disul-
fides, proteolysis, and bromosulfophtalein, which is also an inhibitor. In
microsomes, the enzyme can be activated by removal of an endogenous
inhibitor, by heat treatment and by reactive metabolites formed during
the metabolism of phenol and a-methyldopa. In hepatocytes, the GSH
depletor phorone, but not diethyl maleate, activates the enzyme efficiently,
but in an unknown manner. Activation by the substrate CDNB as well
as a slight activation by tert-butyl hydroperoxide was also observed in
this system. As mentioned above, hydrogen peroxide and ischemia-
reperfusion activate the enzyme in the isolated perfused liver. In whole
animals, activation has been observed with compounds that form reactive
intermediates capable of binding sulfhydryl groups as well as with phorone
and diethyl maleate (Table IV). In general, the observed increases in
activity in more complex systems are small, but taking into account that
only 30% of the control CDNB activity of liver microsomes stems from
the microsomal glutathione transferase, an increase of the overall activity
by 30% is the result of a doubling of the specific activity of the microsomal
glutathione transferase (Morgenstern er al., 1983).

The principle ways to activate the enzyme include modification of the
single thiol group of cysteine-49, proteolysis, or modulation of non-
covalently acting inhibitory/activating compounds (Fig. 1). It has been
shown that reactive metabolites activate the enzyme and, when they are
substrates (CDNB), thereby increase their own metabolism (Lundqvist
and Morgenstern, 1992a). In addition, oxidative stress activates the en-
zyme, which increases its ability to reduce lipid hydroperoxides. The
mechanism by which oxidative stress activates the enzyme may involve
dimer formation (by intersubunit disulfide formation) or thiol-disulfide
interchange (Aniya and Anders, 1992; Aniya and Naito, 1993). It is signifi-
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Table IV

Activation of Microsomal Glutathione Transferase in Various Systems

27

System

Treatment

Mechanism/hypothesis

Reference

Purified enzyme

Liver microsomes

Hepatocytes

N-ethylmaleimide (other
sulfhydryl reagents)

Cystamine

Diamide = GSH

Hydrogen peroxide

Reactive metabolites of
phenol and allyl
alcohol

Trypsin

Bromosulfophthalein

All the above except
bromosulfophthalein

GSSG + other
disulfides

GSSG + 37-45°C

Radiation

Phenol metabolites
(P450)

a-Methyldopa
metabolites (P450)

Autoxidation products of
noradrenaline

Small unilammellar
phospholipid vesicles

Heat

Phorone
CDNB, 1,2-

dibromoethane
teri-Butyl hvdroperoxide

Thioether to Cys-49

Mixed disulfide to Cys-49

Mixed disulfide to Cys-49

Intersubunit dimer (P-
SS-P)

[ntersubunit dimer (P-
SS-P)

Covalent binding (Cys-
49)

Proteolysis at Lys-41

Binding/conformational
change

Mixed disulfide to Cys-49

Mixed disulfide to Cys-49
enzyme catalyzed

Radiation-induced
reactive oxygen
species

Covalent binding (Cys-
49)

Covalent binding (Cys-
49)

Covalent binding (Cys-
49)

Removal of endogenous
inhibitors

Unknown/not disulfide
formation

Unknown

Covalent binding (Cys-
49)
Unknown

Morgenstern and
DePierre (1983)

Aniya and Anders (1989)

Aniya and Anders (1989)

Aniya and Anders (1992)

Haenen er al. (1988);
Wallin and
Morgenstern (1990)

Morgenstern et al.
(1989); Mosialou et al.
(1993a)

Andersson et al. (1988);
Mosialou and
Morgenstern (1990)

Morgenstern and
DePierre (1985);
Nishino and Ito (1989);
Aniya and Anders
(1989)

Aniya (1989)

Boyer et al. (1986)

Wallin and Morgenstern
(1990)
Haenen er al. (1991)

Lundgvist and
Morgenstern (1992b)
Boyer e/ al. (1982)

Aniya (1989)

Lundqvist and
Morgenstern {1992a)

Lundqvist and
Morgenstern (1992a)

Lundqvist and
Morgenstern (1992a)

(continued)
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System

Treatment

Mechanism/hypothesis

Reference

Perfused liver

Hydrogen peroxide

Mixed disulfide to Cys-49

Aniya and Naito (1993)

Whole animals

Intersubunit dimer (P-
SS-P)

Mixed disulfide to Cys-49

Intersubunit dimer (P-
SS-P)

Mixed disulfide to Cys-49
by increased GSSG

Covalent binding (Cys-
49) of reactive
metabolite

Covalent binding (Cys-
49)

Covalent binding (Cys-
49) of reactive
metabolite (acrolein)

Ischemia-reperfusion

Phorone, diethylmaleate Masukawa and Iwata

(1986)

Carbon tetrachloride Botti et al. (1982)

1,2-Dibromoethane Botti et al., (1982)

Allyl alcohol Haenen ef al. (1988)

cant that this type of activation could be reversed by dithiothreitol, indicat-
ing the involvement of a disulfide bond (Aniya and Anders, 1992; Aniya
and Naito, 1993). The putative dimer observed on treatment of the purified
enzyme with hydrogen peroxide and in the ischemia-reperfusion experi-
ments migrates, as determined by SDS-PAGE, and Western blot analysis,
close to the position of the chemically cross-linked trimer (Lundqvist et
al., 1992). Furthermore, it is difficult to generate significant amounts of
a dimer from the purified native protein by use of diamide oxidation, as
compared with the SDS-denatured protein (Lundqvist et al., 1992). This
defined dimer migrates below the ‘‘dimer’” observed in the oxidative stress
experiments. However, dimer formation resulting from oxidative stress
cannot be disregarded because of possible differences in the migration
of cross-linked enzyme subunits in different electrophoretic systems. Un-
til this point is clarified, however, thiol-disulfide interchange with a
sulfhydryl-containing compound remains a more likely mechanism of acti-
vation. Such thiol-disulfide interchange could be reversible and catalyzed
by enzymes, for which there exists some evidence (Aniya and Anders,
1989), to allow for control of the activity of microsomal glutathione trans-
ferase.

In some studies, proteolytic modification was investigated by Western

Aniya and Naito (1993)
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QSH +X —» D»SX <: SH + Heat ——b‘sn
Sulthydryl modification

Heat activation in microsomes

QSH +RSSR —p D SSR
Thiol-disulfide interchange ‘SH + Radiation —D‘S(?)

Radiation of microsomes
{intra- o1 intertimer)

ZQSH + Ha02 ——>l J~S-S-
Sulthydryl oxidation (dimer formation) Senall 2y .
. ySH + lipo@mes > . SH+@

fAemoval of endogenous inhibitor(s) in microsomes

SH + Trypsin —p» ESH

Proteolysis @ = unactivated [Jfj = activaied

Bromosulpho-
QSH *+ phuslein (8SP) P> SH

Ligand binding

I =innivitcg @@= de-inhibited (act. or unact.)

ase

O = unactivated D = activated

Fig. 1 Summary of conditions and proposed mechanisms for activation of the microsomal
glutathione transferase. For references. see Table IV.

blot analysis and was not observed (Aniya and Anders, 1992; Lundqvist
and Morgenstern, 1992b; Wallin and Morgenstern, 1990). Therefore. prote-
olysis appears unlikely as a general mechanism of activation.

The possibility of modulating the enzyme activity by small molecules
that bind non-covalently is difficult to ascertain in vivo, and it would be
interesting to find ways to measure the activity selectively in whole cells
with a substrate that is activable.

There is no reason to postulate that regulation of the microsomal gluta-
thione transferase activity should involve only one mechanism. Different
mechanisms could function in response to various forms of toxic insult
or unknown physiological demands and could even overlap. The elucida-
tion of these mechanisms, considering their potential generality in enzyme
regulation, is an attractive area for future research.



30 Claes Andersson et al.

IV. The Activated Enzyme

What are the functional consequences of activation under different condi-
tions of toxic insult? The conclusions that can be drawn from steady-state
kinetic studies involving a series of increasingly reactive electrophilic
substrate analogues and glutathione at low (R. Morgenstern, unpublished
observation) or physiological concentrations (Morgenstern et al., 1988)
are as follows. At physiological glutathione concentrations and at high
concentrations of reactive electrophiles, activation increases conjugation
dramatically. On the other hand, if the reactive electrophile is present
in low concentrations, activation does not increase the enzymatic rate
appreciably. Of course, activation by covalent modification is less likely
in this case. The activity toward less reactive electrophilic substrates does
not change regardless of the activation state of the enzyme when the
glutathione concentration is high. When the glutathione concentration is
low (=0.1 mM), reactive electrophiles are conjugated at slower rates than
at high glutathione concentrations but are still acted on more efficiently
by the activated enzyme, a situation that can be envisioned during severe
toxic insult. In this case a peculiar phenomenon is seen in that the activated
enzyme also becomes more efficient at conjugating less reactive electro-
philes. The observation that activation increases the activity to less reac-
tive substrates at low glutathione concentrations has been made with three
substrates so far. Whether this is a general phenomenon that is beneficial
under toxic insult awaits further studies.

In steady-state kinetics, the behavior of the enzyme is examined with
excess substrate concentrations. In the liver, however, the concentration
of the enzyme is 1 mM in the endoplasmic reticulum. This concentration
is probably higher than normal concentrations of electrophilic substrates.
Thus, depending on the affinity of the enzyme toward different substrates,
a considerable and rapid sequestration of harmful lipophilic compounds
can occur. Such sequestration could protect other critical cellular targets
from modification by electrophiles. The finding that the microsomal gluta-
thione transferase is preferentially alkylated by certain reactive metabo-
lites speaks in favor of this reasoning (Lundqvist and Morgenstern, 1992b;
Wallin and Morgenstern, 1990).

V. Thiol Substrates

Because the toxicity of many glutathione conjugates of halogenated hydro-
carbons depends on further processing of the products to the L-cysteine
conjugates it is of interest that the microsomal glutathione transferase
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can utilize y-L-glutamyl-L-cysteine and N-acetyl-L-cysteine as substrates
(Weinander et al., 1993). L-Cysteine can also function as a substrate, but
at an extremely low rate. There is no reason to believe that these substrates
function physiologically, but they could be used for the enzymatic synthe-
sis of compounds of toxicological interest. Furthermore we have observed
that N-acetyl-L-cysteine is not utilized by cytosolic glutathione transferase
(assayed in the cytosol fraction), as was demonstrated previously with
purified enzymes (Habig et «al., 1974). The activity of the microsomal
glutathione transferase toward N-acetyl-L-cysteine is higher than that with
glutathione when CDNB is used as the second substrate, but lower when
less reactive analogues of CDNB are assayed (i.e., 2,5-dichloronitroben-
zene, Table II). Thus, N-acetyl-L-cysteine conjugation offers the possibil-
ity to assay selectively the microsomal glutathione transferase, a property
that could be useful, for instance, in the determination of extrahepatic
subcellular activity and intraorgan distribution. The finding that dichloro-
acetylene is metabolized at the same rate in kidney and liver microsomes
(Table III) is intriguing in view of the small amount of cross-reactive
microsomal glutathione transferase that was quantified in the kidney (Mor-
genstern et al., 1984). Either different preparation procedures or the exis-
tence of anew isozyme could explain the results. The latter is an interesting
possibility that deserves investigation.

VI. Concluding Remarks

The study of the microsomal glutathione transferase regarding molecular
properties, substrate specificity, kinetic behavior, and activation mecha-
nisms has advanced considerably over the past few years. Nevertheless,
polyhalogenated hydrocarbons that form toxic and carcinogenic glutathi-
one conjugates need to be characterized with the purified enzyme with
respect to the molecular properties that determine catalysis. These and
additional studies on the extrahepatic distribution of microsomal glutathi-
one transferase will likely yield information on the sites of formation of
conjugates and on the enzymes involved. Are there additional enzyme
forms, as indicated by the high rate of dichloroacetylene conjugation in
kidney microsomes? The glutathione peroxidase activity of the micro-
somal glutathione transferase may protect the organism from reactive
hydroperoxides formed during oxidative stress. The significance of the
extrahepatic enzyme needs to be studied in this respect. Finally, studies
on the interplay and functional significance of different activation mecha-
nisms are interesting regarding enzyme regulation in general and protec-
tion against toxic insult in particular.
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l. Introduction

The glutathione S-transferases (GSTs) catalyze reactions between glutathi-
one and a number of electrophiles, mostly of xenobiotic origin. The sub-
strates have in common a degree of hydrophobicity and possess electro-
philic centers that undergo nucleophilic substitution, nucleophilic addition
to a,B-unsaturated ketones or epoxides, or, in the case of hydroperoxides,
nucleophilic attack on electrophilic oxygen resulting in reduction. In addi-
tion, they catalyze certain glutathione-dependent isomerizations and be-
have as binding proteins for a range of nonsubstrate ligands. There is a
remarkable variety of structures among substrates and ligands (Fig. 1).
A number of enzymes have evolved to deal with them. The enzymes tend
to have broad substrate specificities, but are often particularly active
toward specific substrates (Ketterer er al., 1988). (This is illustrated in
Tables I-1V.)

The attack of electrophiles on cellular nucleophiles is frequently associ-
ated with a toxic outcome. The more polarized the charge in the electro-
phile (i.e., the ‘*harder’’ the electrophile), the more likely it is to attack
either nucleophilic oxygen or nitrogen in DNA, with the potential for
causing genotoxicity. With hard electrophiles, the spontaneous rate of
their reaction with glutathione (GSH), even at normal cellular concentra-
tions of GSH, is low, with the result that GSTs are especially valuable
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Fig. 1 Examples of GST-catalyzed reactions. The following substrates are illustrated
(a) dibromethane; (b) dichloromethane; (c) exo-aflatoxin B,-8,9-oxide: (d) (+)-anti-
benzolalpyrene-7,8-diol-9,10-oxide; (¢) N-acetylbenzoquinone imine; (f) cumene hydroper-
oxide.

in conferring protection. For this reason, GSTs are regarded as being
particularly important in anticarcinogenesis (Coles, 1984; Coles and Ket-
terer, 1990). Hard electrophiles may also react with nucleophilic nitrogen
or thioether sulfur in proteins. This reaction, although frequently highly



Table |

Rat Glutathione Transferases: Nucleophilic Displacement

GSH transferase isoenzyme

Substrate 1-1 2-2 33 4-4 5-5 6-6 7-7 8-8 10-10 12-12 13-13
(umol/min/mg)

CDNB 40.0 38.0 50.0 20.0 <0.5 20.0 10.0 <0.5 82

NQO* nil nil 4.8 5.1 9.9 2.6

DCP*? 0.004 0.008 0.017 0.001 nil 0.001 0.002 0.008

EDB* 0.011 0.117 0.070 0.021 ++ + 0.003

DCMY nil nil nil nil 11.0

5-SMC* 0.08

7SM-12MB* 0.15

7SM-120HMB* 0.05

Note. Abbreviations used: CDNB, [-chloro-2,4-dinitrobenzene; NQO, nitroquinoline N-oxide; DCP, 1.2-dibromo-3-chloropropane:
EDB, ethylene dibromide; DCM, methylene dichlonde; 5-SMC, 5-sulfonyloxymethyl chrysene: 7SM-12MB, 7-sulfonyloxymethyl,

12-methylbenzanthracene; 7SM-120HMB, 7-sulfonyloxymethyl, 12-hydroxymethylbenzanthracene.

4 Aceto et al., 1990.

b E. Soderland and D. J. Meyer, unpublished data.

¢ Cmarik et al., 1990.
4 Meyer et af., 1991a.
¢ Hiratsuka et al., 1990.



Table I

Rat Glutathione Transferases: Conjugation of Epoxides

GSH transferase isoenzyme

Substrate 1-1 2-2 3-3 4-4 5-5 6-6 7-7 8-8 10-10 12-12 13-13
(pmol/min/mg)

exo-AFBO* 0.002 0.0005 0.0013 0.0015 nil nil 0.10

endo-AFBO? nil nil nil 0.014 nil nil nil

BP-4,5-0°¢ 0.011 0.004 0.087 0.069

(+)anti-BPDE? 0.006 0.012 0.7 4.5

(—)anti-BPDE? 0.0012 0.004 0.007 nil

1-NP-4,5-0O°¢ 0.01 0.03 0.30 0.30 0.02

1-NP-9,10-O0¢ 0.06 0.01 0.40 0.20 0.08

Ch-5,6-0" 0.0001 nil nil

Note. Abbreviations used: exo-AFBO, aflatoxin B)-8,9-exo-oxide; endo-AFBO, aflatoxin B-8,9-endo-oxide; BP-4,5-0, benzo[a]pyrene-4,5-

oxide; (+)anti-BPDE, (+)anti benzo[alpyrene-7.8-diol-9,10-oxide; (—)anti-BPDE, (—)anti-benzo[a]pyrene-7,8-diol-9,10-oxide; 1-NP-4,5-0,

1-nitropyrene-4,5-oxide; 1-NP-9,10-0, 1-nitropyrene-9,10-oxide; Ch-5.6-O, cholesterol-5,6-oxide.
@b Raney et al., 1992.
¢ Nemoto et al., 1975.
4 Jernstrom et al., 1985; Robertson er al., 1986.
¢ Djuric et al., 1987.
/ Meyer and Ketterer, 1982.
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Table 111
Rat Glutathione Transferases: Michael Addition

GSH transferase isoenzyme

Substrate 1-1 22 33 44 55 66 17 8-8 10-10  12-12  13-13
(mol/min/mg)

NABQI* 108 480 6.0 3.0 190
ETA? 03 21 04 1.0 4.0 7.0 26°
HNE? 26 07 27 69 170.0 nil¢

Note. Abbreviations used: NABQI, N-acetyl-p-benzoquinone imine; ETA, ethacrynic
acid; HNE, 4-hydroxynon-2-enal.

4 Coles et al., 1988.

b Coles and Ketterer, 1990.

¢ Harris et al., 1991.

specific, may not always have striking effects on biological activity (Coles
et al., 1987).

The more polarizable the electrons in the electrophile (i.e., the ‘‘softer™’
the electrophile), the more likely it is to attack protein thiols causing
cytotoxicity, due to the frequent involvement of thiols in the biological
activity of proteins. Glutathione reacts so readily with soft electrophiles
(e.g., N-acetylbenzoquinone imine, the toxic metabolite of paracetamol;
Coles et al., 1988) that at normal cellular concentrations of glutathione
(2-10 mAM ) the spontaneous reaction is sufficient to provide significant

Table IV
Rat Glutathione Transferases: Products of Peroxidation

GSH transferase isoenzyme

Substrate -1 22 33 44 55 66 7-7 8-8 10-10 12-12 13-13
(umol/min/mg)

LAOOH* 30 16 0.2 0.2 53 1.5 nif

DNAOOH* nil nml 002 0.03 0.03 0.01 nil

CuOOH“ 1.4 30 0.1 0.4 <0.02 1.1 nil

PGH,-PGE,> 1.4 0.42 0.057 0.092 0.063 0.033

Note. Abbreviations used: LAOOH, linoleic acid hydroperoxide; DNAOOH, DNA
hydroperoxide; CuOOH, cumene hydroperoxide; PGH,-PGE,, prostaglandin H2 — E2.

4 Ketterer and Meyer, 1989,

b Ujihara et af., 1988.
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protection from toxicity; however, should GSH become depleted, the
GSTs are much more important in detoxication.

Il. The GST Supergene Family

In mammals, cytoprotection provided by GSTs is made available by at
least four multigene families referred to as alpha, mu, pi, and theta (Coles
and Ketterer, 1990; Armstrong, 1991; Meyer et al., 1991a). Our knowledge
of these gene families depends largely on work with the rat and humans.
As with other gene superfamilies, there have been problems in arriving
at a common nomenclature. Several nomenclatures exist for the rat, but
the one most favored gives each GST subunit (the GSTs are dimers) a
number in the chronological order of its structural characterization (Ja-
koby et al., 1984; see Table V). However, this nomenclature is insuffi-
ciently informative in that it does not indicate the gene family to which
the subunit belongs. This is not the case with the new nomenclature for
human GSTs, which gives each gene or gene product a number (largely
determined by the chronology of its characterization by cloning) preceded
by the designation of the gene family to which it belongs (see Table VI;
Mannervik et al., 1992).

The identity in amino acid sequence within the GST gene families is
considerable (at least 70%) and between gene families is sufficient
(20-30%) to confirm their common origin. The alpha, mu, and pi families seem

Table V

Rat Glutathione Transferases Nomenclature
by Subunit®

Family

alpha mu pi theta

la (Ya) 3(Yb)  7(Yf,Yp) S

lb (Yaz) 4 (Yb:) 12 (Yrs)
2 (Ye) 6(Yn,) 13¢
8 (Yk) 9(Yny)

10 (Ycy) 11 (Yo)

9 This nomenclature was devised by Jakoby et
al. (1984).

b The Ya, etc., is an alternative nomenclature
originated by Bass ef al. (1977).

¢ Specific location in mitochondrial matrix.
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Table VI
Human Glutathione Transferase Nomenclature by Subunit

Family
alpha mu pi theta
GSTAI“ (B, &, )’ GSTM1a (u, GST1) GSTPI (=) GSTTI1(6)
GSTA2 (B;. 3. «) GSTMI1b () GSTT2
GSTMI null ( null, GST 10)
GSTM2
GSTM3

@ This nomenclature was devised by Mannervik er al. (1992).
® This nomenclature is from a range of sources.

to be restricted to fungi and animals, but the theta family is much more
widespread, having been detected inboth the plant and the animal kingdoms
and also in bacteria. It appears to be a GST prototype (Pemble and Taylor,
1992). Recent analysis of the primary structure of a GST from the bacte-
rium Proteus mirabilis shows that it represents yet another related gene
family; however, the phylogenetic distribution of this new family is un-
known (Mignogna et al., 1993).

lll. Structure of GSTs Including Their Active Sites

That GSTs are dimers has been known for some time (Ketterer and Christ-
odoulides, 1969) and also that within each gene family homo- and hetero-
dimers may form (Mannervik and Danielson, 1988; Coles and Ketterer,
1990). The first GST to have its three-dimensional structure solved by X-
ray crystallography was a porcine pi GST gene (Reinemer ef al., 1991).
Subsequently structures of rat GST3-3 (Ji et al., 1992), human GSTPI-1
(Reinemer et al., 1992), and human GSTAI1-1 (Sinning ef al., 1993) have
also been published.

Despite considerable differences in amino acid sequence, the conforma-
tions of these three GSTs are very similar (Fig. 2). All subunits have two
domains, with the active site lying between them. The smaller N-
terminal domain (domain 1) contains the glutathione binding site and part
of the electrophile binding site. The larger, domain 2, contributes further
to electrophilic substrate binding, particularly in the region of the C-
terminus. Domain 1 includes residues 1-82 forming four B-strands and
3 a-helices in the folding pattern BaBaBBa. Domain 2, which extends to
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Fig. 2 The conformation of GST subunits of the alpha, mu, and pi classes showing bound
conjugate at the active sites (Sinning er al., 1993).

residues 207, 217, and 222 in GSTP1-1, GST3-3, and GSTAI-1 respec-
tively, is completely helical.

A high affinity for glutathione is a characteristic of enzymes in the alpha,
mu, and pi families (Meyer, 1993). The amino and carboxylate groups of
the y-glutamyl residue, the carboxylate group of the glycyl residue, the
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cysteinyl sulfur and the peptide backbone are all involved in binding. For
example, in GSTPI-1 the results of X-ray crystallographic analysis show
that the y-glutamyl carboxylate group interacts with the side chains of
Arg,; and Serg;, the y-glutamyl amino group with the side chains of Glng,
and ASpeg. (i.¢., Aspyg in the other subunit), the cysteinyl sulfur with Tyr;.
and the carboxylate of glycine with Trpsg, Lys,,, and Glng,. In addition, a
short antiparalle] B-pleated sheet results from the interaction of amide
nitrogen and the carboxyl oxygen of Leus, with the amide nitrogen and
carboxyl oxygen of the cysteinyl group (Reinemer et al., 1992). The
essential nature of interactions with Tyr,, Arg;;, Glug,, and Aspgg have
been confirmed by site-directed mutagenesis (Manoharan et al., 1992) and
in the case of Tyr,, Arg,;, Lys,,, and Aspys by chemical modification (Xia
et al., 1993; Meyer et al., 1993a).

Most interesting is Tyr,;. The hydroxyl moiety of this tyrosine interacts
with the thiol of glutathione and is important for its activation. Site-
directed mutagenesis substituting phenylalanine for this tyrosine causes
almost complete loss of activity (Manoharan ef al., 1992; Kolm et al.,
1992), as does loss of the the homologous Tyr residues in GSTAI, and
rat GST3 (Stenberg et al., 1991; Liu et al., 1992). Diethylpyrocarbonate
(DEPC), a reagent normally used to modify histidine residues, also reacts
with Tyr, in the native protein (the same residue in the isolated N-terminal
undecapeptide is unreactive). The reaction of DEPC with the enzyme
causes complete loss of activity together with the loss of a second-
derivative spectrum associated with tyrosinate anion, but interestingly,
glutathione, at the active site, causes little inhibition of this reaction
(Meyer et al., 1993a).

Most important in the enzyme mechanism of GSTs is the reduction of the
pK, of glutathione thiol from approximately 9, the value in free solution, to
a value in the region of neutrality at the active site, with the result that
glutathione bound to the enzyme possesses the much more nucleophilic
thiolate anion. Tyr, appears to be largely responsible for this essential
reduction in pK,. Ji ef al. (1992), who determined the three-dimensional
structure of rat GST3-3, proposed three possible mechanisms whereby
Tyr could assist the ionization of glutathione: (a) the hydrogen bond
Tyr,-OH-H - - ~SG assists stabilization of the thiolate anion at the active
site; (b) Tyrg-O~ - - H-S-G occurs with a very low barrier to proton
transfer; and (c¢) the proton resides in a single-well potential Tyre-O~ - -
H* - - “SG. In the case of GSTPI-1, option (b) is favored.

When the amino acid residues essential to the active site in rat GST3-
3 and GSTAI-1 are compared with those in GSTPI-1, little is found to be
conserved (Ji er al., 1992; Sinning et al., 1993). All the charged groups
of glutathione are involved in salt links, but only those equivalent to Aspggg
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and Glng, are identical. As with GSTPI-1, glutathione in GSTA1-1 also
forms two major chain hydrogen bonds with the enzyme protein, whereas
in GST3-3, glutathione has a somewhat different conformation such that
its cysteinyl carbonyl hydrogen bond arises from a Trp side chain. How-
ever, in all enzymes the tyrosine equivalent to Tyr; in GSTPI-1 interacts
with the cysteinyl sulfur. A similar mechanism of activation of glutathione
appears to occur in each of these three classes and probably also in the
theta class where tyrosine residues occur in position 5 in both rat GSTs
5 and 12 (Meyer, 1993) (see Fig. 3).

Because of the wide ranging substrate specificity of the electrophile
binding site, its structure is presumed to be less defined. Contacts are not
as intimate or specific as for glutathione {Reinemer et al., 1992). In GST3-
3, the active-site cleft is deeper, and as with GSTP1-1, both the immediate
surroundings of Tyrg and the C-terminal domain interact with the electro-
philic substrate (Ji et al., 1992). GSTA1-1 differs somewhat in that its
longer polypeptide chain results in a C-terminal «-helix containing two
conserved Phe residues, which packs onto and helps form a hydrophobic
binding site less available to solvent than of those of the other two enzymes
(Sinning et al., 1993).

The interface between subunits in the dimer is relatively extensive and
has a twofold axis. Interactions occur between domain 1 in one monomer
and domain 2 in the other and are more numerous in the periphery. The
interacting structures tend to be conserved within each of the classes,
thus enabling the formation of both hetero- and homodimers {Sinning et
al., 1993),

IV. Enzyme Kinetics

A characteristic of reactions catalyzed by GSTs of the alpha, mu, and pi
family is product inhibition. This appears to be associated with low K,
values (i.e., high binding affinity) for both the glutathione and electrophilic
substrates. However, in theta enzymes, where the K,, values for GSH
appear to be much higher, product inhibition may be absent (Meyer, 1993).

Table VII shows the K, values for GSH of a number of GSTs. With
1-chloro-2,4-dinitrobenzene as a substrate, it is seen that with the alpha,
mu, and pi class enzymes, the K, values range from 81 to 160 wM, but
with rat GST13-13, a theta class enzyme, the K, is 1900 M, an order of
magnitude higher. The K,, value for GSH may vary with the nature of
the electrophilic substrate; thus GSTM1a-1a has a K, value of 95 uM
with 1-chloro-2,4-dinitrobenzene but of a K, value an order of magnitude
greater with p-nitrobenzyl chloride. Rat GSTS-5 does not utilize 1-chloro-



GST - _ +
subunit C-SH E-C00 G-C00 -HN-C-CO- E-CO0~ E-NH,
14 53 70 100
W1 (w) VVYFPV---RGRC TWQEGSLKAS C-LYG-QLP SNAILR QEAALVDMVNDGVEDLR
15 55 72 102
r2(a) LEYFDG---RGRHM RDDLARLRND GSLMFQQVFP TRAILN KERALIDMYAEGVADLD
13 60 77 107
r3(u) LGYWNV---RGLA RSQWLNEKFK LGLDFENLTP SNAIMR EERIRADIVENQVMDNR
15 54 71 105
r5(0) ELYLDLLSQPCRA KGEHLSDAFA QVNPMKEKVEP SVAILL QARARVDEYLAWQHTTIiS
15 54 71 o

r12(® ELYLDLLSQPC/SRA KGCQHLSEQFS QVNCLKEKVP STAILTI QARAQVHEYLGWHADNI

Fig. 3 Interactions between glutathione and several GSTs at the active site. C — SH is the cysteinly thiol of glutathione; E — COO~ is the a-
glutamyl carboxylate; G — COO™ is the glycyl carboxylate; —HN — CO~ is the peptide chain contributed by the cysteiny! residue; E — NH;™ is
the glutamyl a-ammonium ion.
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Table Vil
The K, Values for Glutathione ¢

GST K, (GSH) (pM) Electrophile
Pi-1 il0 1-Chloro-2,4-dinitrobenzene
Al-1 81 1-Chloro-2,4-dinitrobenzene
A2-2 160 1-Chloro-2,4-dinitrobenzene
Mla-l1a 95 1-Chloro-2 4-dinitrobenzene
Rat GST 13-13% 1900 1-Chloro-2 4-dinitrobenzene
Mla-la 820 p-Nitrobenzy} chloride
Rat 5-5 4200 p-Nitrobenzyl chloride
Rat 5-5 5900 p-Nitrophenethyl bromide

? Meyer, 1993,

b5 Harris et al., 1991,

2,4-dinitrobenzene as a substrate, but the high X, values for GSH associ-
ated with the theta family are seen with p-nitrobenzy!l chloride and p-
nitrophenethyl bromide. Figure 3 gives a rationale for the low affinity of
rat GST5-5 for GSH, namely the lack of Lys (or Arg) associated with
binding of the glycyl carboxylate residue of glutathione in the other GSTs.

A high affinity for GSH is useful in laboratory practice since it enables
GSH affinity matrices to isolate alpha, mn, and pi class GSTs from complex
protein mixtures. Furthermore, because their affinities differ to some ex-
tent, they can be differentially eluted by a glutathione concentration gradi-
ent (Hayes, 1988). This advantage in purification does not pertain to theta
enzymes.

The X,, values for electrophilic substrates range from 0.7 to 600 uM
(Table VIII). Some substrates important in toxicology, such as N-acetyl-
benzoquinone imine, 1-nitropyrene-4,5-oxide, 4-hydroxynonenal, and
(+)anti-benzolalpyrene-7,8-diol-9,10-oxide, have very low K, values,
which should maintain low intracellular levels of the free electrophiles
and therefore be advantageous in detoxication.

In GSTs, low K, values for GSH and/or electrophilic substrates, lead
to product inhibition and to the accumulation of GST-bound GSH conju-
gates in vivo. The GSTs appear to behave as reservoirs for both GSH
conjugates and nonsubstrate ligands, presumably releasing them slowly
for export in the case of the conjugates or, in the case of nonsubstrate
ligands, such as heme and bilirubin, for further metabolism in the cell. It
is noteworthy that the first GST 1o be purified, rat GST1-1, was isolated
from livers given the carcinogen 3'-methyl-N, N-dimethyl-4-aminoazoben-
zene. [t was originally believed to be a protein—carcinogen adduct; how-
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Table VilI
Kinetic Constants for Some Flectrophilic Substrates

kcal Km kcal/Km

Substrate Isoenzyme (s7') (M x107% (M ls™h
1-Chloro-2,4-dinitrobenzene! 33 50 60.0 8.3 x I10°
N-Acetyl-benzoquinone imine? 2-2 35 0.7 5% 107
4-Hydroxynon-2-enal® 8-8 — — 42 x 10
1-Nitropyrene-4,5-oxide* 4-4 0.3 1.0 3 x 10°
Linoleate hydroperoxide* 1-1 3.2 20.0 1.6 x 10°
a-Bromoisovaleryl urea® 22 0.1 600 167

(*)anti-benzo(a)pyrene-7,8-diol-9,10- 7-7 2.45 14.0 1.8 x 10°

oxide’

Note. Data are from ! Habig ez al., 1974: ? Coles ef al., 1988; 3 Danielson et al., 1987;
4 Djuric er al., 1987; 5 D. J. Meyer. unpublished information; ¢ te Koppele er al., 1988;
7 Robertson ef al., 1986.

ever, it transpires that the dye was not covalently bound, but that a GSH
conjugate formed by spontaneous reaction of the electrophilic metabolite
of the arylamine and GSH was bound noncovalently with high affinity
(Ketterer et al., 1971). N-Sulfonyloxy-N-methyl-4-aminoazobenzene, the
putative carcinogenic electrophile, does not appear to be a substrate for
GSTs.

Intninsically, the GSTs have random sequential kinetics (Jakobson et
al., 1979) but in vivo at physiologically concentrations of glutathione, the
glutathione binding site is always occupied.

V. Gene Structure and Gene Regulation

cDNA clones have been obtained for the GSTs shown in Tables V and
VI and information available regarding genomic structure is beginning to
accumulate. Genes for rat GST subunits 1b (Telakowski-Hopkins et al.,
1986), 3 (Morton et al., 1990), 4 (Lai et al., 1988), and 7 (Okuda et al.,
1987) and for human GST subunits Al (Kloéne er al., 1992; Rozen et al.,
1992), A2 (Rohrdanz et al., 1992), M1 (Zhong et al., 1993), M2 (Taylor
et al., 1991), M4 (Taylor et al., 1991; Zhong et al., 1993), M35’ (Pemble
et al., 1993), and P1 (Cowell et al., 1988; Morrow et al., 1989) are known.
*“MS™ is enclosed in quotation marks because the enzymes it codes for
have yet to be isolated. As yet, no information regarding gene structure
is available for the theta family.



50 Brian Keftterer and Lucia G. Christodoulides

The regulation of these genes is of considerable interest for several
reasons: (a) There is considerable variation in the distribution of GSTs
from one tissue to another (Ketterer ¢t al., 1988) (Fig. 4). (b) In any tissue,
the distribution of GSTs varies during development; e.g., the fetal rat
liver expresses GSTs 7 and 10 but these are of very low occurrence in
the normal male rat liver (Tee et al., 1992) (Fig. 5). (¢) GST distribution

“ [\J ! L zlo l llr -im!l!l
|

| 1 il ]

20 40 ainutes
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?
1 |
40 sminutes 20 40 ainutes

Fig. 4 HPLC analysis of GSTs. (a) liver; (b) kidney; (c) lung; (d)i spermatogenic tubules;
(d)ii interstitial cells of the testis.
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Fig. 5 Expression of GSTs 10-10 and 7-7 in the fetus and the adult {a) GST10-10;
(by GST7-7.

may be determined by sex (Meyer er al., 1993b) (Table 1X). (d) GST
expression changes in tumorigenesis; for example, in rat hepatocarcino-
genesis, GST subunit 7 is a marker of preneoplasia, is expressed in
liver tumors and is therefore an oncofetal protein (Sato, 1989). The human
homologue GSTP1 is also regarded as a marker for a number of tumors
{Sato, 1989; Kantor et al., 1991). (e) Finally, of considerable importance,
a number of GSTs are induced by xenobiotics, the particular subunits
affected, varying with the inducer (Meyer e al., 1993b) (Fig. 6). The
mechanism of this induction is in part understood. In the case of rat GST
subunit 1b (what was originally defined as GST subunit I has been shown
to comprise two forms, only one of which is inducible; Ostlund-Farrants
et al., 1987; Hayes et al., 1990), the 5' untranslated region contains two
sequences associated with induction by xenobiotics. One is the xenobiotic
responsive element (XRE). This sequence was first identified in CYPJA!
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Table IX

Differences between Male and Female Rats in
the Distribution of GST Isoforms in the Liver

ug GST/mg hepatic soluble

protein
Male Female
«a family
GSTla 0.7 0.3 0.4 = 0.05
b 0.5+0.3 1.6 = 0.01
2 2.0 x0.5 6.0 = 0.5
8 0.3 = 0.01 0.6 = 0.08
10 0.15 = 0.05 0.4 = 0.15
w family
3 3.0 204 25+05
4 32+04 2.8 +0.5
6 0.18 = 0.05 0.16 = 0.01
11 ND 1.3 £ 0.1
7 family
7 0.02 = 0.05 1.0 £ 0.01

and, through the mediation of the Ah or TCDD receptor, is associated
with induction by planar aromatic compounds {Paulson et al., 1990), such
as polycyclic aromatic hydrocarbons. However, whereas in CYPIAI, the
XRE is multiple (Denison et al., 1988), GST1b has only one. An additional
sequence also associated with induction, namely the antioxidant respon-
sive element (ARE), appears to play the more important role (Rushmore
et al., 1991).

The ARE sequence, GTGACAAAGC, contains an APl-like element
TGAC and responds to tert-butyl-benzoquinone (a redox compound),
H,0,, and B-naphthoflavone. A similar structure in the GS74 mouse alpha
gene, referred to as the electrophile responsive element, contains two
APl-like sites in tandem, namely TGACATTGCTAATGGTGACAAAGC
(Friling et al., 1992), and is also responsive to redox compounds. Induction
due to phenobarbital apparently results from the production of oxygen
radicals during the course of its metabolism (Pinkus et al., 1993).

The rat pi gene has an important enhancer (GPEI) that is responsive
to 12-O-tetradecanoyl phorbol-13-acetate and the ras oncogene. GPEI
also contains AP1-like binding motifs in a region of partial diad symmetry
namely AGTCAGTCACTATGATTCAG (Sakai et al., 1988; Okuda et al.,
1989; Muramatsu et al., 1990). GST7 expression in hepatic preneoplasia
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A) HPLC of control liver GSTs
3 4 2 1a

1b
8
6
7
11
B) HPLC of liver GSTs after 1,2-dithiole-3-thione
3472 1a 1b

10
8
6
11

Fig. 6 Induction of rat liver GSTs by 1,2-dithiole-3-thione.

and neoplasia depends on this motif. It could be postulated that the pres-
ence of the APl-like sequences in their associated contexts are associated
with common factors responsible for the powerful induction of mouse
GST subunit 4 and both rat GST subunits 1b and 7 (Daniel, 1993).

No equivalent to the GPEI site is found in the human GSTPI gene;
however, it does have a consensus AP1 motif that is essential for promo-
tion. This motif is associated with retinoic acid responsiveness resulting
in down-regulation of transcription (Cowell et al., 1988; Dixon et al., 1989;
Xia et al., 1991, 1993). In addition there is a sequence in the first intron
that appears to be linked with the promoter and is associated with up-
regulation by insulin. A lack of retinoic acid receptors (Gudas, 1992) and
an increase in insulin binding sites, both of which may occurin transformed
cell lines (O'Brien and Granner, 1991), might be the basis for the observed
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enhanced GSTP! expression in human malignancy. A similar API site
also occurs in the promoter region of rat GST7, but work on this gene
has so far concentrated on upstream regulators, such as GPE]1.

VI. Specific Examples lllustrating the Properties of GSTs

A. Aflatoxin B;-Induced Liver Cancer in Experimental
Animals and Humans

In experimental hepatocarcinogenesis, aflatoxin B, (AFB,) is a poor car-
cinogen in the mouse, but a powerful carcinogen in the rat, provided the
rat has not been treated with inducers. The carcinogenic electrophile
produced by AFB, metabolism is now known to be AFB, exo-8,9-oxide.
In humans, and to a lesser extent the rat, the isomeric endo-oxide is also
formed but this does not appear to react significantly with DNA and may
have little importance in carcinogenesis (Raney et al., 1992; Ilyer et al.,
1994).

The AFB,-oxides are potential substrates for GSTs. The low carcinoge-
nicity of AFB, in the mouse, relative to the rat, is probably due to the
100-fold greater constitutive activity of its hepatic GSTs, which are two
orders of magnitude greater than those in rat liver. The principal activity
in mice is the alpha enzyme (mouse GST4-4), which has an activity of
300 nmol-min~"mg~' (Ramsdell and Eaton, 1990). Male rats exposed
to appropriate inducers become much less susceptible to AFB,-induced
carcinogenesis. Kensler and colleagues (1991) have shown that when olti-
praz [5-(2-(pyrazinyl)-4-methyl-1,2-dithiol-3-thione] is added to a diet con-
taining levels of AFB, sufficient to produce 20% tumorigenesis DNA-
bound AFB, and the development of preneoplastic nodules were greatly
reduced and no tumors developed. Analysis of hepatic GSTs shows that
administration of oltipraz and the parent compound 1,2-dithiole-3-thione
induces all GSTs present in the normal male adult rat (particularly GST1b)
and, in addition, brings about large inductions of GST7-7 and GST10-10,
which are associated more with the fetal than the adult state (Fig. 6,
Meyer et al., 1993b). However, the induction that is most important in
AFB, anticarcinogenesis is that of GST10-10, which has activity toward
AFB,-exo-oxide similar to that of the mouse GST4-4. GST10-10 has yet
to be cloned but the sequence available shows strong structural homology
to mouse GST4-4 (Hayes er al., 1991; Meyer et al., 1991b; Buetler and
Eaton, 1992).

Hepatocarcinogenesis in man has been associated with the contamina-
tion of foodstuffs with AFB, and hepatitis B (HBV) infection (Palmer
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Beasley et al., 1981; Groopman et al., 1988; Kensler ¢t al., 1991). In a
prospective epidemiological study it has been shown that although AFB,
and HBV might be independent hepatacarcinogens, they are much more
powerful in combination (Ross et al., 1992). In this respect it is interesting
to note that inhabitants of Chongming, an island off the coast of Shanghai,
who originally consumed a maize diet susceptible to Aspergillus flavus
infestation, had the expected high incidence of hepatocellular carcinoma.
When, however, wheat, which is much less readily infected, became the
principle grain in the diet. the incidence of liver cancer fell rapidly, a
phenomenon associated with the removal of promoting activity (Tu et al.,
1985). It is therefore important to know the activity of human hepatic
GSTs toward AFB,-oxides and their inducibility. Human liver contains
predominantly the alpha family enzymes GSTAI and GSTA2 and also,
in about 50% of individuals the mu family enzyme, GSTMI1. The activity
of human liver supernatant fraction is an order of magnitude lower than
that of the normal rat, and none of the enzymes present has an activity
of the level associated with GST10-10 or the mouse GST4-4,

It is possible to gain some idea of the value of inducers for human
anticarcinogenesis with isolated human hepatocytes obtained from biopsy
material in culture. Dithiole thiones are found to increase levels of the
alpha enzymes, particularly GSTA, over those in control cells in culture
and also to have some effect on GSTM1 (Morel er al., 1993).

The protective effect of inducers is worth investigation in populations
at risk. An epidemiological survey has been proposed to study their effect
on urinary markers of AFB, toxication and detoxication, such as AFB,-
guanine and AFB,-mercapturates respectively. Induction may be particu-
larly valuable in the case of oltipraz. This compound not only induces
GSTs but also cytochromes P450 catalyzing pathways of AFB, metabo-
lism, alternative to epoxidation and therefore detoxifying.

B. GSTs and Human Lung Cancer—Effect of GSTM1
Polymorphism and Its Possible Mechanism

Tobacco smoke, the major cause of lung cancer, contains numerous carcin-
ogens (the number 43 has been quoted, Hoffman and Hecht, 1990), but
so far only one group has been shown to give rise to substrates for GSTs,
namely the polycyclic aromatic hydrocarbons (Ketterer et al., 1992). They
are a diverse group, but in general have similar metabolic pathways.
Benzolalpyrene is one of the most commonly occurring and is the most
studied tobacco-smoke carcinogen. The genotoxin, associated with its car-
cinogenesis ( + )-anti-benzola]pyrene-7,8-diol-9,10-oxide (Harvey, 1991),
which is a good substrate for GSTs M1-1 (Robertson er al., 1986), M2-2
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(B. Jernstrém and B. Mannervik, unpublished data), and M3-3 (B. Jern-
strom, B. Ketterer, and D. J. Meyer, unpublished data) members of the
human mu family and better still for GSTPI-1 of the pi family, but very
poor for the alpha family (Robertson et al., 1986). Unlike AFB,-exo-oxide,
(+)-anti-benzolalpyrene-7,8-diol-9,10-oxide is utilized equally well by rat
and human enzymes, possibly because homology both within and across
species is greater in the mu and pi families than in the alpha family.

When an epidemiological study was made comparing 125 smokers with
lung cancer with 114 controls, there appeared to be a significantly greater
susceptibility to lung cancer in individuals with the GSTM1 null phenotype
(Seidegard et al., 1986, 1990). This association supports the general belief
that polycyclic aromatic hydrocarbons are important causative factors in
smoking-induced lung cancer.

The GSTM1 polymorphism has been known for some years to be genetic
in origin (Board, 1981), and recently Seidegird ez al. (1986) showed that
it was due to a gene deletion. At least five additional epidemiological
studies have been made, involving either genotyping or phenotyping
(Zhong et al., 1991; Heckbert et al., 1992; Brockmoller et al., 1993 ; Nazar-
Stewart er al., 1993; Hirvonen et al., 1993). Despite differences in experi-
mental design the overall conclusion is (a) that the GSTM1 null phenotype
increases susceptibility to lung cancer, (b) that this is more evident when
smokers with lung cancer are compared with smoking controls, and
(c) that it is even more evident among heavy smokers with lung cancer.

When, in investigations of the origins of the effect of the GSTM 1 pheno-
type, pulmonary GSTs were analyzed, it was shown that GST subunits
Al, A2, M1, M3, and P1 were present, GSTP1 being by far the most
abundant. Thus, if the detoxication of polycyclic aromatic hydrocarbon
diol-epoxides derived from tobacco smoke occurred solely in the lung,
little effect of the GSTM1 null phenotype would be expected. The liver,
in terms of xenobiotic metabolism, is much more powerful than the lung
(the liver is about four times larger than the lung and is much richer in
drug metabolizing enzymes). Since the liver contains no GSTP1 but only
GSTs Al and A2, and M1, in GSTM I-positive individuals, it would appear
to be the most likely origin of an effect of GSTM1 polymorphism on
smoking-induced cancer (Ketterer ef al., 1992).

If the liver is to be important, a large proportion of the polycyclic
aromatic hydrocarbon burden in tobacco smoke should pass unchanged
through the peripheral lung to reach the liver through the systemic circula-
tion. The transmission of any hepatic effect to the lung assumes that
activated carcinogens are released into the hepatic bloodstream and trans-
ported to the lung without inactivation. There is good evidence that this
occurs in the mouse, where benzo[u]pyrene metabolism by the liver results
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in the release of (+)-anti-benzo[a]pyrene-7,8-diol-9,10-oxide into the
blood stream where it is transported, apparently protected, to affect other
parts of the body (Ginsberg and Atherholt, 1990). That ( +)-anti-benzola]-
pyrene-7,8-diol-9,10-oxide also enters the circulation in humans is shown
by its presence as a hemoglobin adduct in samples of human blood
(Jankowiak et al., 1990). Since GSTMI null individuals are presumably
much less able to detoxify polycyclic aromatic hydrocarbon diol epoxides
by glutathione conjugation, much greater amounts of these toxins should
pass into the blood and be dispatched to the lung.

Thus polycyclic aromatic hydrocarbons from tobacco smoke are dealt
with by the lung in several passes. In the first pass, presumably a small
amount is retained and metabolized there. Present knowledge indicates
that the distribution of CYPLAI, important for their epoxidation, tends
to be peripheral (Antilla et al.., 1992). In contrast, the GSTs tend to be
bronchial in disposition and therefore encountered first (Antilla et af.,
1993). In the second pass, diol-epoxides originating from the liver reach
the lung via the pulmonary artery and therefore enter at the proxima! end
of the respiratory tree and encounter the bronchial region first where
GSTs P1, M1, M2, and M3 are present, but are not sufficient to eliminate
the diol-epoxides completely. The load of diol-epoxide entering a lung on
the second pass and therefore the potential for damage presumably de-
pends on whether the individual has a positive or negative GSTM1 phe-
notype.

It i1s possible that the stable diol precursor of the diol-epoxide also
reaches the lung from the liver. In this case its activation may be in the
periphery, where CYP1A1 but not GST activity is most abundant.

The GSTM1 polymorphism is not the only one to affect smoking induced
lung cancer and the coincidence of two or more should have a cumulative
effect. This has already been shown in a CYPIA1 polymorphism, which,
combined with the GSTM1 null phenotype, gives rise to a susceptibility
10 times that of controls (Hayashi er al., 1992). A cumulative effect might
also be seen with the concurrence of a GSTM 1 phenotype with the debriso-
quine hydroxylase ‘‘extensive metabolizer’’ (Caporaso et al., 1990).

C. Industrial Chemicals: Toxication and Detoxication

The effects of GSTs on human disease discussed so far have been associ-
ated with diet and lifestyle. Another important area concerns disease
resulting from exposure to industrial chemicals and industrial processing.
Here again GSTs may be cytoprotective. Examples are GSTMI1, which
detoxifies styrene oxide, an intermediate in the manufacture of the polysty-
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rene (Warholm et al., 1983); GSTP1, which detoxifies acrolein, an interme-
diate in the manufacture of glycerol (Berhane and Mannervik, 1990); and
GSTT1, which detoxifies ethylene oxide, a food sterilant, fungicide, and an
intermediate in antifreeze production (Pemble et al., 1994). The polycyclic
aromatic hydrocarbons are also important where in large-scale combustion
processes associated with traditional heavy industry.

An apparent paradox is toxication by GSTs (discussed in detail by
Guengerich, this volume). This is observed with several industrial chemi-
cals. The first example recognized was 1,2-dibromoethane (a petrol addi-
tive and soil fumigant), the glutathione conjugate of which behaves as a
sulfur mustard and gives an S-[2(N’-guanyl)ethyl]glutathione adduct when
incubated with calf thymus DNA. This reaction is catalyzed weakly by
alpha class GSTs from rat and humans (Cmarik et al., 1990), but strongly
by rat GST5-5. (Salmonella typhimurium TA1535 expressing rat GSTS-
5, when exposed to dibromoethane, undergoes to substantial mutagenesis
compared with controls transfected with antisense constructs; Thier et
al., 1993.) Dichloromethane, a widely used industrial solvent, which has
already been shown to be a carcinogen in the mouse, is also mutagenic
in 8. typhimunium TA1535 expressing GST5-5. Human GSTT1-1 (a homo-
logue of rat GSTS-5) has similar enzymic activity, therefore dichlorometh-
ane is a potential genotoxin in humans.

1,2-Dibromo-3-chloropropane (a nematocide and soil fumigant with
many toxic properties) is another substrate for GSTs (see Table I) that
gives rise to reactive episulfonium ions (Pearson et al., 1990).

GSTs can also toxify by GSH depletion. This requires substrates that
can be administered in large amounts, e.g., paracetamol and diethyl male-
ate, and that have rapid rates of reaction (for NABQI, the electrophilic
metabolite of paracetamol, see Table III). These substrates cause cytosolic
and presumably nuclear GSH depletion (due to nuclear pores, small mole-
cules are in equilibrium between the free water of the cytosol and that of
the nucleoplasm) (Peters, 1986), exposing both cellular compartments to
oxidative damage. In the case of the cytosol and the nucleoplasm, where
alpha, mu, and pi class enzymes with their low K,, values for GSH are
abundant, enzymatically induced depletion can be very severe. Mitochon-
dria, on the other hand, are protected from this by the high K,, value of
the mitochondrial enzyme GST 13-13 for GSH.

D. Polymorphism in the Human Theta Class Family

Human GSTT1-1 has been isolated from liver (Mevyer ef al., 1991a) and
erythrocytes (Schroder et al., 1992) and its gene, like GSTMI, is shown
to have a null allele (Pemble er al., 1994). Its substrates include dichloro-
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methane (Meyer et al. 1991a; Hallier et al., 1993). ethylene oxide (Hallier
et al., 1993), and probably (+ }-benzo(a)pyrene-7.8-diol-9,10-oxide, which
is a substrate for the rat homologue GSTS-5 (B. Jernstrom, D. J. Meyer,
and B. Ketterer, unpublished data). The GSTTI null phenotype should
reduce susceptibility to the toxicity of dichloromethane but may increase
susceptibility to polycyclic aromatic hydrocarbon diol epoxides. In the
etiology of tobacco-smoke-induced lung cancer, GSTT1 and GSTM1 poly-
mophisms may be additive.

E. GSTs and the Detoxication of Xenobiotic Organic
Hydroperoxides and Endogenous Lipid and
DNA Hydroperoxides

Table 1V shows that GSTs (particularly those of the alpha family) are
relatively good enzymes for both endogenous organic hydroperoxides
(polyunsaturated fatty acid hydroperoxides and thymine hydroperoxides)
and exogenous organic hydroperoxides (cumene hydroperoxide; tert-
butylhydroperoxide). Free radicals and high-energy irradiation may cause
cellular lipid peroxidation. The most abundant targets are polyunsaturated
fatty acyl residues in phospholipids and without detoxication, the result
is a cascade of reactions leading to further radical damage, membrane
decomposition, and free-radical attack on other cellular targets such as
DNA. Esterified fatty acid hydroperoxides are not substrates for GSTs,
but free fatty acids can be made available by the action of phospholipase
A,. It is envisaged that in peroxidized cellular membranes in vivo the
concerted action of phospolipase A,, GST (or Se-dependent glutathione
peroxidase), and lysophosphatide acylase results in detoxication and re-
pair of membranes (Tan et al., 1984; van Kuijk et al., 1987). A phospholipid
hydroperoxide glutathione peroxidase, which catalyzes the reaction di-
rectly, has also been reported (Ursini et al., 1985).

Free-radical attack on DNA can lead to its peroxidation and proliferating
secondary DNA damage. GSTs and Se-dependent glutathione peroxidase
have also been shown to reduce peroxidized DNA, an important reaction
that not only leads to immediate detoxication, but also may be the first
in a series of reactions eventually leading to repair. For example, 5-
hydroperoxymethyluracil in DNA may be reduced to 5-hydroxymethylur-
acil, which can then undergo excision repair (Ketterer et al., 1990; Ketterer
and Coles, 1991).

Where oxidative damage to nuclear DNA is concerned, the GSTs may
be particularly important since the nucleus does not contain Se-dependent
glutathione peroxidase (Ketterer et al., 1994), presumably because, unlike



60 Brian Ketterer and Lucia G. Christodoulides

the GSTs, it is too large to diffuse through nuclear pores, which have a
cut-off value for globular proteins of approximately 50,000 (Peters, 1986).
Whereas GSTs have a molecular weight of approximately 50,000, Se-
dependent GSH peroxidase is 84,000. The only available information con-
cerning the distribution of Ursini’s enzyme is immunohistochemical and
shows that it is membrane-associated.

In addition to the above detoxication reactions, GSTs (once more nota-
bly the alpha family) catalyze a number of reactions of importance in the
biosynthesis of eicosanoids involved in the inflammatory process. They
can reduce the endoperoxide prostaglandin (PG)H, to its corresponding
alcohol PGF,,. They can also catalyze the GSH-dependent isomerization
of PGH, to PGE, and PGD, (Meyer and Ketterer, 1987; Ujihara e¢ al.,
1988). Also mu class GSTs, particularly rat GST6-6, catalyze the conjuga-
tion of leukotriene A, to leukotriene C, (Tsuchida et al., 1987). These
reactions may have little physiological significance since other enzymes
for which these activities are specific also catalyze these reactions (see
Ketterer and Coles, 1991, for a more complete discussion). Also, the
tissue distribution of the GSTs most active in these reactions (liver and
kidney) does not coincide with that of cyclooxygenase, which initiates
prostaglandin biosynthesis (vesicular gland, cecum, gall bladder, and
lung). These reactions may, however, have a role in pathophysiology; for
example, in situations of abnormal differentiation, such as malignancy, it
is possible that GSTs perform some of these reactions. Such ectopic
synthesis of these powerful mediators could cause considerable distur-
bance and be regarded as a toxic effect. For example, it has been claimed
that tumors produce large quantities of PGE,, which is a factor down-
regulating the immune system and assisting carcinogenesis. The route of
metabolism leading to PGE, in tumors has not been determined, but may
involve GSTs.

VIl. Conclusions

The GSTs catalyze a range of reactions of GSH with hydrophobic elec-
trophiles. Their most established role is the glutathione conjugation of
electrophiles, which would otherwise cause toxic reactions with macro-
molecules. These electrophiles frequently arise from the oxidation of xeno-
biotics by the cytochrome P450 system. This function has been illustrated
by a discussion of aflatoxin B, carcinogenesis. It is demonstrated that the
induction in the adult of a fetal GST with substantial activity toward the
carcinogenic electrophile AFB,-exo-oxide can prevent aflatoxin-induced
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hepatocarcinogenesis in the rat. The presence of a similar enzyme as a
normal constituent in adult mouse liver may explain the resistance of the
mouse to AFB,-induced carcinogenesis. On the other hand the absence
of such an enzyme in control or induced isolated human hepatocytes raises
doubts about the importance of GSTs in anti-hepatocarcinogenesis in
humans exposed to AFB,.

The distribution of GSTs differs both qualitatively and quantitatively
from tissue to tissue with the consequence that GSTs in one tissue may
influence the levels of circulating substrates important for an effect in
another tissue. This has been discussed in relation to tobacco smoke-
induced lung cancer in humans, where greater susceptibility to this disease
is associated with the null phenotype in a GSTM! polymorphism. This
effect may originate in the inability of the livers of individuals with a
GSTMI1 null phenotype to detoxify polycyclic aromatic hydrocarbon diol
epoxides, which then enter the circulation to damage the lungs.

A similar polymorphism has recently been discovered in the human
theta enzyme GSTTI. It will be of interest to know whether this also has
important consequences in human epidemiology. The existence of stable
polymorphisms in GSTMI and GSTTI suggests that they have evolution-
ary advantages, but what they may be is not clear.

Occasionally glutathione conjugation results not in detoxication, but the
formation of a harder electrophile. This has recently been demonstrated to
occur with dichloromethane, which is mutagenic in bacteria (S. ryphi-
murum TA1535) transfected with a rat GST5S ¢cDNA construct but not
with its antisense construct. Since dichloromethane is a commonly used
solvent in many countries, despite having been shown carcinogenic in the
mouse, its continued use should be reexamined, now that the enzyme
responsible for its mutagenicity is known.

The GST-catalyzed attack of glutathione on electrophilic oxygen in
hydroperoxides, resulting in their reduction, has not been given much
attention since the apparently universal Se-dependent enzyme has a much
higher specific activity. However, this lack of interest may not be justified.
Not only do GSTs make a major contribution to total GSH peroxidase
activity in rat and human liver. but nucleiisolated by a nonaqueous method
(Siebert, 1961), which ensures that all water soluble molecules remain
in situ, shows that the rat liver nucleus does not contain Se-dependent
glutathione peroxidase and therefore that GSTs offer the only enzymic
protection from damage by hydroperoxide in the nucleus (S. Soboll, H.
Sies, and B. Ketterer, unpublished data).

What has been described so far concerns current knowledge of function
of the GSTs, which has grown steadily over many years. With the develop-
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ment of modern technology it has been particularly interesting to witness
the recent determination of the crystal structure of proteins from three
of the gene families which has enabled the mechanism of the binding and
activation of glutathione to be determined. Interactions of the diverse
electrophilic substrates with their binding sites are in the course of clarifi-
cation, and the use of site-directed mutagenesis will enable rapid progress
to be made in this area.

Knowledge of gene structure and regulation is advancing rapidly. Regu-
latory sequences associated with induction and malignancy have been
identified and are under intensive study. The regulation of the mu family
is poorly understood. Sequences downstream from the transcription start
site, which are hormone responsive, have been identified, but none that
have been related to induction by xenobiotics.

There is one curiosity in GST genetics that merits comment. Whereas
in each of the alpha, mu, and theta families there are multiple homologous
genes and evidence for gene conversion, particularly in the mu family, in
the pi family there is usually only one expressed gene that is highly con-
served between species.

From a practical point of view one of the most interesting areas of
recent work concerns the possible use of nontoxic inducers of GSTs in
preventing chemical toxicity. The use of oltipraz for the prophylaxis of
AFB,-associated liver cancer is being investigated at the moment, but
such inducers may be useful for protection against any toxins which are
inactivated by inducible GSTs.
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l. Introduction

Certain halogenated xenobiotics have been known for over a hundred
years to be converted within the body to the corresponding mercapturic
acids. For example, administration of bromobenzene to experimental ani-
mals results in urinary excretion of A-bromophenylmercapturic acid
[Br(Phe)SCH,CH(NHCOCH,)CO,H] (Baumann, 1883). The mercaptur-
ate is generally more soluble than the original, unconjugated xenobiotic,
and active transporters for organic acids aid in the detoxification process
(Stevens and Jones, 1989). Mercapturic acid synthesis begins with the
formation of a glutathione S-conjugate from the reaction of the xenobiotic
with glutathione (GSH). This process is catalyzed by a number of glutathi-
one S-transferases. With highly reactive electrophilic substances, how-
ever, substantial conjugate formation may occur nonenzymatically (Chas-
seaud, 1979; see also the review by Koob and Dekant, 1991), a process
facilitated by the high concentration (1-10 mA{) of glutathione in most
tissues. Glutathione S-conjugates are converted to the corresponding cys-
teine S-conjugates by the sequential action of y-glutamyltranspeptidase
and dipeptidase; the resulting cysteine S-conjugates are converted to the
corresponding N-acetylated cysteine S-conjugates (mercapturic acids) by
N-acetyltransferases (Duffel and Jakoby, 1982; Jakoby, 1980; Stevens and
Jones, 1989) (Fig. 1). In addition to its role in mercapturic acid formation,
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Fig. 1 Formation of mercapturates and some related reactions. (1) Glutathione S-trans-
ferases, (2) y-glutamyltranspeptidase, (3) dipeptidase. (4) cysteine S-conjugate N-acetyl
transferases, (5) deacylases, (6) cysteine S-conjugate B-lyases, (7) glutamine transaminase
K, (8) L-amino acid oxidase (in the rat probably the B-(kidney) form of L-a-hydoxy acid
oxidase (Hamilton, 1985)), (9) S-oxidase, (10) cysteine S-conjugate sulfoxide B-lyase (related
to reaction and the alliinase reaction), (11) S-methyl transferase. (12) S-sulfoxide oxidase.
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glutathione has many important biological functions including (a) protec-
tion against oxidative stress, (b) protection against free radicals, (c) storage
of cysteine, and (d) enzyme regulation. Glutathione also plays a role in the
maintenance of the cellular redox state, eicosanoid biology, and transport
phenomena (e.g., Meister, 1989, 1992; Meister and Anderson, 1983). Thus,
it is not surprising that depletion of glutathione, especially in the mitochon-
drial pool, leads to extensive tissue damage (e.g., Meister, 1992). Although
glutathione is an important biomolecule it can, however, participate in
reactions that result in bioactivation of foreign substances and in tissue
damage.

The concept that the mercapturic acid pathway is an important route
for the detoxification of certain drugs and other xenobiotics has been
established for many years (e.g., Boyland and Chasseaud, 1969; Chas-
seaud, 1979; references cited in Koob and Dekant, 1991). Nevertheless,
although the majority of glutathione S-conjugates are nontoxic and are
converted to cysteine S-conjugates that are excreted as the mercapturic
acids, there are notable exceptions, especially in the case of conjugates
formed from haloalkenes. For example, the glutathione and cysteine S-
conjugates formed from hexachloro-1,3-butadiene (Lock and Ishmael,
1979; Wolf ef al., 1984; Veltman et al., 1988), tetrafluoroethylene (Odum
and Green, 1984; Commandeur ez al., 1988, 1989; Boogaard e al., 1989),
1,1-dichloro-2,2-difluoroethylene (Boogaard ez al., 1989; Commandeur et
al., 1988), 1,1-dibromo-2,2-difluoroethylene (Boogaard et al., 1989; Com-
mandeur et al., 1988), 2-chloro-1,1,2-trifluoroethylene (Banki et al., 1986;
Boogaard et al., 1989; Dohn et al., 1985; Dekant et al., 1987a), trichloroeth-
ylene (Dekant et al., 1986; 1990; Elfarra et al., 1986a,b), tetrachloroethy-
lene (Green and Odum, 1985; Dekant et al., 1987b; Commandeur et al.,
1989), hexafluoropropene (Green and Odum, 1985; Koob and Dekant,
1990), and 1,1,2-trichloro-3,3,3-trifluoro-1-propene (Vamvakas et al.,
1989) are all nephrotoxic in experimental animals. The haloalkane 1,2-
dichloroethane and the haloalkyne dichloroacetylene are also nephrotoxic
(Elfarra et al., 1985). Trichloroethylene exposed to base is neurotoxic to
humans (Buxton and Hayward, 1967; Schaumburg, 1992). Dichloroacety-
lene is directly neurotoxic to rabbits (Reichert e al., 1976). Exposure to

GSH, glutathione; SAM, S-adenosylmethionine: SAH. S-adenosylhomocysteine. Names of
compounds in the mercapturic acid pathway are shown in parentheses. The diagram is a
composite of a large number of reactions occurring in many parts of the body (e.g.. kidney,
liver. lung, brain, gut, intestinal flora) and is meant to illustrate some of the key pathways
that have been uncovered. The metabolic fate of halogenated xenobiotic (RX) depends on
species, age, sex, nutritional status, and structure of R. For detailed discussions of these
pathways see. for example, Stevens and Jones (1989) and Elfarra (1993).
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base converts trichloroacetylene to dichloroacetylene; the latter is readily
converted to a glutathione conjugate in vivo (Kanhai et al., 1989). In-
deed, the rate of glutathione S-conjugate formation with dichloroacetyl-
ene is the highest recorded for substrates of microsomal glutathione $-
transferases thus far studied (Dekant et al., 1989a).

Glutathione S-transferases are present in a number of tissues, such as
liver, kidney, lung, and brain. In the liver, glutathione S-transferases
account for >3% of the soluble protein (Ketterer et al., 1989). The enzymes
are present as cytosolic and membrane-bound forms. The cytosolic forms
are dimers with subunit molecular weight of ~25,000 (Ketterer et al.,
1989). At least 11 distinct subunits of cytosolic glutathione S-transferases
have been identified in the rat (Ketterer ¢f al., 1989). Interestingly, in
immunohistochemical studies brain glutathione S-transferases have thus
far only been detected in astrocytes and to a lesser extent in oligodendro-
cytes, but not in neurons (e.g., Cammer et al., 1989; Campbell ¢ al.,
1990). The enzymes may be involved in the normal functioning of the
blood—brain barrier (Campbell er al., 1990). Since astrocytic end feet
surround the brain capillaries, glutathione S-transferases in the central
nervous system may act as a second line of defense against potential
toxins that can diffuse across the blood—brain barrier (Abramovitz et al.,
1988; Cammer et al., 1989).

In general, glutathione S-transferases catalyze the attack of the nucleo-
philic thiol of glutathione at the electrophilic center of compounds pos-
sessing a lipophilic structure. Nucleophilic displacement (substitution),
nucleophilic opening of an oxiran ring and Michael addition to polarized
double bonds are all subject to subunit-specific glutathione S-transferase
catalysis (Ketterer et al., 1989). In the case of the haloalkenes, depending
on the structure of the substrate, substitution or addition products, or both,
may be formed (Elfarra, 1993). For example, addition occurs with chloro-
trifluoroethylene and tetrafiuoroethylene; substitution occurs with hexa-
chlorobutadiene, trichloroethylene, and tetrachloroethylene; and addi-
tion and substitution occurs with hexafluoropropene (see Elfarra, 1993,
and references cited therein). With the haloalkyne dichloroacetylene, an
addition reaction occurs (Kanhai et al., 1989). Quantitatively, the most
important site of glutathione $-conjugate formation in the body is the liver;
within the liver microsomal glutathione S-transferases are more effective in

action of y-glutamyitranspeptidase and dipeptidase. DCVC is a substrate of cysteine §-
conjugate B-lyases. The products of this reaction are pyruvate, ammonia. and I,2-dichioro-
I-mercaptoethylene. The toxic thiol fragment is very reactive and has not been isolated.
However, much evidence suggests that its toxicity is due to covalent addition to important
cellular macromolecules (see the text).
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catalyzing glutathione S-conjugate formation with haloalkenes than are
the hepatic cytosolic enzymes (Elfarra, 1993, and references quoted
therein). For example, both trichloroethylene and dichloroacetylene are
converted to S-(1,2-dichlorovinyl)glutathione selectively by hepatic micro-
somal glutathione S-transferases (Anders ef al., 1988; Dekant er al.,
1988a). The specific activity of lung microsomal glutathione S-transferase
is about 12% that found in the liver; since the liver is four times as large
as the lungs the total activity of microsomal glutathione S-transferases in
lungs is about 3% relative to that in the liver (DePierre and Morgenstern,
1983). Nevertheless, it is conceivable that inhalation of highly reactive
halogenated xenobiotics, such as dichloroacetylene, may lead to substan-
tial glutathione S-conjugate formation in the lungs (Patel ef al., 1993). In
many of the above-mentioned cases, ample evidence implicates the cys-
teine S-conjugates formed from the corresponding glutathione S-conjugate
in the toxicity of haloalkenes and dichloroacetylene especially to kidney
mitochondria. The cysteine S-conjugate is cleaved to pyruvate, ammonia,
and a reactive thiol in reactions catalyzed by cysteine S-conjugate f3-
lyases (e.g., Elfarra and Anders, 1984; Cooper and Anders, 1990; Elfarra,
1993) (Fig. 2).

The mechanisms whereby certain glutathione and cysteine conjugates
exert their toxicity have been discussed in several recent reviews (Elfarra
and Anders, 1984; Anders ef al., 1986, 1988; Lash and Anders, 1986, 1987;
Anders, 1988; Stevens and Jones, 1989; Stevens and Wallin, 1990; Koob
and Dekant, 1991; Elfarra, 1993) and are further discussed elsewhere in
this book. In this chapter, recent findings concerning (a) the identity of
the cysteine S-conjugate B8-lyases in mammals, (b) the reactions catalyzed
by these enzymes, and (c¢) the pharmacological aspects of the cysteine S-
conjugate-B-lyases will be reviewed.

Il. Enzymes That Cleave the Thioether Bond of
$-Substituted Cysteines

A number of enzymes are known to catalyze the cleavage of the proxi-
mal (i.e., the S—C;) bond of S-substituted cysteines (RSCH,CH(NH,)
CO,H). In each case, the products are pyruvate (CH,COCO,H), ammonia
(NH;), and RSH. For example, an important enzyme in the path-
way to formation of methionine in plants and microorganisms is
B-cystathionase, which catalyzes the conversion of cystathionine
(R = —CH,CH,CH(NH,)CO,H) to homocysteine, pyruvate, and am-
monia (e.g., Wijesundera and Woods, 1962; Flavin and Slaughter,
1964). In another example, y-cystathionase, which normally catalyzes a
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v-elimination reaction with cystathionine to yield cysteine, ammonia,
and a-ketobutyrate, can also catalyze B-elimination reactions from suit-
able substrates, such as cystine (R = —SCH,CH(NH,)CO,H), djen-
kolic acid (R = —CH,SCH,CH(NH,)CO,H), and lanthionine (R =
—CH,CH(NH,)CO,H). With cystine the eliminated product is thiocys-
teine (HSSCH,CH(NH,)CO,H) (see Braunstein and Goryachenkova,
1984, and references cited therein). In addition, a remarkable enzyme
activity (alliinase) present in onions and garlic is able to convert sim-
ple alkyl sulfoxide analogues of cysteine (RS(O)CH,CH(NH,)CO,H)
to pyruvate, ammonia, and a sulfenic acid (RSOH): cysteine and S§-
methylcys-teine are not substrates (e.g., Schwimmer and Mazelis, 1963;
Braunstein and Goryachenkova, 1984). A cysteine S-conjugate B-lyase
isolated from an enteric bacterium and another from human liver are
able to cleave cysteine conjugate sulfoxides (see below). These enzymes
obviously catalyze reactions related to the alliinase reaction; however,
in this chapter g-elimination reactions with cysteine S-conjugates will
be discussed in most detail. Cysteine S-conjugates are defined as §-
substituted cysteines that arise in vivo from reaction of xenobiotics (often,
but not always, halogenated) with glutathione (Fig. 1, reactions 1, 2, and
3). By this definition simple S-alkylcysteines are S-cysteine conjugates
because they can arise through the reaction of alkylating agents with
glutathione or cysteine (e.g., Barnsley, 1964). Some cysteine S-conjugate
B-lyases, particularly those isolated from bacteria, have broad speci-
ficity and can catalyze elimination reactions with (a) simple S-alkyl-L-
cysteines (b) S-cysteine conjugates with activated R groups, such as S-
(1,2-dichlorovinyl)-L-cysteine (DCVC), and (c) cystathionine and related
compounds. Clearly, these cysteine S-conjugate B-lyases have consider-
able similarity and substrate overlap to the 8- and y-cystathionases. How-
ever, for the mammalian cysteine S-conjugate S-lyases thus far studied
simple alkyl S-cysteine conjugates are not converted to pyruvate with
elimination of HSR; for elimination to occur the —SR portion must be a
good leaving group (i.e., be activated, usually by a halogen, double bond
or an aromatic group).

One of the earlier experiments in which it was shown from tracer experi-
ments that the sulfur of glutathione is incorporated into a thiol metabolite of
a xenobiotic was carried out by Colucci and Buyske (1965). Benzothiazole-
2-sulfonamide was shown to be converted in rats, rabbits, and dogs to §-
(2-benzothiazolyl)glutathione and thence to the corresponding cysteine
conjugate and the mercapturate; the sulfonamide portion was converted
to sulfate. At about the same time, Schultze and colleagues reported
that the eliminated fragment obtained from the ‘‘C—S-lyase’’ reaction
on DCVC catalyzed by an enzyme from bovine organs (Anderson and
Schultze, 1965) and an enzyme in Escherichia coli (Saari and Schultze,
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1965) is very reactive and binds to proteins. Later, Bhattacharya and
Schultze (1972) showed that *S in the active thiol released from **S-labeled
DCVC by the B-lyase activity was readily bound to DNA.

Some xenobiotics have been known for some time to be readily con-
verted in part in vivo to thiomethyl compounds (e.g., phenacetin, acetamin-
ophen). At first it was assumed that a reactive ester was formed, followed
by nucleophilic attack by the sulfur of methionine; the resulting sulfonium
ion would then readily decompose to the methylthiol compound and homo-
serine (see Tateishi er al., 1978b, for a discussion). However, Chatfield
and Hunter (1973) provided strong evidence that the conversion of 2-
acetamido-4-chloromethylthiazole to 2-acetamido-4-methylthiomethylthi-
azole in the rat involves the mercapturic acid pathway and a methylation
reaction (Fig. 1, sequential reactions 1,2,3,6,11). Further evidence for this
pathway was obtained by Tateishi et al. (1978a), who investigated the
methylthiolation of bromazepam in rats and identified the correspond-
ing mercapturic acid conjugate and 6’-methylthiobromazepam in the
bile. These authors also provided additional evidence for this pathway
by showing that the thioether bonds of the cysteine conjugates of 2,4-
dinitrobenzene and bromobenzene are readily cleaved by an enzyme pres-
ent in rat liver cytosol. Incubation of §-(2,4-dinitrophenyl)cysteine with
enzyme resulted in formation of pyruvate, ammonia, and (in this case
the relatively stable thiol) 2,4-dinitrobenzenethiol. The thiol product was
readily methylated with S-adenosylmethionine by a microsomal thio-
methyl transferase. Tateishi er al. (1978b) were the first to use the term
‘‘cysteine conjugate B-lyase’’ to describe B-elimination reactions with
cysteine conjugates.

lll. Bacterial Cysteine S-Conjugate B-Lyases

Cysteine S-conjugate B-lyases are known to occur in enteric bacteria
(Larsen and Stevens, 1986, and references cited therein). Suzuki er al.
(1982) reported that the large intestine of rats contains a C—S lyase capable
of cleaving S-( p-bromophenyl)cysteine but not the corresponding glutathi-
one conjugate; little C—S lyase activity was found in the small intestine.
Larsen and Bakke (1983) showed that the contents of the pig cecum, but
not small intestine, contain a C—S lyase. These authors prepared “C-
labeled glutathione, cysteine, N-acetylcysteine, and N-acetylcysteine (S-
oxide) conjugates of propachlor (= 2-chloro-N-isopropylacetanilide).
Each was shown to be converted to 2-mercapto-N-isopropylacetanilide
by reactions that include scission of the C—S bond. Four bacterial species
were found to catalyze the C—S lyase reaction. Later, Larsen (1985)



Cysteine S-Conjugate -Lyoses 79

showed that cysteine S-conjugate B-lyase activity was present in 27 of
43 intestinal bacteria studied. The B-lyase isolated from these sources
exhibited broad activity toward S-aryl- and S-alkyl-linked cysteine conju-
gates of xenobiotics. The lyases from Fusobacterium necrophorum
(Larsen et al., 1983) and F. varium (Tomisawa ef al., 1984) have been
partially purified and characterized. The enzymes have molecular weights
of 228,00 and 70,000, respectively, and require pyridoxal 5'-phosphate as
cofactor. The enzyme from F. necrophorum was purified about 50-fold
and was shown to catalyze the C—S cleavage of the S-cysteine conjugate
of propachlor (= (2-S-cysteinyl)-N-isopropylanilide), 1,2-dihydro-1-
hydroxy-2-cysteinylnaphthalene, and S-(2-benzothiazolyl)cysteine. The
propachlor cysteinyl conjugate was shown to be converted to 2-mercapto-
N-isopropylacetanilide, pyruvate, and ammonia. The enzyme from F.
varium was shown to be most active with aromatic cysteine S-conjugates
(e.g., phenyl-, benzyl-, p-bromophenyl-) although some activity was noted
with alkyl cysteine S-conjugates. Later, Larsen and Stevens (1986) purified
a cysteine S-conjugate B-lyase by a factor of about 540-fold from the
gastrointestinal bacterium Eubacterium limosum. This bacterium had the
highest activity of cysteine S-conjugate 8-lyase of the enteric bacteria
studied. The enzyme has a molecular weight of about 75,000 and is com-
posed of two subunits. The enzyme has a broad specificity and is active
with the cysteine conjugate of propachlor, trans-9-hydroxy-10-[S-(1-
cys-teinyl)]-9, 10-dihydrophenanthrene, S-(benzothiazolyl)-L-cysteine, S-
benzyl-L-cysteine, and S-(1,2-dichlorovinyl)-L-cysteine. The enzyme is
also moderately active with the S-alkyl conjugate S-ethyl-L-cysteine. D-
Conjugates are not substrates. Activity does not require added pyridoxal
5'-phosphate. The enzyme is inactivated, however, by carbonyl reagents
such as hydroxylamine and cyanide, suggesting the presence of a carbonyl
cofactor. Of interest is the finding that the enzyme is quite active with
cystathionine, djenkolic acid, lanthionine and cystine. The E. limosum (-
lyase is thus catalytically similar to 8- and y-cystathionases (in contrast,
the F. necrophorum and F. varium -lyases do not cleave cystathionine).
More recently, Bernstrom et al. (1989) showed that rat fecal contents and
purified E. limosum cysteine S-conjugate 3-lyase catalyze the conversion
of leukotriene E, to a sulfhydryl-containing fragment, 5-hydroxy-6-
mercapto 7,9-trans-11,14-cis-eicosatetraenoic acid. The authors stated
that the rat kidney enzyme (= glutamine transaminase K) is not active
with leukotriene E,. We agree that glutamine transaminase K is inactive
with leukotriene E,, but have found an enzyme in rat kidney that does
indeed react with leukotriene E, (see below).

The E. limosum cysteine S-conjugate B-lyase exhibits B8-lyase activity
toward S-chloroalanine, but, in contrast to many pyridoxal 5’-phosphate-
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containing enzymes, it is not inactivated in the process. Bacterial kynu-
reninase (Kishore, 1984), rat liver cysteine S-conjugate fB-lyase
(= kynureninase; see below) (Stevens and Jakoby, 1983), pig heart cyto-
solic aspartate aminotransferase (Morino and Okamoto, 1973), pig heart
alanine aminotransferase (Golichowski and Jenkins, 1978), E. coli alanine
racemase (Wang and Walsh, 1978), Alcaligenes faecalis 1L-aspartate-3-
decarboxylase (Relyea et al., 1974), and bacterial pD-amino acid amino-
transferase (Soper and Manning, 1978) can catalyze an elimination of
halogen ions from B-haloalanines to yield pyruvate, but in each case
the enzymes are inactivated in the process. The inactivating species
is aminoacrylate bound in Schiff’s-base linkage to the pyridoxal 5'-
phosphate cofactor (Fig. 3, structure 14) or free aminoacrylate (Fig. 3,
structure 15), which can (a) alkylate a susceptible group at the enzyme
active site (Cavallini et al., 1973; Soper and Manning, 1978) or (b) form
an addition compound with the cofactor (Ueno ef al., 1982). In the case
of L-aspartate-gB-decarboxylase the inactivated enzyme was shown to con-
tain 3-hydroxypyruvate bound in ester linkage to an active site glutamate
(Relyea e al., 1974). The reactions catalyzed by cysteine S-conjugate -
lyases probably occur via eneamine intermediates (structures 14 and 15,
Fig. 3) with both cysteine conjugate substrate and with 8-chloroalanine.

Fig. 3 Proposed mechanism for the transamination and B-lyase reactions catalyzed by
glutamine transaminase K. The extent to which transamination (route a) is favored over the
elimination reaction (route b) is a function of the nature of the R group. When S is a simple
aliphatic group, elimination is not favored. For example, S-methylcysteine is an excel-
lent substrate of glutamine transaminase K (Cooper and Meister. 1981) but there is no evi-
dence for elimination of CH;SH. On the other hand. if R contains electron-withdrawing
groups, elimination of RSH is facilitated. Thus, the ratio of a-keto-y-methiolbutyrate-L-
phenylalanine transaminase activity to lyase activity with S-(1.2-dichlorovinyl)-L-cysteine
(R = CCIH=CCl—) as substrate is about 5:1 (Stevens et al., 1986b). 1, cysteine conjugate
substrate; 2, pyridoxal 5’-phosphate bound at the active site of glutamine transaminase K
through Schiff base linkage to the e-amino group of a protein lysine; 3, external aldimine
I; 4, quinonoid intermediate I; 5, ketimine I; 6, enzyme-bound pyridoxamine 5’-phosphate;
7, a-keto acid I; 8, a-keto acid 1I; 9, ketimine I1; 10, quinonoid 11; 11, external aldimine II;
12, amino acid substrate II; 13, eliminated thiol-containing fragment; 14, external aldimine III
(eneamine intermediate); 15, aminoacrylate; 16, 2-iminobutyrate; 17, pyruvate. The proposed
mechanism is based on accepted mechanisms for pyridoxal 5’-phosphate-catalyzed transami-
nation and SB-elimination (e.g., Snell and Di Mari, 1970; Braunstein and Goryachenkova,
1984; Braunstein, 1985). The mechanism is also consistent with various nonenzymatic model
systems capable of catalyzing competing transamination and 8-elimination reactions (Kikuchi
et al., 1985; Dekant et al., 1987a; 1988b.c). Note that the pathways shown depict a minimum
sequence. There are likely to be many additional intermediate steps in typical enzyme-
catalyzed transamination and B-lyase reactions (e.g., Braunstein, 1985). A less detailed
mechanism has previously been presented by Stevens and Jones (1989).



82 Arthur J. L. Cooper

Presumably, the E. limosum B-lyase is not inactivated by the product
of the lyase reaction [aminoacrylate (or its Schiff’s-base intermediate)]
because aminoacrylate is rapidly converted to pyruvate or because no
groups susceptible to alkylation are near the active center. The inactivation
of kynureninases, aspartate aminotransferase, alanine aminotransferase,
alanine racemase, aspartate-B8-decarboxylase, and p-amino acid amino-
transferase by aminoacrylate may be related to the fact that these enzymes
catalyze B-elimination from 3-substituted alanines as a secondary reaction;
the nonphysiological product (aminoacrylate) generated in the secondary
reaction can then react with a base at the active site that is normally used
as a catalyst. Also of interest is the finding that E. limosum B-lyase has
very high activity with the S-oxide of the cysteine conjugate of propachlor
(Larsen and Stevens, 1986). The RS(O)~ group is a better leaving group
than is RS™. The product is presumably a sulfenic acid (Fig. 1, reac-
tion 10).

Evidently, cysteine S-conjugate 3-lyases in the different enteric bacteria
have very varied physical and catalytic properties. Earlier work showed
that gut bacteria are important in catalyzing biotransformations of xenobi-
otics (e.g., Goldman, 1978) including the conjugate formation with glutathi-
one (e.g., Bakke et al., 1981). This earlier work and the more recent
findings of the widespread presence of cysteine S-conjugate B-lyases in
enteric bacteria and the broad specificity of these enzymes suggest that
the gut flora may be important for the in vivo introduction of sulfur into
some Xxenobiotics (see Larsen and Stevens, 1986). For example, pro-
pachlor does not appear to be a substrate for the mammalian cysteine S-
conjugate B-lyases, and germ-free rats do not convert propachlor to 2-
mercapto-N-isopropylacetanilide (Bakke et al., 1981). As noted above,
simple S-alkyl- and S-aryl-L-cysteine conjugates are generally substrates
of the bacterial cysteine S-conjugate B-lyases. Of the mammalian enzymes
characterized thus far (see below), none has lyase activity toward simple
S-alkylcysteines although the human liver enzyme is very active with a
number of S-arylcysteines. Larsen and Stevens (1986) point out that the
bile is a common excretory route for intermediates of the mercapturic
acid pathway and that the gut is exposed to a wide spectrum of cysteine
and glutathione S-conjugates. Many of the thiols generated from cysteine
S-conjugates by the action of B-lyases are relatively stable and presumably
can be transported throughout the body. However, others, such as 1-
mercapto-1,2-dichloroethylene generated from 8-lyase activity on DCVC,
are exceedingly reactive and will add to macromolecules locally (Section
I). Whether the cysteine S-conjugate S8-lyases in enteric bacteria can con-
tribute to the production of toxic species from cysteine conjugates (such
as DCVC) that can locally damage the gut remains to be determined.
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Whether more stable thiol products generated from other cysteine S-
conjugates in the gut can be transported to other regions to exert toxic
effects also needs to be further evaluated (Larsen and Stevens, 1986).

IV. Mammalian Cysteine S-Conjugate B-Lyases

A. Human Liver Cysteine S-Conjugate B-Lyase

Tomisawa et al. (1986) purified a cysteine S-conjugate -lyase from post-
mortem human liver by about 880-fold. As noted above, the enzyme
is active with S-arylcysteines but not with simple S-alkylcysteines. Of
interest is the finding that the enzyme is nine times more active with S-
phenylcysteine sulfoxide than with S-phenylcysteine. No activity was
detected with L-cystathionine or with L-kynurenine. The enzyme was
found to have a native molecular weight of 88,000, and to require pyridoxal
5'-phosphate for full activity. The enzyme exhibits a pH optimum of
8.5 and catalyzes stoichiometric formation of p-bromophenylmercaptan,
pyruvate, and ammonia from S-( p-bromophenyl)-L-cysteine.

B. Rat Liver Cysteine S-Conjugate -Lyase/Kynureninase

As noted above, Tateishi et al. (1978a) partially purified an enzyme from
rat liver that cleaves S-(2,4-dinitrophenyl)-L-cysteine to pyruvate, ammo-
nia and 2,4-dinitrophenylmercaptan. Subsequently, a S-lyase of rat liver
was purified to homogeneity (Stevens and Jakoby, 1983) and was later
shown to be identical to kynureninase (Stevens, 1985a). Kynureninase
appears to be the major lyase of rat liver, at least when DCVC is employed
as the substrate. The enzyme has a native molecular weight of about
100,000 and is composed of two identical subunits (M, ~55,000) (Takeuchi
et al., 1980; Stevens, 1985a). The enzyme contains tightly bound pyridoxal
S’-phosphate. Kynureninase catalyzes the hydrolytic cleavage of kynure-
nine to anthranilate and alanine; the enzyme also catalyzes the hydrolytic
cleavage of 3-hydroxykynurenine to 3-hydroxyanthranilate and alanine.
Pyruvate is not a product. On the other hand, if a cysteine S-conjugate
containing a good leaving group binds at the active site, electron flow
from the quinonoid intermediate 4 (Fig. 3) toward the sulfur is facilitated,
resulting in B-elimination of aminoacrylate; aminoacrylate undergoes
spontaneous conversion to pyruvate (pathway b, Fig. 3) DCVC is a sub-
strate of the rat liver enzyme but this enzyme is slowly inactivated by
this amino acid and by B-chloroalanine in a pseudo-first-order fashion. In
both cases, partitioning at the active site between events that lead to
formation of pyruvate and events that lead to an inactivation is about 600
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Fig. 4 Differences in the reaction mechanisms for the hydrolytic cleavage of kynurenine
and cysteine S-conjugate B-lyase reactions catalyzed by kynureninase. Eq. (1), the "'normal”’
biological reaction; Eq. (2}, the 8-lyase reaction: Eq. (3), resonance hybrid structures showing
the partial carbanion nature of the eneamine intermediate resulting from kynurenine cleavage;
Eq. (4), resonance hybrid structures showing the partial carbonium nature of the eneamine
intermediate resulting from the B-lyase reaction. Reprinted from J. Biol. Chem. 260, J. L.
Stevens, Isolation and characterization of a rat liver enzyme with both cysteine conjugate
B-lyase and kynureninase activity, pp. 7945-7950, © 1985, with permission from Pergamon
Press, Ltd., Oxford, United Kingdom.

(Stevens and Jakoby, 1983). In this regard it is interesting to note that
Pseudomonas marginalis kynureninase also catalyzes a $-elimination re-
action with @-chloroalanine and with the cysteine conjugate S-(ortho-
nitrophenol)-L-cysteine (Kishore, 1984). Similarly, for this enzyme the
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partition ratio between pyruvate formation and inactivation is about 500.
Although the normal reaction catalyzed by kynureninase is hydrolytic
cleavage at the g8 position of kynurenine, this reaction differs from a true
B-elimination reaction. During the kKynureninase reaction net loss of a
proton from the a-position of the amino acid substrate does not occur
and the g-carbon of the eneamine intermediate has carbanion character
(Bild and Morris, 1984). After hydrolytic cleavage and protonation of the
carbanionic cofactor intermediate, the resulting intermediate is alanine
bound as a Schiff’s base to the pyridoxal 5'-phosphate cofactor; this
intermediate is subsequently hydrolyzed to free alanine (Bild and Morris,
1984; Stevens, 1985a). On the other hand, 8-elimination results in net loss
of the a proton and in formation of an eneamine intermediate which has
carbonium character at the 8-carbon (Fig. 3, structure 14) (Snell and Di
Mari, 1970; Stevens, 1985a). These differences are summarized in Fig. 4.

Kynureninase is an enzyme in the pathway by which tryptophan is
converted to quinolinate. Quinolinate (via nicotinate mononucleotide) is
a precursor of the important cofactor NAD™. However, a substantial
fraction of the daily requirement for this cofactor is obtained via nicotinate/
nicotinamide in the diet. Clearly, exposure of the liver to cysteine §-
conjugates will lead to diminished activity of kynureninase in that organ.
Whether this loss of activity contributes to the hepatic toxicity associated
with some cysteine S-conjugates is not clear (Stevens, 1985a).

C. Kynureninase-Type Cysteine S-Conjugate B-Lyase
in the Brain

In the central nervous system, quinolinate is a powerful excitant and
convulsant that activates the N-methyl-D-aspartate (NMDA) receptors
(Stone and Burton, 1988). When injected intracerebroventricularly in ro-
dents, quinolinate and other kynurenine metabolites elicit significant be-
havioral and convulsant effects (Lapin, 1981). Moreover, direct infusion
of quinolinate into brain causes a lesion that resembles those found in
Huntington’s disease and temporal lobe epilepsy (Schwarcz er al., 1988).
Because quinolinate and other kynurenine metabolites are endogenous
brain substances that are known to elicit strong excitatory responses, it
has been suggested that imbalance in their production, transport., and
catabolism may lead to cerebral damage and may even be involved in the
pathogenesis of some neurodegenerative and psychiatric diseases (Stone
and Burton, 1988; Schwarcz et al., 1988; Heyes et al., 1990; see also the
discussion by Fukui et al., 1991, and the recent commentary by Holzman,
1993). Indeed, substantial levels of quinolinate have been found in the
cerebrospinal fluid and brains of patients with a broad spectrum of infec-
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tions and other inflammatory neurological diseases including acquired
immune deficiency syndrome (AIDS), poliovirus infection of the spinal
chord, Lyme disease, and septicemia (Heyes et al., 1992, and references
cited therein). A strong correlation was found between the level of quinoli-
nate in the cerebrospinal fluid and neurological impairment in human
immunodeficiency virus (HIV) patients (Heyes et al., 1991). Since substan-
tial amounts of kynurenine are made in extracerebral tissues, it is possi-
ble that the brain kynurenine and its metabolites originate from elsewhere
in the body. However, kynurenine formation and enzymes involved in
its metabolism (including kynureninase) are now known to occur in
the brain; earlier estimates suggest that perhaps 40% of brain kynure-
nine is synthesized endogenously (Gal and Sherman, 1980). More re-
cent work by Fukui er al. (1991) suggests that kynurenine (and probably
3-hydroxykynurenine) is taken up across the blood-brain barrier at a
significant rate on the large neutral amino acid (L-system) carrier; anthrani-
late crosses the blood—brain barrier at a significant rate by passive diffu-
sion, whereas 3-hydroxyanthranilate, kynurenate, and quinolinate enter
the brain poorly. Heyes er al. (1992) suggest that increased quinolinate in
the pathological brains may in part be a consequence of increased indole-
amine-2,3-dioxygenase activity, perhaps in the macrophages. Glutathione
and cysteine S-conjugates are known to readily cross the blood—brain
barrier (Patel et al., 1993). Inactivation of kynureninase in the liver and
brain by cysteine S-conjugates could profoundly affect the cerebral levels
of kynurenine and its metabolites. In experimental animals treated with
cysteine S-conjugates, brain kynurenine and kynurenate levels would be
expected to rise, whereas the level of quinolinate would be expected to
drop. The consequences of such a disturbance are unknown. However,
given the interest in the quinolinate pathway, this is an area that should
be worth investigating.

D. Rat Kidney Cysteine S-Conjugate -Lyase/Glutamine
Transaminase K

Stevens (1985b) showed that rat kidney possesses DCVC lyase activity
in the cytosolic and mitochondrial fractions that is immunologically dis-
tinct from kynureninase of the rat liver. In LLC-PK1 kidney cells the
toxicity of §-(1,2-dichlorovinyl)glutathione (DCVG) is dependent on its
conversion to DCVC and metabolism of DCVC (Stevens et al., 1986a).
Moreover, the activity of cysteine S-conjugate B-lyase is stimulated in
homogenates of these cells by addition of pyruvate; this stimulation is
accompanied by increased covalent binding of sulfur-containing frag-
ments from DCVC to macromolecules. Blockage of cysteine S-conjugate
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B-lyase activity by aminooxyacetate (a general inhibitor of pyridoxal 5'-
phosphate-containing enzymes) prevents the formation of DCVC frag-
ments and thereby reduces the binding of DCVC-derived metabolites to
macromolecules in LLC-PK1 cells (Stevens et al., 1986a). Aminooxy-
acetate protects in vivo (Elfarra et al., 1986a) and in vitro (Lash and
Anders, 1986) against the toxicity of DCVC. Aminooxyacetate protects
tsolated rat renal tubular cells from the toxic effects of $-(2-chloro,1,1,2-
trifluoroethyl)glutathione and S-(2-chloro-1.1,2-trifluoroethyl)-L-cysteine
(Dohn et al., 1985). S-(Pentachlorobutadienyl)-L-cysteine poisons isolated
rat liver mitochondria respiring on succinate; the mitochondria are pro-
tected by the addition of aminooxyacetate (Wallin ¢f al., 1987). Addition
of aminooxyacetate to rat kidney homogenates completely abolished the
converston of S-(1,1,2,2-tetrafluoroethyl)-L-cysteine, S-(2,2-dichloro,1,1-
difluoroethyl)-L-cysteine, and $-(2,2-dibromo-1,1-difluorethyl)-L-cysteine
to pyruvate (Commandeur ¢t «l., 1988). Pentachlorobutadienyl glutathione
1s toxic to isolated renal epithelial cells; the toxicity is completely pre-
vented by addition of the pyridoxal 5'-phosphate antagonist semicarbazide
(Jones et al., 1986). Moreover, the a-methyl analogues of DCVC (Elfarra
et al., 1986b) and S-(1-chloro-1,2,2-trifluoroethyl)-L-cysteine (Dohn er al.,
1985) are not toxic. These compounds cannot form a quinonoid intermedi-
ate with the pyridoxal 5'-phosphate cofactor (Fig. 3, structure 4) and
hence cannot undergo B-elimination.

In crude rat kidney homogenates it was shown that endogenous L-amino
acid oxidase (which converts cysteine S-conjugates to a-keto acids) is
required for maximal activity; after removal of the L-amino acid oxidase
activity during purification, the 8-lyase activity becomes almost fully de-
pendent on an added a-keto acid substrate (Stevens et al., 1986b; see
also Elfarra er al., 1987). Moreover, S-(1,2-dichlorovinyl)-p-cysteine was
shown to be almost as nephrotoxic as the L-isomer in rabbits (Wolfgang
et al., 1989). Since kidney contains a large amount of p-amino acid oxidase
(Meister et al., 1960), it is probable that the p-isomer is readily converted
to the corresponding a-keto acid, which is predicted to be an excellent
substrate of glutamine transaminase K. Taken together the data strongly
suggested that the cytosolic kidney enzyme requires pyridoxal 5'-
phosphate and is regulated by a transamination step. Subsequently, a
major kidney cysteine S-conjugate S-lyase was highly purified from the
cytosolic fraction of rat kidney homogenates and shown to be identical
to cytosolic glutamine transaminase K (Stevens ef al., 1986b). Thus, a
major cysteine S-conjugate B-lyase of the rat liver (= kynureninase) and
another of the rat kidney (= glutamine transaminase K) are actually en-
zymes of known metabolic functions that are ‘*coerced’’ into catalyzing
a nonphysiological S-elimination reaction with cysteine S-conjugates con-
taining strong electron-withdrawing groups. The a-keto acid requirement
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of the kidney cysteine S-conjugate B8-lyase can be rationalized by inspec-
tion of Fig. 3. The conversion of cysteine S-conjugate (1) to pyruvate
(17), reactive mercaptan (13), and ammonia via the elimination reaction
(pathway b) results in the regeneration of pyridoxal 5'-phosphate (PLP)
(actually in Schiff’s-base linkage to an active site lysine residue). Thus,
after one turnover through the 8-elimination pathway, the enzyme is capa-
ble of productively binding another equivalent of cysteine conjugate. How-
ever, if transamination occurs (pathway a) the cysteine conjugate and
cofactor are converted to the corresponding a-keto acid (7) and pyri-
doxamine 5'-phosphate (PMP, 6), respectively. The pyridoxamine 5'-
phosphate form of the enzyme cannot productively bind the cysteine
conjugate (amino acid) substrate and the B-lyase reaction ceases. In order
for the enzyme to be regenerated to the active pyridoxal 5’-phosphate
form, an a-keto acid (structure 8; e.g., phenylpyruvate, a-keto-y-methiol-
butyrate) must be supplied.

The above discussion suggests that the activities of both the liver and
the kidney cysteine S-conjugate B-lyases may be regulated in vivo (see
the discussion by Stevens and Jones, 1989). The liver cysteine S-conjugate
B-lyase (kynureninase) may be regulated by inactivation with aminoacry-
late, in which case restoration of enzyme activity will require new enzyme
synthesis. [However, it is possible that in vivo the enzyme will be protected
to some extent by small molecular weight thiols that can react with amino-
acrylate before it has a chance to react with the enzyme (see discussion by
Cavallini et al., 1973).] On the other hand, the kidney enzyme (glutamine
transaminase K) may be regulated by transamination and the availability
of a suitable a-keto acid substrate. This process is reminiscent of the
inactivation of certain amino acid decarboxylases by the occasional trans-
amination reaction during turnover of substrate. Transamination yields
the inactive pyridoxamine 5’-phosphate form of the enzyme. Activity is
restored to hog brain glutamate decarboxylase by addition of pyridoxal
5'-phosphate (Spink and Martin, 1983). In the case of bacterial aspartate
decarboxylase, activity is restored by addition of pyruvate, which ensures
that the enzyme is converted back to the active pyridoxal 5’'-phosphate
form by transamination (Novogrodsky ef al., 1963). The extent to which
the liver and kidney cysteine S-conjugate B-lyases are regulated in vivo
by the above-mentioned mechanisms is not clear. Recently, it was shown,
however, that activity of rat kidney cysteine S-conjugate S-lyase could
be induced by injection of a single nonnephrotoxic dose of N-acetyl-S-
(1,2.3,4,4-pentachloro-1,3-butadienyl)-L-cysteine (MacFarlane et al.,
1993). The enzyme and its mMRNA were both elevated. On the other hand,
repeated nephrotoxic doses resulted in a reduction of the lyase activity.
The data suggest that at least some halogenated xenobiotics can cause
induction of glutamine transaminase K/cysteine S-conjugate B-lyase in
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rat kidney, but that activity drops on destruction of kidney tissue (MacFar-
lane et al., 1993).

E. Properties of Cytosolic Rat Glutamine Transaminase
K/Cysteine S-Conjugate -Lyase

In the late 1940s Greenstein and co-workers discovered that rat liver
contains two glutaminases which they named ‘‘glutaminase 1"’ and ‘‘glu-
taminase 1[I’ (e.g., Greenstein, 1949). Glutaminase I was shown to be
activated by phosphate and to a lesser extent by arsenate; glutaminase 11
was shown to require an a-keto acid. Subsequently, Meister and col-
leagues (1952) showed that glutaminase 11 is a composite of two enzymes,
namely a glutamine transaminase [Eq. (1)] and w-amidase [Eq. (2)].

L-Glutamine + a-keto acid = a-ketoglutaramate + L-amino acid (1)
a-Ketoglutaramate + H,0 — a-ketoglutarate + NH; (2)

The product of the transamination reaction with glutamine, i.e., a-
ketoglutaramate, cyclizes to a lactam; the equilibrium favors the lactam
by >99% at physiological pH (Meister, 1953; Hersh, 1971). The w-amidase,
which is of high activity in liver and kidney, however, has a strong affinity
for the open-chain form of a-ketoglutaramate (Meister, 1953; Hersh, 1971).
Thus, although the transaminase reaction is freely reversible, the reaction
is drawn toward glutamine utilization either by cyclization of product or
conversion of product to a-ketoglutarate. In a later study the rat liver
glutamine transaminase was purified and characterized (Cooper and Meis-
ter, 1972). The enzyme has broad specificity toward a-keto acids but it
is most active with the a-keto analogues of glutamine and methionine;
the enzyme may therefore be regarded as a fully reversible glutamine—me-
thionine aminotransferase. The enzyme, which has a native M, of about
100,000 (two identical subunits), contains very tightly bound pyridoxal
S'-phosphate. Initial studies by Meister et al. (1952) suggested that highest
specific activity of glutamine-pyruvate transaminase activity in the rat is
in the liver with a lower specific activity in the kidney. However, by using
phenylpyruvate as the a-keto acid acceptor, Kupchik and Knox (1970)
concluded that the specific activity of glutamine transaminase was higher
in rat kidney than in liver. Upon investigating these apparently contradic-
tory claims, Cooper and Meister (1974) discovered that rat kidney contains
a glutamine transaminase that is distinct from the predominant liver form.
The two forms of glutamine transaminase were named glutamine transami-
nase K and L, respectively.

Glutamine transaminase K contains tightly bound pyridoxal 5'-phos-
phate, has an apparent M, of ~90,000, and is composed of two identical
subunits (e.g., Cooper and Meister, 1981). As with the L form, the K
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form has a broad substrate specificity. However, unlike the L form the
K enzyme has a very high affinity for aromatic a-keto acids (K,, phenylpyr-
uvate <10-20 uM). The enzyme may be regarded as fully reversible
glutamine (methionine) aromatic amino acid aminotransferase. In general
amino acid substrates have the following structure:

X(CH,),CH(NH,)CO,H 3)

where n = 1 or 2, and X is a large noncharged group (as in, for example,
glutamine, methionine, phenylalanine, S-methylcysteine). Similarly, a-
keto acid substrates have the following structure:

X(CH,),COCO,H (4)

(e.g., a-ketoglutaramate, phenylpyruvate, a-keto-y-methiolbutyrate). In
addition, both the cytosolic rat kidney enzyme (Cooper and Anders, 1990)
and the bovine enzyme (Costa et al., 1986, 1987; Ricci et al., 1986)
can catalyze transamination of cystine, lanthionine, homocystine, and
cystathionine (see below) with a suitable «-keto acid acceptor.
Thus, it is not surprising that cysteine S-conjugates (n = 1) and homo-
cysteine S-conjugates (n = 2) (see Section V) are substrates for gluta-
mine transaminase K. Other examples include the cysteine conjugate S-
(1,2-dichlorovinyl)cysteine (DCVC) (n = 1 and X = —SCCI=CCIH)
and the homocysteine conjugate S-(benzothiazolyl)-L-homocysteine
(n = 2,X = C,H,NS—) (see Section V). Unlike the rat liver cysteine S-
conjugate B-lyase (= kynureninase), however, the rat kidney cysteine §-
conjugate B-lyase (= glutamine transaminase K) does not appear to be
inactivated by aminoacrylate (or its equivalent cofactor-bound species)
following B-elimination.

A recent report by Gibson et al. (1993) indicates that the full-length
¢DNA clone for rat kidney glutamine transaminae K/cysteine S-conjugate
B-lyase encodes for a protein subunit with a predicted M, of 47,800. The
same group has published the subunit amino acid sequence predicted from
the cDNA clone (Perry ef al., 1993). In our laboratory we have carried
out amino acid analyses on fragments of the enzyme obtained after tryptic
digestion. Our (more direct) amino acid analysis is generally in agreement
with the data of Perry et al., with some exceptions (D. G. Abraham and
A. J. L. Cooper, unpublished observations). We also note that according
to Perry et al. (1993) B-lyase mRNA can only be detected in the rat kidney,
but as noted below, glutamine transaminase K/cysteine S-conjugate 8-
lyase activity is widespread in rat tissues. The reason for the apparent
discrepancy is not known but may be due to the presence of isoforms of
the enzyme in rat tissues.
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F. Tissue Distribution of Glutamine Transaminase
K/Cysteine S-Conjugate B-Lyases in Mammals

In rat tissues glutamine transaminase K is most active in kidney followed
by liver; activity has aiso been shown to be present in brain. heart, skeletal
muscle. pancreas, testes, small intestine. spleen. bone marrow, and lung
(Cooper, 1988; Jones ¢t al., 1988). a-Keto-y-methiolbutyrate-stimulated
cysteine S-conjugate B-lyase activity with DCVC as substrate in rat tissues
roughly parallels the transaminase activity (Jones et al., 1988).
Cavallini and colleagues have partially purified a transaminase from
bovine liver (Costa et al., 1986), kidney (Ricci et al., 1986), and brain
{Costa er al., 1987) that has a very broad amino acid specificity. The
enzyme is active with glutamine, methionine, and various sulfur-
containing amino acids. The enzyme, as recognized by the authors, is
similar to rat kidney glutamine transaminase K and has a high affinity
toward phenylpyruvate. As with the rat enzyme, the bovine kidney en-
zyme contains pyridoxal 5'-phosphate and is a homodimer. and the M, of
the subunit is estimated to be ~47.000. The bovine glutamine transaminase
purified by Costa er al. (1986) is the same enzyme as the cysteine S-
conjugate B-lyase purified from bovine kidney by Lash and Anders (1988;
see also Dekant et al., 1987a). Lash et al. (1990a) have also purified and
characterized cytosolic human kidney cysteine S-conjugate B-lyase. The
human enzyme is about the same size as the rat enzyme, contains pyridoxal
5'-phosphate, and is also composed of two identical subunits. The enzyme
also copurifies with glutamine transaminase K and is strongly inhibited
by aminooxyacetate. Similar to that in the rat kidney (Jones er al., 1988),
the activity was found to be present in the cytosolic, mitochondrial, and
microsomal fractions, but with the highest specific activity in the cytosol.
Overall, the specific activity of the enzyme in the human kidney is about
10% that in the rat kidney; however, enough activity is present to suggest
that the human kidney may be susceptible to long-term damage resulting
from exposure to reactive cysteine conjugates (Lash er al., 1990a). Curi-
ously, differences in the response of the various kidney 8-lyases to added
a-keto acids have been reported. Thus, the g-lyase activity with DCVC
is stimulated 30-fold by addition of a-keto-y-methiolbutyrate to the purified
rat kidney enzyme. Addition of this a-keto acid to purified bovine kidney
enzyme (L.ash and Anders, 1988) and purified human kidney enzyme (Lash
et al., 1990a) results in only ~2- and 1.3-fold stimulation of 8-lyase activity
with S-(2-benzothiazolyl)-L-cysteine. The lesser dependence of lyase ac-
tivity on added a-keto acids noted with the human and bovine kidney
enzymes is possibly due to a more favorable orientation of the quinonoid
intermediate (Fig. 3, structure 4) for S-elimination in these enzymes com-
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pared to that in the rat enzyme, or it its possible that under the con-
ditions used 2-mercaptobenzothiazole is a better leaving group than is
1,2-dichloro-1-mercaptoethylene. S-(1,2-Benzothiazolyl)-L-homocysteine
was also shown to be a substrate of the human and bovine enzymes (Lash
and Anders, 1988; Lash et al., 1990b). In this case the reaction is strongly
dependent on added a-keto acid; the first step in the reaction is a transami-
nase reaction followed by spontaneous, nonenzymatic y-elimination to
yield 2-mercaptobenzothiazole. This reaction will be dealt with in more
detail in Section V.

G. Metabolic Functions of Glutamine Transaminase K

This topic has been reviewed previously (Cooper, 1988; Cooper and An-
ders, 1990); therefore, only a brief outline will be given here. The major
route for formation of ammonia from glutamine (amide) in the whole body
is probably via the glutaminase reaction. It is possible, however, that the
combined action of glutamine transaminases and w-amidase [Eqs. (1) and
(2)] may produce ammonia from glutamine in relatively large amounts in
localized areas. Glutamine transaminase is particularly enriched in the S,,
S,, andS, regions of the nephron of the rat kidney (Jones er al., 1988; H.
Endou and A. J. L. Cooper, unpublished observation) and in the choroid
plexus of the brain (Cooper et al., 1993) and in these regions may contribute
to ammonia formation. These regions are involved in amino acid recycling,
but whether glutamine transaminase K is involved in amino acid transport
across cell membranes in these areas remains to be determined. Addition-
ally, since glutamine transaminase K is present in both cytosolic and
mitochondrial fractions (see below) the enzyme may be involved in amino
acid transfer between the two compartments.

The a-keto analogues of a number of essential amino acids (e.g., phenyl-
alanine, methionine) may arise in vivo from nonspecific transamination
reactions. For example, cytosolic and mitochondrial aspartate aminotrans-
ferases (Miller and Litwack, 1971; Shrawder and Martinez-Carrion, 1972)
and asparagine transaminase (Cooper, 1977) exhibit some activity with
the aromatic amino acids. At least one of the branched-chain amino acid
aminotransferases (Ikeda et al., 1976) has significant activity with methio-
nine. Glutamine transaminases may act normally to salvage phenylpyru-
vate, a-keto-y-methiolbutyrate and other a-keto acids arising by nonspe-
cific transamination reactions. Without such a salvage pathway a drain
on essential carbon and sulfur may ensue. In addition, some «-keto acids
(e.g., phenylpyruvate, a-keto-y-methiolbutyrate) may be toxic at elevated
concentrations and glutamine transaminase may play a role in maintain-
ing these a-keto acids at a low level. Methionine may also be salvaged by
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an additional route involving glutamine transaminase K. Thus, 5'-methyl-
thioadenosine (formed from S-adenosylhomocysteine during polyamine
biosynthesis) is converted to a-keto-y-methiolbuytrate by a complex series
of reactions (Backlund ez al., 1982). This a-keto acid is then converted
to methionine via transamination in a reaction catalyzed by glutamine
transaminase K. Thus, the original sulfur atom and methyl group of methio-
nine are retained but carbons 1 to 4 are obtained anew from four of the
five ribose carbons of 5’-methylthioribose.

a-Keto-y-mercaptobutyrate and 8-mercaptopyruvate, the a-keto acid
analogues of homocysteine and cysteine, respectively, are highly reactive
(Cooper et al., 1982; Cooper and Meister, 1985). a-Keto-y-mercaptobuty-
rate may undergo spontaneous f3,y-elimination to yield potentially toxic
2-oxo-3-butenoate (vinylglyoxylate) and hydrogen sulfide. Interestingly,
both a-keto acids are substrates of glutamine transaminase K (Cooper,
1988) and of kidney thiopurine S-methyltransferase (Donahue and Henry,
1984). The products of the thiopurine S-methyltransferase reaction (i.e.,
a-keto-y-methiolbutyrate and B-methiolpyruvate) formed with the two
sulfhydryl-containing a-keto acids are also substrates of glutamine trans-
aminase K (Cooper, 1988) yielding L.-methionine and L-S-methylcysteine,
respectively. Thus, the kidney appears to have two ways of salvaging
potentially toxic sulfur-containing a-keto acids. both of which involve
glutamine transaminase K.

«-Keto-y-methiolbutyrate is transported across the blood—brain barrier
by an a-keto acid carrier (Conn and Steele, 1982). If interorgan transport
of this a-keto acid occurs in vivo then glutamine transaminase K may play
an additional role in methionine homeostasis. Finally, phenylpyruvate is
a potent initiator of insulin secretion in isolated pancreatic islets; glutamine
transaminase K may play a role in this process (Lenzen et al., 1984).

H. Mitochondrial Glutamine Transaminase K/Cysteine
S-Conjugate p-Lyase

Although most of the activity of glutamine transaminase K in the rat
kidney is cytosolic, about 10% of the activity is present in the mitochondria
(Cooper and Meister, 1974; Cooper, 1988; Stevens, 1985b; Stevens e al.,
1988: Jones et al., 1988). In the rat liver about a third of the glutamine
transaminase K activity is in the mitochondrial fraction (Cooper, 1988).
Lenzen et al. (1984) reported that the specific activity of glutamine-
phenylpyruvate transaminase is about twofold higher in mitochondria than
in the cytosolic fraction of pancreatic B cells from diabetic mice. Several
reports have suggested that glutamine transaminase activity is largely
mitochondrial in the brains of several species (see references quoted in



94 Arthur J. L. Cooper

Cooper et al., 1993). Detailed fractionation studies showed that ~80-85%
of the glutamine transaminase activity in the rat brain is in the mitochon-
drial fraction (Cooper, 1988). Glutamine transaminase K in rat kidney
mitochondria has been reported to be present in the outer membrane
(Lash er al., 1986a) and within the matrix (Stevens et al., 1988). The
enzyme has been purified from the mitochondrial fraction of rat kidneys
(Cooper, 1978; Cooper and Meister, 1981; Stevens et al., 1988) and rat
brain (Van Leuven, 1975, 1976; Cooper and Gross, 1977). As with the
cytosolic enzyme, rat mitochondrial glutamine transaminase K contains
tightly bound pyridoxal 5'-phosphate, has a M, of ~90,000 and is composed
of two identical subunits. The substrate specificity is very similar to that
of the cytosolic enzyme. However, there are subtle differences in the
substrate affinities between the two enzymes and in the affinity with which
the two enzymes bind to hydroxylapatite and DEAE-cellulose during
purification (Cooper and Gross, 1977; Stevens et al., 1988). In addition
the purified bovine brain (= mitochondrial?) enzyme exhibits some kinetic
differences to those of the purified cytosolic bovine kidney enzyme (Costa
et al., 1987). Finally, we have recently shown that polyclonal antibodies
raised against purified cytosolic rat kidney glutamine transaminase K in
rabbits react much less readily with the rat kidney and brain mitochondrial
glutamine transaminase K than with the cytosolic enzyme (Cooper et al.,
1993). In future work it will be interesting to determine the relationship
of the two forms of the enzyme and how the mitochondrial enzyme is
inserted into the mitochondria.

I. Other Cysteine S-Conjugate B-Lyases in the Rat Kidney

As already noted, a major target of cysteine conjugates are mitochondria
(Stonard and Parker, 1971a.,b; Jones et al., 1986; Lash and Anders, 1986;
Lash et al., 1986a,b; Stevens e¢ al., 1988), and glutamine transaminase
K/cysteine S-conjugate B-lyase is present in the rat kidney in both cyto-
solic and mitochondrial fractions. Stevens ef al. (1988) noted that with
DCVC as substrate the cytosolic and mitochondrial forms of glutamine
transaminase K probably account for 8-lyase activity. The authors also
noted that S-(benzothiazolyl)-L-cysteine (BTC) is a relatively poor sub-
strate of both mitochondrial and cytosolic preparations of glutamine trans-
aminase K. However, B-lyase activity toward BTC was comparable to
that with DCVC in rat kidney mitochondria, suggesting that other 8-
lyases beside glutamine transaminase K may be present in rat kidney
mitochondria. This idea is further supported by the finding that a-keto
acids that are not substrates of glutamine transaminase K stimulate the
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B-lyase activity of the rat kidney mitochondrial matrix (Stevens et al.,
1988). The characterization of this additional B-lyase in the rat kidney
mitochondria must await further studies.

Abraham and Cooper (1991) recently developed activity stains for
(a) the phenylalanine—a-keto-y-methiolbutyrate transaminase reaction
and (b) the cysteine S-conjugate S-lyase reaction with DCVC. Analysis
of rat kidney homogenates on nondenaturing polyacrylamide gels revealed
a major band of activity with both reactions corresponding to a M, of
90.000. This band clearly corresponds to glutamine transaminase K and is
further evidence that the two activities are catalyzed by the same enzyme.
However, another band of activity was detected with an apparent M, of
~330,000 that possesses weak transaminase activity but stronger DCVC
lyase activity (Abraham and Cooper, 1991). The higher molecular weight
form that is present in the cytosol of rat kidneys does not appear to
have an obvious relationship to glutamine transaminase K. The higher-
molecular-weight species does not react with polyclonal antibodies to rat
kidney cytosolic glutamine transaminase K and is not detected in the brain
(Cooper et al., 1993). The relationship of this second DCVC lyase to
glutamine transaminase K or to other pyridoxal 5 -phosphate enzymes
remains to be established.

We have recently shown that the 330,000-Da species (but not glutamine
transaminase K) can convert leukotriene E, (a cysteine conjugate) to
pyruvate, ammonia, and a reactive sulfhydryl-containing compound; the
cysteine conjugate of dopamine is also a substrate of the 330,000-Da
species (D. G. Abraham and A. J. L. Cooper, unpublished observations).

J. Comments on the Distribution of Glutamine
Transaminase K/Cysteine S-Conjugate 3-Lyase in Rat
Kidney and Brain

Although, as noted above, glutamine transaminase K activity is wide-
spread in rat tissues, the regional distribution of the enzyme has thus far
only been studied in two organs. Jones et al. (1988) prepared antibodies
to purified cytosolic rat kidney glutamine transaminase K in goats. They
noted immunohistochemical staining in the S;, S,, and S; regions of the
proximal tubular epithelium of the rat kidney. MacFarlane et al. (1989)
prepared antibodies to cytosolic glutamine transaminase K in sheep. They
also noted immunohistochemical staining in the proximal tubules but could
detect the activity only in the S, region. The reason for the difference
between the two studies is not clear. However, we have used activity
staining in microdisected regions of the kidney to show that glutamine
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transaminase K/cysteine S-conjugate B-lyase activity is indeed present in
the rat kidney in the S,, S,, and S, segments of the proximal tubule (H.
Endou and A. J. L. Cooper, unpublished observations).

The finding that cysteine S-conjugate B-lyase activity is present in the
Si. S5, S5, regions of the rat kidney raises interesting questions. Some
damage to brain and liver may occur, but the toxicity of certain cysteine
conjugates that are metabolized by the B-lyases is manifest most often in
the kidney (e.g., Terracini and Parker, 1965; Potter et al., 1981; Nash et
al., 1984; Jafte et al., 1984; Dohn et al., 1985). Although some damage
at higher concentrations of cysteine conjugate may occur in the S, and
S, regions of the proximal tubule, the main region of damage in the kidney
is in the area of the pars rectus that contains the S, segment. Evidently,
other factors besides the localization of glutamine transaminase K/cyste-
ine S-conjugate B-lyase must play a part in the selective toxicity to the
S; segment to certain halogenated xenobiotics and their corresponding
cysteine S-conjugates (see, for example, discussions by Stevens and
Jones, 1989; Elfarra, 1993). Such factors include the distribution and speci-
ficity of (a) glutathione S-transferases (Fig. 1, reaction 1); (b) y-glutamyl-
transpeptidase (reaction 2); (¢) dipeptidases (reaction 3); (d) acylases
(reaction 4); (e) deacylases (reaction 5); (f) other cysteine S-conjugate
B-lyases (reaction 6); (g) transporters for the glutathione conjugate, cys-
teinylglycine conjugate, cysteine conjugate, and mercapturate; (h) sulf-
oxidation reactions; and (/) availability of a-keto acid substrate of
glutamine transaminase K/cysteine S-conjugate B-lyase. A few of these
points will be discussed briefly. Several studies have shown that $-(1,2-
dichlorovinyl)glutathione (DCVG), like DCVC, is also nephrotoxic. The
nephrotoxicity of DCVG may be completely blocked in vivo and in vitro by
the y-glutamyltranspeptidase inhibitor, 4,5-dihydro-5-isoxaleacetic acid
(AT-125) (Dohn et al., 1985; Elfarra et al., 1986a; Lash and Anders, 1986).
The toxicity may also be blocked by probenecid, a general inhibitor of
anion transport (Dohn et al., 1985; Elfarra et al., 1986a,b; Lash and
Anders, 1986). AT-125 blocks the nephrotoxicity of 2-bromohydroquinone
glutathione conjugate but not that of S-(2-chloroethyl)glutathione (CEG);
on the other hand, probenicid blocks the nephrotoxicity of CEG but not
that of 2-bromoquinone glutathione conjugate (Kramer et al., 1987). Evi-
dently, glutathione S-conjugates (and N-acetyl cysteine S-conjugates) may
be taken up by kidney cells by a sodium-dependent mechanism that is
inhibited by probenecid but not by cysteine conjugates. Alternatively,
glutathione conjugates may be metabolized by y-glutamyl transpeptidase
and aminopeptidase M, which occur at the brush borders and basolateral
membranes; the cysteine conjugate is then taken up by the general sodium-
dependent, organic ion transporter or by the sodium-independent L
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and T amino acid transporters (see Elfarra, 1993, and references quoted
therein).

Sausen and Elfarra (1990a) have characterized a flavin-containing
monooxygenase that converts cysteine S-conjugates to the corresponding
sulfoxides. The sulfoxide of DCVC was found to be an even more potent
nephrotoxin than DCVC itself (Sausen and Elfarra, 1990b); the sulfoxide
acts as a strong Michael acceptor by reacting with glutathione (Sausen
and Elfarra, 1991). Elfarra (1993) points out that this may represent a novel
mechanism for activation of S-conjugates. However, as noted above, an
enteric bacterial enzyme (Larsen and Stevens, 1986) and a human cysteine
S-conjugate B-lyase (Tomisawa ef al., 1986) possess high activity toward
cysteine S-conjugate sulfoxides. Thus, in addition to reaction with glutathi-
one, the cysteine S-conjugate sulfoxides may provide reactive fragments
via B-elimination. Since the RS— (methionine), RS(O)— (methionine sulf-
oxide), and RS(O)(=NH)— (methionine sulfoximine) groups are readily
accommodated at the active site of glutamine transaminase K (Cooper
and Meister, 1974), it seems reasonable to expect that glutamine transami-
nase K may catalyze $-elimination reactions with cysteine S-conjugate
sulfoxides.

In the rat, glutamine transaminase K activity is fairly evenly distributed
throughout the brain with one exception. The specific activity of the
enzyme is ~6.4 times higher in the choroid plexus than in the brain as a
whole (Cooper et al., 1993). In addition, the specific activity of the enzyme
is several times higher in cultures of mouse, rat, and chicken astrocytes
than in cultures of the corresponding neurons (Makar et al., 1994). As
with the kidney, the localization of glutamine transaminase K/cysteine §-
conjugate B-lyase in brain does not correlate with the regional damage
induced by cysteine S-conjugates such as DCVC. Although the enzyme
is widespread in rat (Cooper et al., 1993) and human brain (Cooper and
Gross, 1977), damage to the nervous system is largely confined to the
sensory trigeminal nucleus and, to a lesser extent, the facial nerves, oculo-
motor nerves, and motor trigeminal nucleus (Buxton and Hayward, 1967;
Reichert er al., 1976, and references cited therein). Again, as discussed
in relation to the kidney, many factors must be involved in the selective
damage to nervous tissue. In this regard, it is interesting to note that Patel
et al. (1993) recently showed that rat brain possesses carriers for DCVG
and DCVC at the blood—brain barrier. The carrier for DCVC corresponds
to the neutral amino acid (= L) transporter. Evidently, more work is
needed to determine the selectivity of DCVC-induced damage to nervous
tissue.

Other compelling reasons exist for continued study of glutamine trans-
aminase K in nervous tissue. A recent report of the National Research
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Council discusses the possibility that environmental substances may con-
tribute to the long-term neurodegenerative diseases in humans (summa-
rized by Stone, 1992). If so, there is a distinct possibility that glutamine
transaminase K/cysteine S-conjugate B-lyase (and possibly kynureninase)
may contribute to this process if the xenobiotics are converted in vivo to
reactive cysteine S-conjugates. Halohydrocarbons (HCFCs) have been
proposed as replacements for chlorofluorocarbon (CFC) propellants and
refrigerants to lower the stress on the earth’s ozone layer. Many of the
proposed HCFCs are pentahalogenated ethanes. We have been unable
to find references in the literature to suggest that these compounds are
substrates of glutathione S-transferases. However, if the compound is
metabolized in vivo to a halogenated ethylene then the product may be a
substrate of glutathione S-transferases and the possibility arises that a
neurotoxic cysteine S-conjugate will be formed. Other HCFCs suggested
as replacements of CFCs include tetra- and trihalogented ethanes. Anders
and associates have begun a study of the metabolism of 2,2-dichloro-
1,1,1-trifluoroethane (HCFC-123) (a pentahalogenated ethane), 1,2-
dichloro-1,1-difluoroethane (HCFC-132b) (a tetrahalogenated ethane),
and 1,1-dichloro-1-fluoroethane (a trihalogenated ethane) (Harris and An-
ders, 1991a,b; Harris et al., 1991). Each was shown to be metabolized in
rats, but thus far, glutathione and cysteine S-conjugates have not been
detected. Nevertheless, with undoubted increase in the production of
HCFCs in the next few years and the increased human exposure to these
substances it will be important to define all potential metabolic pathways
of these compounds and to ensure that they are not bioactivated through
pathways that include the glutamine transaminase K/cysteine S-conjugate
B-lyase.

V. Design of Prodrugs Directed toward Glutamine
Transaminase K/Cysteine S-Conjugate B-Lyase in
the Kidney

According to a recent survey approximately 1,040,000 new cancer cases
are calculated to have occurred in the United States in 1990. Of these,
24,000 are estimated to have arisen in the kidneys (Henderson et al.,
1991). Although in absolute numbers the incidence of kidney cancer is
relatively small compared to the overall incidence of cancer in the general
population, kidney cancer is nevertheless a serious problem. Metastatic
renal cell carcinoma is essentially resistant to all currently used therapeutic
agents (Javadpour, 1984; Fair and Cordon-Cardo, 1988). In humans, renal
carcinomas appear to arise from the proximal nephron (Cordon-Cardo et
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al., 1989, and references cited therein), and, as noted above, this region
of the kidney is most susceptible to damage from cysteine S-conjugates
in experimental animals. Because chloroalkene-derived glutathione and
cysteine S-conjugates are mutagenic (Green and Odum, 1985; Dekant et
al., 1989b) and there is much evidence to link this mutagenicity to the
actions of cysteine S-conjugate B-lyases (Vamvakas et al., 1988), it is
possible that there may be a link between low-level exposure to chloroal-
kenes and human kidney cancer (Cooper et al., 1989). In this context it
is interesting to note that Henderson et al. 1991) list cigarette smoking as
a major contributing factor to human kidney cancer; perhaps cysteine
conjugates formed from xenobiotics in cigarette smoke are partially re-
sponsible. As noted in Section 1V,A, a cysteine S-conjugate 3-lyase has
been purified from human kidney and may be present at high enough
concentration to promote nephrotoxic damage with reactive cysteine §-
conjugates (Lash er al., 1990a). However, the detailed localization of
glutamine transaminase K/cysteine S-conjugate 8-lyase in human kidney
has not yet been determined. Assuming that the enzyme activity, as in
the rat, is localized to the proximal nephron, then the identity of the site
of action of cysteine S-conjugates and site of origin of renal cancer indicate
that the targeting of prodrugs of cancer therapeutic agents to the kidney
may afford a useful therapeutic strategy. A promising approach to the
design of prodrugs to combat kidney cancers and (perhaps) infections is
that employed by Hwang and Elfarra (1989,1991). who have designed a
prodrug with an anticancer agent (6-mercaptopurine) as part of a cysteine
conjugate.

In contrast to nephrotoxic cysteine S-conjugates, which give rise to
reactive fragments following cleavage with B-lyases (e.g., DCVC), other
cysteine conjugates such as S-(benzothiazolyl)-L-cysteine and S-(6-
purinyl)-L-cysteine give rise to relatively stable sulfhydryl-containing
fragments and are not nephrotoxic (Elfarra and Hwang, 1990; Hwang
and Elfarra, 1989, 1991). After treatment of rats with S-(benzothiazolyl)-
L-cysteine kidney, liver, and plasma levels of 2-mercaptobenzothiazole
and its glucuronate derivative were similar. This lack of tissue selectivity
was attributed in part to the similar rates of metabolism of S-(benzothiazo-
lyD-L-cysteine by hepatic and renal cysteine-S-conjugate B-lyases. On the
other hand, 30 min after administration of S-(6-purinyl)-L-cysteine the
concentration of 6-mercaptopurine and its metabolites were 90- and 2.5-
fold higher in kidney than in plasma and liver, respectively. The cytosolic
and mitochondrial fractions of rat kidney were about equally effective in
converting S-(6-purinyl)-L-cysteine to 6-mercaptopurine; the reaction was
inhibited by aminooxyacetate (Hwang and Elfarra, 1989). The target organ
selectivety of S-(6-purinyl)-L-cysteine appears to be due in part to the fact
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that the compound is a much better substrate of kidney B-lyases than of
liver B-lyases (Hwang and Elfarra, 1991). As noted by Hwang and Elfarra
(1989) considerable effort has gone into designing prodrugs of 6-mercapto-
purine that will provide a better therapeutic index than the parent molecule
drug itself. The fact that relatively large amounts of 6-mercaptopurine were
found in the rat kidney after administration of S-(6-purinyl)-L-cysteine
supports the concept that renal glutamine transaminase K/cysteine S-
conjugate B-lyase may be exploited for the development of kidney selec-
tive prodrugs. Because of the unique substrate specificity of glutamine
transaminase K, we have considered the possibility that homocysteine S-
conjugates may be even more effective prodrugs than cysteine S-conju-
gates (Cooper and Anders, 1990). To appreciate this idea some background
chemistry and additional discussion on the specificity of glutamine trans-
aminase K will be given.

Enzymes catalyzing y-elimination reactions from suitable amino acid
substrates [Eq. (5)] are well known in biochemistry.

XCH,CH,CH(NH,)CO,H + H,0 » XH + CH,CH,COCO,H + NH, (5)

An example, mentioned in Section II, is y-cystathionase. In this case
X = —SCH,CH(NH,)CO,H. However, it is apparent that nonenzymatic
v-elimination reactions involving amino acids with good leaving groups
in the y-position can also occur following enzymatic oxidation at the «
carbon (Cooper et al., 1989) [Eq. (6)]. In this case, the resulting a-keto
acid fragment is vinylglyoxylate (2-oxobutenoate).

XCH,CH,CH(NH,)CO,H + [0] - XH
+ CH,—CHCOCO,H + NH, (6)

Examples in which this type of reaction has been shown to occur include
(a) S-adenosylmethionine (X = CH,S*(adenosyl)—) (Stoner and Eisen-
berg, 1975), L-methionine-SR-sulfoximine (X = CH;S(=NH)(=0)—)
(Cooper et al., 1976), L-homocysteine (X = HS—) (Cooper and Meister,
1985), L-canavanine (X = NH,C(=NH)NHO—, or more correctly,
C(NH,),=NO—) (Hollander et al., 1989), and homocysteine S-conjugates
(X = RS—) (e.g., Elfarra et al., 1986b). The pathways leading to -
elimination (a retro-Michael elimination) are shown in Fig. 5. Reaction of
the amino acid (1) with L-amino acid oxidase (AAO) leads to formation
of the corresponding a-imino acid (3). The 8-hydrogens in the imino acid
are activated relative to those in the parent amino acid and y-elimination
is facilitated. y-Elimination results in formation of 2-imino-3-butenoate
(5) and vinylglyoxylate (4). Alternatively, the amino acid (1) is converted
to the corresponding a-keto acid (2) by a transamination reaction that
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Fig. 5 Elimination and y-addition reactions associated with a-oxidation of amino acids
possessing good leaving groups (X) in the vy position. 1, amino acid with good leaving group
in the vy (or 4) position; 2, 4-substituted 2-oxobutyrate; 3, 4-substituted 2-iminobutyrate;
4, vinylglyoxylate (2-ox0-3-butenoate); 3, Z-imino-3-butenoate;; 6, addition product of 4 with
nucleophile (Nu: 7). Abbreviations: AAO, L-(or D-) amino acid oxidase; PLP, pyridoial §'-
phosphate; PMP, pyridoxamine 5'-phosphate. Pyridoxal 5'-phosphate is the cofactor of
glutamine transaminase K, which participates in the first step of the conversion of some 4-
substituted amino acids to vinylglyoxylate (see the text). From Cooper ef al. (1989) with
permission.
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requires pyridoxal 5’-phosphate. Again, the B-hydrogens in the a-keto
acid are activated relative to the amino acid and elimination to vinylglyoxy-
late (4) may occur. [However, the a-keto acid (2) is less reactive than the
corresponding 2-imino acid (3) so that elimination from the a-keto acid
is not as favorable as from the 2-imino acid (Hollander et al., 1989).]
Vinylglyoxylate has not been isolated, but it is readily trapped by Michael
addition to a suitable nucleophile (Nu:~), such as 2-mercaptoethanol
(Cooper et al., 1976) or methanethiol (Lash er al., 1990b).
S-(1,2-Dichlorovinyl)-L-homocysteine (DCVHC) was shown to be even
more nephrotoxic in vivo, in isolated renal proximal tubular cells, and in
mitochondria than is DCVC (Elfarra et al., 1986b; Lash er al., 1986b;
Lash and Anders, 1987). DCVC is strongly mutagenic in the Ames test,
whereas DCVHC is less so; aminooxyacetate completely blocks the muta-
genicity of both compounds (Dekant et al., 1989a,b). In contrast, the
a-methyl analogues of DCVHC and DCVC are not nephrotoxic or muta-
genic. Aminooxyacetate and probenecid protect against the nephrotoxic-
ity. Elimination of a reactive sulfhydryl-containing fragment was shown
to occur via an enzymatic route that did not involve a y-cystathionase-
type reaction [Eq. (5)]. Rather, the elimination was stimulated by addition
of a-ketobutyrate, suggesting that the product of the y-elimination reaction
is 2-oxobutenoate and not a-ketobutyrate. Taken together the data show
that DCVHC is a substrate for a transaminase in the kidney. The a-keto
acid product of this reaction then slowly and spontaneously undergoes
nonenzymatic y-elimination to yield vinylglyoxylate and 1-mercapto-1,2-
dichloroethylene. Although it was not explicitly shown, the enzyme
responsible for transamination of DCVHC in the rat kidney is almost
certainly glutamine transaminase K since this amino acid fulfills the
requirement for a substrate [i.e., Eq. (2), n = 2, X = CIHC=CCl—).
In other work, Lash er al. (1990b) showed that S-(2-benzothiazolyl)-L-
homocysteine is a substrate of purified bovine glutamine transaminase K/
cysteine S-conjugate S-lyase. The authors also showed that S-(2-benzothi-
azolyl)-L-homocysteine, L-methionine sulfoximine, and L-canavanine
(amino acids, which as noted above, can undergo y-elimination upon
oxidation at the a-carbon) are toxic to isolated rat kidney cells, as is
the Michael acceptor methyl vinyl ketone. This finding suggests that the
increased toxicity of DCVHC over DCVC is due in part to the fact that
DCVC is metabolized by glutamine transaminase K/cysteine S-conjugate
B-lyase to only one nephrotoxic species (I-mercapto-1,2-dichloroethyi-
ene), whereas DCVHC is metabolized by glutamine transaminase and/or
L-amino acid oxidase to two nephrotoxic species (1-mercapto-1,2-dichlo-
roethylene and vinylglyoxylate). Also, DCVHC is more slowly acetylated
thanis DCVC (Lash ez al., 1990b). It may be possible to exploit the fact that
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the homocysteine conjugates are more bioactive than the corresponding
cysteine conjugates. Thus, an extension of the work of Elfarra and Hwang
with S-(6-purinyl)-L-cysteine would be the synthesis of S-(6-purinyl)-L-
homocysteine as a kidney-directed prodrug. Such a compound would be
expected to be a substrate of human kidney glutamine transaminase K;
transamination should give rise to the corresponding a-keto acid, which
is predicted to spontaneously fragment to the anticancer agent 6-mercapto-
purine and the strong nucleophile vinylglyoxylate (Cooper ez al., 1989).

VI. Conclusions

Over the last 10 to 15 years. it has become apparent that cysteine S-
conjugate B-lyases play an important role in the bioactivation of many
xenobiotics. The resulting organ damage varies with such factors as spe-
cies, age, and sex, but, in general, the kidney is the most severely affected
organ. In addition, the liver, gut, and nervous system may be compromised
to some extent. In fact, in humans who are known to have been exposed
to a reactive cysteine conjugate (i.e., DCVC, resulting from inhalation of
dichloroacetylene), the major damage is to the nervous system. Even
within the kidney and nervous system, damage is to relatively small defined
areas. For example. damage is most pronounced within the S; segment
of the pars rectus region of the proximal tubule of the kidney, and within
the sensory trigeminal nucleus of the brain. Clearly, much work remains
to be done to explain this selectivity. Evidently, the presence of cysteine
S-conjugate B-lyases in the affected regions is important for the damage
to occur, but other factors must also play a part.

Relatively little attention has been given to the role of cysteine S-
conjugates in human health. Prolonged exposure to low levels of pollutants
that can be activated through a glutathione conjugate may predispose
certain individuals to risk of kidney disease and others perhaps to inexora-
ble loss of brain function. From this epidemiological point of view the
cysteine S-conjugate B-lyases deserve more attention. However, these
enzymes are also interesting in their own right. Cysteine S-conjugate
B-lyases thus far shown to occur in mammals belong to three classes:
(a) those present in enteric bacteria, (b) a liver form (= kynureninase),
and (¢) a kidney form (= glutamine transaminase K). Of these, the last
has probably received the most attention because of the nephrotoxicity
associated with many cysteine S-conjugates. Glutamine transaminase K
is indeed a fascinating enzyme with a remarkable substrate specificity.
However, much remains to be determined concerning its structure, its
relationship to other pyridoxal 5'-phosphate-containing enzymes, the dif-
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ferences between mitochondrial and cytosolic forms, and how the enzyme
is targeted to cytosolic and mitochondrial regions. In addition, because of
its unique substrate specificity, the enzyme may be the target of prodrugs
designed to deliver anticancer drugs to the kidney. Indeed, some progress
has already been made in this area.
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NoTE ADDED IN PROOF. Elfarra and Hwang (1993) have recently shown that $-(6-purinyl)-
L-homocysteine is indeed selectively converted to 6-mercaptopurine in rat kidney in vivo.
The reaction is stimujated by simuitaneous administration of «-keto-y-methiotbutyrate and
appears to proceed via a y-elimination reaction as was predicted by Cooper and Anders
(1990) (see Section V).
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|. Introduction

The glutathione S-transferases are multifunctional proteins that serve sev-
eral cellular functions. A prominent function, which is associated with
their widely recognized cytoprotective role, is the catalysis of the reaction
of glutathione with electrophiles as the first enzymatic step in mercapturic
acid biosynthesis. The transferases also serve as binding proteins for
organic dyes in the liver. Finally, glutathione S-transferases may serve
as targets for reactive intermediates and become covalently modified.
Several volumes (Arias and Jakoby, 1976; Flohé er al., 1974; Hayes et
al., 1990; Larsson et al., 1983; Mantle et al., 1987; Sakamoto et al., 1983;
Sies and Ketterer, 1988; Sies and Wendel, 1978; Taniguchi et al., 1989)
and review articles (Buetler and Eaton. 1992; Chasseaud, 1979; Coles and
Ketterer, 1990; Mannervik and Danielson, 1988: Pickett and Lu, 1989;
Tsuchida and Sato, 1992; Wolkoft et al., 1979) that describe the chemistry,
physiology, and biological functions of glutathione and the glutathione $-
transferases have appeared.
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Although the cytoprotective function of glutathione and the glutathione
S-transferases is well established, studies over the past decade have elabo-
rated several mechanisms for the giutathione-dependent bioactivation and
toxicity of xenobiotics (for reviews, see Anders, 1989, 1990, 1991; Anders
et al., 1988, 1992; Dekant et al., 1992; Koob and Dekant, 1991; Monks
and Lau, 1987; Vamvakas and Anders, 1990). Briefly, these mechanisms
involve the glutathione- and glutathione S-transferase-dependent forma-
tion of direct-acting half-sulfur mustards from vicinal dihaloalkanes, the
cysteine conjugate B-lyase pathway for the bioactivation of nephrotoxic
haloalkenes, the glutathione-dependent bioactivation of hydroquinones
and aminophenols. and the formation of glutatione S-conjugates that serve
as transport forms; these bioactivation mechanisms are discussed else-
where in this volume.

This chapter is concerned with the cysteine conjugate 3-lyase pathway
for the bioactivation of nephrotoxic and cytotoxic cysteine S-conjugates
of haloalkenes. The B-lyase pathway includes several steps: hepatic
biosynthesis of glutathione S-conjugates, hydrolysis of glutathione S-
conjugates to cysteine S-conjugates and translocation to the kidney, and
bioactivation by renal cysteine conjugate 8-lyase. Several reviews of the 3-
lyase pathway for the bioactivation of haloalkenes have appeared (Anders,
1989, 1990, 1991; Anders et al., 1986, 1988, 1990, 1992; Dekant et al.,
1989, 1990a,b; Koob and Dekant, 1991; Lash and Anders, 1986b:; Lash
et al., 1988; Lock, 1987, 1988; Nagelkerke and Boogaard, 1991; Stevens
and Jones, 1989; Stevens and Wallin, 1989).

Il. Biosynthesis of Toxic Glutathione S-Conjugates

The reaction of haloalkenes with glutathione is catalyzed by the glutathi-
one S-transferases (EC 2.5.1.18). Glutathione S-transferase activity is
present in cytosolic, microsomal, and mitochondrial compartments of the
liver. The cytosolic transferases are a family of homo- and heterodimeric
proteins found in many organs, although the isoform distribution differs
among organs (Coles and Ketterer, 1990; Ketterer and Mulder, 1990;
Mannervik and Danielson, 1988). The microsomal transferase is unrelated
in protein structure to the cytosolic transferases, and the functional en-
zyme may be a homotrimer or homotetramer (Boyer et al., 1986; Lundg-
vist et al., 1992). Microsomal giutathione S-transferase activity is high in
the liver, although low activities are found in extrahepatic sites (DePierre
and Morgenstern, 1983; Morgenstern et al., 1984). (The enzymology of
the cytosolic and microsomal glutathione S-transferases is reviewed else-
where in this volume; see Ketterer et al. and Andersson et al.) Although
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glutathione S-transferase activity has been detected in hepatic mitochon-
dria (Botti et al., 1989; Jocelyn and Cronshaw. 1985; Kraus. 1980; Kraus
and Gross, 1979; Wahllander et al., 1979), there has been little agreement
about the nature of the transferases present (Ryle and Mantle, 1984).
Recent studies show, however, that a glutathione S-transferase related to
the 6-class transferases is present in rat liver mitochondria (Harris et
al., 1991). Microsomal glutathione S-transferase is present on the outer
mitochondnal membrane (Morgenstern and DePierre, 1985; Morgenstern
et al., 1984; Nishino and Ito, 1990a) and in peroxisomal membranes (Ni-
shino and Ito, 1990b).

The reaction of haloalkenes with glutathione is catalyzed by both the
cytosolic and the microsomal glutathione S-transferases. but the micro-
somal transferase is the more efficient catalyst. This has been confirmed
with chlorotrifluoroethene (Dohn and Anders, 1982a; Dohn et al., 1985a;
Hargus et al., 1991), dichloroethyne (Kanhai et al., 1989), hexafluoropro-
pene (Koob and Dekant, 1990), and tetrafluoroethene (Odum and Green,
1984) as substrates.

The glutathione S-transferase-catalyzed addition of glutathione to ha-
loalkenes may follow two reaction mechanisms: [,l-dichloroalkenes
undergo an addition—elimination reaction to give S-(1-chloroalkenyl)gluta-
thione conjugates (Fig. 1), whereas |,1-difluoroalkenes and dichloroacety-
lene undergo an addition reaction to afford S-(1,1-difluoroalkyl)glutathione
conjugates (Fig. 3) or §-(1,2-dichlorovinyl)glutathione, respectively (Fig.
2). There are ample precedents in organic chemistry for the addition of
sulfur nucleophiles to alkenes, which is termed the SV reaction (Bernas-
coni, 1989; Rappoport, 1985).

Many examples of glutathione S-transferase-catalyzed addition—elimi-
nation reactions of glutathione with nephrotoxic 1,1-dichloroalkenes are
available: trichloroethene is biotransformed to S-(1,2-dichlorovinyl)
glutathione (Fig. 1. X, = Cl, X, = H) (Dekant et al., 1990c), hexachloro-
butadiene is biotransformed to S-(pentachlorobutadienyl)glutathione (Fig.
1, X, = Cl, X, = CIC = CCl,) (Dekant et al., 1988a,b; Oesch and Wolf,
1989), tetrachloroethene is biotransformed to $-(1,2,2-trichlorovinyl)
glutathione (Fig. 1, X, = X, = Cl) (Dekant et al., 1987b), and 1,1,2-

X4 X4

X Ci ashGsST _ G
2 —_— 2

Cl Cl

Fig.1 Glutathione S-transferase-catalyzed addition—elimination reaction of glutathione with
1.1-dichloroalkenes. GSH, glutathione: GST, glutathione S-transferase.
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GSHIGST cl
Cl——¢ —— SG

Cl

Fig. 2 Glutathione S-transferase-catalyzed addition reaction of glutathione with dichloro-
ethyne. GSH, glutathione; GST, glutathione S-transferase.

trichloro-3,3,3-trifluoro-1-propene is biotransformed to S§-(1,2-dichloro-
3.3,3-trifluoro-1-propenyl)glutathione (Fig. 1, X; = Cl, X, = CF;) (Vam-
vakas et al., 1989a). The generalization that only 1,1-difluoroalkenes
undergo microsomal glutathione S-transferase-catalyzed addition reac-
tions does not hold for hexafluoropropene; this reactive fluoroalkene is
metabolized by a cytosolic glutathione S-transferase-catalyzed addi-
tion—elimination reaction to give S$-(1,2,3,3,3-pentafluoro-1-propenyl)
glutathione (Fig. 1, X, = F, X, = CF;) (Koob and Dekant, 1990). Hexa-
chlorobutadiene is converted to a diglutathione conjugate in vivo and in
isolated rat hepatocytes (Jones et al., 1985). S-(Pentachlorobutadienyl)glu-
tathione is a substrate for the cytosolic glutathione S-transferases, which
catalyze an addition—elimination reaction to give the diglutathione conju-
gate 1.4-bis(glutathion-S-yl)-1,2,3,4-tetrachlorobuta-1,3-diene (Dekant et
al., 1988a). The toxicological properties of the diconjugate have not been
investigated.

Dichloroethyne, which is nephrotoxic, nephrocarcinogenic, and neuro-
toxic (Reichert er al., 1976, 1984), is the sole example of glutathione-
conjugate formation with a haloalkyne. Dichloroethyne undergoes an addi-
tion reaction to give S-(1,2-dichlorovinyl)glutathione (Fig. 2) (Kanhai et
al., 1989, 1991).

Several, 1,1-difluoroalkenes are biotransformed by addition reactions
to give S-(1,1-fluoroalkyl)glutathione conjugates. Tetrafluoroethene is bio-
transformed to S-(1,1,2,2-tetrafluoroethyl)glutathione (Fig. 3, X, =
X, = F)(Odumand Green, 1984), chlorotrifluoroethene is biotransformed
to S-(2-chloro-1,1,2-trifluoroethyl)glutathione (Fig. 3, X, = F, X, = Cl)
(Dohn and Anders, 1982a; Dohn et al., 1985a; Hargus ef al., 1991 Hassall
et al., 1984; Odum and Green, 1984), 2,2-dichloro-1,1-difluoroethene is

X,
X X

F
XZ/S/ _GSH/GST H>$<SG

F FF

Fig. 3 Glutathione S-transferase-catalyzed addition reaction of glutathione with 1.1-
difluoroalkenes. GSH, glutathione: GST. glutathione S-transferase.
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biotransformed to S-(2.2-dichloro-1,1-difluoroethyl)glutathione (Fig. 3,
X, = X, = Cl)(Commandeur ¢t ¢l., 1987), and hexafluoropropene is bio-
transformed to S-(1,1,2,3,3,3-hexafluoro-1-propyl)glutathione (Fig. 3,
X, = F. X, = CF;) (Koob and Dekant, 1990). Indirect evidence indicates
that 2-bromo-2-chloro-1.1-difluoroethene, which is a degradation product
or metabolite of halothane (2-bromo-2-chloro-1.1,1-trifluoroethane), is me-
tabolized by glutathione-conjugate formation. N-Acetyl-S-(2-bromo-2-
chloro-1,1-difluoroethyl)-L-cysteine is found in the urine of children anes-
thetized with halothane (Wark et al., 1990). This metabolite presumably
arises by addition of glutathione to 2-bromo-2-chloro-1,1-difluoroethene to
give S-(2-bromo-2-chloro-1, I-difluoroethyl)glutathione (Fig. 3. X, = Br,
X, = CI), whichis hydrolyzed and then acetylated to afford N-acetyl-$-(2-
bromo-2-chloro-1,1-difluoroethyl)-L-cysteine. This is apparently a minor
pathway, because, although halothane is not nephrotoxic, both S-(2-
bromo-2-chloro-1,1-difluoroethyhglutathione and S-(2-bromo-2-chloro-
1.1-difluoroethyl)-L-cysteine are nephrotoxic (Finkelstein et al., 1992).

The microsomal glutathione S-transferase-catalyzed addition of glutathi-
one to 1.1-difluoroethenes is regiospecific and stereoselective. With all
compounds studied. addition of glutathione occurs at the electron-deficient
carbon bearing two fluorines. The microsomal glutathione S-transferase
catalyzes the stereoselective addition of glutathione to chlorotrifluoro-
ethene to give S-(2-chloro-1,1,2-trifluoroethyl)glutathione, which contains
a new chiral center, whereas S-(2-chloro-1,1.2-trifluoroethyl)glutathione
formation catalyzed by the cytosolic glutathione S-transferases shows no
stereoselectivity (Dohn et al., 1985a). This observation was exploited
to determine the relative contributions of the microsomal and cytosolic
transferases to intracellular glutathione-conjugate formation (Hargus et
al., 1991). Studies with rat hepatic microsomes and purified rat hepatic
microsomal glutathione S-transferase showed the formation of about 80%
excess of the 2S-diastereoisomer of S-(2-chloro-1.1,2-trifluoroethyl)
glutathione. whereas the cytosolic glutathione S-transferases catalyzed
formation of equal amounts of the 25- and 2R-diastereoisomers. When
chlorotrifluoroethene was incubated with isolated rat hepatocytes, an 80%
excess of (25)-S-(2-chloro-1,1,2-trifluoroethyl)glutathione was formed, in-
dicating that the microsomal transferase is largely responsible for intracel-
lular S-conjugate formation.

Although extrahepatic activities of the microsomal glutathione S-
transferase are low, extrahepatic glutathione S-transferase-catalyzed
S-conjugate formation has been observed. Chlorotrifluoroethene is
biotransformed to S-(2-chloro-1.,1,2-trifluoroethyl)glutathione by rabbit re-
nal tubules (Hassall et al., 1984). Bile-duct cannulated rats exposed to
hexafluoropropene excrete N-acetyl-S-(1,1.2,3,3,3-hexafluoropropyl)-i-
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cysteine in the urine, indicating extrahepatic S-conjugate formation (Koob
and Dekant, 1990); this conclusion is supported by the observation that
rat renal cytosol, but not microsomes, biotransform hexafluoropropene
to S-(1,1,2,3,3,3-hexafluoropropyl)glutathione. Dichloroethyne is biotran-
sformed to S-(1,2-dichlorovinyl)glutathione by lung and liver, but not by
brain or kidney, microsomal fractions (N. Patel, G. Birner, W. Dekant,
and M. W. Anders, unpublished observations).

In summary, the available data show that the hepatic microsomal gluta-
thione S-transferase is the major catalyst for the formation glutathione
conjugates of nephrotoxic and nephrocarcinogenic haloalkenes.

lll. Fate of S-Conjugates

A. Enzymatic Processing of Toxic
Glutathione $-Conjugates

As will be discussed below, the liver is the major site of glutathione S-
conjugate formation with nephrotoxic haloalkenes. The glutathione S-
conjugates are excreted in the bile and pass into the small intestine. In
the bile duct and in the intestine, some of the glutathione S-conjugates
are hydrolyzed to the corresponding L-cysteinylglycine and L-cysteine
S-conjugates. Three enzymes catalyze the hydrolysis of glutathione S-
conjugates: y-glutamyltransferase, aminopeptidase M, and cysteinylgly-
cine dipeptidase. Several reviews about the hydrolysis of glutathione and
L-cysteinylglycine S-conjugates have appeared (Stevens and Jones, 1989;
Tate, 1980, 1985, 1989).

1. y-Glutamyltransferase (EC 2.3.2.2)

y-Glutamyltransferase is a serine hydrolase that catalyzes the transfer of
the D or L-y-glutamyl group from y-glutamyl di- and tripeptides, glutathi-
one, or glutathione S-conjugates to acceptor amino acids or dipeptides
(Fig. 4, 1 — 2 and 3); the products of the reaction are L-cysteinylglycine
or L-cysteinylglycine S-conjugates and L-y-glutamyl amino acids or dipep-
tides (Stole et al., 1990; Tate and Meister, 1974, 1985). Glutathione or
glutathione S-conjugates may also be hydrolyzed by y-glutamyltransferase
to give L-glutamate and L-cysteinylglycine or L-cysteinylglycine S§-
conjugates, respectively, as products (Meister, 1988).

y-Glutamyltransferase is a heterodimeric glycoprotein with subunit mo-
lecular masses of 22 kDa and 46 to 51 kDa; the heavy subunit is anchored
to the lumenal surface of brush-border membranes through a hydrophobic
N-terminal domain (Tate and Meister, 1985).
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Fig. 4 Enzymatic processing of glutathione and glutathione S-conjugates. 1, glutathione or
glutathione S-conjugate; 2, L-cysteinylglycine or L-cysteinylglycine S-conjugate: 3, L-glu-
tamic acid or L-glutamylpeptide: 4, L -cysteine or L-cysteine S-conjugate: §, glycine; R = H.
haloalkenyl, or haloalkyl groups: A.A., amino acid or dipeptide.

The enzyme is highly selective for p- or L-y-glutamyl moieties,
but tolerates a range of substituents on the a-carboxyl group (Tate and
Meister, 1974). y-Glutamyltransferase is the only known enzyme that
catalyzes the hydrolysis of glutathione. Glutathione S-conjugates are also
substrates as are a range of y-glutamyl derivatives, including y-glutamyl-
p-nitroanilide, which is commonly used as a substrate to quantify -
glutamyltransferase activity.

y-Glutamyltransferase is an ectoenzyme present in many epithelial tis-
sues (Kozak and Tate, 1982). Activity is present in the bile duct. in the
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intestinal microvilli, in the brush-border membranes of the S, and S,
segments of the renal proximal tubules, and in the renal vasculature and
basal-lateral membranes (Guder and Ross, 1984; Guder and Wirthensohn,
1985).

Although y-glutamyltransferase activity is highest in renal tissue, there
are significant species differences in activities among tissues (Albert et
al., 1961, 1964; Hinchman and Ballatori, 1990; Lau er al., 1990). The
whole-organ ratio of kidney/liver y-glutamyltransferase activities amount
to 142 in the rat, which is in contrast to a ratio of <5 in guinea pig, pig,
macaque monkey, and humans (Hinchman and Ballatori, 1990).

Several selective inhibitors of y-glutamyltransferase are available, and
their use has helped elucidate the role of the enzyme in processing glutathi-
one S-conjugates.

6-Diazo-5-oxonorleucine (DON) and O-diazoacetyl-L-serine (L-
azaserine) are irreversible inhibitors of y-glutamyltransferase that inacti-
vate the enzyme by reacting covalently at the y-glutamyl binding site
(Inoue et al., 1977; Tate and Meister, 1977). Treatment of mice with
6-diazo-5-oxonorleucine produced a modest glutathionuria (Griffith and
Meister, 1979).

L-Serine/borate is a competitive, transition-state inhibitor of -
glutamyltransferase (Tate and Meister, 1978). It inhibits rat kidney +-
glutamyltranferase in vitro (K; = 1.45 mM) and the in vivo metabo-
lism of D-y-glutamyl-L-a-amino['*C]butyrate to carbon dioxide, but fails
to produce glutathionuria in mice (Griffith and Meister, 1979).

Both L- and D-y-glutamyl-(o-carboxy)phenylhydrazide inhibit rat
kidney y-glutamyltransferase activity in vitro (apparent K; = 8.2 and
22.5 um, respectively), although the L-isomer is more potent than the D-
isomer (Griffith and Meister, 1979). In mice, L-y-glutamyl-(o-carboxy)phe-
nylhydrazide inhibits the metabolism of D-y-glutamyl-L-a-amino["*C]bu-
tyrate to carbon dioxide and produces a profound glutathionuria.

L-(aS,55 )-a-Amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid (acivi-
cin, AT-125) irreversibly inactivates y-glutamyltransferase, but not cys-
teinylglycine dipeptidase (Allen et al., 1981; Reed et al., 1980). Acivicin
inhibits y-glutamyltransferase activity in a range of in vitro preparations,
including isolated rat kidney cells, and produces glutathionuria in rats
(Rankin et al., 1983; Reed and Ellis, 1982).

2. Aminopeptidase M (EC 3.4.11.2, Microsomal
Alanyl Aminopeptidase)

The hydrolysis of cysteinyl oligopeptides by a peptidase isolated from
rat renal particulate fractions has been attributed to an aminopeptidase
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(Hughey er al., 1978). Aminopeptidase M catalyzes the cleavage of un-
blocked N-terminal amino acids from dipeptides and oligopeptides (Mc-
Donald and Barrett, 1986). Cysteinylglycine and S-benzyl-L-cysteine p-
nitroanilide are hydrolyzed (Fig. 4, 2 — 4 and 5), but cystinyl-bis-glycine
is a poor substrate (MclIntyre and Curthoys, 1982: Rankin er al., 1980).

Aminopeptidase M activity is high in liver, kidney, and intestinal epithe-
lium, and the enzyme is located on the lumenal surface of microvillus
membranes (Kozak and Tate, 1982; Tsao and Curthoys, 1980). Activity is
found in microsomal fractions because brush-border membrane fragments
consediment with microsomes (McDonald and Barrett, 1986). The enzyme
is a homodimeric, zinc-containing protein with a subunit M, of 130,000
and is inhibited by 1,10-phenanthroline and bestatin ([2S,3R]-3-amino-2-
hydroxy-4-phenylbutanoyl-L-serine), but not by thiols (Kozak and Tate,
1982; Tate, 1985).

3. Cysteinylglycine Dipeptidase (EC 3.4.13.6)

The finding that epididymal membranes, which lack aminopeptidase M,
hydrolyzed S-methylglutathione led to a search for additional glutathione-
degrading enzymes and to the identification of a dipeptidase that efficiently
hydrolyzes derivatives of cysteinylglycine (Kozak and Tate, 1982; Mc-
Intyre and Curthoys, 1982). A dipeptidase was purified from papain-
solubilized renal brush-border membranes that hydrolyzed, for ex-
ample, L-methionylglycine, ©r-methionyl-L-leucine. L-alanylglycine,
L-leucylglycine, glycylglycine, and S-substituted cysteinylglycines, in-
cluding S-methyl-L-cysteinylglycine, and cystinyl-bis-glycine (Fig. 4,
2 — 4 and 5) (Kozak and Tate, 1982). The enzyme is a homodimeric. zinc-
containing protein with a subunit M, of 50,000. The enzyme is inhibited by
1,10-phenanthroline, thiols (L-cysteinylglycine, p- and L-penicillamine,
dithiothreitol), and cilastatin, but not by bestatin.

B. Physiological Disposition of Toxic
Glutathione S-Conjugates

The specific activity of microsomal glutathione S-transferases in liver is
much higher than in kidney: hence, glutathione S-conjugate formation
from nephrotoxic halogenated alkenes is considered to take place mainly
in the liver (Dekant er al., 1988a; DePierre and Morgenstern, 1983; Mor-
genstern et al., 1984; Wolf et al., 1984). Biotransformation of glutathione
S-conjugates to excretable metabolites or conversion to reactive interme-
diates occurs elsewhere in the body. Therefore, transport systems must
exist to deliver glutathione S-conjugates and their metabolites to these
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extrahepatic sites (Inoue et al., 1984a; Okajima er al., 1983). Hence,
interorgan transport from the liver and accumulation of the S-conjugates
in the kidney is necessary for the expression of nephrotoxicity after expo-
sure to halogenated alkenes.

1. Hepatic Efflux of Glutathione S-Conjugates

Efflux of glutathione S-conjugates occurs mainly across the canalicular
membrane into bile; sinusoidal elimination of S-conjugates has been ob-
served only at high intracellular glutathione S-conjugate concentrations.
The molecular weight of most glutathione S-conjugates biosynthesized in
the liver is above the threshold for biliary transport in rats (Vore, 1993).
In addition, the presence of polar groups in the molecule prevents passive
diffusion through the membrane of the hepatocytes and requires active
transport. The canalicular membrane of hepatocytes possesses an active
ATP-requiring transport system that accepts many polar, high-molecular-
weight compounds, including glutathione S-conjugates (Awasthi, 1990;
Awasthi et al., 1989); therefore transport into bile is the primary route of
hepatic efflux of glutathione S-conjugates (Inoue er a/., 1984b,c). For
example, S-(pentachlorobutadienyl)glutathione biosynthetized from hex-
achlorobutadiene in the isolated perfused liver is excreted largely into bile.
Release of S-(pentachlorobutadienyl)glutathione into the caval perfusate
occurs only after perfusion with toxic concentrations of hexachlorobuta-
diene (Gietl and Anders, 1991). Moreover, S-(2.4-dinitrophenyl)glutathi-
one is preferentially transported across the canalicular membrane into
bile; this transport is ATP-dependent and is not inhibited by glutathione
concentrations up to 5 mM (Akerboom et al., 1982, 1991; Inoue et al.,
1984b; Wabhllinder and Sies, 1979). Sinusoidal-membrane transport
of glutathione S-conjugates has a much lower affinity for glutathione S-
conjugates and is inhibited by physiologic concentrations of glutathione
(Inoue and Morino, 1985; Inoue et al., 1984c). These observations indicate
that efflux across the sinusoidal membrane occurs only at intracellular
glutathione S-conjugate concentrations high enough to saturate biliary
excretion or at hepatotoxic concentrations of the substrate for glutathione
conjugation. In summary, the canalicular transport system is responsible
for the in vivo disposition of toxic glutathione S-conjugates. The impor-
tance of biliary excretion is further supported by the observation that
biliary cannulation protects male rats from the nephrotoxicity of hexachl-
orobutadiene (Nash et al., 1984) and p-aminophenol (Gartland et al., 1990),
indicating that glutathione S-conjugate formation and biliary excretion are
the first steps in the complex, multiorgan transport of nephrotoxic §-
conjugates.



Cysteine Conjugate 3-Lyase Pathway 125
2. Intestinal Absorption

Although considerable information is available about the hepatic biosyn-
thesis and biliary excretion of toxic glutathione S-conjugates, the systems
involved in S-conjugate transport in the kidney, and the renal bioactivation
of toxic glutathione and cysteine S-conjugates, knowledge about the sites
of conversion of glutathione S-conjugates to cysteine S-conjugates and
the translocation of the S-conjugates from the liver to the kidney is
still incomplete. The role of the organs involved in the disposition of §-
conjugates is difficult to evaluate due to the complexicity of the pathways
and the lack of adequate experimental systems. Isolated cells and isolated
perfused organs provide limited information, and valid in vitro models
that simulate the complex multiorgan transport pathways and interactions
are not available. The present understanding of the pathways for the
processing of S-conjugates and their interorgan transport is presented in
Fig. 5.

After secretion into bile, glutathione S-conjugates are either transported
intact to the small intestine or degraded to the corresponding cysteine S-
conjugates by the sequential action of y-glutamyltransferase (EC 2.3.2.2.)
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Fig. 5 The role of interorgan disposition and glutathione S-conjugate processing in the
glutathione-dependent bioactivation of trichloroethene and dichloroethyne to S-(1,2-dichlo-
rovinyl)-L-cysteine.
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and cysteinylglycine dipeptidase (EC 3.4.13.6.) or aminopeptidase M (EC
3.4.11.2.), which are present in the luminal membrane of the bile duct
epithelium and in the bile canalicular membrane of hepatocytes (Anderson
et al., 1980; Inoue et al., 1983; Meister, 1988). Metabolites of glutathione
S-conjugates biosynthesized from 1,2-dichloroethane (Rannug and Beije,
1979; Rannug et al., 1978), 1,2-dibromoethane (Marchand and Reed, 1989),
hexachlorobutadiene (Nash et al., 1984), p-aminophenol (Klos er al.,
1992), and tetrafluoroethene (Odum and Green, 1984) have been detected
in bile, indicating that metabolism of these glutathione S-conjugates occurs
at the biliary or canalicular membrane. S-Conjugates translocated to the
small intestine may either be reabsorbed from the gut and after passage
through the liver, be translocated to the kidney, may undergo enterohepa-
tic circulation, or may be excreted with the feces (Dekant er al., 1988¢).
Moreover, intestinal bacteria contain cysteine conjugate S-lyase, which
may cleave cysteine S-conjugates to produce a thiol (Bakke ez al., 1990;
Jakoby and Stevens, 1984; Larsen and Stevens, 1985; Suzuki et al., 1982;
Tomisawa et al., 1984). The thiol metabolite may further be converted to
the methylthiol derivative by thiol S-methyl transferase (EC 2.1.1.9.); the
methylthiol metabolite may undergo enterohepatic circulation or may be
excreted with the feces. Oxidation of the thioethers thus formed to sulfox-
ides or sulfones has also been observed (Bakke and Gustafsson, 1984;
Dulik et al., 1992; Larsen and Bakke, 1983; Mulford et al., 1991). Gluta-
thione S-conjugates excreted in the bile may be also reabsorbed by
the liver from bile after breakdown to the cysteine S-conjugates and
further transformed to the corresponding mercapturic acid. Intrahepatic
mercapturic acid formation may contribute to the disposition of S-
conjugates in species other than the rat that have higher levels of hepatic
y-glutamyltransferase. Rats and mice have unusually low hepatic y-
glutamyltransferase activity and very high renal y-glutamyltransferase ac-
tivities when compared with guinea pigs, pigs, macaque monkeys, and
humans (Hinchman and Ballatori, 1990; Hinchman ef al., 1991). Unfortu-
nately, the contribution of this pathway to the disposition of nephrotoxic
S-conjugates is not known, since only few experiments on S-conjugate
formation and toxicity have been performed in species other than the rat.

The mechanisms of intestinal absorbtion of toxic glutathione S-
conjugates have been studied by introducing bile containing S-(pentachlor-
obutadienyl)glutathione and S-(pentachlorobutadienyl)-L-cysteine di-
rectly into rat intestines via a biliary cannula and by determining the
appearance of conjugates in portal blood (Gietl et al., 1991). Infusion
of S-(pentachlorobutadienyl)glutathione into the lumen of rat intestine
resulted in the appearance of S-(pentachlorobutadienyl)glutathione and
S-(pentachlorobutadienyl)-L-cysteine in portal blood. The average concen-
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trations of the cysteine S-conjugates in blood were higher than the concen-
trations of the glutathione S-conjugates, indicating metabolism of §-
(pentachlorobutadienyl)glutathione by y-glutamyltransferase and dipep-
tidases located in the luminal surface of the enterocyte. A more efficient
transport of cysteine S-conjugates than of glutathione S-conjugates
through the intestinal wall is indicated by studies on the transport
of S-(pentachlorobutadienyl)-L-cysteine. Blood concentrations of
S-(pentachlorobutadienyl)-L-cysteine were higher after infusion of S-
(pentachlorobutadienyl)-L-cysteine than were blood concentrations of S-
(pentachlorobutadienyl)glutathione and  S-(pentachlorobutadienyl)-L-
cysteine after infusion of equimolar amounts of S-(pentachlorobutadienyl)-
glutathione. y-Glutamyltransferase-independent transport of glutathione
has been observed in brush-border membrane vesicles prepared from
rabbit small intestine (Vincenzini et al., 1989); this mechanism may also
accept glutathione S-conjugates. This observation indicates that different
mechanisms are operative in the transport of S-conjugates in the entero-
cytes and that peptides may be transported slower than amino acids (Ar-
giles and Lopez-Soriano, 1990).

After passage through the intestinal wall, S-conjugates enter the sys-
temic circulation and thus the kidney directly or after absorption and
resecretion from the hepatocytes. Glutathione S-conjugates absorbed by
the hepatocytes at the luminal surface will be excreted with bile and thus
undergo enterohepatic circulation. Due to their molecular weight, cysteine
S-conjugates taken up by the liver may be excreted again via the sinusoidal
membrane into the blood circulation. Cysteine S-conjugates may also be
N-acetylated by hepatic N-acetyltransferases and may reach the systemic
circulation as mercapturic acids (Duffel and Jakoby, 1982; Green and
Elce, 1975).

Glutathione S-conjugates leaving the liver via the sinusoidal membrane
and glutathione S-conjugates biosynthesized in organs other than the liver
may be delivered intact to the kidney. Moreover, renal glutathione
S-transferases may also synthesize toxic glutathione S-conjugates.
For example, conjugation of 1,2-dibromoethane and 1,2-dibromo-3-
chloropropane with glutathione takes place preferentially in the kidney
(Kluwe er al., 1981, 1982: Omichinski et al., 1987, 1988: Pearson et al.,
1990). The formation of reactive sulfur mustards from 1,2-dibromoethane
and 1,2-dibromo-3-chloropropane in the kidney is likely responsible for the
nephrotoxicity of 1,2-dibromoethane and !,2-dibromo-3-chloropropane.
Intrarenal glutathione conjugation may also occur with the nephrotoxic
haloalkenes perfluoropropene and chlorotrifluoroethene and with dichlor-
oethyne. Biliary cannulation does not influence the amount of dichloroe-
thyne (Kanhai et al., 1989) and perfluoropropene (Koob and Dekant, 1990)
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excreted as mercapturic acids, indicating that giutathione conjugation of
these reactive haloalkenes and haloalkynes may occur in the kidney.
Moreover, rabbit renal tubules catalyze the formation of the toxic S-(1-
chloro-1,2,2-trifluoroethyl)glutathione from chlorotrifluoroethene (Hassall
et al., 1984), and kidney microsomes from rats convert hexachlorobuta-
diene to S-(pentachlorobutadienyl)glutathione (Dekant ez al., 1988a; Wolf
et al., 1984).

Finally, S-conjugates present in the systemic circulation are delivered
to the kidney. The high blood flow to the kidneys and their capacity to
process and activate S-conjugates are major determinants of S-conjugate
toxicity (Monks and Lau, 1987, 1989; Monks et al., 1990; Rush er al.,
1984). The kidney constitutes only 0.4% of the body weight in mammals,
but receives 25% of the cardiac output. The majority of the blood reaching
the kidney passes through the renal cortex, which receives over 95% of
the renal blood flow. Once in the kidney, S-conjugates may reach their
target in the straight portion of the proximal tubular cells by glomerular
filtration or by transport across the basolateral membrane, or both. The
kidney is rich in y-glutamyltransferase activity, dipeptidase activity, and
aminoacylase activity; thus glutathione and cysteinylglycine S-conjugates
and mercapturic acids are efficiently converted to cysteine S-conjugates
in the proximal tubular cells (Anderson et al., 1980; Guder and Ross,
1984; Guder and Wirthensohn, 1985; Hughey et al., 1978). Glutathione
S-conjugates present in blood may be filtered or may enter the peritubular
circulation. The kidney removes a large portion of glutathione from the
plasma; indeed, 70% of the plasma glutathione is cleared by the kidney.
Glomerular filtration accounts for only 25% of the renal glutathione clear-
ance; the balance is attributable to basolateral uptake. Studies with S-
(pentachlorobutadienyl)glutathione in the isolated perfused rat kidney
demonstrate that this glutathione S-conjugate is also preferentially re-
moved by nonfiltering mechanisms (Schrenk er al., 1988).

The filtered glutathione S-conjugates may be metabolized to the corre-
sponding cysteine S-conjugates by y-glutamyltransferase and cysteinyl-
glycine dipeptidase or aminopeptidase M in the renal brush-border mem-
brane (Hughey er al., 1978; Jones et al., 1979a,b; Moldeus er al., 1978;
Tsao and Curthoys, 1980). The glutamate may be transferred to an amino
acid acceptor and the constituent amino acids are taken up by the cell.
The glutathione S-conjugates in the peritubular capiliaries may be metabo-
lized to cysteine S-conjugates by y-glutamyltransferase present in the
renal vasculature or basolateral membrane. Transport of the intact tri-
peptide into renal epithelial cells by an electrogenic, sodium-coupled
and probenecid-sensitive transport with a broad specificity for y-glutamyl
compounds has also been observed (Lash and Jones, 1983, 1984; Ran-



Cysteine Conjugate 3-Lyase Pathway 129

kin and Curthoys, 1982). Giutathione S-conjugates transported intact
(Kramer er al., 1987) into the renal epithelial cell or formed there by
glutathione S-transferase-dependent conjugation of haloalkenes may be
secreted into the tubular lumen, apparently via a membrane-potential-
sensitive transport system in the brush-border membrane (Schaeffer and
Stevens, 1987a,b), and may then be metabolized to cysteine S-conjugates
by y-glutamyltransferase present on the extracellular side of the brush-
border membrane. Cysteine S-conjugates thus produced and S-conjugates
reaching the tubular lumen by glomerular filtration may be transported into
the renal epithelial cells by sodium-dependent and sodium-independent
transport systems (lLash and Anders, 1989).

The probenecid-sensitive organic-anion transporter present on the baso-
lateral side of the proximal tubular cells seems to play the most important
role in the accumulation of S-conjugates in proximal tubular cells and in
the organ-selective toxicity. Probenecid is a selective inhibitor of the
organic-anion transporter without effects on energy metabolism. Probene-
cid has no effect on the transport of organic cations, which are also actively
accumulated by the kidney. Haloalkene-derived mercapturates have the
highest affinity for the organic-anion transporter, but glutathione and
cysteine S-conjugates with lipophilic substituents on sulfur are also sub-
strates (Ullrich and Rumrich, 1988; Ullrich et al., 1988, 1989a,b). The
inhibitory effects of probenecid on the toxicity of several haloal-
kene cysteine S-conjugates and mercapturic acids support a cen-
tral role for the renal organic-anion transporter in the renal accum-
ulation of S-conjugates. Administration of probenecid partially
blocks the in wvivo nephrotoxicity of S-(1,2-dichlorovinyl)-L-cysteine
and of hexachlorobutadiene. S-(pentachlorobutadienyl)glutathione, and
N-acetyl-S-(pentachlorobutadienyl)-L-cysteine, the elimination of S-
(pentachlorobutadienyl)-L-cysteine in the isolated perfused kidney, and
the covalent binding of metabolites of [1,2-vinyl-'*C]S-(1,2-dichlorovinyl)-
L-cysteine. The failure of probenecid to protect rat kidney proximal tu-
bules cells or rabbit kidney slices from the toxicity of S-(1,2-dichlorovinyl)-
L-cysteine may be due to the lack of N-acetylation. In vivo, after ip
administration, S-(1,2-dichlorovinyl)-L-cysteine may be rapidly acetylated
in the liver to N-acetyl-S-(1,2-dichlorovinyl)-L-cysteine, which is then
delivered to the kidney and accumulated there. In vitro, acetylation before
entering the kidney cell does not occur (Wolfgang et al., 1989; Zhang and
Stevens, 1989). Probenecid also protects isolated kidney cells from the
toxicity of haloalkene- and hydroquinone-derived mercapturic acids
(Koob et al., 1990).

Inside the renal cell, cysteine S-conjugates may have three fates: they
may be secreted unchanged into the plasma and then returned to the
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liver for further metabolism (renal-hepatic circulation); they may be N-
acetylated to form the corresponding mercapturic acids and excreted
finally with urine (Heuner ef al., 1991); or they may undergo B-lyase-
catalyzed metabolism to yield reactive intermediates. Cysteine S-
conjugates taken up by the liver are generally thought to be metabolized
to mercapturic acids, which are secreted into plasma and returned to the
kidneys to be excreted in urine. For example, iv administration of S-
carbamido-["*C]methylcysteine to mice leads to initial accumulation of “C
in the liver, followed by excretion of '*C in the urine as the mercapturic
acid (Inoue et al., 1981, 1984a, 1987). Similarly, Inoue et al. (1984a)
showed conversion of S-benzyl-L-[U-'“C]cysteine to the corresponding
mercapturic acid in isolated hepatocytes. Probenecid-sensitive renal trans-
port systems have been identified for several mercapturic acids and are
thought to function in urinary excretion of these compounds.

Mercapturic acids in the kidney may be cleaved to the corresponding
cysteine S-conjugates by aminoacylases present in renal cells (see Anders
and Dekant, this volume).

3. Determinants of Organ- and Cell-Selective Toxicity
of §-Conjugates

The high renal activities of y-glutamyltransferase, dipeptidase, S-lyase,
and acylase, the ability of the kidney to accumulate amino-acid deriva-
tives, and the high renal blood flow may explain the selective toxicity of
S-conjugates to the proximal tubules. The mechanisms for site-selective
haloalkene toxicity in the kidney are still only partially understood. Hex-
achlorobutadiene and derived S-conjugates produce cell damage predomi-
nantly in the S; segment (pars recta) of the renal proximal tubule of the
rat (Hook er al., 1982; Ishmael et al., 1982; Lock and Ishmael, 1979).
Similarly, S-(2-chloro-1,1,2-trifluoroethyl)glutathione and S-2(-chloro-
1,1,2-trifluoroethyl)-L-cysteine (Dohn et al., 1985b), as well as the precur-
sor haloalkene chlorotrifluoroethene (Potter ef al., 1981), produce damage
to the pars recta of the rat renal proximal tubule. The selectivity of S-
conjugates for the pars recta of the kidney may be associated with the
location of the B-lyase in the renal proximal tubular epithelium (Jones et
al., 1988; MacFarlane et al., 1989); immunohistochemical studies indicate,
however, that the B-lyase is distributed along the entire proximal tubule
and is not concentrated in the S; segment where damage is seen. The
activity of the organic-anion transport system is also higher in the S,
section of the tubule. However, y-glutamyltransferase is concentrated in
the S; segment of the proximal tubule.
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The selectivity of S-conjugates for the S, segment may reflect differen-
tial sensitivities of the different segments of the proximal tubule to S-
conjugate-induced damage or may resuit from the distribution of aminoa-
cylase activity along the proximal tubule.

Differences in the sensitivity of the cells along the nephron may also
contribute to the observed site-selective toxicity. Mitochondrial toxicity
is an important event in the toxic effects of S-conjugates to the proximal
tubules cells. 1t is well known that these cells are highly dependent on
mitochondria to maintain their energy homeostasis, since the cytosolic
glycolytic enzymes have a very low activity in this part of the nephron.
Because the number of mitochondria is lowest in the S, segment, this
region will generally be most susceptible to mitochondrial toxicity, thus
offering a possible reason for the strict site-selectivity of the S-conjugate
toxicity.

IV. Bioactivation of Cytotoxic and Nephrotoxic Cysteine
S-Conjugates

Several pyridoxal phosphate-dependent enzymes catalyze the elimination
ofleaving groups from the 8-carbon of amino acids. Enzymatic metabolism
of cysteine S-conjugates to pyruvate. ammonia, and thiols has been ob-
served in several strains of bactena, in rat, rabbit, and human hver and
kidney. Enzymatic cleavage of cysteine S-conjugates was first reported
by Anderson and Schultze in their investigations on the toxic factor of
trichloroethene-extracted soybean meal (Anderson and Schultze, 1965).
S-(1,2-Dichlorovinyl)-L-cysteine was identified as the toxic factor (McKin-
ney et al., 1959). S-(1,2-Dichlorovinyl)-L-cysteine causes aplastic anemia
in calves (McKinney et al., 1957), but is nephrotoxic in all other species
studied (Terracini and Parker. 1965). Work in the 1960s demonstrated that
S-(1,2-dichlorovinyl)-L-cysteine 1s cleaved by a C—S lyase present in
bovine liver and kidney (Bhattacharya and Schultze, 1967). A sulfur-
containing metabolite of S-(1,2-dichlorovinyl)-L-cysteine was covalently
bound to proteins and DNA (Bhattacharya and Schultze, 1971a,b, 1972,
1973a,b). The C—S lyase activity was purified from rat liver and kidney
and termed cysteine conjugate B-lyase (Nelson e al., 1988: Stevens, 1985;
Stevens and Jakoby, 1983; Stevens er «al., 1986a; Tateishi et al., 1978;
Tomisawa et al., 1986). Subsequent studies demonstrated that hepatic 8-
lyase is attributable to kynureine aminotransferase and that renal cytosolic
B-lyase activity is identical with glutamine transaminase K. Hepatic 3-
lyase does not cross-react with an antibody to the renal enzyme, and
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only a small fraction of renal 8-lyase activity can be accounted for as
kynureinase. 8-Lyase activity is also present in the mitochondrial outer
membrane and matrix fractions and this enzyme is similar to the renal
cytosolic glutamine transaminase K (Lash et al., 1986; Stevens et al.,
1988).

B-Lyase is a pyridoxal phosphate-dependent enzyme and catalyzes both
B-elimination and transamination reactions with cysteine S-conjugates
(Cooper and Anders, 1990; Elfarra et al., 1987; Stevens et al., 1989) (Fig.
6). S-(1,2-Dichlorovinyl)-L-cysteine is transformed by transamination to
S-(1,2-dichlorovinyl)-2-oxo0-3-mercaptopropionic acid. Cysteine conjugate
B-lyase activity is dependent on amino acid oxidase, which converts amino
acids to a-keto acids (Stevens et al., 1986a). During purification of cysteine
conjugate B-lyase, copurification of an a-hydroxy acid oxidase is neces-
sary for detection of B-elimination from cysteine S-conjugates. During
transamination catalyzed by cysteine conjugate B-lyase, the pyridoxal-
phosphate cofactor is transformed to pyridoxamine phosphate, which is
not competent to catalyze elimination reactions. The pyridoxal-phosphate
form of the enzyme is regenerated by transfer of the amino group of
pyridoxamine phosphate to an acceptor a-keto acid. Amino acid oxidase
biotransforms S-(1,2-dichlorovinyl)-L-cysteine to its corresponding a-keto
acid, S-(1,2-dichlorovinyl)-L-2-ox0-3-merceptopropionate, which can
serve as an amino-group acceptor. This explains the dependence of 8-
lyase activity on amino acid oxidase and the potentiation of cysteine §-
conjugate toxicity by a-keto acids (Elfarra ez al., 1987; Lash ez al., 1986).

The role of metabolism of cysteine S-conjugates in S-conjugate-induced
toxicity has been established by the use of aminooxyacetic acid, an inhibi-
tor of pyridoxal phosphate-dependent enzymes, and by a-keto acids such
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Fig. 6 Cysteine conjugate 8-lyase-catalyzed transamination of cysteine S-conjugates.
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as a-keto-y-methiolbutyrate, which enhance both renal and cytosolic 8-
lyase activities (Elfarra es al., 1987; Lash et al., 1986). Moreover, a-
methyl analogs of nephrotoxic cysteine S-conjugates, which cannot be
cleaved by B-lyase, are not toxic (Elfarra and Anders, 1985; Elfarra et
al., 1986). Abstraction of the a-proton in cysteine S-conjugates occurs
readily after formation of the Schiff base with pyridoxal phosphate and
results in B-elimination (Anders er al., 1988); therefore, substitution of
the a-proton by a methyl group makes the molecule nonmetabolizable by
cysteine conjugate B-lyase.

These results suggest that the thiol metabolites formed by enzymatic
cleavage of cysteine S-conjugates and their interaction with cellular macro-
molecules are responsible for S-conjugate toxicity. Thus, the chemical
structure and, hence, the chemical reactivity of the thiols formed may
control the expression of cysteine S-conjugate toxicity. Three different
types of thiols are formed by cysteine conjugate 8-lyase-dependent metab-
olism, and the thiols formed differ markedly in chemical reactivity and
biological effects.

A. Unstable Thiols as Products of
B-Lyase-Catalyzed Metabolism

Cysteine S-conjugates biosynthesized from haloalkenes are cleaved to
unstable thiols by cysteine conjugate B-lyase. Different types of reactive
intermediates are formed from S-(1,1-difluoroalkyl)-L-cysteine derivatives
and from S-(I-chloroalkenyl)-L-cytsteine derivatives.
a-Fluoroethanethiols are products of the cysteine conjugate S-lyase
metabolism of S-(2-chloro-1,1.2-trifluoroethyl)-L-cysteine and of S-
(1,1,2,2-tetrafluoroethyl)-L-cysteine (Dekant et al., 1987a; Green and
Odum, 1985) (Fig. 7). These fluoroethanethiols can be trapped in model
systems mimicking B-lyase activity, but rapidly eliminate hydrogen fluo-
ride to yield thionoacyl fluorides. The concept of intermediate thionoacyl
fluoride formation is further supported by the following observations:
(a) Incubation of S-(2-chloro-1,1,2-trifluoroethyl)-L-cysteine with a pyri-
doxal model system or with purified bovine kidney B-lyase preparations
yields chlorofluoroacetic acid and inorganic fluoride as terminal products.
Incubation with the pyridoxal model system in the presence of the model
nucleophile diethylamine results in the formation of N,N-diethylchloro-
fluorothioacetamide (Dekant ez al., 1987a). (b) Studies on the chemical
reactivity of synthetic 2-chloro-1,1,2-trifluoroethanethiol and 1,1,2,2-tetra-
fluoroethanethiol indicated the formation of thioamides and thiono acids
in the presence of amines and water, respectively (Fokin ez al., 1961).
(c) a-Fluoroalkyl disulfides have been developed as proreactive intermedi-
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Fig. 7 Cysteine conjugate B-lyase-catalyzed biotransformation of S$-(I-chloro-1,2.3-
trifivoroalkyl)-L-cysteine to chlorofluorothionoacetyl fluoride.

ates to characterize the reactivity of a-haloalkyl- and a-haloalkenylthiols.
They can be cleaved in inert solvents to yield the corresponding thiols
and their transformation products, which can then be trapped and charac-
terized. When 2-chloro-1,1,2-trifluoroethyl 2-nitrophenyl disulfide was
cleaved in the presence of cyclopentadiene, which undergoes a cycloaddi-
tion reaction with carbon—sulfur double bonds, four isomers of thianor-
bornene were identified as stable products formed from the thiolate. These
observations strongly indicate that thioacyl fluorides are formed as reac-
tive intermediates from fluoroalkyl-L-cysteine S-conjugates (Dekant et al.,
1991; Miiller et al., 1991).

The S-conjugates S-(1,2-dichlorovinyl)-L-cysteine, S-(1,2,2-trichloro-
vinyl)-L-cysteine, and S-(pentachlorobutadienyl)-L-cysteine are trans-
formed by cysteine conjugate S-lyase to yield halovinylthiols, and these
vinylthiols give rise to electrophilic species whose interaction with cellular
marcomolecules is responsible for the cytotoxicity and mutagenicity of S-
(1,2-dichlorovinyl)-L-cysteine, S-(1,1,2-trichlorovinyl)-L-cysteine, and S-
(pentachlorobutadienyl)-1.-cysteine. Incubation of these S-conjugates with
a B-lyase model system or with partially purified bacterial 8-lyase resulted
in the formation of chloroacetic acid and chlorothionoacetic acid from
S-(1,2-dichlorovinyl)-L-cysteine, dichloroacetic acid from S-(1,2,2-tri-
chlorovinyl)-L-cysteine, and 2,3,4,4,-tetrachlorobutenoic acid and 2,3.4,4-
tetrachlorothionobutenoic  acid from S-(pentachlorobutadienyl)-L-
cysteine (Dekant et al., 1988d.e). Incubation with the B-lyase model
systemin the presence of diethylamine gave the corresponding thioamides,
indicating that thionoacylating agents are formed as reactive interme-
diates. Two different types of reactive intermediates may be formed:
(a) Thionoacyl chlorides are one type; they are tautomers of a-chloro-
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substituted thiols that are not in equilibrium with the thiols (Mayer and
Scheithauer, 1976). The thionoacyl chloride is the more stable configura-
tion, indicating that the vinylic thiols may rapidly tautomerize to the more
stable thionoacyl chlorides. (b) As an alternative to tautomerization, a-
chlorovinyl thiols may eliminate hydrochloric acid to yield thioketenes.
Thioketenes are known thionoacylating agents and are highly reactive
with nitrogen nucleophiles (Adiwidjaja et al., 1991; Raasch, 1970, 1972).
To distinguish between thionoacyl chlorides and thioketenes, a-chlorovi-
nyl thiols were generated from cysteine S-conjugates and from the corre-
sponding a-chlorovinyl 2-nitrophenyl disulfides in the presence of cyclo-
pentadiene. Cyclopentadiene undergoes a [4 + 2]cycloaddition reaction
with the carbon—sulfur double bond of thioketenes and gives products
different in their mass spectra and chromatographic properties from thio-
noacyl chlorides and thioketenes (Dekant et al., 1991). In these experi-
ments, only thianobornenes indicative of the formation of thioketenes as
reactive intermediates were observed, indicating that thioketenes are the
exclusive reactive intermediates formed from e-halovinyl cysteine S-con-
jugates (Fig. 8).

Both thioketenes and thioacyl fluorides are reactive, acylating agents
and may react with amino and hydroxyl groups in proteins and lipids.
Ne-(Difluorothioacetyl)-L-lysine and N°-(chlorofluorothioacetyl)-L-lysine
have been identified as adducts in proteins of subcellular fractions incu-
bated with $-(2-chloro-1,1,2-trifluoroethyl)-L-cysteine and of $-(1,1,2,2-
tetrafluoroethyl)-i-cysteine (Hargus and Anders, 1991; Hayden and Ste-
vens, 1990; Hayden et al., 1991a.b, 1992). Difluorothionoacetamido-lipid
adducts have also been identified in mitochondria. Moreover, N*-(chloro-
fluoroacetyl)-L-lysine is formed in renal proteins of rats treated with -
(2-chloro-1.1,2-trifluoroethyl)-L-cysteine (Harris er al., 1992). Covalent
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Fig. 8 Cysteine conjugate B-lyase-catalyzed biotransformation of S-(1-chloroalkenyl)-L-
cysteine S-conjugates to thioketenes. X = Cl. S-(trichlorovinyl)-L-cysteine; X = C,Cls, §-
(pentachlorobutadienyl)-L-cysteine.
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binding of the thioketenes or thioacy! fluorides to cellular macromolecules
i1s associated with S-conjugate-induced toxicity and mutagenicity (Dar-
nerud et al., 1988; Hayden and Stevens, 1990). In addition to protein bind-
ing, several studies have shown that cysteine conjugate B-lyase-
derived metabolites may bind to DNA.

The pioneering work of Schultze and co-workers has demonstrated that
a reactive metabolite formed by the 8-lyase-catalyzed cleavage of §-(1,2-
dichlorovinyl)-L-cysteine binds to DNA and results in structural modifica-
tions that might influence gene expression (Bhattacharya and Schultze,
1971a,b, 1972, 1973a,b).

Hexachlorobutadiene is also metabolized by S-conjugate formation in
mice to metabolites that bind to renal DNA. DNA binding in kidneys is
much higher than in liver, and adducts are almost exclusively found in
mitochondrial DNA (Schrenk and Dekant, 1989). Although the structure
of the hexachlorobutadiene-DNA adducts has not been elucidated, indirect
evidence indicates that they are formed by the B-lyase-catalyzed metabo-
lism of §-(1,2,3,4,4-pentachlorobutadienyl)-L-cysteine. Adducts formed
from this S-conjugate in bacteria and in renal proximal tubular cells were
identical with the hexachlorobutadiene-DNA adducts in their retention
time in HPLC under different separation conditons {(Miiller ez al., 1991;
Vamvakas et al., 1988a).

Phosphorus-32 postlabeling techniques demonstrated that only muta-
genic S-conjugates, which form thioketenes, modify DNA; metabolically
generated thionoacylfluorides did not result in detectabie DN A modifica-
tion (Miiller er al., 1991).

B. Chemically Stable Thiols as Products of B-Lyase-
Catalyzed Metabolism

Cysteine S-conjugates of aromatic, heteroaromatic, and alkylaromatic
compounds are substrates for B-lyase from a variety of sources, and
chemically stable thiols are formed as products (Bakke and Gustafsson,
1984; Bakke et al., 1980, 1981, 1982). The possible toxic effects of these
cysteine conjugates and of the thiols formed as metabolites have not been
investigated in detail. These thiols may be oxidized by flavin-dependent
monooxygenases to sulfenic acids, which are highly reactive with glutathi-
one and other thiols, and form disulfides (Bakke and Gustafsson, 1984;
Bakke er al., 1980, 1981, 1982). Protein—glutathione mixed disulfide and
glutathione disulfide formation after oxidation of thiols to sulfenic acids
has been implicated in the mechanisms of toxicity of several thiols. Renal
damage, the target organ for S-conjugate-induced toxicity, has not been
observed when N-acetyl-S-(pentachlorophenyl)-L-cysteine was given to
rats; this compound is metabolized by aminoacylase and B-lyase to pen-



Cysteine Conjugate 3-Lyase Pathway 137

tachlorothiophenol, which may be excreted in the urine or may undergo
S-methylation to yield pentachlorothioanisole (Renner, 1983; Smith and
Francis, 1983). Moreover, S-(2-benzothiazolyl)-L-cysteine, which is not
toxic to isolated rat renal proximal tubular cells, is also metabolized by
B-lyase to 2-mercaptobenzothiazole; determination of the stable thiol by
UV spectroscopy is used for the determination of 3-lyase activity (Dohn
and Anders, 1982b). These limited results indicate that chemically stable
thiols, which are formed as metabolites of certain cysteine S-conjugates,
exert little toxicity. Stable thiols formed by -lyase in vivo may be excreted
unchanged or may serve as precursors of a variety of sulfur-containing
metabolites, such as thiomethyl derivatives, sulfinates, sulfones, and S-
glucuronides. Structure/activity studies on the mutagenicity and cytotox-
icity of cysteine S-conjugates indicate that their mutagenicity is dependent
on the formation of unstable a-chlorinated thiols. S-(Pentachlorophenyl)-
L-cysteine and S-(benzyl)-L-cysteine, which yield the stable thiols pen-
tachlorothiophenol and benzyl thiol, are not mutagenic and cytotoxic,
whereas S-conjugates yielding unstable a-chloroenethiols are potent muta-
gens in the Ames test and are highly cytotoxic in renal epithelial cells
(Vamvakas et al., 1988b,c, 1989b).

V. Cellular Effects of Cytotoxic and Nephrotoxic
Cysteine S-Conjugates

The first report on toxic cysteine S-conjugates derived from haloalkenes
appeared in 1959, when S-(1,2-dichlorovinyl)-L-cysteine was identified as
the toxic factorin soybean meal extracted with trichloroethene (McKinney
et al., 1959). 8-(1.2,-Dichlorovinyl)-L-cysteine produced aplastic anemia
and biochemical alterations in the DN A structure in bone marrow, lymph
nodes, and thymus in cattle (Bhattacharya and Schultze, 1971a,b, 1972;
Schultze et al., 1959). The hematopoietic toxicity of S-(1,2-dichlorovinyl)-
L-cysteine in cattle is a unique observation. In all other species studied,
S-(1,2-dichlorovinyl)-L-cysteine was nephrotoxic, not hematotoxic.

A. Nephrotoxicity in Vivo

Mice, rats, guinea pigs, and dogs displayed toxic alterations and ne-
crosis of the renal tubular epithelium 24 h after administration of S-(1,2-
dichlorovinyl)-L-cysteine ( Jaffe er al., 1984; Koechel ez al., 1991; Terracini
and Parker, 1965). The histopathological changes in the proximal tubules
were confirmed by an increase in blood urea nitrogen concentrations
and urinary glucose excretion. Several other haloalkenyl cysteine S$-
conjugates, i.e., S-(pentachlorobutadienyl)-L-cysteine, and S-(2-chloro-
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1,1.2-trifluoroethyl)-L--cysteine, S-(2-bromo-2-chloro-1,1-difluoroethyl)-
L-cysteine, and S-(1,1,2,2-tetrafluoroethyl)-L-cysteine, caused identical
toxicity to the proximal tubules after administration to rats and mice (Dohn
et al., 1985b; Green and Odum, 1985; Odum and Green, 1984). Several
strategies, based on the knowledge that B8-lyases are pyridoxal phosphate-
dependent enzymes, have been exploited to test the hypothesis that 8-
lyase-catalyzed cleavage is required for the expression of S-conjugate-
induced nephrotoxicity. The 8-lyase inhibitor aminooxyacetic acid blocks
S-conjugate-induced proximal tubule damage in vivo. Also, the a-
methyl derivatives S-(1,2-dichlorovinyl)-a-methyl-L-cysteine and S-(1-
chloro-1,2,2-trifluoro)-a-methyl-L-cysteine are not nephrotoxic. These
S-conjugates cannot be cleaved by B-lyase; cleavage of the carbon—
sulfur bond does not occur and reactive intermediates are not formed
(Dohn er al., 1985b; Elfarra er al., 1986; Finkelstein et al., 1992; Jaffe et
al., 1983; Nash et al., 1984; Odum and Green, 1984).

In initiation—promotion experiments, S-(1,2-dichlorovinyl)-L-cysteine
showed weak promoting activity on N-nitrosodimethyl amine-initiated
renal tumors in mice (Meadows ef al., 1988). S-(1,2,-Dichlorovinyl)-L-
cysteine, S-(1,1,2-trichlorovinyl)-L-cysteine, and S-(pentachlorobutadien-
yl)-L-cysteine are the key metabolites responsible not only for the nephro-
toxicity but, likely, also for the nephrocarcinogenicity of the parent
haloalkenes trichloroethene, tetrachloroethene, and hexachlorobutadiene,
and of dichloroethyne. This indicates that the S-conjugates may be nephro-
carcinogenic. However, long-term carcinogenicity experiments have not
been carried out with the cysteine S-conjugates.

The glutathione S-conjugates S-(1.2,-dichlorovinyl)glutathione, S-
{pentachlorobutadienyl)glutathione, and S-(2,-chloro-1,1,2-trifluoroethyl)
glutathione are also nephrotoxic in rats. Metabolism to the corre-
sponding cysteine S-conjugates is essential for the nephrotoxic effects:
inhibition of y-glutamyltransferase by the irreversible inhibitor acivi-
cin blocked §-(1,2-dichlorovinyljglutathione- and S§-(2-chioro-1,1,2-
trifluoroethyl)glutathione-induced nephrotoxicity in vivo. Aminooxyacetic
acid also blocked the toxicity of the glutathione S-conjugates. Hence,
available data from in vivo experiments are in agreement with the proposed
mechanism (Dohn et al., 1985b; Elfarra er al., 1986; Nash et al., 1984).

B. Cytotoxicity in Vitro

The toxicity of a number of haloalkenyl S-conjugates has been studied in
vitro in renal slices, in isolated proximal tubules, in freshly isolated rat
proximal tubule cells, and in LLC-PK, cells, a cultured line of porcine
kidney cells. In isolated rat renal cortical slices, S-conjugates increased
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the production of the B-lyase cleavage products pyruvate and ammonia
and generated a reactive moiety that inhibited the activity of the renal
p-aminohippurate and tetraethylammonium transport systems (Green
and Odum, 1985). Exposure of rabbit renal proximal tubules to S§-
(1,2-dichlorovinyl)-L-cysteine, S-(pentachlorobutadienyl)-L-cysteine, §-
(1,1,2,2-tetrafluoroethyl)-L-cysteine, and S-(2-chloro-1,1,2-trifluoroethyl)-
L-cysteine at a concentration of 25 uM resulted in a time-dependent loss
of tubule cell viability (Groves ¢t al., 1991). Freshly isolated rat kidney
proximal tubules cells have been widely used as a model to study S-
conjugate cytotoxicity. Cell viability, assessed by trypan blue exclusion
and lactate dehydrogenase leakage, decreased in a time- and dose-depen-
dent manner when the cells were incubated with S-(1.2-dichlorovinyl)-i-
cysteine, S-(1,1.2-trichlorovinyl)-L-cysteine, S-(pentachlorobutadienyl)-
L-cysteine, and S-(2-chloro-1,1,2-trifluoroethyl)-L-cysteine. Cytotoxicity
was reduced in presence of the B-lyase inhibitor aminooxyacetic acid. In
addition, the a-methyl analog of S-(1,2-dichlorovinyl)-L-cysteine was not
cytotoxic to isolated renal cells, indicating that cleavage by the pyridoxal-
phosphate-dependent B-lyase is required for the expression of toxicity.
The glutathione S-conjugates of tri- and tetrachloroethene, hexachlorobu-
tadiene, and chlorotrifluoroethene also reduced renal tubule cell viability.
Acivicin, 1, 10-phenanthroline, and phenylalanylglycine, inhibitors of -
glutamyltransferase, aminopeptidase M, and cysteinylglycine dipeptidase,
respectively, blocked the toxicity of the glutathione conjugates, indicating
that metabolism to the corresponding cysteine conjugates is required for
the glutathione conjugates to cause toxicity (Dohn et al., 1985b; Jaffe et
al., 1983; Jones et al., 1986; Lash and Anders, 1986a: Schnellmann et al.,
1987; Vamvakas et al., 1989c¢).

The renal eptihelial cell line LLC-PK,. grown on a solid substrate,
possesses many morphological and biochemical characteristics of the
proximal tubular epithelium, the target site of S-conjugate toxicity
(Gstraunthaler et al., 1985; Hull et al., 1976). LLC-PK, cells retain
the degradative enzymes of the mercapturate pathway, such as
y-glutamyltransferase, and both S-(1.2-dichlorovinyl)glutathione and S-
{(1,2-dichlorovinyl)-L-cysteine are cytotoxic in LLC-PK, monolayers.
Acivivin, an inhibitor of y-glutamyltransferase, blocked the toxicity of
the glutathione S-conjugates, and aminooxyacetic acid blocked the toxic-
ity of both S-(I,2-dichlorovinyl)glutathione and S-(1.2-dichlorovinyl)-
L-cysteine and the metabolism of S-(1,2-dichlorovinyl)-L-cysteine to
pyruvate in these cells. The glutathione and cysteine S-conjugates of tetra-
chloroethene, hexachlorobutadiene, and chlorotrifluoethene were also
toxic to LLC-PK, monolayers (Mertens er al., 1988, 1990). Similar results
were obtained when S-conjugates were incubated with proximal tubule
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cells of human origin (J. C. Chen ef al., 1990; Zhang and Stevens, 1989).
Furthermore, incubation of the cells with [*S]S-(1,2-dichloroviny})-L-
cysteine resulted in B-lyase-dependent binding of 3*S-containing metabo-
lites to cellular marcomolecules, and the binding was proportional to
toxicity. The data provide direct evidence that in LL.C-PK, S-conjugates
are metabolized to reactive species that covalently bind to cellular marco-
molecules causing toxicity and cell death (Stevens er al., 1986b).

C. Biochemical Mechanisms of S-Conjugate Cytotoxicity

The mitochondria are the primary subcellular targets for S-conjugate-
induced cytotoxicity in freshly isolated renal proximal tubular cells. For
example, cellular respiration and ATP content were markedly reduced by
$-(1.2,3,4,4-pentachlorobutadienyl)-L-cysteine and S-(1.2-dichlorovinyl)-
L-cysteine (Lash and Anders, 1987). The disruption of mitochondrial en-
ergy metabolism may contribute to glutathione depletion, reduced organic
anion and cation transport, and the elevation in cytosolic Ca’* concentra-
tions due to impaired function of the Ca’*-ATPases of the plasma mem-
brane and the endoplasmatic reticulum (Jones et al., 1986; Wallin et al.,
1987). All of these processes require energy in the form of ATP.

The correlation between covalent binding to mitochondria, mitochon-
dnal toxicity, and S-conjugate-induced cell death is only partly under-
stood. S-(1,2-Dichlorovinyl)-L-cysteine inhibited succinate-linked state 3
respiration, altered the concentration of several citric acid cycle intermedi-
ates, and impaired the ability of mitochondria to generate a membrane
potential; §-(1,2.3,4,4-pentachiorobutadienyl)-L-cysteine was also found
to uncouple oxidative phosphorylation (Schnellmann et ¢!/., 1989). Binding
of radioactivity from several *S-labeled S-conjugates to macromolecules
in mitochondria was observed. However, the relative extent of metabolism
and binding of ¥S-containing metabolites did not correlate with their mito-
chondrial toxicity (Hayden and Stevens, 1990).

Covalent binding of S-conjugates metabolites is associated with mito-
chondrial dysfunction and ATP depletion, but the contribution of mito-
chondrial toxicity to cell death is unclear. Antioxidants protect isolated
rat kidney cells from S-conjugate-induced cell death without inhibiting
covalent binding of radioactivity to mitochondrial macromolecules (Q.
Chen et al., 1990). Interestingly, antioxidant protection effectively blocked
cell death even when the antioxidant was given several hours after the
toxic S-conjugates. Moreover, mitochondrial glutathione concentrations
decline rapidly in kidney cells incubated with S-conjugates; the glutathione
loss is nearly quantitatively recovered as glutathione disulfide. These ob-
servations indicate that mitochondrial dysfunction and cell death can be
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dissociated and that a peroxidative mechanism may be important in the
events resulting in cell death (Lash and Anders, 1987). However, mecha-
nisms other than peroxidative damage have also been proposed to play a
major role in S-conjugate-induced toxicity.

After exposure to nephrotoxic S-conjugates, a number of cellular func-
tions are disturbed prior to cell death. Numerous studies on the mecha-
nisms of S-conjugate-induced cytotoxicity have been published in the last
10 years. However, most of these reports monitored changes of single
biochemical parameters indicative of toxicity but did not estabiish links
and cause-effect relationships between these events. Hence, although
abundant data are available on toxic changes induced by S-conjugates,
the molecular mechanisms or the toxic cascades responsible for cell death
cannot be precisely delineated.

Perturbations in intracellular Ca>™ homeostasis may be a central event
in S-conjugate-induced toxicity (Jones et al., 1986; Lash and Anders,
1986b). Studies with fluorescence digital imaging microscopy showed that
$-(1,2-dichlorovinyl)-L-cysteine increased cytosolic Ca’>* concentrations
prior to the onset of cell death. The increased cytosolic Ca** concentra-
tions were associated with impaired ability of the mitochondria to seques-
ter cytosolic Ca’* and preceded severe perturbations of the mitochondrial
membrane potential (Vamvakas er al., 1990).

A similar selective impairment of mitochondrial Ca’* sequestration was
observed with several prooxidants that induce increased oxidation and
hydrolysis of mitochondrial pyridine nucleotides (Richter and Kass, 1991).
The products of this reaction are nicotinamide and ADP-ribose; hence
the key step in the induction of mitochondrial Ca?* efflux is probably
modification of mitochondrial membrane proteins by ADP-ribose moieties.
In freshly isolated mitochondria from the pig cortex, S-(1,2-dichlorovinyl)-
L-cysteine induces Ca’* release. The release was preceded by increased
oxidation and hydrolysis of mitochondrial pyridine nucleotides, whereas
the mitochondrial membrane potential remianed unchanged over the
entire incubation time (Vamvakas er al., 1992). Moreover, inhibition
of the hydrolysis of oxidized pyridine nucleotides and of the mono
(ADP-ribosyl)ation of mitochondrial membrane proteins blocked
S-(1,2-dichlorovinyl)-L-cysteine-induced Ca’*release, indicating that S-
conjugates may cause selective depletion of mitochondrial Ca** by modi-
fication of mitochondrial membrane proteins by the ADP-ribose moieties
formed from the hydrolysis of the oxidized pyridine nucleotides. Since
this cascade is induced by several prooxidants, the results are in agreement
with the perturbations in the intracellular redox potential observed in
LLC-PK, cells treated with S-(1,2-dichlorovinyl)-L-cysteine (Q. Chen e!
al., 1990) and also with the finding that S-(1,2-dichlorovinyl)-L-cysteine
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inhibits sulfhydryl-sensitive dehydrogenases in isolated rat kidney mito-
chondira (Lash and Anders, 1987).

The specific interference with the Ca?*-buffering capacity of the mito-
chondria and the increase in the Ca’* concentrations may induce cell
death by activation of Ca®*-dependent degradative enzymes, such as pro-
teases and phospholipases that induce damage of the plasma membrane
and the cytoskeleton (Boobis er al., 1989; Orrenius et al., 1989). In addi-
tion, activation of Ca®*-dependent endonucleases may result in increased
formation of DNA double-strand breaks followed by the induction of
poly(ADP-ribosyl)ation of nuclear proteins (Cantoni et al., 1989; McCon-
key et al., 1988). High levels of poly(ADP-ribosyl)ation may cause cell
death by depletion of NAD* and ATP, whereas the cell may survive
moderate increases, that result in altered chromatin structure and function,
and thus altered gene expression (Boulikas, 1993; Cerutti, 1989). These
effects may provide a link between acute and toxicity and a possible
mechanism of carcinogenicity for haloalkenes.

D. Mutagenicity of Cysteine and Glutathione $-Conjugates
in Bacteria

The demonstration of high B-lyase activities in S. typhimurium strains
used in the mutagenicity tests orginally described by Ames was important
in the elucidation of the bacterial mutagenicity and metabolism of halo-
alkenyl and haloalkyl cysteine and glutathione S-conjugates. S$-(1,2-
Dichlorovinyl)-L-cysteine, S-(1,1,2-trichlorovinyl)-L-cysteine, and S§-
(pentachlorobutadienyl)-L-cysteine were mutagenic in the Ames preincu-
bation assay without the addition of an exogenous activating system (De-
kant et al., 1986). Mutagenicity of these S-conjugates was also observed
in the presence of rat renal cytosol (Green and Odum, 1985). Incubation
of halovinyl S-conjugates with S. typhimurium homogenates resulted in
time- and concentration-dependent production of pyruvate, which is
formed by B-lyase-catalyzed cleavage of the S-conjugates in equimolar
amounts with the presumed mutagenic intermediates. Both mutagenicity
and pyruvate production were decreased in the presence of the S-lyase
inhibitor aminooxyacetic acid. Moreover, the a-methyl derivative of S-
(1,2-dichlorovinyl)-L-cysteine S-(1,2-dichlorovinyl)-DL-a-methylcysteine,
which cannot be cleaved by B-lyase, was not mutagenic and did not
produce pyruvate (Vamvakas et al., 1988c). The corresponding mercaptu-
ric acids were also potent bacterial mutagens in the presence of soluble
aminoacylases from rat kidney cytosol, and '*C-labeled N-acetyl-S-
(1,2,3,4,4-pentachlorobutadienyl)-L-cysteine was metabolized to cova-
lently bound metabolites in the presence of rat aminoacylases (Vamvakas
et al., 1987).
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Rat kidney microsomes contain high activities of y-glutamyltransferase
and dipeptidases. Accordingly, S-(1,2-dichlorovinyl)glutathione, S-(1,1.2-
trichlorovinyl)glutathione, and S-(pentachlorobutadienyl)glutathione
were potent mutagens in the presence of rat kidney particulate fractions,
probably because the corresponding cysteine S-conjugates formed can be
cleaved by bacterial B8-lyase. This was confirmed with the y-glutamyl-
transferase inhibitor serine borate, which diminished the mutagenicity of
the glutathione S-conjugates. In absence of subcellular fractions catalyzing
glutathione conjugate formation, hexachlorobutadiene and tetrachloroe-
thene failed to increase the number of revertants above control values
(Vamvakas et al., 1988d, 1989d).

A mutagenic effect was, however, obtained with the parent haloalkenes
hexachlorobutadiene and tetrachloroethene when the mercapturic acid
pathway was simulated in the Ames preincubation assay by sequential
addition of rat liver microsomes and glutathione, followed by rat kidney
microsomes. Inhibition of y-glutamyltransferase and of 8-lyase present in
these organ fractions diminished the mutagenicity of hexachlorobutadiene
and tetrachloroethene (Vamvakas et al., 1988d, 1989d). In summary, gluta-
thione conjugation followed by gB-lyase-catalyzed cleavage of the corre-
sponding cysteine S-conjugates is required for the mutagenicity of the
nephrocarcinogenic chloroalkenes.

E. Structure—Mutagenicity and Structure—Cytotoxicity

All a-chlorovinyl cysteine S-conjugates studied are mutagenic in S. typhi-
murium. Haloethy! cysteine S-conjugates containing at least one bromine
atom [S-(2-bromo-2-chloro-1,1-difluoroethy)-L-cysteine, S-(2-bromo-
1.1,2-trifluoroethyl)-L-cysteine, and S-(2.2-dibromo-1.1-difluoroethyl)-L-
cysteine] are also mutagenic in S. fyphimurium (Finkelstein er al., 1993).
However, both the absolute numbers of induced revertants and the relative
mutgenic potency (number of revertants/nmolS-conjugate) of these haloe-
thyl cysteine S-conjugates were approximately 10-fold lower compared
to the values obtained with the halovinyl cysteine S-conjugates. The 8-
lyase inhibitor aminooxyacetic acid blocked the mutagenicity of the bromi-
nated haloethyl cysteine S-conjugates. Haloethylcysteine S-conjugates
lacking a bromine substitutent, i.e., S-(1,2-dichloro-1,-difluoroethyl)-r-
cysteine and S-(2-chloro-1,1,2-trifluoroethyl)-L-cysteine failed to increase
the number of revertants per plate above the control values in all S.
typhimurium strains tested (TA 2638, TA 100, TA 102, and TA98).

In contrast to the differences in mutagenicity, all haloethyl cysteine S-
conjugates induced Ca?* release in incubations with freshly isolated pig
kidney mitochondria in a time-dependent manner.
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F. Genotoxicity in Cultured Kidney Cells

Cysteine and glutathione S-conjugates derived from nephrocarcinogenic
chloroalkenes were genotoxic in mammalian cells and induced y-glutamyl-
transferase- and B-lyase-dependent DNA repair in the porcine kidney cell
line LLC-PK, (Vamvakas et al., 1989c.e). Although DNA repair was
observed with concentrations of S-conjugates that did not cause severe
toxicity, the concentration range over which DNA repair occurred in the
absence of cell death was very small. Moreover, the extent of DNA repair
induced by the S-conjugates was very low compared with the effects of
known DNA-alkylating agents, such as streptozotocin or 4-nitroquinoline-
1-oxide.

The weak genotoxic potency of the S-conjugates in renal cells in culture
and the predominance of cytotoxicity and cell death are in agreement with
the carcinogenicity studies in rats and mice. In these in vive long-term
studies, chloroalkenes induced renal cell tumors only with dose regimens
that cause marked nephrotoxicity. All carcinogenicity studies resulting in
renal tubular carcinomas also revealed concomitant severe inflammatory
changes in the proximal tubules, the site of origin of the tumors. Nephro-
toxicity was dose-dependent and quantitatively correlated with tumor
incidences (Kociba er al., 1977; National Cancer Institute, 1986; Reichert
et al., 1984).

In an attempt to establish a link between the extranuclear cytotoxic
effects of the chlorovinyl S-conjugates and the formation of renal tumors
observed with the parent chloroalkenes, the effects of mitochondrial Ca?*
release and increases in cytosolic Ca’* concentrations were investigated
in cultured renal cells. Among the Ca?*-dependent degradative pathways,
induction of DNA double-strand breaks by activation of Ca?* - and Mg?*-
dependent endonucleases is of particular interest in terms of tumor forma-
tion. In LLC-PK, cells, S-(1,2-dichlorovinyl)-L-cysteine induced DNA
fragmentation at concentrations that produced little or no impairment of
cell growth. The Ca?*-dependent DNA damage could be inhibited by
blocking the mitochondrial Ca’* release and was followed by increased
poly(ADP-ribosyl)ation of nuclear proteins (Vamvakas et al., 1992). A
nonlethal increase in the amount of nuclear poly(ADP-ribosyl)conjugates
may change structure and function of nuclear proteins and thus alter the
expression of genes involved in cell proliferation and differentiation and
possibly in tumor formation (Boulikas, 1993).

G. Genotoxicity In Vivo

Administration of S-(1,2-dichlorovinyl)-L-cysteine to rats resulted in in-
creased formation of DNA single- and double-strand breaks (Jaffe et al.,
1985; McLaren et al., 1993). Gel electrophoretic analysis of the DNA
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isolated from the renal cortex of rats treated with S-(1.2-dichlorovinyl)-
L-cysteine revealed the oligonucleosomal ladder pattern typical of DNA
fragmentation induced by Ca?*- and Mg?*-dependent endonucleases
(D. Bittner and S. Vamvakas, unpublished data). Moreover, the induc-
tion of DNA double-strand breaks was followed by increased poly(ADP-
ribosyl)ation of nuclear proteins, estimated by the incorporation of
[*’PINAD" into isolated renal cortex nuclei from treated rats.

H. Induction of Protooncogene Expression

The protooncogenes c-fos and c-myc play an important role in growth
and differentiation of renal tissue. They are highly expressed during em-
bryogenesis in the mitotically active tubular epithelium, whereas in termi-
nally differentiated tubule cells of the kidney no expression is seen (Mu-
grauer and Ekblom, 1991; Mugrauer ef al., 1988). Furthermore, enhanced
expression of c-fos and c-myc has been demonstrated in renal tumors in
both humans and experimental animals (Shore et al., 1988; Yao et al.,
1988).

In a recent study, the effects of S-(1,2-dichlorovinyl)-L-cysteine on the
expression of these protooncogenes were investigated in LLC-PK, cells.
Exponentially growing L1L.C-PK, monolayers were synchronized at the
G, phase of the cell cycle by incubation for 24 h in medium containing
only 0.2% fetal calf serum (instead of the 10% fetal calf serum normally
used). Neither c-fos nor c-mve mRNA was detectable by Northern-blot
analysis in these serum-deprived cells (Vamvakas and Koster, 1993; Vam-
vakas et al., 1993). Monolayers exposed to 10% fetal calf serum after the
24-h starvation period revealed weak, but clearly detectable, c-fos and c-
myc transcripts. Addition of 500 uM S-(1,2-dichlorovinyl)-L-cysteine to
the serum-supplemented medium induced an additional twofold increase
in the levels of c-myc and ¢-fos mRNA. The increase was sustained over
the entire 5-h incubation.

As described above, S-(1,2-dichlorovinyl)-L-cysteine may induce both
point mutations and also Ca’*-mediated DNA double-strand breaks and
increased poly(ADP-ribosyl)ation of nuclear proteins. If the induction of
gene expression results from the formation of DNA adducts, which are
converted into heritable mutations, the effects should persist after removal
of S-(1,2-dichlorovinyl)-L-cysteine. To investigate the persistency of the
induction of gene expression, LLC-PK, cells were pulse-treated with
S-(1,2-dichlorovinyl)-L-cysteine for 5 h, and then incubated in §-(1,2-
dichlorovinyl)-L-cysteine-free medium for 24, 48, and 72 h. Northern-
blot analysis of the mRNA isolated at these time points did not reveal
detectable c-fos and c-myc transcripts. Hence, §-(1.2-dichlorovinyl)-L-
cysteine-induced DN A double-strand breaks, and poly(ADP-ribosyl)ation
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of nuclear proteins as a consequence of disturbed Ca’* homeostasis may
be more important for the observed changes in oncogene expression than
mutational events. This is supported by the induced c-fos mRNA accumu-
lation of LLC-PK, cells treated with the Ca?* ionophore A23187 or with
the tumor promoter thapsigargin, which increases cytosolic Ca’* concen-
trations by inhibiting the Ca?* ATPase of the endoplasmic reticulum (Vam-
vakas and Koster, 1993). Ca’" is also involved in the induction of c-fos
expression in renal cells exposed to oxidative stress generated by xan-
thine/xanthine oxidase, as demonstrated by reduction of the c-fos mRNA
transcript levels in presence of the Ca®* chelator EGTA (Maki er al.,
1992).

I. Possible Mechanisms in the Nephrocarcinogenicity
of Haloalkenes

S-Conjugates from dichloroethyne, trichloroethene, perchloroethene, and
hexachlorobutadiene may induce renal cell tumors by three interacting
pathways. One, the thioketenes produced upon S-lyase cleavage may
form DNA-adducts and induce point mutations. Two, S-conjugates may
indirectly alter gene expression by induction of Ca?*-dependent DNA
double-strand breaks and increased poly(ADP-ribosyl)ation of nuclear
proteins. This post-translational modification of structure and function
of nuclear proteins may be an important epigenetic mechanism for
modulation of gene expression (Boulikas, 1993; Cerutti, 1985). Sev-
eral tumor promotors enhance the poly(ADP-ribose)polymerase activ-
ity and inhibition of this enzyme blocks the promoting effects of 12-O-
tetradecanoylphorbol-13-acetate in vitro and of phenobarbital in vivo
(Borek and Cleaver, 1986; Singh, 1990a,b; Tsujiuchi ef al., 1990). Further-
more, increased levels of poly(ADP-ribosyl)ation were found in rapidly
proliferating tissues as compared with terminally differentiated, quiescent
tissues. In particular, this last finding provides a link to the third aspect
of the nephrocarcinogenicity of dichloroethyne, trichloroethene, tetra-
chloroethene, and hexachlorobutadiene: these compounds increase the
incidence of renal tumors in rats only at doses that also induce severe
nephrotoxicity and forced cell proliferation in the proximal tubules. The
nephrotoxicity is quantitatively correlated with the formation of renal cell
tumors. The increased cell turnover enhances the frequency of spontane-
ous mutations, and the probability of DNA damage to be converted into
heritable mutations before DN A repair can take place (Goldworthy er al.,
1990). The concept of the interplay between immediate DNA damage and
extranuclear effects in renal tumorigenicity is supported by a recent study
on the morphological and biochemical features of preneoplastic lesions
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in rodent kidney (Dietrich and Swenberg, 1991). This study demonstrated
that the preneoplastic lesions observed in long-term studies with genotoxic
nephrocarcinogens are identical with the preneoplastic lesions induced in
the kidneys of animals treated with nongenotoxic carcinogens.

With the currently available data, it is not possible to estimate the
quantitative contributions of direct DNA damage, epigenetic alterations
of gene expression, and enhanced cell proliferation to the nephrocarcino-
genic effects of dichloroethyne, trichloroethene, tetrachloroethene, and
hexachlorobutadiene. To assess the importance of these three pathways,
in vivo investigations on the induction of cell proliferation, alteration of
gene expression by poly(ADP-ribosyDation, and formation of DNA ad-
ducts should be carried out concomitantly, i.e., in preneoplastic lesions
and renal cell tumors formed by chloroalkenes or their S-conjugates.
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l. Introduction

Traditionally, the conjugation of electrophilic xenobiotic metabolites with
glutathione (y-L-glutamyl-1-cysteinylglycine; GSH; Fig. 1) has been
viewed as a detoxification pathway leading to the formation of polar,
water-soluble products, which are excreted mainly into bile (Chasseuad,
1979). Although this appears to hold true in the majority of cases, an
increasing number of examples have come to light in recent years where
GSH conjugates (or the cysteine adducts to which they are degraded)
exhibit comparable or even greater toxic potential than that of the original
xenobiotic (Anders ef «f., 1988, 1992; van Bladeren, 1988; Monks and
Lau, 1989; Koob and Dekant, 1991). These cases have been the focus of
considerable research interest, as a consequence of which much has been
learned of the underlying biochemical mechanisms (Monks et al., 1990).
This chapter will deal with one mechanism of GSH conjugate-mediated
toxicity, namely reversibility in adduct formation, whereby the xenobiotic
{or xenobiotic metabolite) is regenerated upon spontaneous reversal of
the initial conjugation reaction. To the extent that S-linked conjugates of
GSH can be formed in one organ and transported to some distant site
before collapsing to release the original electrophilic species, GSH may
be considered to be acting in this situation as a moelcular vehicle for the
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transport of chemically reactive metabolites in vivo (Baillie and Slatter,
1991). From the limited data available to date, it appears that reversibility
in GSH conjugation is important only for certain types of functional
groups, as outlined below. Chemical aspects of these reversible conjuga-
tion reactions have been discussed elsewhere (Baillie and Slatter, 1991)
and therefore will not be presented in any depth in this chapter.

ll. Classes of Compounds That Undergo Reversible
Conjugation with Glutathione

A. Isothiocyanates

Compounds bearing the reactive, electrophilic isothiocyanate moiety
(R—N=C==S5) are of biological interest in that several members of this
family occur as natural products (notably in cruciferous vegetables) where
they are present as heteroglycoside conjugates known as glucosinolates.
When such plants are degraded, e.g., during the preparation of salads for
human consumption, the free isothiocyanates are released by the action
of the enzyme myrosinase (thioglucoside glucohydrolase, EC 3.2.3.1),
which is present in the host plant. As a consequence, humans can be
exposed to isothiocyanates as dietary constituents, and over 50 glucosino-
late precursors have been identified from a variety of plant species (Drob-
nica et al., 1977). The most extensively studied isothiocyanates to date
have been benzylisothiocyanate (derived from phenylalanine), allylisothi-
ocyanate (derived from methionine), and phenethylisothiocyanate (de-
rived from 2-amino-4-phenylbutyric acid), each of which exhibits interest-
ing biological activities (Fig. 2). Thus, benzylisothiocyanate is an effective
antibiotic and is marketed in Europe under the trade name Tromacaps
for the treatment of respiratory and urinary tract infections (Mennicke ez
al., 1988). Allylisothiocyanate has been found to be a bladder carcinogen
in male rats (Dunnick ez al., 1982), whereas both phenethyl- and benzyl-
isothiocyanate appear to have cancer chemoprotective properties (Zhang
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Fig. 2 Structures of isothiocyanates referred to in the text.

et al., 1992, and references therein), the mechanism of which currently
is the subject of considerable research interest.

In view of the diverse biological properties of isothiocyanates, a number
of studies have been carried out in both animals and human volunteers
to determine the biological fate of this class of natural products. These
investigations revealed that the isothiocyanate moiety of the parent com-
pound reacts readily with GSH to afford the thiocarbamate thioester conju-
gate (a dithiocarbamidic ester) and that the reaction takes place both
spontaneously and (at an accelerated rate) in the presence of glutathione
S-transferase enzymes (Brisewitz et al., 1977; Mennicke et al., 1983,
1988). The resulting isothiocyanate—GSH conjugates are excreted into
bile, and the corresponding N-acetylcysteine adducts normally are found
as prominent metabolites in urine where they can account for 50% or
more of the administered dose (Briissewitz et al., 1977; Mennicke et al.,
1983, 1987, 1988: Eklind et al., 1990). Interestingly, the cysteine conjugate
formed as an intermediate in the degradation of the phenethylisothiocya-
nate—GSH adduct was shown recently to undergo oxidative deamination
in the mouse to afford the corresponding mercaptopyruvic acid; the latter
species proved to be the major metabolite in urine, where it was present
largely in a cyclic tautomeric form (Eklind et al., 1990). From these studies,
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therefore, it may be concluded that conjugation with GSH represents a
quantitatively important pathway for the metabolism of isothiocyanates
in mammalian species.

In an early report on the metabolism of benzylisothiocyanate, Briisewitz
et al. (1977) noted that S-linked conjugates of this compound underwent
pH-dependent elimination to regenerate the free isothiocyanate, the rate
of the reaction being accelerated markedly at pH values above 6. Indeed,
this base-lability of thiocarbamate thioesters has led to the design of spe-
cific analytical protocols for the assay of isothiocyanate-N-acetylcysteine
conjugates in urine based on their conversion to stable thiourea derivatives
(Mennicke et al., 1987). However, the potential biological significance of
this phenomenon, i.e., re versibility in the formation of S-linked conjugates
from isothiocyanates, was first recognized by van Bladeren and co-
workers (Bruggemen et al., 1986), who demonstrated that free benzyl-
and allylisothiocyanate were released from their respective cysteine and
GSH conjugates in aqueous phosphate buffer at pH 7.4 and 37°C. These
workers also showed that when a solution of the cysteine conjugate of
benzylisothiocyanate was treated with GSH, the corresponding GSH ad-
duct was formed in a time-dependent fashion such that the two conjugates
reached equilibrium after 90 min. A similar exchange phenomenon was
observed when the GSH conjugate of benzylisothiocyanate was allowed
to react with cysteine under simulated physiological conditions. These
findings indicated that S-linked conjugates of isothiocyanates may serve
as latent forms of the parent isothiocyanate in vivo and that conjugation
with GSH might not fulfill a conventional ‘‘detoxification’’ role for this
class of compounds. In a series of seminal experiments designed to test this
hypothesis, Bruggeman et al. (1986) compared the cytotoxic properties of
benzyl- and allylisothiocyanate with those of the corresponding GSH and
L-cysteine conjugates toward isolated rat hepatocytes in vitro. In all cases,
the S-linked conjugates proved to be cytotoxic, although addition to the
media of excess GSH or L-cysteine protected the hepatocytes against
injury. The latter observation is important from a mechanistic standpoint
since it is consistent with the free isothiocyanate (R—N=C==S) acting
as the toxic species, the release of which is suppressed by added thiols
(R’SH) according to the equilibrium:

R—NH—CS—SR’ = R—N=C=S + R'SH

Based on the results of these studies, the authors concluded that *‘glutathi-
one and cysteine can be regarded as transporting agents for the isothiocya-
nates through the body. Initial detoxification can be followed by release
of the reactive compound at some other site”” (Bruggeman et al., 1986).
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The concept of reversible GSH conjugation as a key element in the
adverse effects of toxic isothiocyanates was developed further by Roth,
Reed, and co-workers, who examined a-napthylisothiocyanate (ANIT),
a model compound that causes intrahepatic cholestasis as a result of injury
to bile duct epithelium and parenchymal cells. When freshly isolated rat
hepatocytes were incubated with ANIT, a GSH conjugate was formed
and was identified as the expected thiocarbamate thioester derivative
(Carpenter-Deyo et al., 1991). This conjugate was exported from hepato-
cytes into the medium where it underwent facile degradation to regenerate
the parent isothiocyanate. As a result, ANIT depleted GSH from hepato-
cytes and caused cytotoxicity, as reflected by leakage from cells of lactate
dehydrogenase. The GSH conjugate also was cytotoxic under these condi-
tions, apparently by acting as a latent form of ANIT, which, in turn,
facilitated the efflux of GSH from cells. Stability studies with ANIT-GSH
revealed that the position of the above equilibrium between the conjugate
and the free isothiocyanate lay much further to the right than with the GSH
conjugates of benzyl- or allylisothiocyanate, such that when dissolved in
aqueous solutions at neutral pH in the absence of free GSH, 95% of the
ANIT-GSH adduct dissociated to free ANIT within 5 min. This high
degree of instability of S-linked conjugates of aromatic isothiocyanates
probably accounts for the failure of previous in vivo studies to detect the
N-acetylcysteine derivatives of ANIT, g-naphthylisothiocyanate (BNIT),
and phenylisothiocyanate in the urine of rats dosed with the parent isothio-
cyanates (Mennicke et al., 1983). Interestingly, recent in vivo experiments
with ANIT have shown that pretreatment of rats with agents that deplete
hepatic GSH protects animals against the hepatotoxic effects of ANIT,
suggesting that **GSH plays a causal or permissive role in the liver injury
caused by ANIT”’ (Dahm and Roth, 1991; Dahm er al., 1991). In light of
these findings, it will be interesting to determine whether the metabolism
of ANIT differs in the GSH-depleted animal, such that pathways other
than GSH conjugation now predominate and the bile duct epithelium is
no longer exposed to high levels of the toxic ANIT-GSH conjugate. In
contrast to these results, however, modulation of intracellular GSH levels
had no effect on the cytotoxicity of allylisothiocyanate toward rat hepato-
cytes in vitro (Bruggeman et al., 1988). Clearly, further studies will be
needed to define the mechanisms of isothiocyanate-dependent toxicities,
although it seems likely that reversible GSH conjugation is playing an
important role in these processes.

As noted earlier, certain isothiocyanates appear to have anticarcino-
genic properties, which may stem from their effects on enzyme systems
involved in the metabolism of carcinogens. For example, phenethylisothio-
cyanate has been shown to be relatively specific inhibitor of CYP2EI, the
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principal isozyme of cytochrome P450 that catalyzes the conversion of
N-nitrosodimethylamine and a number of other low-molecular-weight car-
cinogens to highly reactive electrophilic intermediates that alkylate DNA
(Ishizaki et al., 1990; Guengerich et al., 1991). It is possible that labile
S-linked conjugates of phenethylisothiocyanate play a role as transport
forms of the inhibitory isothiocyanate or that they might even inhibit the
enzyme per se, although no information is yet available on this topic.
An alternative mechanism that has been proposed to account for the
anticarcinogenic effects of isothiocyanates is that they act as inducers of
glutathione S-transferases and quinone reductase enzymes, which catalyze
the detoxification of electrophilic aikylating agents. Sulforaphane, a natu-
rally occurring isothiocyanate found in broccoli, may act by this mecha-
nism (Zhang et al., 1992), and it will be interesting to determine whether
a labile GSH conjugate of this compound is formed and contributes to its
enzyme-inducing properties. Recently, the cysteine conjugates of benzyl-
and 3-phenylpropyl-isothiocyanate were found to induce glutathione S-
transferases in several tissues of A/J mice (Zheng et al., 1992). In the
bladder, the conjugates proved to be more potent inducing agents than
their respective free isothiocyanates and also to be less toxic. It was
proposed, therefore, that these cysteine conjugates may serve as bladder-
directed chemical delivery systems for chemopreventative isothio-
cyanates, and thus may have utility in protecting against nitrosamine-
associated bladder cancers.

Although isothiocyanates may be expected to form adducts with a vari-
ety of nucleophilic residues on proteins, reaction with cysteinyl —SH
groups represents the kinetically favored process (Drobnica er al., 1977).
It is not surprising, therefore, that isothiocyanates are known to bind to,
and thereby inhibit, sulfhydryl-dependent enzymes, e.g., glyceraldehyde-
3-phosphate dehydrogenase, hexokinase, glutamate dehydrogenase, alco-
hol dehydrogenase, glutamate-oxaloacetate transaminase, glutathione re-
ductase, succinate dehydrogenase, and papain (reviewed by Drobnica et
al., 1977). In recent studies performed in our laboratory, we found that
both benzylisothiocyanate and the cysteine conjugate of benzylisothiocya-
nate inhibited rat liver glutathione reductase in vitro. Thus, following
incubation with the conjugate (20 wM) with freshly isolated liver cells at
pH 7.4 and 37°C, 20% of the enzyme activity was lost over a period of 5 h,
compared with 25% inhibition when the free isothiocyanate was incubated
under similar conditions (K. Kassahun and T. A. Baillie, unpublished
observations). These results indicated that the cysteine conjugate of ben-
zylisothiocyanate served as a depot form of the free isothiocyanate, which,
in turn, carbamoylated and thereby inhibited the enzyme.
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Based on the reversibility of the reaction between isothiocyanates and
GSH, it may be expected that thiocarbamate thioesters formed by attack
of isothiocyanates at protein-SH groups may be labile and that the parent
isothiocyanate moiety may either dissociate from the protein or undergo
rearrangement to form a more stable adduct with proximal —OH or—NH,
groups. Although little attention appears to have been focused on the
nature and properties of isothiocyanate—protein adducts. a recent study
on protein and peptide conjugates of CS, provided evidence for the forma-
tion of protein—N=C==S species as products of the reaction of this com-
pound with the e-NH, groups of lysine residues (DeCaprio et al., 1992).
The authors of this study proposed that subsequent nucleophilic addition
to the protein-bound isothiocyanate by a neighboring —SH or —NH,
functionality would be responsible for the formation of intramolecular
protein cross-links. Thus, an understanding of the chemistry of the revers-
ible reaction between isothiocyanates and small peptides, e.g., GSH,
should aid in rationalizing the nature of protein-bound adducts of isothiocy-
anates and related structures.

B. Isocyanates

Organic isocyanates (R—N=C=0) are considerably more reactive to-
ward nucleophiles than their corresponding isothiocyanates (Drobnica et
al., 1977) and readily form adducts with peptides, proteins, and nucleic
acids (Lee, 1992, and references therein). As a result, isocyanates often
are highly toxic, as highlighted by the catastrophe in Bhopal, India, in
1984 when 30-40 tons of methylisocyanate (MIC; Fig. 3) were released
into the atmosphere, leading to the death of some 3500 inhabitants (Heylin,
1985). Aside from this industrial disaster, humans may be exposed rou-
tinely to isocyanates from a number of sources. Isocyanates are used
widely in the manufacture of pesticides, polyurethanes, and paints and,
therefore, pose a hazard from an occupational health standpoint. Simple
alkylformamides, such as the commonly used solvent dimethylformamide
(DMF) and its monomethyl congener NMF (an experimental antitumor
agent), undergo metabolic oxidation to yield isocyanates, which cause
liver injury in animals and humans (Cross et al., 1990: Hyland et al.,
1992). Also, several 2-chloroethylnitrosoureas employed clinically as che-
motherapeutic alkylating agents decompose in vivo to yield isocyanates,
the formation of which is believed to be associated with certain serious
adverse reactions to this class of drugs (Smith, 1989). Recently, it was
reported that 2-naphthylisothiocyanate (BNIT) undergoes cytochrome
P450-dependent metabolism in vitro to afford the corresponding isocyanate
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Fig. 3 Structures of isocyanates and S-linked isocyanate conjugates referred to in the text.
The structure of caracemide, a metabolic precursor of MIC, is also shown.

(Lee, 1992), and it may be speculated, therefore, that many of the dietary
isothiocyanates discussed in the preceding section may be transformed
in part to more toxic isocyanates in vivo.

On the basis of the finding that isothiocyanates undergo reversible conju-
gation with GSH, we explored the possibility that isocyanates may behave
similarly and form carbamate thioester conjugates with GSH that could
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serve as ‘‘carriers’’ of the reactive isocyanate moiety, according to the
following process:

R—NH—CO—SR’' = R—N=C=0 + R’'SH

Studies with MIC demonstrated that this, indeed, was the case, since
administration of the isocyanate to rats by ip injection led to the excretion
in bile of S-(N-methylcarbamoyl)glutathione (SMG) and to the elimination
in urine of the corresponding N-acetylcysteine adduct (AMCC), which
accounted for some 25% of the dose (Pearson et al., 1990; Slatter er al.,
1991) (Fig. 3). These S-linked conjugates, together with the corresponding
cysteine derivative S-(N-methylcarbamoyl)cysteine (SMC), proved to be
unstable in vitro under simulated physiological conditions, where they
reverted to their respective thiols and, by inference, to MIC. Incubation
of SMG with free cysteine led to the formation of SMC (consistent with
the liberation of MIC as an intermediate), whereas the complementary
reaction of SMC with free GSH afforded SMG (Pearson et al., 1990).
Further in vitro studies with SMG and SMC showed that both conjugates
were effective carbamoylating agents toward model peptides and proteins,
in which cysteinyl-SH groups were the primary sites of modification (Pear-
son et al., 1991). These results have important implications with respect
to the toxicological properties of isocyanates, since reversible conjugation
with GSH will serve to extend the effective biological life-time of reactive
isocyanates in vivo and, thereby, influence their tissue distribution. For
example, it has been estimated that free MIC has a half-life of approxi-
mately 2—5 min in neutral aqueous solution (Brown er al., 1987), whereas
the half-life of SMG is closer to |1 h at pH 7.4 and 37°C (Pearson et al.,
1990). (The latter value will depend on the concentration of free thiols in
solution, which influence the position of the isocyanate/carbamate thioes-
ter equilibrium.) SMG has been shown to be cytotoxic toward isolated
mouse hepatocytes (Han et al., 1990), to inhibit the growth of murine
TLXS5 lymphoma cells in culture (Han et al., 1990), and to be toxic to
mouse embryos in culture (Guest et al., 1992), probably as a result of its
ability to release MIC at cell surfaces. It has been proposed, therefore,
that SMG may be viewed as a “‘transport’ form of MIC, which serves
to mediate some of the toxic effects of MIC in vivo (Baillie and Slatter,
1991). Interestingly, SMG was first identified as a biliary metabolite of
the experimental antitumor agent NMF (Threadgill er al., 1987), which
undergoes oxidation by CYP2E! in liver tissue to MIC (Hyland er al.,
1992). This finding led to the hypothesis that both the hepatotoxic proper-
ties and the antitumor effects of NMF may be mediated by MIC, the
isocyanate being delivered to extrahepatic tumor cells in the form of the
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labile carbamate thioester conjugate SMG (Han et al., 1990). Moreover,
it seems likely that a group of experimental antineoplastic drugs, which
are carbamate thioester derivatives of cysteine, may be acting similarly
to kill tumor cells through their ability to release toxic isocyanates in
vivo (Németh et al., 1978; Jayaram et al., 1990) and that the aldehyde
dehydrogenase-inhibiting effects of chlorpropamide, a sulfonylurea deriv-
ative, may be due to n-propylisocyanate, whose GSH conjugate has been
found to be an even more potent inhibitor of the enzyme than chlorpro-
pamide itself (Shirota et al., 1990).

With the awareness that reversible conjugation with GSH represents a
quantitatively important route of metabolism of isocyanates in vivo and
that the corresponding N-acetylcysteine derivatives (which can be ana-
lyzed effectively by LC-MS techniques) are excreted in urine as end-
products of this pathway (Slatter et al., 1991), several other compounds
have now been shown to serve as either chemical or metabolic precursors
of isocyanates in vivo. Thus, the monomethyl metabolite of che bronchodi-
lating drug bambuterol decomposes at neutral pH to yield MIC (Rashed
et al., 1989), and the novel anticancer agent caracemide appears to act
as an efficient source of MIC when administered to rats since both the
O-methyl- and the N-methylcarbamoyl side chains of the drug were found
to release MIC in vivo (Slatter et al., 1993). The secondary formamide
N-(1-methyl-3,3-diphenylpropyl)formamide undergoes metabolic oxida-
tion in rats to yield the corresponding isocyanate, which, in turn, is metab-
olized via the GSH pathway (Mutlib er al., 1990). Interestingly, it was
shown in this case that treatment of both the GSH and the N-acetylcysteine
adducts with mild alkali led to release of the intermediate isocyanate,
which was sufficiently stable to be characterized. It has been known for
many years that carmustine (BCNU), one of the most frequently used
chemotherapeutic agents in the treatment of malignant brain tumors, de-
composes in aqueous media to form an alkylating intermediate (proba-
bly the chloroethyl carbonium ion) and the carbamoylating species 2-
chloroethylisocyanate (Kann, 1981). It was predicted, therefore, that
BCNU would give rise to the GSH conjugate of 2-chloroethylisocyanate
in vivo, and a targeted search for this metabolite (SCG, Fig 4) in the bile
of BCNU-dosed rats led to its identification by LLC-MS/MS techniques
(Davis et al., 1993). Once again, SCG proved to be unstable in aqueous
media at pH 7.4, almost certainly as a result of its decomposition to
regenerate 2-chloroethylisocyanate since free GSH was identified as a by-
product of the reaction. Support for this view was obtained from in vitro
experiments in which synthetic SCG was shown to inhibit rat liver glutathi-
one reductase, a sulfhydryl-dependent enzyme that is susceptible to inhi-
bition by isocyanates. The corresponding mercapturic acid derivative
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Fig. 4 Decomposition of BCNU in aqueous media to the chloroethyl carbonium ion and
chloroethylisocyanate (CEIC) and proposed GSH-dependent metabolism of CEIC to the S-
linked conjugates SCG and ACCC. Intermediates shown in brackets have not been isolated.
(Reproduced from Davis et al., 1993.)

N-acetyl-S-(N-[2-chloroethyl]carbamyol)cysteine (ACCC; Fig. 4) had a
similar inhibitory effect on the enzyme (Fig. 5). Interestingly, SCG also
serves as an alkylating agent toward guanosine, where an aminoethyl
group is transferred from the conjugate to the N-7 position of the base



174 Thomas A. Baillie and Kelem Kassahun

Enzyme activity (% control)

Time (h)

Fig. 5 Inhibition of rat liver glutathione reductase in vitro by S-linked conjugates of CEIC.
Freshly isolated rat hepatocytes were incubated with 0.1 mM SCG or ACCC. and enzyme
activity was determined at the intervals shown. Results are expressed as percentage activity
in matched control samples incubated in the absence of inhibitor and represent
means * SE (n = 3). All values beyond time zero were significantly different from control
samples (P < 0.05, Student’s ¢ test). (Reproduced from Davis ef al., 1993.)

(Stahl et al., 1992). Therefore, SCG possesses both alkylating and carbam-
oylating activities and, as such, may contribute to the antitumor effects
of BCNU.

Based on the above discussion, it seems likely that many xenobiotics
with carbamate, formamide, urea, or sulfonylurea functionalities will un-
dergo metabolic transformation to reactive isocyanates and that reversible
conjugation of the latter short-lived, potentially toxic intermediates with
GSH may play an important role in mediating the disposition and adverse
effects of the parent compounds in vivo.

C. a,B-Unsaturated Carbonyl Compounds

A number of «,B-unsaturated aldehydes have been identified as natural
products, air pollutants, xenobiotic metabolites, and products of lipid
peroxidation (Witz, 1989). Since compounds of this type are electrophilic
alkylating agents, they are potentially toxic to mammalian systems as a
result of their propensity to generate covalent adducts with biological
macromolecules. GSH is known to form S-linked conjugates with «,3-
unsaturated aldehydes via 1,4-Michael addition reactions, as exemplified
by the simplest member of the series, acrolein (Fig. 6). Although such
thiol additions are, in principle, chemically reversible (Esterbauer er al.,
1975), GSH conjugates of «,B-unsaturated carbonyl compounds appear,
in general, to be relatively stable compounds, and the rates of the retro-
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Michael reactions typically are very slow. Recently, however, evidence
has been obtained which suggests that metabolic processing of such GSH
conjugates along the mercapturic acid pathway may yield products that do
revert more readily to their respective parent «,3-unsaturated aldehydes.
Thus, the GSH conjugate of acrolein, which is known to be nephrotoxic
in rats, failed to elicit kidney damage when animals were pretreated with
acivicin, a specific inhibitor of y-glutamyltranspeptidase (Horvath et al.,
1992). Furthermore, in vitro experiments with cultured LLC-PK1 cells
and isolated rat renal proximal tubutar cells showed that both the N-
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acetylcysteine conjugate of acrolein and its S-oxide derivative were cyto-
toxic, although the cytotoxicity of the N-acetylcysteine adduct, but not
the S-oxide, was reduced when methimazole (an inhibitor of the flavin-
containing monooxygenase) was added to incubation media (Hashmi et
al., 1992). Collectively, these findings support the view that the nephro-
toxic effects of the acrolein-GSH conjugate may be mediated by the
release of free acrolein, not from the GSH adduct, however, but from the
corresponding N-acetylcysteine conjugate S-oxide formed as a product
of biotransformation in kidney cells (Hashmi et al., 1992). Theoretically,
the S-oxide would be expected to undergo B-elimination to yield acrolein
more readily than the corresponding N-acetylcysteine derivative. Whether
similar metabolic activation is responsible for the weak antitumor proper-
ties of the cysteine conjugates of acrolein and the related «,B-unsaturated
aldehydes crotonaldehyde and 4-hydroxypentenal remains to be deter-
mined (Tillian er al., 1976, 1978). Also, it will be important to establish
whether reversible GSH conjugation plays a role in the ‘‘transport’’ of
trans, trans-muconaldehyde, a reactive ring-opened a,8-unsaturated dial-
dehyde metabolite of benzene, from liver to bone marrow, which is a
target tissue for benzene toxicity (Latriano et al., 1986; Witz, 1989).
Reversible conjugation of an «,B-unsaturated carbonyl system with
GSH has been shown to occur with a substituted acrylonitrile metabolite
of furazolidone, a drug used in veterinary medicine for the treatment of
gastrointestinal infections (Vroomen et al., 1988, 1990). In vitro, the GSH
adduct underwent exchange with mercaptoethanol and with microsomal
protein, suggesting that the retro-Michael reaction occurred readily with
this metabolite. In recent work in our own laboratory, we have studied
the GSH conjugate of 2-n-propyl-2(E),4-pentadienoic acid (Kassahun et
al., 1991), a hepatotoxic metabolite of the antiepileptic drug valproic acid
(Kesterson et al., 1984). In the course of preparing an authentic specimen
of this GSH adduct by synthesis, we found that attempts to hydrolyze
the corresponding ethyl ester under very mild alkaline conditions (pH 8-
9) led to facile retro-Michael cleavage with formation of ethyl 2-n#-propyl-
2(E).4-pentadienoate (K. Kassahun, L. Jin, and T. A. Baillie, unpublished
observations). In light of the hypothesis that the biologically derived conju-
gate is formed by a 1,6-addition of GSH to the coenzyme A thioester of 2-
n-propyl-2(E),4-pentadienoic acid (Kassahun ef al., 1991), these chemical
studies with the ethyl ester derivative may have implications for the behav-
ior of the putative GSH—coenzyme A double conjugate of this diene.
Benzoquinone and benzoquinone imine derivatives form stable thio-
ether adducts with GSH when conjugation occurs via a Michael-type
addition reaction to the 8-carbon. However, it is known from chemical
model systems that attack by GSH also may take place at the carbonyl
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(or imine) carbon atom to yield an unstable ipso adduct (Meisenheimer
complex). Although speculative at present, such ipso adducts with GSH
may serve as latent forms of their respective quinones, many of which
(e.g., N-acetyl-p-benzoquinone imine ; NAPQI; Fig. 6) are toxic in biologi-
cal systems (reviewed in Baillie and Slatter, 1991).

D. Miscellaneous

In addition to the classes of compound discussed above, there is evidence
that GSH conjugates involving other functional groups may exhibit revers-
ibility under physiological conditions. For example, simple aldehydes form
labile hemithiocacetals (R—CH[OH]—SR’) when allowed to react with
sulfhydryl-containing compounds in aqueous media, and the hemithioace-
tal generated from the spontaneous reaction between formaldehyde and
GSH (S-hydroxymethylglutathione) is believed to serve as the physiologi-
cal substrate for formaldehyde dehydrogenase enzymes (Mason et al.,
1986). Interestingly, this conjugate has been shown to exist in equilibrium
not only with free formaldehyde, but with several cyclized forms of the
adduct (Naylor et al., 1988). Therefore, since formaldehyde can react
with nucleic acids to yield cross-linked products, reversibility in GSH
conjugation may be important in mediating the genotoxic effects of formal-
dehyde and related simple aldehydes. Similarly, nitrosoarenes (AR—
N=0), formed as intermediates in the metabolic reduction of nitroaromat-
ics, afford unstable conjugates with GSH that can either revert to the
parent nitrosoarene or rearrange to the more stable sulfinamide derivative
(Saito and Kato, 1984). However, the potential role of GSH as a vehicle
for the transport of these toxic nitroso intermediates in vivo remains to
be explored.

l1l. Conclusions

From the foregoing discussion, it is evident that reversibility in GSH
conjugate formation may represent a toxicologically important phenome-
non largely for compounds bearing preformed isothiocyanate, isocyanate,
or a,B-unsaturated carbonyl functionalities and for foreign compounds
that can be metabolized to such electrophilic species. However, it is to
be expected that new examples of reversible GSH conjugation will emerge
from metabolic studies on the current generation of drug candidates, which
are characterized by increasingly complex structures and nontraditional
functional groups. Fortunately, analytical methods for the detection and
identification of labile GSH conjugates in complex biological matrices
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(e.g., bile) have become significantly more sensitive, selective, and versa-
tile inrecent years, notably with the advent of commercial instrumentation
for on-line liquid chromatography/electrospray ionization mass spectrom-
etry and tandem mass spectrometry (Baillie and Davis, 1993). In addition,
developments in high-field NMR techniques for the direct analysis of
crude biological specimens will facilitate the study of GSH adducts that
can revert spontaneously to their respective precursors in aqueous solu-
tion. With access to these powerful new analytical tools, we should be
in a strong position to investigate the contribution of reversible GSH
conjugation to the toxicology of foreign compounds.
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1. Introduction

Glutathione (y-glutamylcysteinylglycine; GSH) is the predominant intra-
cellular nonprotein sulfhydryl present in the cytosol of animal and plant
cells and participates in a variety of biologically important reactions (Sies
and Ketterer, 1988; Taniguchi et al., 1989; Vinna, 1990). In its reduced
form GSH is a strong nucleophile and can react with electrophiles by a
direct S,2 mechanism. These reactions may also be catalyzed by one or
more of the microsomal (see Andersson et al., this volume) or cytosolic
(see Ketterer and Christodoulides, this volume) GSH S-transferase isoen-
zymes. Most compounds that are conjugated with GSH are ultimately
excreted in urine as the corresponding mercapturic acids, which are -
conjugates of N-acetylcysteine. Conjugation with GSH has usually been
considered a detoxication reaction. The increased water solubility and
the active secretion of organic acids by renal tubules greatly facilitate
mercapturic acid excretion. However, conjugation with GSH has now
beenimplicated in the bioactivation of a variety of chemicals to mutagenic,
carcinogenic (see Guengerich, this volume), and cytotoxic metabolites.
In particular, the bioactivation of a variety of halogenated alkanes and
alkenes by cysteine conjugate B-lyase is now well documented (see Dekant
et al., this volume). The focus of this chapter however will be on those
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conjugations of GSH that result in only a masking of the biological reactiv-
ity of the conjugated electrophile rather than in complete detoxication.
The concealed reactivity of these conjugates can subsequently be exposed
after further metabolism, usually at sites distal to their site of formation.
These GSH conjugates can therefore be regarded as transport forms of
the reactive metabolite (Monks and Lau, 1989; Monks ef al., 1990a; Lau
and Monks, 1991). In this way GSH conjugation might therefore be re-
garded as the Trojan Horse of Toxicology.

Il. Glutathione Conjugation as a Mechanism for the
Transport of Redox Active Compounds

The reactivity of quinones resides in their ability to undergo ‘‘redox-
cycling”’ and to create an oxidative stress (Smith et al., 1985) or to react
directly with cellular nucleophiles, such as protein and nonprotein sulfhy-
dryls (Jocelyn, 1972; Finley, 1974), or both. GSH is the major nonprotein
sulfhydryl present in cells (Reed and Meredith, 1985). The addition of a
thiol to the double bond of a quinone represents nucleophilic addition to
an «,B-unsaturated carbonyl. Although there are several studies on the
addition of sulfur nucleophiles to quinones, there is little information avail-
able on the biological consequences of these reactions. Recent evidence
indicates that the conjugation of quinones with GSH does not eliminate
their redox properties (Wefers and Sies, 1983; Monks and Lau, 1990) and
the conjugates exhibit diverse biological activities (Monks and Lau, 1992).
Since the conjugates retain their redox properties, they retain the potential
to generate reactive oxygen species and arylate tissue macromolecules.
A combination of physiological, biochemical, and electrochemical factors
appear to determine the reactivity of these conjugates (Monks et al.,
1988b) and the sites at which they express their reactivity. In particular,
the nephrotoxicity of redox-active GSH conjugates has been investigated
in some detail and is discussed below.

A. Targeting of Quinones to the Kidney by Conjugation
with Glutathione

The physiological function of the kidney and its biochemical profile appear
to predispose this organ to the toxicity of metabolites derived from the
mercapturic acid biosynthetic pathway. Thus, kidneys possess relatively
high activities of the enzymes involved in mercapturic acid biosynthesis;
vy-glutamyl transpeptidase (y-GT), cysteinylglycine dipeptidase(s), and N-
acetyl transferases (Goldstein, 1993). The first step in the metabolism of
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GSH conjugates involves either hydrolysis or transamination by y-GT
and transfer of the y-glutamyl group to an appropriate acceptor (Meister
and Tate, 1980). y-GT is an ubiquitous membrane-bound enzyme (Tate,
1980), the active site of which is oriented on the outer surface of the cell
(Horiuchi et al., 1978). Kidneys possess the highest level of v-GT activity
followed by the pancreas, which in the rat has 209 of the level of the
kidney (Goldbag er al., 1960). Although most other tissues have less than
1% of the activity found in the kidney, it is important to note that y-GT
activity is usually localized to one cell type within an organ and to one
area of the membrane, where it may be highly concentrated. The product
of the y-GT-catalyzed reaction is the S-substituted cysteinyl-glycine dipep-
tide, which, in turn, is subject to hydrolytic cleavage of the glycine residue.
Several membrane-bound peptidases may catalyze this reaction (Tate,
1980). As discussed below, the high renal activity of y-GT plays a major
role in the target-organ toxicity of a variety of GSH conjugates.

1. 2-Bromo-(diglutathion-S-yl)hydroquinone

As little as 10 wmol/kg of 2-bromo-(diglutathion-S-yl)hydroquinone, ad-
ministered by tail-vein injection, was sufficient to cause glucosuria, enzy-
muria, and renal proximal tubular cell necrosis in male Sprague-Dawley
rats (Monks et al., 1988b) with significant elevations in blood urea nitrogen
at a dose of 15 umol/kg (Monks et al., 1985). GSH conjugates of 1,4-
benzoquinone are also nephrotoxic. For example, 2,3,5-(triglutathion-S$-
ylhydroquinone (10-20 umol/kg) caused severe renal proximal tubular
cell necrosis in rats (Lau er al., 1988). An important question arises of
how and in what form are the conjugates delivered to the kidney after
their in situ formation from the respective hydroquinones. After formation
in the liver, the consensus is that GSH conjugates are excreted into bile,
followed by enterohepatic recirculation, and formation in the liver of the
corresponding mercapturate, which is then delivered via the circulation
to the kidney. In support of this scenario, the renal toxicity of hexachloro-
1,3-butadiene was inhibited by pretreatment of animals with probenecid
(Lock and Ishmael, 1985), an organic anion transport inhibitor. In contrast,
pretreatment of animals with acivicin (AT-125) to inhibit y-GT did not
prevent the nephrotoxicity of hexachloro-1,3-butadiene (Davis, 1988).
These data support the view that hexachloro-1,3-butadiene is delivered
to the kidney as the mercapturate, rather than as the GSH conjugate. The
tissue and cell selectivity of the damage is therefore probably determined
by a combination of the relative distribution of the organic anion trans-
porter and of the acylases, which are required to produce the cysteine
conjugate for final bioactivation by B-lyase. In contrast, the tissue selectiv-
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ity of 2-bromo-(diglutathion-S-yl)hydroquinone and 2,3,5-(triglutathion-
S-yhhydroquinone appears to be a consequence of their targeting to
renal proximal tubule cells by brush-border y-GT. Thus, inhibition of
v-GT by pretreatment of animals with AT-125 protected them against both
2-bromo-(diglutathion-S-yl)hydroquinone- and 2,3,5-(triglutathion-S-yl)
hydroquinone-mediated nephrotoxicity, whereas probenecid did not
protect animals against either conjugate (Monks et al., 1988b; Lau
et al., 1988). Taken together, the data suggested that hydroquinone
and 2-bromo-hydroquinone are delivered to kidneys in the form of the
intact GSH conjugate rather than as the corresponding mercapturic
acids.

Studies on the relative toxicity of 2-bromo-(dicystein-S-yl)hydroquinone
and 2-bromo-(di-N-acetylcystein-S-yl)hydroquinone provided further evi-
dence against a role for mercapturic acid formation in 2-bromo-(digluta-
thion-S-yl)hydroquinone-mediated nephrotoxicity (Monks er al., 1991).
Thus, although both 2-bromo-(dicystein-S-yl)hydroquinone and 2-bromo-
(di-N-acetylcystein-S-yl)hydroquinone caused renal proximal tubular
necrosis in male rats, only the toxicity of the mercapturic acid was inhib-
ited by pretreatment of animals with either probenecid or aminooxyacetic
acid, the latter used to inhibit the activity of cysteine conjugate SB-lyase.
Since neither of these protocols prevented the toxicity of 2-bromo-(diglu-
tathion-S-yl)hydroquinone, the data were consistent with the view that
metabolism to the mercapturate is a minor metabolic pathway of 2-bromo-
(diglutathion-S-yl)hydroquinone. It is important to reiterate that, in con-
trast to the toxicity of halogenated alkanes and alkenes (see Dekant er
al., this volume), cysteine conjugate B-lyase does not play a major role
in either 2-bromo-(diglutathion-S-yl}hydroquinone- or 2,3,5-(triglutathion-
S-ylhydroquinone-mediated nephrotoxicity. Thus, the nephrotoxicity of
6-bromo-2,5-dihydroxythiophenol, a putative B3-lyase-catalyzed metabo-
lite of 2-bromo-3-(glutathion-S-yl)hydroquinone, was dependent upon the
presence of the quinone function, rather than the thiol function (Monks
et al., 1988a). In addition, although 2-bromo-(diglutathion-S-yI)-hydroqui-
none has been identified as an in vivo metabolite of 2-bromohydroquinone,
no evidence for mercapturic acid formation has been obtained (Lau and
Monks, 1990). Mercapturic acid formation from quinone-GSH conjugates
may be limited by the ability of either the cysteinyl-glycine or the cysteine
conjugate, or both, to undergo an oxidative cyclization reaction that results
in the formation of a 1,4-benzothiazine (Fig. 1). This reaction can therefore
channel the products of the y-GT-catalyzed metabolism of quinone—-GSH
conjugates away from the classic mercapturic acid pathway (Monks et
al., 1990b).
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Fig. 1 Oxidative cyclization and 1.4-benzothiazine formation from cysteinyl-glycine-
conjugated quinones. An identical cyclization reaction can take place with the cysteine
conjugate.

2. Modulation of Glutathione-Conjugated Quinone
Toxicity by y-Glutamyl| Transpeptidase and
1,4-Benzothiazine Formation

Although experiments on the inhibition of y-GT provided evidence that
metabolism of the GSH-conjugated hydroquinones was necessary for
the expression of toxicity, they did not discern whether uptake of the re-
sulting cysteinylglycine or cysteine conjugates was a prerequisite for
toxicity. That is, was the toxicity mediated extracellularly or intracellu-
larly? The possibility that the products of the y-GT-catalyzed metabo-
lism of GSH-conjugated hydroquinones exert their action at the surface
of the brush-border membrane was suggested by the finding that such
metabolites are inherently easier to oxidize to the reactive quinone than
the GSH conjugate (Monks and Lau, 1990). Thus, 2-bromo-(dicystein-S-
yl)hydroquinone exhibits a lower oxidation potential than 2-bromo-
(diglutathion-S-yl)hydroquinone. Moreover, the covalent binding of 2-
bromo-(diglutathion-S-y1)-{"“C]-hydroquinone was significantly inhibited
by both ascorbic acid and by inhibition of y-GT (Monks et al., 1988b).
The corresponding quinones might therefore interact with membrane nu-
cleophiles during passage through the brush-border membrane. Quinones
are also more hydrophobic than the corresponding hydroquinones, which
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may further contribute to the partitioning of the cysteinyl-quinone to the
lipid membrane.

To examine this question in more detail, the GSH conjugates of 2,5-
dichloro-1,4-benzoquinone and tetrachloro-1,4-benzoquinone were syn-
thesized (Mertens et al., 1991). These conjugates exhibit certain similari-
ties to the hydroquinone conjugates, the major difference being that they
reside in the quinone form. However, when administered by intravenous
injection to rats, 2,5-dichloro-3-(glutathion-S-yl)-1,4-benzoquinone and
2,5,6-trichloro-3-(glutathion-S-yl)-1,4-benzoquinone were less potent
nephrotoxicants than the corresponding reduced conjugates (Mertens et
al., 1991). To explain this result, it was proposed that the quinone conju-
gates probably reacted extensively with extrarenal nucleophiles, including
plasma proteins, thereby decreasing the effective dose delivered to the
kidney. Surprisingly, however, the nephrotoxicity of both 2,5-dichioro-3-
(glutathion-S-yl)hydroquinone and 2,5,6-trichloro-3-(glutathion-S-yl)
hydroquinone was potentiated by inhibiton of v-GT with AT-125 (Mertens
et al., 1991). This result suggested that for these conjugates, metabolism
by y-GT may actually be a detoxication reaction, probably by enhanc-
ing 1,4-benzothiazine formation, a reaction that also eliminates the re-
active quinone function from the molecule (Fig. 1). Whether the toxicity
of 2,5-dichloro-3-(glutathion-S-yl)hydroquinone and 2,5,6-trichloro-3-
(glutathion-S-yl)hydroquinone, which occurs in the presence of decreased
v-GT activity, is a consequence of their increased extracellular (intralumi-
nal) oxidation cannot yet be answered. However, if this is indeed the case,
then this raises the question, which factors determine the site selectivity
of these conjugates?

3. Intracellularly or Extracellularly Mediated Toxicity?

2-Methyl-3-(N-acetylcystein-S-yl)-1,4-naphthoquinone, but not 2-methyl-
3-(glutathion-S-yl)-1,4-naphthoquinone, produced renal proximal tubular
necrosis when administered to male Sprague—Dawley rats (L.au et al.,
1990). Consistent with these observations, only the mercapturate and not
the GSH conjugate of menadione was cytotoxic when incubated with
isolated rat kidney cortical epithelial cells (Brown et al., 1991). The differ-
ences between the mercapturate and the GSH conjugate of menadione
are most likely related to the ability of the latter to undergo y-GT-catalyzed
oxidative cyclization and 1,4-benzothiazine formation (Brown et al., 1991).
Since this reaction eliminates the reactive quinone function from the mole-
cule, it effectively prevents redox cycling of the thioether. In contrast,
the presence of the N-acetyl group in the mercapturate hinders condensa-
tion of the cysteinyl amino group with the quinone carbonyl group. Con-
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sequently, 2-methyl-3-(N-acetylcystein-S-yl)1,4-naphthoquinone retains
the ability to redox cycle with the concomitant formation of reactive
oxygen species (Brown et al., 1991). Consistent with an extracellular
mode of activity, basolateral exposure of rat renal proximal tubular
cells, grown on porous supports, to 2-methyl-3-(N-acetylcystein-S-yl)-
1,4-naphthoquinone in the presence of probenecid potentiated toxicity
(Haenen et al., 1993). However, inhibition of the intracellular N-deacetyla-
tion of the mercapturate with paraoxon also potentiated the toxicity, indi-
cating that perhaps both extra- and intracellular events play a role in the
toxicity. In addiiton, the GSH conjugate was only toxic to cells after
basolateral exposure, indicating apical detoxication by brush-border -
GT. Consistent with this view, 2-methyl-3-(glutathion-S-yl)-1,4-naphtho-
quinone was only toxic to proximal tubular cells after apical exposure,
when y-GT was inhibited. The GSH conjugate of menadione (600 wM)
has been shown to cause toxicity in the isolated perfused rat kidney
(Redegeld et al., 1989). The reasons for the model-dependent differences
in the toxicity of 2-methyl-3-(glutathion-S-yl)-1,4-naphthoquinone are not
known, although the major variable in the model that reports toxicity
(Redegeld et al., 1989} is the extremely high concentration of the conjugate
used to perfuse the kidney.

4. 4-Aminophenol

4-Aminophenol causes acute renal proximal tubular necrosis after adminis-
tration to rats (Green er al., 1969; Newton et al., 1982). Gartland et al.
(1989) demonstrated that either depletion of hepatic GSH by pretreatment
of animals with buthionine sulfoximine or cannulation of the bile duct to
decrease the delivery of hepatic metabolites to the kidney afforded partial
protection against 4-aminophenol nephrotoxicity. suggesting a role for
GSH conjugation in 4-aminophenol nephrotoxicity. Indeed, oxidation of
4-aminophenol to the quinoneimine and reaction with GSH gave rise to
several isomeric multisubstituted conjugates (Eckert e¢f al., 1990). Subse-
quently, Fowler et al. (1991) demonstrated that 4-amino-3-(glutathion-S-
yl)-phenol reproduced 4-aminophenol nephrotoxicity in male Fischer-344
rats at doses three- to four-fold lower than that of 4-aminophenol. Klos
et al. (1992) subsequently identified 4-amino-2-(glutathion-S-yl)-phenol,
4-amino-3-(glutathion-S-yl)phenol, 4-amino-2,5-(di-glutathion-S-yl)phenol
and 4-amino-2.3.5 (or 6)-(tri-glutathion-S-yl)pheno! in the bile of Wistar
rats after administration of 4-aminophenol (100 mg/kg; ip). The latter three
conjugates were all capable of causing cytotoxicity when incubated with
rat kidney cortical cells. and the toxicity was prevented by inhibition of
v-GT. Interestingly, pretreatment of rats with AT-125 slightly potentiated
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the nephrotoxicity of 4-aminophenol (458 wmol/kg) (Fowler et al., 1993),
whereas probenecid had little or no effect. Coadministration of ascorbic
acid with 4-aminophenol significantly protected against the toxicity with
a concomitant reduction in the concentration of both total and covalently
bound radiolabel in the kidney (Fowler er al., 1993), indicating that intrare-
nal oxidation of 4-aminophenol or its metabolites plays an important role
in the mechanism of toxicity.

Hl. Transport of Glutathione-Conjugated Redox
Compounds to the Kidney as a Common Factor in
Chemical-Induced Nephrocarcinogenicity

A. Hydroquinone

The National Toxicology Program recently described renal tubular cell
degeneration in the renal cortex of male and female rats (F344/N) receiving
1.82 mmol/kg hydroquinone (HQ) (13-week gavage studies) (Kari, 1989).
In addition, the results from long-term studies demonstrated that HQ
exhibited *‘evidence of carcinogenic activity’’ in male, but not female,
Fischer 344/N rats (nor mice) as shown by marked increases in tubu-
lar cell adenomas of the kidneys (Kari, 1989). These findings were con-
firmed by Shibata er al. (1991), who reported the induction of renal cell
tumors in rats and mice after exposure to hydroquinone in the diet
(0.8%) for 2 years. Although the mechanism of hydroquinone-mediated
nephrotoxicity and nephrocarcinogenicity in male Fischer 344/N rats is
not known, GSH conjugates of hydroquinone may play an important role.
For example, 2-(N-acetyl-cystein-S-yl)hydroquinone and 2-(glutathion-S-
yDhydroquinone have been identified as in vivo and in vitro metabolites
of hydroquinone (Tunek e7 al., 1980; Lunte and Kissinger, 1983; Sawahata
and Neal, 1983; Nerland and Pierce, 1990), and chemical reaction of GSH
with 1,4-benzoquinone gives rise to 2-(glutathion-S-yl)hydroquinone and
all of the possible multisubstituted GSH adducts, including 2,3-(di-gluta-
thion-S-yl)hydroquinone, 2,5-(diglutathion-S-yl)hydroquinone, 2,6-(diglu-
tathion-S-yl)hydroquinone, 2,3,5-(triglutathion-S-yl)-hydroquinone, and
2,3,5,6-(tetraglutathion-S-yl)hydroquinone (Lau ez al., 1988; Eckert et al.,
1990). Administration of each of these conjugates to rats demonstrated a
direct correlation between the increasing degree of GSH substitution and
the extent of proximal tubular necrosis, as determined by elevations in
blood urea nitrogen. In particular, 2,3,5-(triglutathion-S-yl)-hydroquinone
(10-20 wmol/kg, iv) caused severe renal proximal tubular necrosis in male
Sprague—Dawley rats (Lau et al., 1988). Histological examination of
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the kidneys from 2.3,5-(triglutathion-S-yDhydroquinone-treated rats
(20 wmol/kg, iv) revealed that severe necrosis was localized to the S,
segment of the proximal tubules within the cortico-medullary junction.
Thus, GSH conjugates of hydroquinone, in particular, 2,3.5-(triglutathion-
S-yDhhydroquinone, may contribute to hydroquinone-mediated nephrocar-
cinogenicity. In support of this view, 2-(N-acetylcystein-S-ylthydroqui-
none has been reported to be an in vivo metabolite of benzene, phenol,
and hydroquinone (Nerland and Pierce, 1990). Consistent with the species-
dependent nephrocarcinogenicity of hydroquinone, rats, but not mice,
were susceptible to  2,3,5-(triglutathion-S-yl)hydroquinone-mediated
nephrotoxicity (Kleiner et al., 1993). Such conjugates may therefore play
an important role in hydroquinone-mediated nephrocarcinogenicity. The
recent identification of 2,3.5-(triglutathion-S-yl)hydroquinone and other
multi-GSH conjugates as in vivo metabolites of hydroquinone in the rat
(Hill er al., 1993) lends further support to this hypothesis. In addition,
GSH conjugates of hydroquinone have been shown to catalyze 8-hydroxy-
deoxyguanosine formation in calf thymus DNA (Canales et al., 1993).
Such oxidative DNA damage may be important in addressing the question
whether hydroquinone is a genotoxic or nongenotoxic carcinogen.

B. 3-tert-Butyl-4-hydroxyanisole

Long-term adminjstration of 3-fert-butyl-4-hydroxyanisole increased the
formation of preneoplastic and neoplastic foci in rat kideny (Tsuda ez al.,
1984), and thioether metabolites have been reported in rat urine (Tajima
et al., 1991). 2-tert-Butylhydroquinone, a metabolite of 3-tert-butyl-4-
hydroxyanisole, is oxidized in rat liver microsomes and in the presence
of GSH forms 2-rert-butyl-5-(glutathion-S-yh)hydroquinone and 2-tert-
butyl-6-(glutathion-S-yl)hydroquinone (Tajima et al., 1991). Whether the
GSH conjugates are involved in the carcinogenic effects of 3-rert-butyl-
4-hydroxyanisole remains to be determined. However, exposure of
male, Fischer-344 rats to 2-rert-butyl-3,6-(di-glutathion-S-yl)hydroquinone
(200 wmol/kg) caused mild damage to renal proximal tubules, as observed
histologically and by the significant increases in the urinary excretion
of y-GT, alkaline phosphatase, LDH, and glucose (T. J. Monks ez al.,
unpublished data). Long-term exposure to 3-tert-butyl-4-hydroxyanisole
may therefore result in the continuous delivery of redox-active GSH conju-
gates to renal proximal tubules, causing cell damage and a sustained
regenerative response that may be sufficient to promote the formation of
neoplasia. The role of GSH in 3-tert-butyl-4-hydroxyanisole-induced cell
proliferation is further supported by the report that depletion of GSH with
diethyl maleate prevented the forestomach hyperplasia associated with
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the injestion of this antioxidant (Hirose et al., 1987). Recent studies have
shown that 2-tert-butylhydroquinone is also capable of inducing oxidative
DNA damage in the presence of prostaglandin H synthase (Schilderman
et al., 1993). It is not yet known whether the GSH conjugates can also
catalyze such DN A damage, but would appear likely in view of the effects
of GSH conjugation on the redox properties of hydroquinones and on the
ability of the GSH conjugates of hydroquinone to catalyze 8-hydroxyde-
oxyguanosine formation as described above.

C. Catechol Estrogens

Despite intensive research, the mechanism of both natural and synthetic
estrogen-mediated carcinogenesis remains unclear. Estrogens, which are
known to promote tumors, have been regarded as acting by ‘*epigenetic’’
pathways, that is, by inducing cancer without direct interaction with DNA
(Wanless and Medline, 1982; Siegfried et al., 1984). Conversely, a mecha-
nism of tumorigenesis by metabolic activation and subsequent damage to
cellular macromolecules (including DNA) was suggested by studies that
demonstrated diethylstilbestrol-induced sister chromatid exchange (Rudi-
geret al., 1979; Hill and Wolff, 1983), unscheduled DN A synthesis (Tsutsui
et al., 1984), and aneupoidy in Syrian hamster embryo cells (Tsutsui et
al., 1983). In addition, the induction of renal carcinomas in hamsters by
a series of structural analogs did not directly correlate with estrogenic
potency (Liehr, 1983; Li er al., 1983). Indeed, a key issue is the potential
role that metabolism plays in hormonal carcinogenesis. The nephrocarci-
nogenicity of natural and synthetic estrogens in the Golden Syrian hamster
has been suggested to be a consequence of catechol-estrogen formation
(Li er al., 1983; Li et al., 1985; Liehr, 1983) and GSH conjugates of the
catechol estrogens have been identified as major in vivo and in vitro
metabolites of estradiol (Marks and Hecker, 1969; Kuss, 1969, 1971; Hop-
penetal., 1974; Elce, 1970, 1972; Elce and Harris, 1971; Elce and Chandra,
1973; Ball et al., 1983).

The catechol estrogens are a major group of reactive estrogen metabo-
lites formed by aromatic hydroxylation of the primary estrogens at either
the C-2 or the C-4 positions, and there is general consensus that this is a
major route of estrogen metabolism in humans and other mammals (Knup-
pen et al., 1983). In terms of urinary excretion, the 2-hydroxy estrogens
are the dominant metabolites of estradiol in humans (Ball and Knuppen,
1980). Aromatic hydroxylation of estradiol also occurs at the isomeric C-
4 ortho-position (Williams et al., 1974}, although the activity of this path-
way is smaller by almost an order of magnitude relative to that at C-2.
The catechol estrogens are relatively ineffective estrogen agonists, al-
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though the catechol estrogens can interact with enzyme systems known
to regulate key endocrine functions (Ball and Knuppen, 1980). In contrast
to the wide agreement on these findings, reports dealing with the abun-
dance and the physiological significance of catechol estrogens are contra-
dictory. However, it is the nonestrogenic activities of the catechol estro-
gens that are of the greatest interest, although little is known of the
biological significance of these compounds and of their role in estrogen
physiology. Moreover, an important evolving concept in connection with
the mechanism of action of steroids is the extent to which steroid hormones
may modulate cellular functions through mechanisms other than the classi-
cal steroid receptors (Weisz, 1983).

Estrogen 2/4-hydroxylase activity exists in nearly all rat tissues, but by
far the most important tissue, on a quantitative basis, is the liver (Ball et
al., 1978; Ball and Knuppen, 1978; Paul et al., 1977). In contrast, estrogen
2- and 4-hydroxylase activity has been shown to be significantly greater
in hamster kidney than in the corresponding rat tissue (Li et al., 1985).
However, catechol-estrogen formation from estrone was essentially the
same in hamster kidney and liver microsomes, and catechol-estrogen
formation with 17-8-estradiol as substrate was substantially higher in ham-
ster liver microsomes than in the kidney. Moreover, estrone was a better
substrate for hamster kidney estrogen hydroxylase, yet was not as potent
as 17-B-estradiol in inducing renal tumors. In addition, substantial covalent
binding to hamster liver microsomes with [4-'*C]-17-8-estradiol could be
demonstrated, whereas covalent binding to kidney microsomes was negli-
gible (Haaf et al., 1987). Thus, are levels of catechol estrogens formed
within the kidney sufficient to play a role in estrogen-mediated nephrocar-
cinogenicity? It is possible that extrarenal sites, in particular the liver,
may play a substantial role in the generation of catechol estrogens for
transport to the kidney. However, plasma levels of both estrogens and
of ‘‘free’” catechol estrogens are extremely low, and these two factors
raise the questions how and in what form would the catechol estrogens
be transported to the kidney?

Catechols are readily oxidized to the corresponding ortho-quinones,
and thioether conjugates of the catechol estrogens have been identified
as major in vivo and in vitro metabolites. The relative importance of
catechol-estrogen thioether formation to the overall metabolism of estro-
gens, however, is not known. Ball et al. (1983) noted that in the liver
estradiol was metabolized to lipophilic, water-soluble, or protein-bound
products (30:65:5). The major metabolites were catechol-estrogens,
which were present mainly in the water-soluble fraction. The authors
stated, ‘*As the conjugate fraction is the dominant one, the overall impor-
tance of catechol estrogen monomethyl ethers should not be overestimated

. . the major importance of conjugates and minor importance of methyl
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ethers in vivo should be stressed.’’ The significance of GSH conjugation
may have been underestimated as a consequence of several factors. In
particular, Li et al. (1989) showed that catechol-O-methyl transferase
(COMT) activity was low in hamster tissues relative to other rodent spe-
cies; activity in hamster liver, for example, was [10-fold less than in mouse
liver, and 100-fold less than in rat liver. The fraction of catechol estrogen
available for oxidation and thioether formation is thus greater in the ham-
ster than in other rodent species. Both GSH and cysteine conjugates are
also obtained from in vitro incubations of 178-estradiol with human liver
homogenates in the presence of these thiols, but no estrogen mercapturic
acid has yet been demonstrated in human urine (Ball et al., 1976). It was
suggested that in contrast to the rat, humans do not synthesize estro-
gen—-GSH conjugates (Elce et al., 1973). Alternatively, catechol-estrogen
thioether conjugates may be formed in the human (as evidenced by the
in vitro data), but are metabolized to products that are either not readily
excreted or become bound to tissue macromolecules, or both. After the
administration of radiolabeled 2-hydroxy-1-(glutathion-S-yl)-estradiol to
rats, only 15% of the dose was recovered in the urine and 5% in the feces
(Elce, 1972). Only the N-acetylcysteine derivative was identified in the
urine. The authors noted that ‘‘Oestrogen-glutathione conjugates formed
in the intact rat may be excreted in an apparently non-steroidal possibly
protein-bound form.’” Cysteinylglycine- and cysteine-conjugated para-
quinones can undergo oxidative cyclization and 1,4-benzothiazine forma-
tion, as described above. Subsequent poly(di)merization yields insoluble
pigments, which exhibit pH indicator properties (Monks et al., 1990b)
similar to those of the trichochromes formed during melanin synthesis
from cysteinly-DOPA (Prota, 1989). Thus, both ortho- and para-quinones
undergo the cyclization reaction. Although the oxidative cyclization reac-
tion removes the reactive quinone moiety from the molecule and might
be considered an intramolecular detoxication reaction, the intracellular
or intralumenal formation of insoluble polymers might have important
biological consequences. First, the reaction offers an explanation for the
inability to recover 2-hydroxy-1-(glutathion-S-yl)-estradiol after in vivo
administration (see above). Second, and perhaps more important the pres-
ence of insoluble polymers within renal tubules (the putative origin of
estrogen induced tumors) will provide a constant irritant that might well
be the proliferative stimulus necessary for estradiol-mediated nephrocarci-
nogenicity. Indeed, it has been noted that estrogen-induced renal tumors
are sometimes initiated at sites of deliberate physical injury to the tissue
(Kirkman, 1959). The deposition of a pigment in the cells of proximal
convoluted tubules of rat kidney after long-term treatment with estrogen
has been reported (Harris, 1966), and the author speculated that ‘‘the
overload of metabolite overwhelms the clearing mechanism, resulting in
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the deposition of pigment™ and it was suggested that the pigment ‘‘be
classified in the category of pseudomelanin’s.’” The ability of catechol-es-
trogen thioethers to undergo redox cycling, with the concomitant genera-
tion of reactive oxygen species, in combination with the possible formation
of insoluble polymer, may play an important role in estrogen mediated
carcinogenicity (Fig. 2). GSH conjugation of catechol estrogens therefore
provides an effective mechanism of transporting them to the kidney, where
they can be selectively accumulated by renal proximal tubular cells by
the activity of y-GT. In humans, renal cell carcinomas are considered to
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Fig. 2 Hypothetical involvement of catechol-estrogen glutathione conjugates in estradiol-
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originate from the epithelium of the proximal tubule (deKernion, 1986;
Tannenbaum, 1971). It has recently been reported that estrogen-induced
hamster renal cancers arise from microcarcinomas within the proximal
tubules, and it is postulated that these tumors are mesenchymal-epithelial
in nature (Gonzalez et al., 1989).

IV. y-Glutamyltranspeptidase and the Toxicity of
Glutathione-Conjugated Redox Compounds

GSH conjugation to redox cycling compounds followed by selective (y-
GT-mediated?) uptake may be a common mechanism of toxicity of these
compounds. The potential for quinone-thioethers to cause toxicity to cells
other than those of the renal proximal tubules and to cells that express
high y-GT activity has been discussed (Monks and Lau, 1989, 1992). Thus,
in addition to the kidney, other tissues that express high y-GT activity,
such as the pancreas, spleen, and seminal vesicles, might also be suscepti-
ble to the toxic effects of quinone-linked GSH conjugates. In this respect
GSH might be envisioned as a carrier of redox cycling compounds through
the body in which the initial conjugation can be followed by either tissue-
or cell-selective uptake and release of the reactive compound at the target
site (Fig. 2). However, it is also important to note that the toxicity of
redox-active GSH conjugates will be modulated by a variety of factors,
including the relative activities of cysteine conjugate N-acetyl transferase
and the corresponding N-deacetylase, the relative activities of one- and
two electron reductases and the availability of various antioxidants, such
as ascorbic acid, GSH, and NAD(P)H. The combination of all these factors
will determine both species and tissue susceptibility of y-GT containing
cells to the toxicity of quinone-thioethers. However, it is clear that quinone
thioethers possess a variety of biological and toxicological activity (Monks
and Lau, 1992). The ubiquitous nature of quinones and the high concentra-
tions of GSH within cells virtually guarantees that humans will be exposed
to the potential adverse effects of the resulting quinone thioethers. Knowl-
edge of the disposition of quinone thioethers will therefore be an important
prerequiste to understanding their mechanism of action.

V. Targeting of Glutathione Conjugates to Neoplastic
Tissues Expressing y-Glutamyltranspeptidase

The ability of y-GT to predispose certain cells to the adverse effects of
quinone thioethers might have some potential chemotherapeutic applica-
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tions. For example, y-GT is widely used as a marker of preneoplastic
lesions in the liver during chemical carcinogenesis (Peraino et al., 1983),
and abnormally high levels of y-GT were also observed in tumors of a
variety of tissues, including hepatocellular carcinomas (Fiala et al., 1976;
Williams et al., 1980), malignant squamous carcinomas of the skin
(DeYoung et al., 1978), squamous cell carcinomas of the buccal pouch
epithelium (Solt, 1981), adenocarcinomas of the lungs (Dempo er al.,
1981), and some mammary tumors ( Jaken and Mason, 1978). The high
concentrations of y-GT in tumors, in addition to its specific localization
within the brush-border membrane of the renal proximal tubules, stimu-
lated interest in the possibility that this enzyme might be exploited for
the site-selective delivery of prodrugs (Magnan et al.,1982; Minard er al.,
1980; see Vamvakas and Anders, this volume). This concept was applied to
dopamine by converting it to its y-glutamyl derivatives thereby producing
kidney-specific dopamine precursors with selective renal vasodilator activ-
ities (Wilk et al., 1978). In addition, a series of N-acetylated-y-glutamyl
derivatives of sulfamethoxazole were designed as kidney specific prodrugs
(Orlowski et al., 1980). The y-glutamyl adduct of phenylenediamine mus-
tard was investigated for its potential use as an anti-hepatoma drug (Man-
son et al., 1981; Smith er al., 1984), and the N-y-glutamyl derivative of
4-aminophenol, a naturally occurring substance isolated from mushrooms
(Weavereral., 1971) and its synthetic isomer N-y-glutamyl-3-aminophenol
showed antitumor activity against B-16 melanoma (Rosowsky et al., 1979).
If the renal toxicity of redox-active GSH conjugates coufd be circum-
vented, for example, either by the selective inhibition of renal y-GT or
by localized delivery, then such compounds might prove useful directed
against y-GT-containing neoplastic cells. particulary in the liver, where
nontransformed hepatocytes express little y-GT.

VI. Developmental Toxicity of Glutathione-Conjugated
Redox Compounds

v-GT is present in the embryonic yolk sac endoderm (Miki and Kugler,
1984) and enzyme activity increases with gestational age (Andrews et al.,
1992), suggesting that the developing yolk sac might be at risk from mater-
nal exposure to redox active GSH conjugates (and perhaps, other GSH
conjugates that are processed to reactive metabolites, as discussed else-
where in this volume). During organogenesis, the postimplantation rat
embryo relies exclusively on the visceral yolk sac for the uptake and
transport of macromolecules (Lloyd, 1990), and the activity of y-GT ap-
pears to be essential for normal development since inhibition of this en-
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zyme causes severe developmental abnormalities in both the embryo and
the yolk sac (Stark er al., 1987). Andrews et al. (1993) reported that in
vitro exposure of embryos with intact visceral yolk sacs to 2-bromo-6-
(glutathion-S-yl)hydroquinone (120 x M) caused significant decreases in
yolk sac diameter, crown-rump length, head length, total protein, develop-
mental score, and somite number, and a significant increase in the percent-
age of abnormal embryos. Embryos exposed to 2-bromo-(diglutathion-S-
ylhydroquinone (80 x M) had significantly lower developmental scores,
and after exposure to 10, 25, and 120 uw M, embryos also exhibited signifi-
cantly lower yolk sac diameters with a higher percentage of abnormali-
ties. Studies on the potential in vivo developmental toxicity of 2-bromo-
(diglutathion-S-y)hydroquinone were complicated by maternal toxicity
(Andrews et al., 1993). However, the potential developmental toxicity of
redox active GSH conjugates should not be underestimated since both
2-bromo-6-(glutathion-S-yl)hydroquinone and 2-bromo-(diglutathion-S-
ylhydroquinone were more potent in vitro embryotoxicants than 9 of
13 recently evaluated substituted phenois when compared on a molar basis
(Oglesby er al., 1992).

VII. Transport of Reversible Glutathione Conjugates

Recently, a novel class of toxic GSH conjugates has been described in
which the parent compound is in equilibrium with its GSH conjugate.
These reactions are of particular toxicological significance because they
provide a means by which a reactive molecule may initially be detoxified
by conjugation with GSH, only for release of the reactive moiety to occur
distal to its site of formation. In contrast to the conjugation of quinones
with GSH, as described above, metabolism of GSH conjugates that are
chemically reversible is not required; their activation, as defined by release
of the participating reactant in its unchanged form, is largely controlled
by physicochemical conditions, such as pH and the relative concentration
of the reactants. A succint and insightful review of these reactions has
been published (Baillie and Slatter, 1991; see also Baillie and Kassahun,
this volume).

A. Glutathione and the Transport of Heavy Metals

GSH may play a role in the delivery of some heavy metals to the kidney
(see Ballatori, this volume). Both methyl and inorganic mercury are carried
in blood to the kidney as complexes with GSH (Naganuma er al., 1988;
Tanaka et al., 1990). Renal methyl mercury concentrations were reduced



Glutathione Conjugation and Transport of Reactive Metabolites 199

and urinary methyl mercury excretion increased in animals treated with
AT-125, implicating a role for y-GT in renal methyl mercury accumulation
(Naganuma et al., 1988). In addition. renal methyl mercury uptake can
occur through the basolateral membrane, by the inorganic anion transport
system (Tanaka er al., 1992). In contrast, cadmium is believed to be
delivered to the kidney as a complex with metallothionein (Foulkes, 1978),
although renal uptake of cadmium can be demonstrated in the presence
of cysteine and GSH (Felley-Bosco and Diezi, 1987; Foulkes and Blanck,
1990). The relative importance of the metallothionein and GSH delivery
systems in heavy metal-mediated nephrotoxicity requires clarification.

B. Isothiocyanates

Isothiocyanates are naturally occurring compounds (Fenwick er al., 1982)
that are of toxicological interest; amyl isothiocyanate has been shown to
be a bladder carcinogen in rats (Dunnick er al., 1982), whereas benzyl
isothiocyanate exhibits anticarcinogenic activity (Wattenberg, 1981).
These compounds are extensively metabolized by conjugation with GSH
since most of the urinary metabolites are derived from the mercapturate
pathway (Brusewitz et al., 1977; Mennicke et al., 1983). lsothiocyanates
are relatively unstable and react readily with a variety of nucleophiles.
The reaction with thiols is reversible (Drobnica er al., 1977), the dithiocar-
bamate being in equilibrium with the parent compound. For example, the
mercapturate derived from benzyl isothiocyanate is unstable, and free
benzyl isothiocyanate is released in urine containing this metabolite (Bru-
sewitz et al., 1977). The thiol conjugates of amyl and benzyl isothiocyanate
were subsequently demonstrated to exhibit toxicity almost identical to
that of the parent compounds (Bruggeman et al., 1986). Since the position
of the dithiocarbamate : isothiocyanate equilibrium is influenced by pH and
the concentration of the reactants, it is possible that the isothiocyanates
become conjugated with GSH at one site, and where conditions of pH
and GSH concentrations are favorable, are released at a second site. Thus,
amyl isothiocyanate exerts its carcinogenic activity in the bladder of the
rat (Dunnick et al., 1982) where the pH of urine is usually basic, favoring
release of free isothiocyanate from its mercapturic acid pathway metabo-
lites, which are readily excreted in urine.

C. Acrolein and Other «,-Unsaturated Aldehydes

Temmink er al. (1986) suggested that a similar role for GSH could occur
with other chemicals, such as «,8-unsaturated carbonyls, where a revers-
ible Michael addition can be proposed. Although such reactions are theo-
retically reversible, most such adducts are quite stable. However, thiol
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adducts of several a,8-unsaturated aldehydes are cytotoxic. For example,
the crotonaldehyde-cysteine and rrans-4-hydroxypentenal—cysteine ad-
ducts are carcinostatic, probably because of release of the active aldehyde
(Tillian et al., 1976, 1978, Conroy et al., 1977). S-(3-Oxopropyl)GSH, the
GSH conjugate of acrolein, is nephrotoxic when administered to male
Sprague-Dawley rats (Horvath et al., 1992). Whether the nephrotoxicity
is due to release of acrolein is not known, but appears likely in view of
the recently proposed bioactivation mechanism for S-(3-oxopropyl)-N-
acetyl-L-cysteine (Hashmi et al., 1992). Thus, although base-catalyzed
release of acrolein could not be demonstrated from S-(3-oxopropyl)-N-
acetyl-L-cysteine, the corresponding S-oxide readily eliminated acrolein.
Both the mercapturate and the S-oxide were cytotoxic to LLC-PK, cells
and in isolated renal proximal tubular cells. However, only the toxicity
of the mercapturate was inhibited by the inclusion of methimazole, an
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Fig. 3 Metabolism of cyclophosphamide to S-(3-oxopropyl)-N-acetyl-L-cystein-S-oxide, a
putative bladder toxic and nephrotoxic metabolite. (I) Cyclophosphamide is metabolized
(I) by either cytochromes P450 or prostaglandin H synthase to 4-hydroxycyclophosphamide,
which may (II) tautomerize to aldophosphamide, an unstable product that rearranges (1I1) to
phosphoramide mustard and acrolein. Acrolein, an «.-unsaturated aldehyde, subsequently
reacts (IV) with GSH to form §-(3-oxopropyl)GSH, which is then metabolized (V) to the
corresponding mercapturic acid, S-(3-oxopropyl)-N-acetyl-L-cysteine. Sulfoxidation (V1) of
the mercapturate by renal flavin-containing monooxygenases gives the S-oxide, which can
then undergo a base-catalyzed elimination that releases acrolein and N-acetyl-L-cysteine
sulfinic acid.
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inhibitor of flavin-containing monooxygenases. Thus, the toxicity of -
(3-oxopropyl)-N-acetyl-L-cysteine appears to involve flavin-containing
monooxygenase mediated sulfoxidation followed by 8-elimination of the
cytotoxic acrolein (Hashmi et al., 1992). Acrolein has also been implicated
in the bladder toxicity associated with cyclophosphamide chemother-
apy (Stillwell and Benson, 1988). Subsequently, acrolein found in urine
after cyclophosphamide administration appeared to be present in a
“bound” form (Fraiser and Kehrer, 1992). Fraiser et al. (1993) then
provided evidence that the bladder toxicity may involve S-oxidation of
S-(3-oxopropyl)-N-acetyl-L-cysteine (Fig. 3). Thus, the S-oxide released
significant amounts of acrolein in vitro, and instillation of the S-oxide into
the bladder resulted in a hemorrhagic cystisis similar to that seen after
either cyclophosphamide or acrolein administration.

VIll. Glutathione, Nitric Oxide, and Endothelial-Derived
Relaxing Factor

The roles of nitric oxide as a mediator of vascular tone, as a retrograde
messenger in the central nervous system, and in macrophage cytotoxicity
are well documented, and there is widespread acceptance of the assertion
that endothelial-derived releasing factor (EDRF) is nitric oxide. However,
nitric oxide is a free radical, reactive toward molecular oxygen, superox-
ide, and a variety of metalloproteins and exhibits limited solubility in
water. Consequently, there are several reports that challenge the role of
nitric oxide as EDRF. As early as 1987, Long et al. discriminated, on a
chromatographic basis, between EDRF and nitric oxide in smooth muscle.
Rosenblum (1992) has summarized the available evidence indicating that
at least in the cerebellum EDREF is not nitric oxide. If EDRF is not nitric
oxide, then what is? The most popular alternative is that either nitric
oxide is produced from a precursor, most likely a S-nitroso derivative,
or that a nitrosothiol itself is EDRF, a view supported by the observation
that nitrosothiols are potent vasodilators (Meyers e al., 1990; Rubanyi
et al., 1991). Organic nitrates require metabolism in order to express their
vasodilatory activity, and S-nitroso-GSH and the cysteine analog have
been suggested to be the proximal activators of guanyl cyclase, resulting
in the relaxation of vascular smooth muscle (Ignarro et al., 1981; Yeates
et al., 1985) and inhibition of platelet aggregation (Mellion ez al., 1983).
Clancy and Abramson (1992) discussed some of the functional properties
of S-nitroso-GSH, which is capable of («) inhibiting platelet aggregation,
(b) promoting ADP ribosylation of a cytosolic 32-kDa protein in neutro-
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phils, and (c) increasing cGMP synthesis in cultured lymphocytes. Nitric
oxide and S-nitrosothiol derivatives also inhibited the formation of super-
oxide anion, adhesion of neutrophils to vascular endothelium and leuko-
triene B, synthesis in activated neutrophils (Ney et al., 1990; Kubes et
al., 1991; Clancy and Abramson, 1992). S-nitrosation and the subsequent
release of nitric oxide from the S-nitrosothiol thereby provide a suitable
mechanism for the storage, transport, and release of nitric oxide.

IX. Summary

From this and other chapters in this volume, it should be clear that GSH
conjugation no longer represents a mechanism for the detoxication of
xenobiotics or their metabolites. Although the majority of conjugations
with GSH do facilitate the efficient excretion of xenobiotics from the
body, many examples now exist where this process results in enhanced
biological reactivity (Monks er al., 1990a; Monks and Lau, 1992, 1994).
The number of examples in which GSH conjugation plays an important
role in the generation of biologically reactive intermediates is expanding
rapidly and GSH-dependent toxicity is manifested in many diverse ways.
As emphasized in this chapter, GSH can act as a transport form for
reactive metabolites, permitting the delivery of such metabolites to target
tissues distal to the site of the initial conjugation. This type of GSH
conjugate may be important in the mutagenic, carcinogenic, nephrotoxic,
embryotoxic, cataractogenic, methemoglobinemic, and neurotoxic prop-
erties of a variety of redox active compounds (Monks and Lau, 1992).
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l. Introduction

Dihaloalkanes are of interest because of their demonstrated toxicity and
carcinogenicity and their large-scale use in the chemical industry. Most
of this discussion will deal with the ethylene dihalides (1,2-dihaloalkanes),
particularly ethylene dibromide (1,2-dibromoethane) and ethylene dichlo-
ride (1,2-dichloroethane). Ethylene dibromide has been used extensively
in the past as a pesticide and an anti-knock agent in leaded gasoline. It
produces several kinds of tumors in rodents (National Institute of Occupa-
tional Safety and Health, 1981; National Toxicology Program, 1982; Huff,
1983b; Olson et al., 1973; Moslen et al., 1985), although there is no clear
epidemiological evidence that it is a human carcinogen. Deaths of humans
have been reported in some cases of high exposure (Letz ef al., 1984).
The use of ethylene dibromide was considerably curtailed in 1983 (Sun,
1984). Ethylene dichloride is still widely used, to the extent of ~5 x 10°
kg per year in the United States, particularly as a precursor of the monomer
vinyl chloride in the plastics industry. It produced mouse liver tumors
when administered by gavage but not by inhalation (Agency for Toxic
Substances and Disease Registry, U. S. Public Health Service, and U. S.
Environmental Protection Agency, 1989). Reitz er al. (1982) showed that
the difference between the two routes might be accounted for by the
fivefold higher peak blood levels attained by the gavage route. Thus, the
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metabolism of the chemicals appears to be critical to their biological
action, and most of this chapter will be devoted to mechanisms of bioacti-
vation and detoxication and the characterization of DNA and protein
adducts.

The role of glutathione (GSH) conjugation in pathways of metabolism
may be traced back to the report of excretion of thioglycolic acid and other
related sulfur compounds following ethylene dibromide administration to
rats by Nachtomi (1970). However, the general feeling was that this was
a pathway of detoxication. Interest in ethylene dihalides increased in the
late 1970s with reports of the carcinogenic activity of these compounds
(Ames et al., 1980; see this monograph for an excellent review of the
earlier literature and controversies in the field.)

A seminal contribution was the report by Rannug et al. (1978) that rat
liver cytosol was capable of converting ethylene dichloride to a product
mutagenic to Salmonella typhimurium T A 1535, a base-pair sensitive tester
strain, in the presence of GSH. NADPH-fortified liver microsomes were
inactive in this regard. This group also demonstrated that mutagenic com-
pounds could be detected in the perfusate when ethylene dichloride was
introduced into a liver perfusion system (Rannug and Beije, 1979). This
work led to postulation that GSH reacted enzymatically with ethylene
dichloride to form a half-mustard—S-(2-chloroethyl)glutathione—capable
of reacting with DNA; some glutathione S-transferase preparations were
shown to be active in this regard (Rannug et al., 1978; Rannug, 1980). An
episulfonium ion was postulated to be an intermediate in the process of
reaction of the half-mustard.

Similar studies were also reported by van Bladeren er al. (1980a,
1981a,b), who also showed that cis-1,2-dichlorocychohexane was con-
verted to a mutagen (van Bladeren et al., 1979; Buijs et al., 1984). The
activity of the cis isomer is consistent with an initial Sy2 conjugation
reaction and then elimination of chloride to form an episulfonium ion. van
Bladeren et al. (1980a) also demonstrated the mutagenicity of the methyl
ester of N-acetyl-S-(2-bromoethyl)cysteine and showed that the number
of S. typhimurium revertants could be attenuated by the addition of GSH.
The expected halide order Br > Cl was seen, and addition of substituents
to the basic 1,2-dihaloethane moiety decreased the reactivity (van Blad-
eren et al., 1981a).

Several other lines of evidence argue strongly for the role of GSH
conjugation in mutagenicity. DNA strand breaks are attenuated by com-
pounds that deplete GSH (White er al., 1981) and deuterium substitution
leads to enhanced toxicity, arguing against a role for oxidation (White er
al., 1983, 1984). S. typhimurium TA100 mutants having attenuated levels
of GSH show low levels of mutation with ethylene dibromide (Kerklaan
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et al., 1985). The greater mutagenicity of ethylene dihalides in AHH-1
compared to TK6 human lymphoblastoid cells can be attributed to a
fivefold difference in levels of glutathione S-transferase (Crespi er al.,
1985). The formation of DN A adducts from radioactive ethylene dichloride
was greater with GSH-fortified rat liver cytosol than with NADPH -fortified
microsomes (Guengerich et al., 1980). Ethylene dibromide-dependent un-
scheduled DNA synthesis can be demonstrated in vitro with rat hepato-
cytes and spermocytes (although only in the hepatocytes was unscheduled
DNA synthesis demonstrated after administration of ethylene dibromide
in vivo) (Working et al., 1986). Modulation of cytochrome P450 and gluta-
thione S-transferase activities in the hepatocytes yielded patterns consis-
tent with the view that the GSH conjugation pathway was more important.
Unscheduled DNA synthesis has also been demonstrated in cultured hu-
man hepatocytes and can be inhibited by depletion of GSH levels (Cmarik
et al., 1990). Finally, the increased hepatocarcinogenicity of ethylene
dibromide following administration of disulfiram (Wong er al., 1982) can
be attributed to the inhibition of oxidation of ethylene dihalides by cyto-
chrome P450 2E1 (Igwe er al., 1986; Kim and Guengerich, 1990). Thus,
there is considerable evidence to support the view that GSH conjugation
of ethylene dihalides may be critical to their mutagenic and carcinogenic
effects.

Il. Adducts Derived from 1,2-Dihaloethanes

A. Characterization of DNA Adducts Derived from
vic-Dihaloethanes

After the results of Rannug’s studies became available (Rannug er al.,
1978; Rannug and Beije, 1979; Rannug, 1980), this laboratory was able to
demonstrate that the covalent attachment of label from ethylene dichloride
to protein was catalyzed by rat liver microsomes in the presence of
NADPH and that the covalent attachment of label to DNA was catalyzed
by rat liver cytosol in the presence of GSH (Guengerich ez al., 1980) (Fig.
3). The binding of ethylene dihalides to proteins via oxidation has also
been noted by others (Hill er al., 1978; Banerjee and Van Duuren, 1979).
The conclusions of Banerjee er al. (1980) on the roles of microsomal
and cytosolic enzymes in the formation of DNA adducts from ethylene
dichloride appear to be in error. Oxidation involves the formation
of a gem-halohydrin and spontaneous dehydrohalogenation to form 2-
chloroacetaldehyde, which is a reactive soft electrophile capable of re-
acting rapidly with soft nucleophiles such as GSH and protein thiols. 2-
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Haloacetaldehydes are also capable of reacting with DNA to form etheno
adducts (with adenyl, guanyl, and cytosinyl moieties) (Leonard, 1984) but
the kinetics are rather slow (Guengerich et al., 1981). The major enzyme
involved in the oxidation of ethylene dichloride and ethylene dibromide
is P450 2E1 (Guengerich er al., 1991). Suggestions of the interaction of
oxidative and conjugative reactions in the formation of DNA adducts from
ethylene dichloride (Guengerich et al., 1980) were the results of artifacts
associated with the reversible binding of GSH conjugates (presumably
GSCH,CHO) to DNA (Koga ef al., 1986). Also, a reaction involving a
haloso intermediate was suggested by some of the early results {Guenger-
ich et al., 1980) but later work with H and 80 isotopes is only consistent
with hydroxylation at the methylene to form the gem-halohydrin (Guenger-
ich et al., 1986).

The GSH conjugation pathway responsible for the formation of DNA
adducts and bacterial mutagenicity has been studied in considerable detail.
The pathway involving a GSH half-mustard suggested by Rannug (Rannug
and Beije, 1979; Rannug, 1980) predicts that radiolabels from both the
ethylene dihalide and GSH should become attached to DNA, and this
equimolar binding was demonstrated in this laboratory with a partially
purified glutathione S-transferase preparation and with rat hepatocytes
(Ozawa and Guengerich, 1983). The structure S-[2-(N7-guanyl)ethyl]glu-
tathione (Figs. 1 and 2) was proposed for the major DNA adduct after
N’-ethylguanine was identified following modified Raney nickel reduction
(Ozawa and Guengerich, 1983). Later the intact DNA adduct was isolated
from DNA by neutral thermal hydrolysis and reversed-phase and ion-
exchange HPLC and definitively characterized as S-[2-(N7-guanyl)ethyl]-
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glutathione by NMR and mass spectroscopy (Koga et al., 1986). This
adduct has consistently accounted for >95% of the DNA or RNA adducts
formed in vitro or in vivo in this laboratory over a number of years (Ozawa
and Guengerich, 1983; Inskeep er al., 1986; Koga et al., 1986; Peterson
et al., 1988; and Kim and Guengerich, 1989, 1990; Humphreys et al.,
1990; Oida et al., 1991; Cmarik er al., 1992). The level of this adduct is
relatively high with regard to other DNA adducts; levels of 200—500 pmol
adduct (mg DNA) ! can be routinely obtained in vitro or in vivo. The
level of this adduct formed from ethylene dichloride is at least two orders
of magnitude lower and has not been rigorously quantified (Ozawa and
Guengerich, 1983; Inskeep er al., 1986).

Minor adducts have been detected following mild acid hydrolysis of
DNA (Fig. 2). S-[2(N'-Adenyl)ethyl]glutathione was isolated from RNA
and identified by its NMR, mass, and UV spectra and by the formation
of Nl-ethyladenine following modified Raney nickel reduction (Kim et
al., 1990). The extent of formation is ~1-2%, with the level being some-
what higher in RNA rather than DNA because of the exposure of the base
pairing region in single-stranded material (Kim er al., 1990). In the same
report, S-[2-(N’-guanyl)ethyl]cysteinylglycine was isolated but shown to
be an artifact of the acid treatment. These and previous studies (Inskeep
et al., 1986) indicate that cleavage of the y-glutamyl amide bond is not
required for DNA binding nor does it occur readily in the case of eth-
ylene dibromide (even in kidney, where y-glutamyltranspeptidase is
present). However, S-[2-(NV’-guanyl)ethyl]cysteinylglycine may be an
adduct formed from ethylene dichloride (Inskeep et al., 1986) because
of the greater stability of S-(2-chloroethyl)glutathione relative to S-
(2-bromoethyl)glutathione (Marchand and Reed, 1989). Two other DNA
adducts have been identified (by cochromotography with synthetic materi-
als) in DNA treated with (2-chloroethyl)glutathione- S-[2-(N-guanyl)eth-
yllglutathione and S-[2-(O%guanyl)ethyl]glutathione were present at levels
of 0.1-0.2% of the total adducts (Cmarik et al., 1992). The finding of
traces of the O%-guanyl derivative is consistent with the reported formation
of some O%-guanyl adduct from chloroethyl sulfide (Ludlum et al., 1986).

Several characterized adducts have been shown not to be present at
detectable levels in DN A modified with ethylene dibromide or S-(2-chloro-
ethylglutathione. The list includes S-[2-(N*-cytosinylethyl]glutathione,
S-[2-(N%-adenyl)ethyl]glutathione, and the guanyl imidazole ring-opened
formamidopyrimidine product, S-[2-[N-formyl-N-(2,6-diamino-4-0x0-3,4-
dihydropyrimidin-5-yl)aminolethyl]glutathione (Kim et al., 1990; Cmarik
et al., 1992) (Fig. 2).

Shih and Hill (1981) reported the binding of radiolabel from ethylene
dibromide to polycytidylic acid in the presence of rat liver cytosol and
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GSH, although no adducts were characterized and a later search for §-
[2-(N3-cytosinyl)ethyl]glutathione was unsuccessful (Cmarik et al., 1992).

B. Mechanism of Enzymatic Formation of DNA Adducts

The formation of DN A adducts bearing ethyl-glutathione moieties involves
enzymatic formation of the half-mustard S-(2-haloethyl)glutathione as the
initial step and this is the only enzyme-catalyzed reaction. In our studies
on the catalytic specificity of purified cytosolic glutathione S-transferases,
rat enzymes 2-2 and 3-3 and human enzymes 1A1-1A1 and 1A2-1A2 were
most active of those tested (Cmarik et al., 1990). Recently a rat mitochon-
drial 6 family glutathione S-transferase has also been shown to have high
activity (B. Ketterer, personal communication).

An episulfonium, or thiiranium, ion is implicated in the reaction of the
half-mustard with DNA as well as other nucleophiles, as clearly demon-
strated in studies with stereospecifically labeled ethylene dibromide
(Peterson et al., 1988) and other studies. Incubation of [erythro-*H,]-
or (threo-*H,]ethylene dibromide with rat liver cytosol, GSH, and DNA
led to essentially complete inversion of stereochemistry (Fig. 3).

Anders and Livesey (Livesey and Anders, 1979; Anders and Livesey,
1980; Livesey et al., 1982) found that model half-mustards generate ethyl-
ene through an elimination reaction; presumably this occurs with the GSH
half-mustards as well but has not been examined. The generation of trans-
2-butene from meso-2,3-dibromobutane and that of cis-2-butene from race-
mic-2,3-dibromobutene are indicative of an E, mechanism involving the
episulfonium ion and consistent with the results of the adduct studies
(Peterson et al., 1988; Livesey and Anders, 1979; Livesey et al., 1982;
Anders and Livesey, 1980).

In addition, other model studies support the role of episulfonium
ions in reactions of these half-mustards. Dohn and Casida (1987) demon-
strated the scrambling of methylene deuterium label between the two
methylenes in the halogenation of S-(2-hydroxyethyl)cysteine, and we
found similar scrambling in all of our own efforts to prepare half-
mustards or S-(2-ethyl)cysteine derivatives bearing good cleaving
groups (Peterson et al., 1988). Dohn and Casida (1987) also observed an
NMR spectrum consistent with that of an episulfonium ion when they
treated §-(2-hydroxyethyl)cysteine with trifluoromethylsulfonic acid. On
the basis of kinetic studies with S-(2-chloroethyl)cysteine, Schasteen and
Reed (1983) suggested that a thiomorpholine derivative might be a reactive
intermediate instead of an episulfonium ion. However, the pH dependence
of the S-(2-chloroethyl)glutathione reaction can be interpreted in light of
the removal of the inhibitory effect of the protonated amino group of S-
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Fig. 3 Possible mechanisms of reaction of S-(2-bromoethyl)glutathione generated from
[erythro-1,2-2H,}ethylene dibromide with nucleophiles and stereochemical consequences
(Peterson et al., 1988). The difference between an even and odd number of inversion (Sy2)
steps gives rise to different stereochemistry.

(2-chloroethyl)glutathione at high pH (Peterson et al., 1988). Vadi et al.
(1985) demonstrated the nicking of pBR322 plasmid DNA by S-(2-chloro-
ethyl)glutathione but not S-(2-chloroethyl)glutathione and also suggested
the lack of involvement of an episulfonium ion on this basis. The differen-
tial cleavage of plasmid DNA by the two half-mustards has been repeated
(Humphreys et al., 1991) but the differences clearly cannot be accounted
for in terms of the extent of formation of DNA adducts (Humphreys et
al., 1990).

Other work with model half-mustards indicates that reaction with the
model nucleophile 4-(4'-nitrobenzyl)pyridine is essentially pH indepen-



Dihaloalkanes 219

dent except when the cysteinyl a-amino group is free and protonated
(Peterson et al., 1988). This result is interpreted to mean that the proton-
ated amino group is in a position to inhibit development of a transition
state leading to the positively charged episulfonium ion; extension of the
carbon chain by one methylene group [$5-(2-chloro)homocysteine] re-
moved the inhibition (Peterson et al., 1988). Nonvicinal, a,w-dihaloalkanes
are good substrates for glutathione S-transferase but do not yield DNA
adducts because of the lack of anchimeric assistance (i.e., inability to
generate episulfonium ions) (Buijs et al., 1984; Inskeep and Guengerich,
1984).

Half-mustards and episulfonium ions react not only with nucleic
acids but also with GSH (Ozawa and Guengerich, 1983; Cmarik et al.,
1990), protein sulfhydryls, and H,O (Ozawa and Guengerich, 1983); S-
(2-hydroxyethyl)glutathione is a major product (Ozawa and Guengerich,
1983). Conceivably sulfation of the hydroxyl moiety would form a good
leaving group and regenerate the episulfonium ion. However, evidence
against such a reaction has been presented (Kim and Guengerich, 1990).

Lin et al. (1985) reported the formation of etheno adducts in polyade-
nylic acid and polycytidylic acid incubated in the presence of ethylene
dichloride and NADPH-fortified microsomes; indeed the formation of
1,N%-ethenoadenosine from adenosine can be demonstrated in such reac-
tions because of the slow reaction of 2-chloroacetaldehyde with DNA
(Guengerich et al., 1981). However, the level of mutations is very low
(Rannug et al., 1976; Rannug, 1980; van Bladeren et al., 1981a; Guengerich
et al., 1980). Lin et al. (1985) were unable to detect DNA adducts in GSH-
supported reactions, but it is not clear that the separation methods were
adequate for dealing with such a hydrophilic residue (Ozawa and Guenger-
ich, 1983; Koga et al., 1986). Only low levels of hepatic DNA adducts
are formed from ethylene dichloride in vivo (Inskeep et al., 1986) and
one of these migrated with authentic S-[2-(N’-guanyl)ethyl]glutathione on
HPLC. Another adduct may be the derivative in which the y-glutamyl
residue has been removed but further evidence is lacking. An important
consideration with ethylene dichloride is the greater stability of S-(2-
chloroethyl)glutathione than S-(2-bromoethyl)glutathione and the finding
of a finite level of the latter half-mustard in bile (Marchand and Reed,
1989). Thus S-(2-chloroethyl)glutathione may also be able to migrate to
the kidney, although the DN A adducts formed there (Kim and Guengerich,
1989; Inskeep et al., 1986) could also have been formed within that tissue.

C. Modulation of DNA Adduct Levels

The only studies on adduct levels have involved the major adduct, S-[2-
(N7-guanyl)ethyllglutathione. The level of this adduct found in both liver
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and kidney DNA is directly proportional to the dose, at least in the dose
range 2-37 mg kg~! (Kim and Guengerich, 1989). GSH is required for
generation of the adduct but a second GSH can react with the half-mustard
to form the bis conjugate (Ozawa and Guengerich, 1983; Cmarik et al.,
1990):

GSH
GSH + BrCH,CH,Br — GSCH,CH,Br — GSCH,CH,SG

In in vitro experiments the optimal GSH concentration for DNA adduct
formation of DNA adducts is ~10 m M, which is near the normal physiolog-
ical level. The effect of in vivo modulation of GSH and enzyme levels
was considered (Kim and Guengerich, 1990). Depletion of GSH levels by
treatment of rats with either diethylmaleate or buthionine sulfoximine
lowered the formation of hepatic S-[2-(NV’-guanyl)ethyl]glutathione ad-
ducts. The levels of adducts could be increased by treatment of the ani-
mals with butylated hydroxytoluene, a known inducer of glutathione S-
transferases. The level of adduct formation could also be induced by
treatment of the animals with disulfiram. Such treatment did not affect
the level of in vitro glutathione S-transferase activity seen with ethylene
dibromide (Kim and Guengerich, 1990) but is known to inhibit cytochrome
P450 2E1 (Guengerich et al., 1991; Brady et al., 1991). Such inhibition
appears to block the oxidation of ethylene dibromide, effectively a detoxi-
cation reaction, and make more substrate available for activation via the
GSH conjugation pathway (Kim and Guengerich, 1990). Indeed, the effect
of disulfiram on the pharmacokinetics of ethylene dichloride has been
demonstrated (Nachtomi, 1981; van Bladeren et al., 1981c; Milks et al.,
1982; Igwe et al., 1986; Cheever et al., 1990). This finding is significant
in light of the demonstrated strong cocarcinogenic effect of disulfiram in
induction of liver tumors by ethylene dibromide (Wong et al., 1982) and
ethylene dichloride (Cheever et al., 1990), and the increase in both the
level of GSH-derived DN A adduct and tumorigenicity is consistent with
the view that this pathway is involved in tumorigenesis.

D. Fates of DNA Adducts

The major fate of S-[2-(N7-guanyl)ethyl]glutathione adducts in DNA is
depurination (Inskeep and Guengerich, 1984) (Fig. 2). Apparently no open-
ing of the imidazole ring occurs (Kim et al., 1990). S-[2-(N "-Guanyl)ethyl]-
glutathione is released and degraded to the mercapturic acid N-acetyl-S-
[2-(N7-guanyl)ethyl]cysteine, which is excreted in urine (Kim and Gueng-
erich, 1989). In principle this product might be a useful marker for biologi-
cally effective doses of ethylene dihalides, since the amount excreted
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appears to parallel DNA adductlevels (Kim et al., 1990). However, consid-
erable increases in sensitivity of the methodology would be required before
application.

The t,), for release of S-[2-(N’-guanyl)ethyl]glutathione from calf thy-
mus DNA at 37°C and pH 7.0 is ~150 h (Inskeep et al., 1986). However,
in vivo the t,,, is ~70-100 h (Inskeep et al., 1986; Kim et al., 1990). A
similar ¢,,, was found for S-[2-(N'-adenyl)ethyl]glutathione and a minor,
unidentified DNA adduct (Kim et al., 1990). These results suggest that
there might be some enzymatic repair of the S-[2-(N ’-guanyl)ethyl]gluta-
thione lesion in DNA. In Escherichia coli, the mutation frequency of S-
(2-chloroethyl)glutathione was enhanced in strains devoid of the uvrspc
repair system (Cmarik et al., 1992), suggesting a role for glycosylases.
Further, ethylene dibromide has been shown to induce GSH-dependent
unscheduled DNA synthesis in cultured hepatocytes and spermocytes
(Cmarik et al., 1990; Working ¢t al., 1986). These findings may be interpre-
ted to mean that repair systems are operative.

E. Protein and Glutathione Adducts and Toxicity

Half-mustards are toxic in isolated hepatocytes and this toxicity is proba-
bly related to alkylation of proteins, not DNA. The reaction of ethylene
dihalides to form bis(ethylene)glutathione adducts is well known (Ozawa
and Guengerich, 1983; Nachtomi, 1970; Jean and Reed, 1989, 1992; Webb
et al., 1987). Treatment of isolated hepatocytes with S-(2-chloroethyl)cys-
teine decreased GSH levels, Ca** transport, Ca’"-dependent ATPase
activity, and cell viability (Webb et al., 1987). Lipid peroxidation has
been postulated (Tomasi et al., 1983) but did not appear to be involved
in the studies of Webb et al. (1987); indeed there is little solid evidence
that reactions involving free radicals are of significance in the metabolism
of any dihaloalkanes. Nevertheless, there does appear to be a considerable
protective effect of vitamin E against cell toxicity (Webb et al., 1987;
Warren et af., 1991; Warren and Reed, 1991).

Studies with liver microsomes and cytosolic fractions suggest that pro-
tein adducts are more readily formed by microsomal oxidation of ethylene
dihalides to 2-haloacetaldehydes and reaction with thiols, as opposed to
the cytosolic GSH conjugation pathway (Guengerich et al., 1980, 1981).
Jean and Reed (1989) have reported that S-(2-chloroethyl)glutathione re-
acts 50 times more rapidly with thiols than with DN A guanyl residues (or
His). They later published evidence that, in rat hepatocytes, most of
the formation of S-(2-hydroxyethyl)glutathione was due to the hydroly-
sis of S-(2-haloethyl)glutathione rather than conjugation of GSH with 2-
haloacetaldehydes formed in oxidation ( Jean and Reed, 1992). However,
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this conclusion appears to be inconsistent with the in vivo work of van
Bladeren et al. (1981b). In that study more than 50% of the dose of
ethylene dibromide given to rats could be accounted for as N-acetyl-S-
(2-hydroxyethyl)cysteine recovered in urine. In further studies with deute-
rium labeling, the found that >80% of the mercapturic acid was derived
from the oxidative pathway, since our deuterium atom had been lost
from the perdeuterated ethylene dibromide. Indeed, in light of the kinetic
isotope effect (Hales et al., 1987; Guengerich er al., 1986), this value
is probably an underestimate. Jean and Reed (1992) also suggested that
most of the protein adducts formed in hepatocytes are the result of the
GSH half-mustard pathway, although this conclusion is only based upon
the kinetics of binding relative to GSH depletion. No studies have
yet been reported that distinguish the protein adducts derived from the
two pathways (presumably CySCH,CH,OH or CySCH,CO,H vs
CySCH,CH,GSH).

1. Other Dihaloalkanes

Most of this discussion has dealt with ethylene dibromide and, to a lesser
extent, ethylene dichloride and 1-bromo-2-chloroethane. The addition of
functional moieties to the basic 1,2-dihaloalkane structure tends to lower
the extent of DN A adduct formation (Inskeep and Guengerich, 1984; van
Bladeren et al., 1981a), either by retarding GSH conjugation, episulfonium
ion formation, or subsequent reactions. However, several other com-
pounds in this category are of particular interest in light of their use as
pesticides and solvents.

A. 1,2-Dibromo-3-chloropropane

1,2-Dibromo-3-chloropropane (DBCP) is of interest because of its past
use as a pesticide and its toxicity in kidney and testis (Huff, 1983a; Rao
et al., 1983; Omichinski et al., 1988). It can also produce rodent tumors
at several sites (Huff, 1983a) and its use has been considerably restricted
because of these concerns (Anonymous, 1983). There is considerable
evidence that GSH conjugation is involved in the activation of DBCP.
The characterized GSH conjugates support such a view (Pearson et al.,
1990; Humphreys et al., 1991). In addition, N’-guanyl DN A adducts have
also been formed in vitro and characterized (Fig. 4) (Humphreys et al.,
1991). These conjugates can all be readily rationalized by pathways involv-
ing episulfonium ion intermediates with nucleophilic attacks on the unsub-
stituted methylene carbon in every case. Some products considered in
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Fig. 4 Activation of 1,2-dibromo-3-chloropropane by GSH conjugation and structures of
DNA adducts found in in vitro experiments (Humphreys et al., 1991).

our earlier report are of interest. In one case S-(2-bromo-2-propenyl)gluta-
thione is apparently formed in the reaction of GSH with the dehydrochlori-
nated product of DBCP (Fig. 4). A minor DNA adduct is highly fluorescent
but could not be characterized in that study. We also considered the
possibility that generation of the episulfonium ion at the guanyl adduct
state could lead to a reaction at the guanyl O® atom, but no evidence for
such a product could be obtained (Fig. 4) (Humphreys et al., 1991).
However, the biological relevance of these DBCP adducts still remains
unclear. Although the levels of the N7-guanyl adducts formed in vitro are
nearly as high as measured in the case of ethylene dibromide, only a trace
of material migrating on HPLC with standard N’-guanyl adducts could
be detected in liver DNA isolated from rats treated with a high dose of
DBCP, even when disulfiram was administered to block oxidative metabo-
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lism (Humphreys ef al., 1991). Also, when the GSH-DBCP conjugate
(half-mustard) was added to S. typhimurium TA100, only a low level of
N7-guanyl adduct was found in bacterial DN A and no (base-pair) mutations
were observed. The result could not be rationalized simply by competition
of protein with DNA for reaction with the half-mustard. Finally, consider-
able evidence has been presented that administration of DBCP to rats
leads to extensive DNA strand breaks (Sgderlung er al., 1988; Brunborg
et al., 1990). However, conversion of plasmid pBR322 DNA Form I to
Form 11 (nicked) could not be detected with either S-(2-chloroethyl)gluta-
thione or the DBCP-GSH half-mustard, but S-(2-chloroethyl)cysteine did
produce nicks (Humphreys et al., 1991). Whether any of the N’-guanyl
adducts formed in vitro has any connection with the in vivo toxicity of
DBCP must still be considered an open question. The bis-guanyl DNA
adduct (Fig. 4) could possibly be linked to toxicity, if traces of strand
crosslinking occur. However, no evidence for its in vivo occurrence has
been found.

B. 1,4-Diiodobutane

As pointed out earlier, increasing the number of methylenes of >2 in
a,w-dihaloalkanes has the effect of blocking the ability to form alkylated
products because of the lack of anchimeric assistance (Buijs et al., 1984).
However, with 1,4-dihalobutanes the extended size of the chain allows
the attack of the sulfur atom on the terminal methylene group and it is
possible to form a S-membered-ring thialonium ion (Marchand and Abdel-
Monem, 1985) (Fig. 5). This product appears to be stable but is decom-
posed by alkalai to yield tetrahydrothiophene. There is currently no evi-
dence that this conjugation product leads to any toxicity.

X
0,
GSH OH’
— —_— §G —_— +
GSH S-transferase
SG

X

0 /—cozH

NH
H,C
N—O—cozn
H

0 NH,

X

Fig. 5 Conjugation of 1,4-diiodobutane with GSH and formation of a stable episuifonium
species (Marchand and Abdel-Monem, 1985).
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C. Methylene Dihalides

The toxicology of methylene dihalides is of considerable interest because
of the widespread use of methylene dichloride and the observation that
it can produce mouse (but not rat) liver tumors (Andersen et al., 1987).
Methylene dihalides also produce base-pair mutations in S. typhimurium
TA100 (van Bladeren et al., 1980b; Jongen et al., 1978; Green, 1983;
Osterman-Golkar et al., 1983). These compounds are metabolized via
two initial routes, as demonstrated by Anders and his associates (Fig. 6)
(Ahmed and Anders, 1976, 1978; Kubic and Anders, 1978). Oxidation
leads to carbon monoxide via formyl chloride. Conjugation with GSH
yields HCHO following decomposition of the intermediate.

The suggestion has been made that the GSH conjugation pathway is
relevant to tumorigenesis since both phenomena show a lack of saturation
with increasing dose, and pharmacokinetic models have been prepared
(Andersen et al., 1987; Reitz et al., 1989). If this is the case, then humans
would appear to be at decreased risk relative to mice because of lower
enzyme activity (Reitz et al., 1989). However, the role of GSH in the
bacterial mutagenicity is not particularly clear (van Bladeren ez al., 1980b;
Jongen et al., 1978; Green, 1983; Osterman-Golkar et al., 1983). Recently
the conjugation of CH,Cl, has been attributed to glutathione S-transferase
enzymes in the so-called ¢ family (e.g., rat 5-5) (Meyer et al., 1991;
La Roche and Leisinger, 1990). Whether these reactions lead to DNA
alkylation is still not proven. Heck and associates have suggested that
the HCHO released in the reaction leads to the formation of DN A—protein
crosslinks and that these are relevant to tumorigenesis (Heck et al., 1990).
However, HCHO is not very mutagenic, and the relevance of metabolism
to tumorigenesis has remained unclear.

Recently a ¢cDNA for rat glutathione S-transferase 5-5 has been ex-
pressed in S. typhimurium TA1535 and shown to yield revertants when

& (x

H_o"lc_x _— 0= N co
H O

CHX,

GS-CHy-X ——— GSH + HCHO

|

DNA Adducts?

Fig. 6 Postulated mechanisms of oxidative and conjugative transformation of dihalothanes
(Ahmed and Anders, 1978; Kubic and Anders, 1978).
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the bacteria are exposed to CH,BR, (Thier et al., 1993). Mutations were
not produced when the ‘‘reverse’’ construct was inserted or when the
bacteria were treated with HCHO. These studies suggest that a GSH
adduct is actually responsible for the mutagenicity.

IV. Basis of Mutagenicity of Ethylene Dibromide

Ethylene dibromide is a tumor initiator (Moslen er al., 1985), and this
biological activity is thought to be the result of mutations and possibly
more complex genetic damage associated with DNA alkylation (Rannug,
1980). Only base-pair mutations are induced, either by ethylene dibro-
mide or by ethylene dichloride activated by rodent cytosol or by S-(2-
chloroethyl)glutathione (Rannug, 1980; Rannug and Beije, 1979; Rannug
et al., 1978). The working hypothesis is that the mutagenicity is the result
of the major adduct S-[2-(N "-guanyl)ethyl]glutathione although, as empha-
sized later, direct proof for this proposal has not yet been obtained.

It has been possible to synthesize defined deoxyribooligonucleotides
with the adduct S-[2-(N’-guanyl)ethyl]glutathione inserted at specific posi-
tions (Oida et al., 1991; Min and Guengerich, 1993). The presence of
the adduct has a considerable disruptive effect on hybridization of an
oligonucleotide with its complement, e.g., a decrease of ~15°C in the T,
of a 7-mer or 9-mer (Oida et al., 1991; Kim et al., 1993). The structure
of the modified 7-mer d(CATG*CCT)/d(AGGCATG), where G* = §-
[2-(N7-guanyl)ethyl]glutathione, has been examined in detail by NMR
methods with two-dimensional correlated spectroscopy (COSY) to define
atoms and two-dimensional nuclear Overhauser enhanced spectroscopy
(NOESY) to probe spatial arrangements. The basic B-helix appears to be
intact and no detectable interactions between the GSH moiety and the
sugar or nucleic acid base hydrogens were observed (Oida er al., 1991).
Analysis of the hydrogen bonds and the H1’ deoxyribose resonance shifts
indicated that disruption tends to be localized at the G* : C mismatch (Oida
et al., 1991).

Double-stranded bacteriophage M13mp18 DNA was treated with -
(2-chloroethyl)glutathione and allowed to replicate in S. typhimurium;
analysis of the mutants in the lacZ a-complementation region revealed
that essentially only base-pair mutations occurred and these were strongly
dominated by GC to AT transitions (Cmarik et «@i., 1992). In the same
set of experiments, the positions of N’-guanyl adducts were defined by
sequence analysis following treatment of a segment of the DNA with
hot piperidine. Both alkylations and mutations were clustered in runs of
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guanines, but outside of these there was no correspondence of alkylations
and mutations (Cmarik er al., 1992) (Fig. 7). These results have been
interpreted to mean that there is considerable sequence selectivity in the
production of mutations. The finding that GC to AT transitions are domi-
nant (Table I) argues that guanyl adducts are the most mutagenic, since
no cytosinyl adducts have been identified. Further, the results argue that
apurinic sites are not the principal species responsible for mutations, since
they would be expected to yield G to T transversions because of their
noninstructional nature (Cmarik et al., 1992; Sagher and Strauss, 1983).

These findings with S-(2-chloroethyl)glutathione are consistent with the
observations of Foster ef al. (1988) with ethylene dibromide at the hisG46

Number of Mutants

Position in Sequence
of M13mp18

Relative Level
of Adducts Formed

1.0L

Fig. 7 Correlation of positions of mutations in bacteriophage M13mpi8 DNA with levels
of guanyl-N" adduct formation after treatment with §-(2-chloroethyl)glutathione (Cmarik et
al., 1992). Only the guanine positions at which phenotypic mutations are known to occur
are presented.
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Table 1

Spontaneous and S-(2-Chloroethyljglutathione-Induced Mutations in
Bacteriophage M13mp18

Frameshifts Spontaneous GSCH,CH,Cl-induced

Small deletions, insertions (1) 3 (23%) 1 (2%)

Large deletions, insertions (>2) 1 (8%) 2 (5%)

Base-pair substitutions
G:C->A:T 3 (23%) 30 (70%)
A:T->G:C 2 (15%) S (12%)
G:C->T:A 3 (23%) 2 (5%)
A:T->C:G 1 (8%) 1 (2%)
G:C—-C:G 0 0
A:T->T:A 0 2 (5%)

Note. M13mp18 RF DNA, untreated or treated to give an S-[2-(N'-
guanyljethyl]glutathione adduct level of 8 nmol [mg DNA]~!, was used to
transform competent S. typhimurium TA100. Mutants in the lac region were
identified as deficient in B-galactosidase activity and sequenced. Values in
parentheses indicate the percentage of the total number of mutations.

and hisG428 loci in an Escherichia coli system. Their ethylene dibromide-
induced revertants were also dominated by GC to AT and AT to GC
transitions (cf. Table I) and the mutations were independent of SOS-
mutagenic processing. Although the work indicated a high level of muta-
tions (~50%) in E. coli supposedly devoid of GSH, the bacteria had not
actually been assayed for GSH levels. (It has been our own experience
that GSH-deficient mutants are unstable.) The authors also argue that
apurinic sites are unlikely to account for the observed mutations.

In another study, various glutathionyl and cysteinyl half-mustards were
used to treat S. typhimurium TA100 and both the level of adduct formation
and the number of his revertants were analyzed in each case (Humphreys
et al., 1990).(Fig. 8). Both the extent of alkylation and the number of
mutants varied considerably in the series of mustards used, partly due to
transport into the cells. However, the ratio of revertants : N’-guanyl ad-
ducts varied by two orders of magnitude. Since only two (adjacent) guanyl
residues are known to be targets that give rise to the phenotypic reversion,
the results are interpreted to mean that the nature of the side chain on
the N7-guanyl adduct is very important in influencing the mutations that
result (Humphreys et al., 1990). For example, the ratio of mutants: N'-
guanyl adducts was decreased an order of magnitude by methylation of
the two carboxyl groups.
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Fig. 8 His-independent S. typhimurium mutants formed by S-(2-haloethyl)thiol derivatives.
The indicated amounts of these individual compounds were used: S-(2-chloroethyl)cysteine
(M), $-(2-chloroethyl)cysteine methyl ester (Q), N-acetyl-S-(2-chioroethyl)cysteine (A), N-
acetyl-§-(2-bromoethyl)cysteine methyl ester (¥), S-(2-chloroethyl)glutathione dimethyl es-
ter () and S-(2-chloroethyl)glutathione (®). DNA N’-guanyl adduct levels are presented
in numerals in each case, in pmol (mg DNA)~' [measured at the 1.0 umo! dose of half-
mustard (Humphreys et al., 1990)].

The adduct S-[2-(N7-guanyl)ethyi]glutathione (= G*) was inserted into
both the oligonucleotides d(CATG*CCG) and the d(TGCTG*CAAQG),
the latter of which corresponds to region where several M13mpl8
mutations were seen in the mutation spectrum work with §-(2-
chloroethyl)glutathione (Cmarik et al., 1992). When binding to the comple-
ments was examined with UV spectroscopic techniques, the G* : C pairing
was reduced relative to G : C pairing but the pairing of G* to C was still
far stronger than to any of the other three bases, including the T expected
from the mutant spectrum work. Therefore, the conclusion is reached
that thermodynamic tendency to pair another base is not a major force
in influencing mutation. The change in free energy of binding (AAG®) of
the oligomer d(TGCTG*CAAG) due to substitution of G* = S-[2-(N’-
guanyl)ethyllglutathione for G is about + 1 kcal mol~!, which is not partic-
ularly large in comparison with the activation energies for several steps
in polymerase reactions (Eger ef al., 1991).

The decreased free energy for hybridization of d(TGCTG*CAAG)
with its complement upon substitution of G with G* = S-[2-(N7-
guanyljethyllglutathione (AAG® = +1.3 kcal mol™') appears to be pri-
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marily due to an entropic component (AAH® = — 14 kcal mol™!; AAS® =
—49 cal mol~ ' deg™") (Kim et al., 1993). This entropic contribution sug-
gests that there is an interaction of the GSH moiety with the bases in the
oligonucleotide, which was not seen in the NMR studies with
d(CATG*CCT) and its complement (Oida et al., 1991). The decreased
pairing of G* = S-[2-(N’-guanyl)ethyl]glutathione to C, relative to G, is
also not simply due to introduction of a positive charge into the imidazole
ring, since substitution of G* = N’-methylguanine into d(CATG*CCT)
did not affect the 7, for binding to the complement very much. Similar
findings have been reported by Ezaz-Nikpay and Verdine (1992) for a
palindromic dodecamer. It is our current conclusion that hydrogen bonds
are critical in influencing the interaction of the GSH moiety of S-[2-(N7-
guanyl)ethyl]glutathione with DN A and with polymerases. The latter inter-
actions are thought to be critical to the mutation process and are the
subject of further investigation.

V. Conclusions

The most thoroughly studied of the dihaloaikanes is ethylene dibromide.
Considerable evidence now exists to support the view that GSH conjuga-
tion is critical to mutagenicity and probably tumorigenesis. The major
DNA adduct is S-[2-(N7-guanyl)ethyl]glutathione and this adduct is most
likely to be responsible for the mutations. Several indirect lines of evidence
support this view but direct proof is still not available. Three minor guanyl
and adenyl adducts have been shown to be present in DNA as well. The
events described for ethylene bromide are probably also generally relevant
to ethylene dichioride and any other 1,2-dihaloalkanes. DBCP is also
activated by GSH conjugation involving similar chemical reactions (i.e.,
episulfonium ion formation) and N’-guanyl DN A adducts have been char-
acterized. However, the low levels of these formed in vivo make their
relevance unclear at this time. Methylene dihalides react with GSH, form-
ing HCHO, but the relevance of this reaction to the mutagenicity of the
compounds and their weak carcinogenicity in mice is still unclear. Recent
evidence suggests the reaction of a GSH conjugate with DNA to yield
the base-pair mutations.
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I. Introduction

To most biochemists and toxicologists, the term ““thiol’” immediately calls
to mind the tripeptide glutathione, which exists at millimolar concentra-
tions in mammalian cells and which has many functions in cellular metabo-
lism. In particular, glutathione is comparatively easily oxidized, thereby
protecting other cellular constituents against oxidation; this property of
glutathione is recognized as an important factor in the cellular defenses
against oxidative stress.

Oxidation of glutathione may be a two-electron process, as in its reaction
with hydrogen peroxide, which occurs both spontaneously and through
catalysis by glutathione peroxidase:

2GSH + H,0, — GSSG + 2H,0 (1)

In converting the harmful hydrogen peroxide directly to the innocuous
water and glutathione disulfide, this is certainly a detoxication process;
the antioxidant defense of the cell can be maintained by rereduction of
the disulfide through the reaction catalyzed by glutathione reductase.

Oxidation may also occur by a one-electron process, leading to forma-
tion of the glutathione thiyl radical, GS*:

GSH —e" -GS + H* (2
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Again, this is an antioxidant reaction, and it is generally accepted that
this is a second cellular defense mechanism involving glutathione, which
leads to detoxication of intracellularly generated free radicals. Unlike
the two-electron process, however, it is not intrinsically a detoxication
reaction since a free radical is produced, rather than the unreactive GSSG.
This process will be beneficial, therefore, only if GS* is converted to
products that do not lead to tissue damage. In some circumstances, this
condition is fulfilled, and thiyl radical formation is associated with cellular
protection. In others, however, one-electron oxidation of glutathione leads
to detrimental effects.

Apart from glutathione and other endogenous thiols, such as cysteine
and ergothioneine, there exists in our environment a range of thiols of
different structural types, some of natural origin and others introduced
through various aspects of human activity. These compounds similarly
undergo one-electron oxidation to their respective thiyl radicals, although
the ease with which they do so is strongly dependent upon their structure.
It has been shown that the rate of oxidation of a number of xenobiotic
thiols in vitre is directly proportional to the severity of their toxic effects
in vivo, suggesting that for these compounds, one-electron oxidations are
invariably deleterious processes.

In this chapter, the reactions of the thiyl radical are described, together
with the ways in which this species may be generated and the structural
features that govern its rate of formation. Lastly, the possible mechanisms
by which one-electron oxidation of thiols leads to both beneficial and
harmful effects in living systems are discussed.

Il. Reactions of the Thiyl Radical

A. Formation of Disulfide via the Disulfide Radical Anion
RS + RS = (RSSR) ~ 3)
(RSSR)'™ + O, — RSSR + O, ~ 4)

This is the predominant pathway for thiyl radical degradation under
physiological conditions (Wardman, 1988; Asmus, 1990; Koppenol, 1993)
and can explain the characteristics of many of the reactions involving
one-electron oxidation of thiols (Section III). Formation of the disulfide
radical anion [Reaction (3)] is an equilibrium reaction involving RS~ and
will, therefore, be favored by low thiol pK, values or high concentrations
of RSH, or both. The equilibrium will, therefore, be to the right with the
highly ionized aromatic thiols (Section 1V), and even with glutathione,
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with a comparatively high pK,, appreciable levels of (GSSG)' ~ are to be
expected under equilibrium conditions at neutral pH in the presence of
millimolar concentrations of thiol (Wardman, 1988). Furthermore, in the
presence of oxygen, Reaction (3) will be driven to the right by the rapid,
irreversible, oxidation of the radical anion [Reaction (4)].

Superoxide generated in the latter reaction will oxidize more thiol via
Reaction (5), thereby establishing a radical chain reaction for thiol oxi-
dation:

RSH + O, + H* > RS" + H,0, (5)

Hydrogen peroxide formed by reduction of superoxide will also oxidize
the thiol according to Reaction (1).

The conversion of the thiyl radical to disulfide by this pathway is thus
characterized by oxygen utilization and by formation not only of the
disulfide radical anion but also of superoxide radical and hydrogen perox-
ide. Because of the known toxicity of the latter species and the possibility
of hydroxyl radical formation from hydrogen peroxide. the operation of
this pathway within cells must be considered potentially harmful.

B. Reaction with Oxygen

Formation of the thioperoxyl radical via Reaction (6) was first suggested
by Packer (1963). Since that time, many experiments on the reaction
between thiyl radicals and molecular oxygen have been conducted, al-
though much remains unknown about the nature and significance of this
process.

RS + O, — RSO0 (6)

In early pulse radiolysis studies, the concentration of (RSSR)" ™ in the
pulsed solution was found to be markedly decreased in the presence of
oxygen. This was interpreted as reflecting competition between RS~ and
oxygen for RS" and, on this basis, rates of Reaction (6) of 108-10° Af~!
s~ ! were calculated for a number of aliphatic and aminothiols (Barton and
Packer, 1970; Quintiliani et al., 1977; Schéafer et al., 1978). Using a different
competition method, however, Monig et al. (1987) found rates 1-2 orders
of magnitude lower and concluded that Reaction (6) was either much
slower than previously supposed or reversible. To add to the confusion,
recent studies in the gas phase, with a direct assay for the thiyl radical,
have given values of <1.5 x 10° M~' s~ ! for the rate of reaction of the
methanethiyl and ethanethiyl radicals with oxygen (Black er al., 1988;
Tyndall and Ravishankara, 1989). It has also been argued that the fact
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that thioperoxyl! radicals are not involved in the cooxidation of thiols and
olefins indicates a low reactivity of thiyl radicals toward oxygen (Ito and
Matsuda, 1988).

Irrespective of rate, the thioperoxyl radical does appear to be the pri-
mary product of the reaction between RS* and oxygen, this species having
been identified in irradiated frozen glasses of cysteine and glutathione
(Sevilla et al., 1990). RSOO" is highly unstable, however, and subsequent
reactions yield the sulfinyl radical (RSO) and the sulfonyl radical (RSO,").
1t is possible that the last-named species are precursors of the sulfinic and
sulfonic acids formed in some oxidation reactions (Tamba et al., 1986;
Sevilla et al., 1990). This would be consistent with the observation that
production of such species is favored at high oxygen tensions (Wefers
and Sies, 1983) and at low pH and low thiol concentration, when disulfide
radical anion formation is less likely (Lal, 1976). The importance of this
pathway under physiological conditions is unclear, although the involve-
ment of RSOO" in certain aspects of radiation toxicity has been suggested
(Section V,B).

C. Oxidation Reactions

The thiyl radical is capable of oxidizing many organic compounds (Table
I) in reactions involving hydrogen donation or electron donation:

RS+ XH=RSH + X° ¥))
RS + X" =RS + X (8)

These reactions are reversible, and in the case of the glutathione thiyl
radical and aminopyrine {Wilson ef al., 1986) and the cysteine thiyl radical
and paracetamol (Bisby and Tabassum, 1988), the equilibrium lies to the
right. It has been shown, however, that in both these cases the reaction
proceeds from right to left, due, it is suggested, to displacement of the
equilibrium through destruction of the thiyl radical via Reactions (3) and
(4) (Wardman, 1988).

This will presumably be true also of the other oxidation reactions listed
in Table I, so that under conditions in which formation and oxidation of
the disulfide radical anion is feasible, oxidation by the thiyl radical is
uniikely. It has been shown, however, that oxidation by RS is favored
at low pH, when Reaction (3) is slow because of low concentrations of
RS~ (Ahmad and Armstrong, 1984). The oxidizing ability of RS" may also
be expressed if it is removed to a lipophilic environment, inaccessible to
RS ™. In this context, the report of Schoéneich er al. (1992) that oxidation
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Table |
Compounds Reported to be Oxidized by the Thiyl Radical
Compound Source of thiyl radical” Reference

Aromatic amines
Aminopyrine GSH
N,N,N',N'-Tetramethyl-p- Ethanethiol
phenylenediamine
Paracetamol (N-{4-hydroxyphenyl] CYS

acetamide)
Phenols
a-Tocopherol PEN
Phenothiazines
Chiorpromazine GSH. CYS, CAM, PEN
CYS. CAM, PEN, DTT. ME
GSH
Promethazine GSH. CYS. CAM, PEN
CYS, CAM, PEN, DTT, ME
Metiazinic acid LIP
Miscellaneous
Aliphatic alcohols GSH, CYS. PEN
Ascorbic acid GSH, CYS, CAM, PEN
CYS, CAM. PEN, DTT. ME
GSH
NADH GSH
Ferrocytochrome ¢ GSH, CYS. PEN
Reduced flavins ME. MPA
Vitamin A GSH
Polyunsaturated fatty acids GSH
CYS
GSH, CYS, PEN
GSH, CYS. PEN, ME, DTT
Alkylbenzene derivatives Cyclohexanethiol, benzenethiol
Diammonium 2,2’-azinobis-(3- GSH. CYS, CAM

ethylbenzthiazoline-6-sulfonate)
CYS, CAM, PEN, DTT, ME
CYS, ethanethiol
2.5-Dimethyitetrahydrofuran DTT
1,6-Diazabicyclo(4.4.4]dodecane 2-Methyl-2-propanethiol
radical cation

Wilson et al (1986)
Huston ef al. (1992)

Bisby and Tabassum
(1988)

Schoéneich et al. (1989a)

Forni et al. (1983)

Lal and Mahal (1990)
Tamba and O’ Neill (1991)
Forni et al. (1983)

Lal and Mahal (1990)
Bahnemann et al. (1981)

Schoneich et al. (1989a);
Schoneich and Asmus
(1990)

Forni et al. (1983)

Lal and Mahal (1990)
D’Aquino et al. (1989);
Tamba and O’Neill

(1991)

Willson et al. (1985)

Forni and Willson (1986)

Ahmad and Armstrong
(1982, 1984)

D’Aquino ez al. (1989)

D’Aquino er al. (1989)

Schoneich er al. (1989b)

Schoneich and Asmus
(1990)

Schoneich er al. (1992)

Pryor et al. (1978)

Wolfenden and Willson
(1982)

Lal and Mahal (1990)

Huston et al. (1992)

Akhlaq et al. (1987)

Alder et al. (1986)

¢ Abbreviations used: GSH, glutathione: CYS, cysteine; CAM, cysteamine: PEN, penicillamine:
DTT. dithiothreitol; ME. 2-mercaptoethanol; LIP, lipoic acid; MPA, 2-mercaptopropionic acid.
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of polyunsaturated fatty acids increases with increasing lipophilicity of
the thiyl radical is of particular interest.

D. Dimerization

In any oxidation system, the steady-state concentration of thiyl radicals
will be low. Therefore, although the dimerization reaction is fast, it is
unlikely to compete with alternative pathways for RS® decay (Wardman,
1988).

E. Addition to Unsaturated Compounds

Thiyl radicals, being electrophilic, readily add to olefins and acetylenes,
forming carbon-centered radicals. In the presence of oxygen, peroxyl
radicals are formed from the latter, which decay to a variety of products.
Many thiyl radicals undergo this reaction, with those from aromatic thiols
being particularly well studied (Ito and Matsuda, 1988). Glutathione thiyl
radicals have been shown to add to styrene (Stock et al., 1986; Ortiz de
Montellano and Grab, 1986) and to dihydrodiols of polycyclic hydrocar-
bons (Foureman and Eling, 1989).

F. Rearrangement

Under anaerobic conditions, rearrangement of the thiyl radical of glutathi-
one to a carbon-centered radical has been observed (Becker er al., 1988).
Rearrangement is favored at low concentrations of glutathione and at high
pH (Grierson et al., 1992), and this reaction is, therefore, unlikely to be
important under physiological conditions.

lll. Pathways for One-Electron Oxidation of Thiols
A. Metal-Catalyzed Oxidation of Thiols

Direct oxidation of thiols by molecular oxygen is very slow (Harrison,
1924; Barron et al., 1947; Cullis et al., 1968a). Oxidation is greatly acceler-
ated, however, by certain transition metals, which act as electron carriers
between the thiol and oxygen. The catalytic activity of a particular metal
varies according to the structure of the thiol; salts of iron (Mathews and
Walker, 1909; Gardner and Jursinic, 1981) and copper (Voegtlin et al.,
1931; Yee and Shipe, 1982) are generally very good catalysts of thiol
oxidation, while compounds of cobalt, nickel, and manganese are also
effective under certain conditions (Tsen and Tappel, 1958; Cullis et al.,
1968b).
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In the case of simple metal salts, it is likely that the active catalyst is
a thiol-metal complex (Schubert, 1932). Complexes of metals with ligands
such as o-phenanthroline (Kobashi, 1968), diisopropyl salicylic acid (Khan
and Sorenson, 1991), adriamycin (Zweier et al., 1986; Muindi et al., 1985),
and bleomycin (Antholine ef al., 1991} are also effective, and complexes
with porphyrin derivatives such as hemin, hematin, vitamin B,, and
synthetic phthalocyanines (Barron et al., 1947; Cullis and Trimm, 1968;
Skorobogaty and Smith, 1982: Shirai et al., 1991) are particularly good pro-
moters of thiol oxidation. Even metal bound to chelating agents, such as
EDTA and DTPA, which are commonly added to media with the intent
of inhibiting thiol oxidation, may be catalytically active; CuEDTA and
MnEDTA are excellent catalysts for the oxidation of cysteine (Hanaki
and Kamide, 1983) and mercaptoethanol (Paoletti et al., 1990), re-
spectively. The oxidation of some thiols is also promoted by protein-
bound metals, as in transferrin, ceruloplasmin, methemoglobin, and
cytochrome ¢ (Holmquist and Vinograd, 1963: Anderson and Tomasi,
1977; Chidambaram ez al., 1984 Starkebaum and Harlan, 1986; Holler and
Hopkins, 1990) and in the ferryl derivatives of peroxidases and myoglobin
(Harman et al., 1984, 1986; Mottley et al., 1987; Romero et al., 1992).
The special case of thiol oxidation by hemoglobin is discussed below.

Studies of the stoichiometry of oxygen uptake during metal-catalyzed
thiol oxidation (Meldrum and Dixon, 1930; Barron et al., 1947; Zwart et
al., 1981) point to disulfide as the sole sulfur-containing oxidation product
via the reaction

4RSH + O, — 2RSSR + 2H,0 9)

The oxidation is initiated by electron transfer from the thiolate anion
to metal, with the catalytic cycle being maintained by autoxidation of the
reduced metal:

Mt + RS~ — M” " + RS (10)
Mir =B+ 4 O, M"" + 0, an

Subsequent reactions of the thiyl radical and superoxide will be as
described previously (Section I1). The thiyl radical, superoxide radical,
and hydrogen peroxide have been identified as intermediates in metal-
catalyzed thiol oxidation, and under some conditions, hydroxyl radical
has also been detected (Munday, 1989). The last-named species is believed
to arise via the Fenton reaction:

Fe! + H,0, — Fe!" + ‘OH + OH~ (12)
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The cycle is maintained through reduction of ferric iron by thiol [Reaction
(10)]; reduction of iron by the superoxide radical [which, in conjunction
with Reaction (12), would constitute the metal-catalyzed Haber—Weiss
reaction]} does not play a significant role in thiol-induced hydroxyl radical
formation (Searle and Tomasi, 1982; Florence, 1984).

B. Oxidation of Thiols by Hemoglobin

Oxyhemoglobin is oxidized to methemoglobin in the presence of thiols,
with concomitant formation of hydrogen peroxide (Strémme, 1963; Eyer
et al., 1975; Munday, 1985a; Munday er al., 1990b). This process can be
understood in terms of the oxidase activity of hemoglobin as a ferric
superoxide (Carrell et al., 1977):

(Hb)FeO, = + RS~ + 2H* — (Hb)Fe! + RS" + H,0, (13)

Superoxide radical is also generated during the interaction between thiols
and hemoglobin (Munday, 1985a; Munday et al., 1990b). This presumably
arises during conversion of RS" to disulfide via Reactions (3) and (4).

C. Oxidation of Thiols by Free Radicals

Thiols may reduce free radicals by hydrogen donation from the thiol or

by electron donation from the thiolate anion—the reverse of Reactions
(7) and (8):

RSH + X = RS + XH (14)
RS™ + X*=RS' + X~ (15)

These reactions have been extensively studied with regard to thiol-induced
protection against radiation damage (Section V,B), but they are not con-
fined to radiolytically derived radicals and have been demonstrated with
a range of radicals generated by a variety of oxidative processes.

As mentioned previously, thiols are oxidized by superoxide [Reaction
(5)] and this process has been observed with the radical being generated
radiolytically (Al-Thannon et al., 1974), chemically (Crank and Makin,
1984), or enzymatically (Asada and Kanematsu, 1976; Wefers and Sies,
1983; Ross et al., 1985d; Ross and Moldéus, 1986). Among other inorganic
radicals, hydroxyl is particularly active, reacting with thiols at close to
diffusion-controlled rates (Packer, 1974). Halogen and pseudohalogen rad-
icals are also powerful oxidants (Redpath, 1973), as are phosphite (Schifer
and Asmus, 1981) and azide radicals (Abedinzadeh et al., 1991).
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A large number of organic radicals have been shown to oxidize thiols
(Table II). As mentioned previously (Section I1,C), this reaction is revers-
ible, but is driven toward thiyl radical formation by destruction of the
latter via Reactions (3) and (4). In accord with this mechanism, oxygen
is taken up during the reaction between thiols and free radicals (Barringer,
1955; Rosenwald, 1956; Lgvstad 1974; Moldéus er al., 1983 Ross et al.,
1985a,b,c; Subrahmanyam and O’Brien, 1985; Subrahmanyam er al., 1987,
Munday, 1987; Winterbourn, 1989; Winterbourn and Munday, 1989;
Rao et al., 1990; Munday et al., 1990a; Thompson and Eling, 1991) and
superoxide radical is produced (Subrahmanyam and O’Brien, 1985;
Subrahmanyam er al., 1987; Munday, 1987; Winterbourn, 1989; Win-
terbourn and Munday, 1989; Munday et al., 1990a). In studies in which
products have been quantitated, disulfide has been found to account for
more than 85% of the thiol oxidized (Lal, 1976; Eyer and Lengfelder,
1984; Subrahmanyam and O’Brien, 1985; Munday, 1987; Winterbourn and
Munday, 1989). Small amounts of glutathione sulfinic acid (Lal, 1976) or
glutathione sulfonic acid (Wefers and Sies, 1983) are reported to be formed
in some experiments, but no higher oxidation products of the thiol were
detected in others (Subrahmanyam er al., 1987; Ross et al., 1985d).

D. Oxidation of Thiols by Quinones and by Alloxan

Gause et al. (1967) reported the formation of semiquinone radicals (QH")
in the reaction between cysteine and tetrachloro-p-benzoquinone or 2,3-
dichloro-1,4-naphthoquinone, suggesting a one-electron redox process for
their production:

Q + RSH = QH' + RS’ (16)

Later studies have similarly shown semiquinone radical formation from
thiols and p-benzoquinone, I.4-naphthoquinone, and 2-methyl- and 5-
hydroxy-1,4-naphthoquinone (Gant et al., 1986; Takahashi er al., 1987;
Miura et al., 1992).

With quinones unsubstituted at the 2- or 3-positions, net one-electron
reduction occurs at low glutathione concentrations (0.5 mM ), consistent
with Reaction (16), whereas at higher levels of thiol (2 mAf), the quinone
undergoes reductive conjugation to the hydroquinone thioether (Takahashi
et al., 1987). It has been suggested (Gant et al., 1986; Takahashi et al.,
1987) that in this situation, semiquinone radicals could be generated
through comproportionation of the quinols (QH,) with quinone:

Q + QH, = 2QH" 17
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Table I
Radicals Reported to Oxidize Thiols

Source of radical

Method of radical
production?

Thiol(s) employed®

Reference

Aromatic amines
p-Phenetidine (4-ethoxyanilline)

2- and 4-Methoxyaniline
N,N-Dimethylaniline

4-Methyl-N,N-dimethylaniline
N,N,N’,N'-Tetramethyl-p-

phenylenediamine
2,3,5,6-Tetramethyl-p-phenylenediamine
N,N'-di-sec-butyl-p-phenylenediamine
1,2.4-Triaminobenzene
N-Methyl-4-aminoazobenzene
2-Naphthylamine
N-Phenyi-2-naphthylamine
2-Aminofluorene

Aminopyrine
Phenols
Phenol

p-Aminophenol
N,N-Dimethylaminophenol

HRP, PGS

HRP

HRP

HRP

HRP

HRP

HRP

Chemical synthesis

Autoxidation
Autoxidation
Autoxidation
HRP

HRP
Chemical synthesis
HRP

HRP

HRP

HRP

PGS

HRP
PGS
HRP
HRP
Autoxidation

GSH
GSH, CYS, ACYS
GSH
GSH
GSH
GSH
GSH
GSH

GSH
Butanethiol
GSH

GSH

GSH
Methanethiol
GSH

GSH

GSH

GSH

GSH

GSH
GSH
GSH
GSH
GSH

Ross et al. (1985a)

Ross et al. (1985b)

Subrahmanyam et al. (1987)
Thompson and Eling, (1991)
Moldéus et al. (1983)
Subrahmanyam et al. (1987)
Subrahmanyam and O’Brien (1985)

Vinogradov et al. (1979); Stérle and Eyer

(1991)
Munday et al. (1990a)
Barringer (1955); Rosenwald (1956)
Munday (1987)
Subrahmanyam and O’Brien (1985)
Subrahmanyam and O’Brien (1985)
Bridger (1972)
Subrahmanyam and O'Brien (1985)
Subrahmanyam et al. (1987)
Moldéus et al. (1983)
Subrahmanyam et al. (1987)
Eling et al. (1985)

Subrahmanyam and O’Brien (1985)
Schreiber et al. (1989)
Subrahmanyam er al. (1987)
Subrahmanyam and O’Brien (1985)
Eyer and Lengfelder (1984)
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Paracetamol (N-[4-hydroxyphenyl]
acetamide)

2,2'-Dihydroxybiphenyl
{-Naphthol
Diethylstilbestrol
Etopaside

2.6-Di-tert-butyl-4-(3.5-di-tert-butyl-4-
hydroxybenzylidine2,5-cyclohexadien-

1-one

2,5-Bis-(1-aziridinyl)-3,6-
bis(ethoxycarbonylamino)-1.4-
benzenediol
a-Tocopherol

Phenothiazines
Promazine
Chlorpromazine

Promethazine
Pyrimidines

Dialuric acid

Divicine, isouramil
Miscellaneous compounds

Phenylhydrazine

1,1-Diphenyi-2-(2.4.6-

trinitrophenyl)hydrazine

Triphenylmethane

PGS

HRP, PGS

HRP

HRP

HRP

HRP

HRP. pulse radiolysis
HRP. PGS

HRP

Chemical synthesis

Autoxidation

Chemical synthesis

Autoxidation
HRP
HRP
Autoxidation
HRP

Autoxidation
Autoxidation

Autoxidation

Chemical synthesis
Chemical synthesis
Chemical synthesis
Chemical synthesis

GSH

GSH. CYS. ACYS
GSH

GSH

GSH. CYS

GSH

GSH

GSH

GSH, CYS

GSH. CYS

GSH

GSH

GSH
GSH
GSH
GSH
GSH

GSH. CYS
GSH, CYS

GSH

Butanethiol, benzenethiol
GSH. CYS

Various aliphatic
Benzenethiol
2.4.6-Trimethylbenzenethiol

Moldéus et al. (1982)

Ross et al. (1984)

Ross et al. (1985b)

Subrahmanyam et al. (1987)

Rao et al. (1990)

Subrahmanyam and O’Brien (1985)
d’Arcy Doherty er al. (1986)

Ross et al. (1985¢)

Katki et al. (1987)

Tsuchiya er al. (1985)

Ordoiiez and Cadenas (1992)

Niki et al. (1982)

Leovstad (1974)

Ohnishi et al. (1969)
Subrahmanyam et al. (1987)
Lovstad (1974)
Subrahmanyam et al. (1987)

Winterbourn and Munday (1989)
Winterbourn (1989)

Mapiles et al. (1990)
Brook er al. (1958)
Blois (1958)

Ewald (1959)

Colle et al. (1978)
Lewis and Butler (1976)

continues



Table Il continued

Method of radical

Source of radical production® Thiol(s) employed® Reference
Aliphatic alcohols Puise radiolysis GSH, CAM Baker et al. (1982); Adams ef al. (1968);
Willson (1983)
Glucose and other sugars Pulse radiolysis GSH Baker et al. (1982)
Nucleic acids Pulse radiolysis DTT, CAM Held (1988)
Butanenitrile Chemical synthesis Various aliphatics, Bruin et al. (1952)
benzenethiol
Hexanenitrile Chemical synthesis Various aromatics Schaafsma er al. (1957)
Dipotassium nitrosodisulfonate Chemical synthesis GSH, ovothiol A Holler and Hopkins (1990)
4-Hydroxylaminoquinoline-1-oxide Autoxidation GSH, CYS Hozumi et al. (1967)

@ Abbreviations used: HRP, horseradish peroxidase; PGS, prostaglandin H synthase.
¢ Abbreviations used: GSH, glutathione; CYS, cysteine; ACYS, acetylcysteine; CAM, cysteamine; DTT, dithiothreitol.
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Reaction (16} is, in fact, thermodynamically unfavorable (Wardman, 1990;
Butler and Hoey, 1992). Again, it has been argued that the equilibrium
may be displaced to the right by rapid decay of the radicals, particularly
under aerobic conditions (Wardman, 1990). Disulfide radical anion, super-
oxide radical, and hydrogen peroxide have been detected in thiol-quinone
interactions (Ross et al., 1985¢; Butler and Hoey, 1992), consistent with
thiyl radical breakdown by Reactions (3) and (4).

Reaction of the pyrimidine derivative alloxan with glutathione or
cysteine leads to the formation of the corresponding radical, and a
one-electron process analogous to Reaction (16) has been proposed
(Lagercrantz and Yhland, 1963). Since alloxan is readily reduced to its
two-electron reduction product, dialuric acid, by thiols (Winterbourn
and Munday, 1989), formation of alloxan radical by comproportionation
is again a possibility.

Generation of superoxide radical, hydrogen peroxide, and, in the pres-
ence of iron salts, hydroxyl radical has been observed during the oxidation
of thiols by alloxan { Winterbourn and Munday, 1989; Sakurai and Ogiso,
1991).

IV. Structural Effects on One-Electron Oxidation
of Thiols

Although one-electron oxidation is a common property of thiols, the rate
of this reaction is strongly dependent upon structure. For example, the
rate of metal-catalyzed oxidation of aminothiols such as glutathione, cys-
teine, and cysteamine at neutral pH 1is greater than that of saturated
aliphatic thiols, such as methanethiol (I) or its derivative, phenylmeth-
anethiol (I). In contrast, the aromatic thiol benzenethiol (I is oxidized
much more rapidly than aminothiols under these conditions (Munday,
1989). The heterocyclic dithiol 3,6-dimercapto-1,4-dimethyl-2,5-pipera-
zinedione (IV) is also rapidly oxidized in neutral solution (Eichner et al.,
1988), as is the related compound (VI), which is the reduced form of the
mycotoxin sporidesmin (Munday, 1982). Similarly, the «,8-unsaturated
thiol ovothiol A (V) reacts faster with free radicals than does glutathione
(Holler and Hopkins, 1990), and aromatic thiols are more effective radical
scavengers than aliphatic thiols (Simic, 1988; Bruin e7 al., 1952).

Ring substitution in aromatic thiols greatly influences the rate of metal-
catalyzed oxidation (Table IIl). Electron-donating groups (alkyl, amino,
methoxy) in the 4-position markedly increase the rate of oxidation, al-
though the effect of such substituents in the 2-position is much smaller,
The rate of oxidation of 2-alkylbenzenethiols decreases with increasing
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size of the alkyl group, whereas electron-withdrawing substituents (nitro,
carboxyl) decrease the oxidation rate, irrespective of their position in the
ring.

Aromatic thiols also react much more rapidly with oxyhemoglobin than
aliphatic thiols, and the same structure-activity relationships are observed
with benzenethiol derivatives (Munday, 1985a).

These results can be rationalized in terms of degree of ionization of the
thiol and the stability of the derived thiyl radical.

Electron-transfer reactions of thiols, as in oxidations mediated by metals
and by hemoglobin and in some radical scavenging reactions, involve
the thiolate anion in the rate-limiting step. The rate of the reaction will,
therefore, increase with the concentration of RS~ in solution and hence
will be related to the ionization constants of the thiols. The pK, values
of aminothiols are of the order of 8.5 in aqueous solution ( Jocelyn, 1972},
and these compounds will, therefore, be ionized at neutral pH to a greater
extent than saturated aliphatic thiols (pK, ~10). lonization of aromatic
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Table 11l

Effect of Ring Substitution on the Rate of Metal-Catalyzed Oxidation of Benzenethiol
Derivatives

SH
Ry

R2
Compound R, R, Relative rate of oxidation®
4-Aminobenzenethiol H NH, 15.42
2-Aminobenzenethiol NH, H 9.70
4-Methoxybenzenethiol H OCH;, 4.82
4-Methylbenzenethiol H CH, 1.88
2-Methylbenzenethiol CH, H 1.15
2-Ethylbenzenethiol C,H; H 1.08
2-Methoxybenzenethiol OCH; H 1.07
Benzenethiol H H 1.00
2-Isopropylbenzenethiol 'C;H, H 0.92
4-Nitrobenzenethiol H NO, 0.27
Benzenethiol-2-carboxylic acid CO;H H 0.11

“ Benzenethiol = I; oxidation rate measured at pH 7 in the presence of hematin as
catalyst (Munday, 1985a; Munday es af. 1990b).

thiols is facilitated by charge delocalization, and pK, values for these
compounds are generally less than 7 (Danehy and Parameswaran, 1968).
Charge delocalization and hence low pK, values are to be expected in
any «,fB-unsaturated thiol, such as Compound V (Holler and Hopkins,
1990), but when the thiol group is separated from the ring, as in Compound
II, delocalization is not possible, and the pK, of the latter substance is
9.4 (Danehy and Parameswaran, 1968). Compound VI is highly dissociated
at neutral pH, ionization being promoted by hyperconjugation (Munday,
1982); the same may well be true of compound IV.

The rate of one-electron oxidation of thiols is increased by stabilization
of the incipient radical. Thiyl radicals are stabilized by resonance, so they
are more easily formed from aromatic and «,8-unsaturated thiols than
from saturated thiols. In aromatic compounds. electron-donating groups
increase the stability of the radical, whereas electron-withdrawing groups
destabilize the radical; the different effects of substituents in the 2- and
4-positions can be explained in terms of steric hindrance at the reaction
site when bulky groups are present at the position next to the thiol group
(Munday, 1989).
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V. Beneficial and Harmful Effects of Thiyl
Radical Formation

A. Glutathione as a Radical Scavenger

If a radical X' is scavenged by glutathione via Reaction (14), followed
by destruction of the thiyl radical via Reactions (3) and (4), the overall
stoichiometry of the process is

2GSH + X" + 0, - GSSG + XH + O,,~ + HY (18

In this way, one radical (X°) is exchanged for another (O, 7). Since, as
discussed previously, superoxide radical can initiate a radical chain reac-
tion for thiol oxidation, this process in itself is not beneficial. In the
presence of superoxide dismutase, however, which destroys superoxide
via Reaction (19), the radical chain is broken and radical scavenging by
this concerted action of glutathione and superoxide dismutase has been
proposed as an important cellular defense mechanism (Munday and Win-
terbourn, 1989). Furthermore, this reaction pathway would result in the
conversion of all radicals into superoxide, so that a single enzyme, super-
oxide dismutase, could, in effect, destroy all the multitude of radicals that
could conceivably be formed within cells (Winterbourn, 1993).

20, + 2H* - H,0, + 0, (19)

This mechanism does require, however, the presence of adequate levels
of superoxide dismutase to break the chain and of enough catalase or
glutathione peroxidase to destroy the hydrogen peroxide formed in Reac-
tion (19). In the absence of sufficient enzymatic protection, however,
radical chain reactions leading to uncontrolled formation of ‘‘active oxy-
gen’’ species would ensue, with severe consequences for cellular viability.
The distribution of such enzymes among organs and tissues is by no
means uniform, with, for example, endocrine pancreas and striated muscle
containing relatively low levels (Grankvist et al., 1981). It has been sug-
gested that because of this, glutathione-mediated chain reactions may
contribute to the diabetogenicity of alloxan (Winterbourn and Munday,
1989) and to the selective myotoxicity of p-phenylenediamine derivatives
(Munday, 1992).

B. Radiation Protection by Thiols and the Oxygen Effect

Thiols have been shown to offer significant protection against ionizing
radiation both in vitro and in vivo. Free-radical scavenging appears to
play a major role in this effect, and two processes, ‘‘protection’” and
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“‘repair,”” have been identified. In the first, thiols react with radiation-
induced radicals before the latter are able to exert their deleterious effects
upon a tissue component; in the second, damaged macromolecules (partic-
ularly DNA radicals) are repaired by one-electron reduction by a thiol
(von Sonntag, 1987; Bump and Brown, 1990).

It has been known for many years that oxygen increases cellular sensitiv-
ity to ionizing radiation and diminishes the protective activity of thi-
ols—the so-called ‘‘oxygen effect’’ (von Sonntag, 1987; Held, 1988). This
has generally been accepted to reflect failure of the repair mechanism,
with reaction of a damaged tissue component with oxygen yielding a
peroxyl radical irreparable by thiols (Howard-Flanders, 1960). In both the
protection and the repair processes, however, the thiyl radical will be
produced, and more recent studies have focused upon the possible involve-
ment of species derived from this.

Quintiliani (1986) proposed that the thiyl radical is activated by reaction
with oxygen [Reaction (6)] with the thioperoxy! radical being responsible
for the potentiating effect of oxygen. As discussed previously (Section
I1), however, formation of the disulfide radical anion is the predominant
reaction of RS under physiological conditions, and this mechanism, there-
fore, seems unlikely. Indeed, it has been suggested (Priitz and Monig,
1987; Priitz, 1989; Priitz et al., 1989) that the disulfide radical anion itself
is important in the repair process, reducing damaged macromolecules via
Reaction (20):

X'+ (RSSR) + H" — XH + RSSR (20)

With this mechanism, the oxygen effect would be explained by the rapid
oxidation of (RSSR) ™~ via Reaction (4), so that in the presence of oxygen,
the concentration of the beneficial species would be decreased.

An alternative explanation is that ““active oxygen’’ species, formed by
oxidation of (RSSR)' ~, are responsible for the oxygen effect. No experi-
ments on this possibility have been reported, and, although it has been
shown that intracellular generation of such species is not of major impor-
tance in determining radiation sensitivity in the absence of added thiols
(Misra and Fridovich, 1976; Niwa et al., 1978; Marklund et al., 1984),
studies on their significance in the presence of radioprotective thiols would
be of interest.

C. Cytotoxicity of Aminothiols

Toxic effects have been identified in a number of in vitro cell systems after
exposure to aminothiols, such as glutathione, cysteine, and cysteamine.
Toxicity is increased by addition of copper or iron salts to the incubation
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medium and decreased by catalase, consonant with the involvement of
metal-catalyzed thiol oxidation in the toxic process and with hydrogen
peroxide, or a product derived from it, being the ultimate cytotoxic species
{Munday, 1989).

In many instances, an unusual dose-response relationship is observed
in aminothiol cytotoxicity (Munday, 1989). With increasing levels of the
test material, the severity of the toxic response increases to a maximum,
after which further increments in aminothiol concentration result in a
progressive decrease in toxicity. As suggested by Takagi ef al. (1974),
this may reflect the fact that in this test system the aminothiol both gener-
ates and destroys ‘‘active oxygen’’ species. At low concentrations, the
prooxidant activity of the thiol may predominate, but at high levels, even
though the rate of production of oxidizing species increases, more thiol
is available for their destruction and the antioxidant effect will become
more important.

D. Mutagenicity of Thiols

The bacterial mutagenicity of aminothiols has been extensively studied.
Yamaguchi and Yamashita (1981) found cysteine and penicillamine to be
mutagenic in Salmonella typhimurium TA100 when activated by liver
postmitochondrial supernatant or by high levels of enzymes, such as cata-
lase, pepsin, or D-amino acid oxidase. The activation was not enzymatic,
however, because the activating ability of both the supernatant and the
enzymes was maintained after heat inactivation.

Later studies confirmed these results with cysteine and showed that
tissue fractions or homogenates from a variety of sources were effective
activators (Glatt ez al., 1983, 1990; Glatt, 1990). In contrast, glutathione
was mutagenic only in the presence of postmitochondrial supernatant from
kidney, and a role for y-glutamyltranspeptidase was postulated (Glatt ef
al., 1983). This was supported by the results of Stark et al. (1987), showing
that purified y-glutamyitranspeptidase activated glutathione to a mutagen,
and cysteinylglycine was suggested as the agent responsible. The latter
substance was subsequently shown to be a potent direct-acting muta-
gen in §. typhimurium TA102 (Stark er al., 1989). Among other thiols
tested in this strain, activity decreased in the order cysteine ethyl
ester > penicillamine > cysteine > glutathione (Stark ez al., 1989).

Effects of thiols in mammalian cells have also been recorded. Sister-
chromatid exchanges were observed with cysteamine (Speit er al., 1980;
Speit and Vogel, 1982) and with penicillamine (Speit and Haupter, 1987)
in Chinese hamster V79 cells, aithough no effect was seen with cysteine
(Speit et al., 1980). Positive effects were observed with cysteine in CHO
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cells (MacRae and Stich, 1979). but neither cysteine nor cysteamine in-
duced exchanges in lymphocytes (Speit and Vogel. 1982). Chromosomal
aberrations were observed in CHO cells exposed to cysteine, cysteamine,
and glutathione in the presence of copper (Stich et al., 1978) and in V79
cells incubated with high concentrations of penicillamine (Speit and
Haupter, 1987).

It is generally agreed that hydrogen peroxide, formed through metal-
catalyzed oxidation of the thiols, is responsible for the mutagenic effects
of these compounds in mammalian cells (Stich et al., 1978; MacRae and
Stich, 1979; Speit and Vogel, 1982; Speit and Haupter, 1987). There has
been much debate about the proximate mutagen in bacterial systems, but
recent data suggest that ‘‘active oxygen’’ species are again responsible.
An association between the mutagenic activity of various aminothiols and
their pK, values has been recorded (Stark er al., 1989), with the most
highly ionized (and hence most readily oxidized) compounds showing the
greatest activity. The mutagenicity of glutathione, activated by purified
vy-glutamyltranspeptidase, was shown to be dependent upon the presence
of oxygen; it was enhanced by iron and inhibited by metal-chelating agents
(Stark et al., 1988). Superoxide dismutase had no effect on mutagenic
activity under these conditions, but partial protection was given by cata-
lase. The failure of catalase completely to prevent mutagenicity was ex-
plained (Stark ef al., 1988) on the basis of the high K, of this enzyme for
hydrogen peroxide, but the fact that high levels of this enzyme potentiate
mutagenicity ( Yamaguchi and Yamashita, 1981) suggests that the response
may be biphasic; a careful dose-response study is required. Added cata-
lase and superoxide dismutase had no effect upon the mutagenicity of
glutathione when activated by kidney postmitochondrial supernatant,
and it has been argued that this precludes a role for ‘‘active oxygen’’
species in the mutagenic process (Glatt, 1989, 1990). However, the tis-
sue fraction itself would contain significant amounts of both catalase
and superoxide dismutase. and the mutagenicity measured under these
conditions would be that fraction that is not inhibited by catalase;
further addition of this enzyme would not, therefore, be expected to
inhibit.

Overall, the data on the mutagenicity of aminothiols are consistent with
the involvement of ‘‘active oxygen’’ species formed by oxidation, with
the role of *‘activating’ enzymes or tissue fractions (except in the case
of glutathione) being simply to provide a source of catalytically active
metal. The nature of such metal may be of crucial importance, however,
since thiols oxidizing in the presence of copper caused little or no mutage-
nicity at nontoxic levels (Stich et al., 1978). A detailed study of the role
of metals, particularly iron, in aminothiol mutagenicity would be valuable.
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Few studies on the mutagenicity of other thiols have been conducted.
Dithiothreitol, in the presence of added iron, is mutagenic in S. ryphimu-
rium TA100 (Yamaguchi, 1981), and 4-aminobenzenethiol is also a bacte-
rial mutagen (Topham, 1980). A study of structure—activity relationships
among aliphatic and aromatic thiols would be useful for establishing the
mechanism of mutagenicity of such compounds.

It should be noted that, although the aminothiols themselves are muta-
genic under certain conditions, they are also capable of protecting against
the mutagenicity of enzymatically generated ‘‘active oxygen’” species (De
Flora et al., 1989). This again reflects the ability of these compounds to
act as both pro- and anti-oxidants.

E. Lipid Peroxidation

In the presence of iron salts, thiols induce peroxidation of unsaturated
lipids. The process is inhibited by iron chelators and by antioxidants, such
as butylated hydroxytoluene and a-tocopherol (Searle and Willson, 1983;
Kanner et al., 1986), but not by superoxide dismutase or catalase or by
scavengers of the hydroxyl radical (Tien et al., 1982; Bucher et al., 1983;
Searle and Willson, 1983; Kanner et al., 1986). With some thiols, a biphasic
dose-response is observed, with promotion of peroxidation at low levels
of thiol and inhibition at high concentrations (Tien et al., 1982).

It has been suggested that peroxidation involves metal-catalyzed thiol
oxidation, with the process being initiated by “‘site-specific’’ generation
of hydroxyl radical, formed from hydrogen peroxide via Reaction (12).
The failure of catalase and hydroxyl radical scavengers to prevent peroxi-
dation is explained on the basis of “OH formation close to the lipid target,
at a site that is not accessible to the potential protectants. The more
lipophilic antioxidants may scavenge peroxyl radicals, thereby preventing
amplification of peroxidation through propagation reactions (Searle and
Willson, 1983; Kanner et al., 1986); high levels of thiols could presumably
behave similarly.

More recently, it has been proposed that the thiyl radical itself may
initiate lipid peroxidation (Schoneich er al., 1992). In this model, scaven-
gers of “‘active oxygen’’ species would not be expected to inhibit peroxida-
tion, whereas antioxidants could compete with lipid for reaction with the
thiyl radical. In the lipid environment, the oxidizing ability of the thiyl
radical (Section 1I,C) may be more readily expressed than in an aqueous
system since its destruction via reaction with RS~ is less likely; this
process could, however, explain the protection observed at high concen-
trations of thiol.
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F. Reactions of Glutathione Involving Peroxidases

Compounds such as 2-aminofluorene, diethylstilbestrol, paracetamol, p-
phenetidine, and 2-methoxyaniline are carcinogenic. The target organs
of these substances (kidney, urinary bladder, uterus, and Zymbal and
Harderian glands) are particularly rich in peroxidases, and it has been
suggested that enzymatic one-electron oxidation may be involved in their
carcinogenic action (Subrahmanyam and O‘Brien, 1985; Ross and Mol-
déus, 1985; Thompson and Eling, 1991). Since, as discussed earlier (Sec-
tion I11,C), the radicals derived from these compounds are reduced by
glutathione, chain reactions involving RS" could also be involved in cancer
induction if antioxidant enzyme levels in the target tissue were low. Al-
though this appears unlikely in the case of the kidney, which is known to
contain high levels of superoxide dismutase, catalase, and glutathione
peroxidase (Grankvist et al., 1981), study of the levels of such enzymes
in the other target organs would be of interest.

Oxidation of glutathione itself by peroxidase, leading to conjugate for-
mation through addition of the thiyl radical to aromatic compounds, has
been suggested as a detoxication pathway (Stock ez al., 1986; Foureman
and Eling, 1989). As yet, however, there is no evidence for the operation
of this pathway in vivo.

G. Anti-Cancer Activity of Metal Complexes

It has been suggested (Petering, 1980) that thiosemicarbazonato--copper
complexes may exert their anti-cancer effects through intracellular genera-
tion of ‘‘active oxygen’’ species by catalysis of the oxidation of endoge-
nous thiols. A similar mechanism has been proposed for the iron—adria-
mycin complex (Muindi ef al., 1985; Zweier et al., 1986).

Complex-mediated thiol oxidation is potentially of considerable thera-
peutic benefit, since tumor cells, which contain low levels of antioxidant
enzymes (Powis, 1987), would be particularly liable to uncontrolled *“ac-
tive oxygen’’ production via chain reactions of RS'.

H. Hemolytic Activity of Thiols and Disulfides

A number of aliphatic, aromatic, and heterocyclic thiols and disulfides
have been shown to cause hemolytic anemia in animals and in humans
(Munday and Manns, 1985; Munday, 1989; Munday et al., 1990b). The
hemolysis is of the oxidative type, being characterized by precipitation
of oxidatively denatured hemoglobin (Heinz bodies) within erythrocytes.
These compounds are selectively toxic to red blood cells, with no other
harmful effects being recorded.
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If has been suggested (Munday, 1989) that the hemolysis induced by
these compounds is initiated by one-electron oxidation of the thiol by
oxyhemoglobin [Reaction (13)]. Hydrogen peroxide formed in this reac-
tion, together with more ‘‘active oxygen’’ species produced in reactions
of the thiyl radical, would, if produced sufficiently rapidly to overwhelm
the defenses of the cell, cause the oxidative damage responsible for eryth-
rocyte destruction. This mechanism would explain the target-organ speci-
ficity of these compounds; it is supported by the fact that the severity
of the hemolysis induced by the various compounds in vive is directly
proportional to their rate of reaction with oxyhemoglobin (Munday and
Manns, 1985) and to their ability to generate hydrogen peroxide (Munday,
1985a) and to cause oxidative damage (Munday, 1985b; Amrolia et al.,
1989) in erythrocytes in vitro.

Disulfides of these types are readily reduced by thiol-disulfide exchange
with glutathione [Reaction (21)] and both the in vivo toxicity of these
substances and their effects on erythrocytes in vitro are the same as those
of the corresponding thiols (Munday, 1989).

RSSR + 2GSH — 2RSH + GSSG 2n

Because of the reductive ability of glutathione, a redox cycle is established
in which the xenobiotic thiol, in effect, catalyzes the one-electron oxida-
tion of the endogenous thiol. Therefore, in a manner analogous to the in
vitro effects of aminothiols (Section V,C), glutathione in erythrocytes
would be responsible for both the generation and the destruction of “‘active
oxygen”’ species, and modulation of cellular levels of GSH could have
either beneficial or detrimental effects. High erythrocytic levels of glutathi-
one are reported to protect against the hemolysis induced in sheep by
feeding high dietary levels of kale, the hemolytic component of which is
dimethyl disulfide (Smith, 1980). In contrast, dogs with an inherited high
concentration of erythrocytic glutathione are more susceptible to the he-
molytic action of 4,4’-diaminodiphenyl disulfide (Maede ef al., 1989) and
to the hemolysis induced by feeding onions (Yamoto and Maede, 1992),
the toxic constituents of which are prop-1-enyl disulfides (Munday and
Manns, 1994).

I. Toxicity of Epidithiodioxopiperazine Derivatives

More than 50 mycotoxins containing the epidithiodioxopiperazine nucleus
have been described; two examples are gliotoxin (VII) and sporidesmin
(VIII). As mentioned previously (Section IV), the reduced (dithiol) form
of sporidesmin readily undergoes one-electron oxidation in the presence
of catalytic metals. Copper is by far the most effective catalyst, with
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effects being recorded at submicromolar concentrations (Munday, 1982).
Furthermore, both sporidesmin (Munday, 1982) and gliotoxin (Waring et
al., 1988) undergo redox cycling in the presence of glutathione and other
thiols, generating ‘‘active oxygen’’ species.

Sporidesmin, produced by the saprophytic pastoral fungus Pithomyces
chartarum, is responsible for the hepatogenous photosensitization disease
“facial eczema’ in grazing ruminants. The primary target site of the
mycotoxin is the biliary epithelium, in which inflammatory changes and
necrosis are rapidly produced. As discussed previously (Munday, 1989),
the toxicity of sporidesmin can be explained on the basis of copper-
catalyzed redox cycling of the mycotoxin, with concomitant generation
of “‘active oxygen’’ species within the target tissue.

Gliotoxin is a secondary metabolite of several fungal species, which
has been shown to possess antimicrobial and immunomodulating activity
(Waring et al., 1988); the latter property is under investigation for possible
beneficial effects in organ transplantation { Waring and Miillbacher, 1992).
In the presence of glutathione or dithiothreitol, gliotoxin causes oxidative
damage to DNA and, again, the biological effects of this substance may
be due to ‘‘active oxygen’’ species formed during redox cycling (Eichner
et al., 1988).

J. Formation of Cytotoxic Species through One-Electron
Oxidation of Glutathione by Xenobiotics

The possible involvement of the oxidation of glutathione via Reaction (16)
in the toxicity of simple quinones has not been explored. The observation
(Harley et al., 1982) that glutathione-deficient mutants of Escherichia coli
are more resistant to the toxic effects of streptonigrin, a quinolinequinone
derivative, suggests that such involvement may be important and more
work in this area would be valuable.
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It has been suggested (Winterbourn and Munday, 1989) that redox
reactions between glutathione and alloxan may be significant in the diabe-
togenic action of the latter; chain reactions of the thiyl radical may be
possible in the B-cells of the pancreas due to their low content of antioxi-
dant enzymes (Section V,A).

VI. Conclusion

For many years, the thiyl radical was considered to be a rather unreactive
species whose production within cells was either benign or beneficial.
More recently, however, the true reactivity of this species has been recog-
nized and the harmful, as well as beneficial, effects of intracellular thiyl
radical production have been explored.

The major pathway for decay of the thiyl radical under physiological
conditions involves formation of the corresponding disulfide with concomi-
tant production of ‘‘active oxygen’’ species; there is evidence that the
latter are responsible for many of the toxic effects associated with one-
electron oxidation of thiols. Furthermore, the beneficial effects of thiyl
radical formation, as, for example, in free-radical scavenging, will only
be expressed in the presence of cellular systems for destruction of ‘‘active
oxygen’’ species.

One-electron oxidation of thiols can be mediated in many ways. One
of the most important routes involves reaction with molecular oxygen,
catalyzed by transition metals. Copper and iron are the most important
catalytic metals, the latter being of especial significance because of its
ability to promote hydroxyl radical formation from the hydrogen peroxide
formed in earlier stages of the oxidative process. Although intracellular
levels of catalytically active metals are low, some thiols, such as those
derived from epidithiodioxopiperazines, are sensitive to extremely low
concentrations of metal, and this may account for their in vivo toxic
effects. Others, such as aliphatic and aromatic thiols, are oxidized by
protein-bound metal, specifically oxyhemoglobin. For this reason, such
compounds are selectively toxic to erythrocytes, with their relative hemo-
lytic activity in animals being governed by their rate of reaction with
oxyhemoglobin.

The ease with which thiois undergo one-electron oxidation is critically
dependent upon structure, with such factors as degree of ionization, stabil-
ity of the thiyl radical and steric hindrance being important. Saturated
aliphatic thiols are oxidized very slowly, whereas aromatic compounds
undergo rapid reaction; aminothiols, such as glutathione, are oxidized at
an intermediate rate. The facility with which glutathione is oxidized may
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well be optimal for its activity as a cellular protectant, being sufficiently
easily oxidized to act as a radical scavenger but not reactive enough to
be oxidized by the low levels of metals within cells or by protein-bound
metal. Although this compound is oxidized in vitro, either by deliberately
added metals or by the metals that invariably contaminate tissue culture
media, leading to cytotoxic or mutagenic effects in cells or to lipid peroxi-
dation, thisis not a problem in vivo under normal conditions. Aninteresting
possibility arises, however, in that oxidation of endogenous thiols by
administration of particularly potent oxidation catalysts may be therapeuti-
cally beneficial, as in the anti-cancer iron and copper complexes.

Although much has been achieved with regard to understanding the
consequences of one-electron oxidation of both endogenous and xenobi-
otic thiols, much remains to be done. In particular, a fuller understanding
of the delicate balance that exists between the pro- and the anti-oxidant
activities of these compounds would be valuable, not only in determining
mechanisms of toxicity and protection but also, perhaps, in the design of
cytotoxic drugs for therapeutic purposes.
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l. Introduction

Identification of the mechanisms for the selective cellular accumulation
and toxicity of metals remains one of the greatest challenges for the
toxicologist. This information is critical for the evaluation of the potential
adverse effects of metal exposure and for designing therapeutic strategies.

In contrast to the majority of organic chemicals that undergo metabolic
degradation, metal elements are indestructible in biological tissues. Once
incorporated into an organism, their physiological and toxicological effects
are regulated by two general mechanisms: binding to specific ligands and
excretion. Binding to amino acids, peptides, proteins, phospholipids, and
other tissue constituents modulates both their reactivity (toxicity) and
biological effects. Because most heavy metals are present in biological
tissues as complexes with specific ligands rather than as the free cations,
these ligands play a critical role in metal homeostasis.

Among the metal binding ligands. glutathione (GSH) is one of the most
versatile and pervasive. GSH is the most abundant nonprotein sulfhydryl-
containing compound within cells at concentrations of 1-10 mM. The
sulfhydryl group of the cysteine moiety has a high affinity for metals,
forming thermodynamically stable but kinetically labile mercaptides with
a number of metals, including mercury, silver, cadmium, arsenic, lead,
gold, zinc, and copper. Recent studies demonstrate that the abundance
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of GSH and the high turnover rate for this tripeptide and its adducts via
both intra- and interorgan cycles play key roles in metal transport and
metabolism.

GSH modulates the disposition and toxicity of metals by at least four
mechanisms: (q) it functions in the mobilization and delivery of metals
between ligands; (b) it functions to transport metals across cell membranes
as GSH complexes; (c) it serves as a source of cysteine, an amino acid
that plays a central role in metal homeostasis; and (d) it serves as a
cofactor for redox reactions, yielding metal compounds with different
speciation or biochemical forms. The present discussion reviews studies
that examine these roles of GSH, focusing on tissues critical to the disposi-
tion of metals: kidney, liver, gastrointestinal tract, and blood-brain barrier.

Il. Formation of Glutathione Mercaptides

GSH contains six potential coordination sites for metal binding: the cystei-
nyl thiolate, the glutamyl amino, and the glycyl and glutamyl carboxyl
groups, and the peptide linkages. Of these, the thiolate residue exhibits
the highest affinity for a number of metals, including Hg, Cd, Cu, Zn, Ag,
As, and Pb. Mercury binds almost exclusively to the cysteiny! thiolate
group (Fuhr and Rabenstein, 1973), whereas other heavy metals also
exhibit an affinity for the amino and carboxyl groups and the peptide
linkages. For example, zinc and cadmium interact strongly with the thio-
late group, but also exhibit a weak interaction with the carboxyl and
amino groups ( Fuhr and Rabenstein, 1973). In contrast, Ni(II) binds GSH
primarily through the glycyl carboxyl and glutamyl carboxyl and amino
groups (Jezowska-Trzebiatowska er al., 1976). A metal bound to the
thiolate group of GSH can be stabilized by coordination with one of the
other potential binding sites within the tripeptide. In general, however,
more stable structures are obtained when these divalent metals form a
1:2(M?* :S7) complex to generate either GS—M—SG, GS—M—SR or
RS—M—SR, where RS— is an additional ligand [(Eq. (1) and (2)]. The
chemistry of monovalent heavy-metal compounds (M ") is more straight-

forward, forming 1:1 complexes (Martell and Calvin, 1952; Lenz and
Martell, 1964).

ki
RS~ + M?* = RS—M* (M
ki
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k,
RS~ + RS—M* = RS—M—SR )
k-,

Formation of GSH mercaptides is highly favored thermodynamically
and occurs spontaneously (nonenzymatically) under physiological condi-
tions. The reaction is reversible, but the equilibrium is shifted toward the
formation of the weakly dissociating mercaptides. The formation constants
of selected mercaptides are listed in Table I. As illustrated in this table,
the formation constants are high, but vary considerably among metals.
The alkaline earth metals, magnesium, calcium, and strontium (group I1A
metals), have no appreciable affinity for sulthydryl groups (Table 1). On
the other hand, the formation constants of cysteine and glutathione mer-
captides of mercury are exceptionally high, log k; = 14-16 (Table I).
These formation constants are 8 orders of magnitude larger than those
for mercury binding to amino groups (Carty and Malone, 1979). Table I
alsoillustrates that for the zinc—glutathione complex, log k, is much smaller

Table 1
Formation Constants of Cysteine and GSH Mercaptides

log &
(mol/liter)

Metal Ligand k; ks Reference
CH;Hg* Cys 15.7 Simpson (1961)

GSH 15.9 Simpson (1961)
Hg?* Cys 14.2 Lenz and Martell (1964); Stricks and

. Kolthoff (1953)
GSH 14 Kapoor et al. (1965); Stricks and Kolthoff
(1953)

Pb?* Cys 12.2 Li and Manning (1955)

GSH 10.6 Li and Manning (1955)
Cd?* GSH 10.5 Li and Manning (1955)
Zn** Cys 9.8 8.8 Li and Manning (1955)

GSH 8.3 4 Li et al. (1954); Perrin and Watt (1971)
Cu™ Cys 19.4 Stricks and Kolthoff (1951)
Co?* Cys 9.3 7.6 Albert (1952); Lenz and Martell (1964)
Ni* Cys 9.6 9.4 Lenz and Martell (1964); Albert (1952)
Mn?* Cys 4.6 Lenz and Martell (1964)
Mgt Cys — Lenz and Martell (1964)
Ca?* Cys —a Lenz and Martell (1964)

9 No evidence of chelate formation.



274 N. Ballatori

than log k, (4 versus 8.3), indicating that the second GSH molecule is
bonded to the zinc only through the y-glutamyl carboxyl and amino groups,
rather than through the sulfhydryl group (Perrin and Watt, 1971). Martin
and Edsall (1959) estimated that for divalent Zn, Ni, Co, and Mn, approxi-
mately 80, 10, 30, and 15% of the bound metal is attached to the sulfur
moiety, respectively.

Despite the thermodynamic stability of these metal-sulfhydryl com-
plexes, they are generally kinetically labile. That is, the metal rapidly
exchanges between available sulfhydryl ligands. Perhaps the fastest ex-
change rates are observed between mercury and sulfhydryl-containing
molecules, with rates approaching those of diffusion-controlled bimolecu-
lar reactions:

CH;Hg—SG + *GS~ & CH,Hg—SG* + GS—,
k= 5.8 x 108 M~! - s~ (Rabenstein and Fairhurst, 1975).

These fast rates of exchange are due to the facile nucleophilic displacement
of complexed glutathione by GSH thiolate on the linear two-coordinate
mercury. This property is the key to the rapid mobility of methylmercury
in biological systems (Clarkson, 1972, 1993).

lll. Roles of Glutathione in the Disposition and Toxicity
of Metals

A. Mobilization and Delivery of Metals between Ligands

Because metal toxicity is usually attributed to the reactivity of the “‘free”
metal, highly reactive essential metals must be sequestered and not al-
lowed to bind prematurely or at inappropriate sites during metalloprotein
synthesis. At the same time, the cell must employ a mechanism to rapidly
mobilize the metal and make it available for delivery and incorporation into
apometalloproteins. The concentration of free, nonessential (toxic) metals
must also be minimized if toxicity is to be avoided, but the metal should
be maintained in a chemical form that does not preclude its interaction
with specific membrane transport sites and its excretion from the cell.
There is increasing evidence that the normal transport, storage, and
metabolism of metals are inextricably linked to systems that protect against
their toxicity and, in particular, to GSH. First, because cellular GSH
concentrations are in the millimolar range, whereas essential heavy metals
and toxic metals are present at low micromolar concentrations, GSH
efficiently chelates metals, limiting the concentration of the reactive spe-
cies. The observation that changes in intracellular GSH concentration
modulate metal toxicity in vivo (Fukino et al., 1986; Sager and Syversen,
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1986; Singhal et al., 1987; Kromidas et al., 1990) and in cultured cells
(Hsu, 1981; Stacey, 1986; Siegers et al., 1986; Andrews et al., 1987; Kang
and Enger, 1988; Ochi et al., 1988; Naganuma et al., 1990; Kuchan and
Milner, 1992; Chan and Cherian, 1992; Houser et al., 1992) supports the
hypothesis that GSH is capable of chelating and detoxifying metals soon
after they enter the cell. Likewise, resistance to some metals is associated
with an increase in intracellular GSH in many cell types (Seagrave et al.,
1983; Andrews et al., 1987; Bannai et al., 1991; Li and Chou, 1992;
Zinkewich-Peotti and Andrews, 1992; Miura and Clarkson, 1993) Second,
GSH-metal complexes readily diffuse throughout the cytosol, facilitating
delivery of the metal to all cellular compartments. GSH in mitochondria,
nuclei, and endoplasmic recticulum may function similarly within these
organelles. Third, because of the kinetic lability of most mercaptide bonds,
the metal can be mobilized by other ligands and, in particular, apometallo-
proteins. Some examples are given below.

1. Copper

Recent studies demonstrate that GSH is responsible for the mobilization
and delivery of copper during the biosynthesis of copper proteins. GSH
maintains the intracellular pool of free copper in the Cu(l) oxidation state
by providing reducing equivalents for the conversion of Cu(Il) to Cu(I)
(Freedman et al., 1989). In the Cu(l) oxidation state, copper forms stable
GSH complexes {Ciriolo ¢t al., 1990), and these complexes serve as a
source of Cu(l) for incorporation into apometallothionein (Freedman et
al., 1989), aposuperoxide dismutase (Steinkuhler et al., 1991), and apo-
hemocyanin (Brouwer and Brouwer-Hoexum, 1992).

Using a hepatoma cell line, Freedman et al. (1989) demonstrated that
more than 60% of the copper in the cytosol of the wild-type and a copper-
resistant cell line was bound to GSH. The resistant cells had nearly four
times the concentration of GSH than the wild type and had highly elevated
levels of metallothionein. Resistance to the toxic effects of copper was
correlated with intracellular GSH concentrations (Freedman et al., 1989).
These investigators demonstrated that intracellular Cu(l) was transferred
from GSH to metallothionein in a reversible reaction. Formation of the
Cu(I)-metallothionein complex required the presence of the Cu(I)—glutath-
ione complex and was not readily achieved in its absence. Transfer of
copper from GSH to metallothionein was suggested to occur via a
GS—-Cu-metallothionein intermediate (Freedman et al., 1989). Similarly,
Ciriolo et al. (1990) demonstrated that the Cu(I)—glutathione complex
serves as the substrate for introducing copper into CuZn—-superoxide dis-
mutase. GSH complexes of Cu(l) but not Cu(Il) were able to reconstitute
enzyme activity. EPR signals of the reconstituted enzyme were indistin-
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guishable from the native enzyme, indicating the correct localization and
binding of copper to the protein.

Moreover, Brouwer and Brouwer-Hoexum (1992) recently demon-
strated that the Cu(I)—glutathione complex, but not the Cu(I)-metallothi-
onein complex, is able to serve as a source of Cu(I) in the in vitro reconsti-
tution of lobster apohemocyanin. Although metallothioneins have long
been implicated in the delivery of copper for the biosynthesis of metallo-
proteins (see Harris, 1991, for review), the results of Brouwer and
Brouwer-Hoexum (1992) indicate that the metallothionein complex is not
able to accomplish this task for apohemocyanin. Thus, GSH not only
functions to deliver copper to metallothionein during its biosynthesis
(Freedman et al., 1989), but when the cellular supply of copper is limited,
GSH can mobilize the copper from metallothionein for delivery and incor-
poration into apometalloproteins. In this case, metallothionein apparently
serves as a temporary storage for cytoplasmic copper, whereas GSH
serves both as a vehicle for delivery of copper to metallothionein and as
a vehicle for removing the metal from metallothionein in times of need.
In contrast, metallothionein plays a more important role in the long-term
detoxification of high concentrations of copper (Harris, 1991). Metallothio-
nein levels directly reflect intracellular copper concentrations (Sone et
al., 1987).

Binding of copper to albumin, a major copper-binding protein in blood
plasma, also involves GSH. Suzuki et al. (1989) demonstrated that cupric
ions injected intravenously into rats were gradually incorporated into an
albumin-Cu-—cysteine or albumin—-Cu-glutathione complex. These albu-
min complexes constitute the largest labile pool of plasma copper and
probably play a key role in the distribution and cellular uptake of this
metal.

2. Cadmium

Another interesting role of GSH in the mobilization of metals was recently
described by Dameron et al. (1989). In the yeast Candida glabrata cultured
in the presence of cadmium salts, intracellular cadmium-sulfide crystallites
form that function to sequester and detoxify cadmium. These investigators
noted that these particles are coated with peptides consisting of a mixture
of GSH and y-glutamylcysteine, a dipeptide constituent of GSH. Although
the role of GSH in the crystallization process is not clear, the GSH-cad-
mium complexes apparently stabilize the particles and effectively seques-
ter this toxic metal. These (y-GluCys),Gly peptides are present in most
plants and fungi (Grill et al., 1985).
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B. Transport of Metals across Cell Membranes as
Glutathione Complexes

The fundamental mechanisms by which transition metals are transported
across mammalian cell membranes remain poorly defined (Ballatori and
Clarkson, 1985b; Ballatori, 1991a,b; Clarkson, 1993). Putative membrane
carriers have been suggested for a number of metals based largely on
kinetic data obtained in vivo or in isolated cell systems. However, none
of these putative transport proteins have been isolated or studied at the
subcellular or molecular level. Moreover, the specific chemical form of
the transported metal has not yet been elucidated for any of these putative
carriers.

There is now increasing evidence that membrane carriers for GSH may
be responsible for the transport of some metals as GSH mercaptides. This
evidence is discussed below. Potential mechanisms for cellular efflux and
uptake of GSH-containing compounds are considered separately.

1. Efflux of GSH and GSH Conjugates from Cells

GSH is synthesized within all mammalian cells and is released by transport
across the cell membrane (Fig. 1; Meister and Anderson, 1983). Transport
of GSH out of the cell is the initial and perhaps rate-limiting step in
GSH degradation. Once outside the cell, GSH and GSH adducts become
substrates for y-glutamyltransferase, the only enzyme known to initiate
GSH catabolism (Fig. 1). This enzyme is membrane-bound, with its active
site on the extracellular surface.

At least three different transport systems are thought to be involved
in the efflux of GSH, glutathione disulfide (GSSG), and glutathione §-
conjugates (1-3 in Fig. 1). Most studies of GSH and GSH-conjugate efflux
have been performed in liver, kidney, intestines, heart, and red blood
cells (Board, 1981; Inoue and Morino, 1985; LaBelle et al., 1986; Deleve
and Kaplowitz, 1990; Vincenzini et al., 1992; Garcia-Ruiz et al., 1992).
In each of these tissues the driving force for GSH efflux is the membrane
potential and the large outwardly directed chemical gradient (mM inside,
but only u M in most extracellular fluids). In contrast, efflux of GSSG and
GSH S-conjugates is mediated by ATP-dependent transport processes.
In human red blood cells, distinct transport mechanisms appear to mediate
efflux of GSSG and GSH conjugates (LaBelle et al., 1986).

Evidence that GSH mercaptides may also be substrates for these GSH
efflux transporters (i.e., 1-3 in Fig. 1), or possibly transport systems more
selective for mercaptides (4, Fig. 1), is discussed below.
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Fig.1 Cellular uptake and efflux mechanisms for GSH and its S-conjugates and mercaptides.
This diagram depicts a working model of the interrelation between the putative plasma
membrane transport systems for GSH and GSH adducts in a nonpolarized cell. Note,
however, that the identity, number, celiular distribution, substrate specificity, and driving
forces for the transport proteins that actually carry out these functions are not well described
for any tissue. yGT, y-glutamyltransferase: DP, dipeptidase; GS-R, glutathione S-conjugate.

2. Transport of GSH Mercaptides out of Hepatocytes

Perhaps the first indication that GSH could mediate cellular efflux of
metals came from studies on the biliary excretion of methylmercury by
Norseth and Clarkson (1971) and Norseth (1973a.b,c; Refsvik and
Norseth, 1975). Most of the methylmercury in bile is complexed with
GSH, cysteinylglycine, and cysteine. The latter two breakdown products
of GSH are formed within biliary spaces from GSH by the ectoproteins
v-glutamyltransferase and dipeptidases present on the luminal surface of
biliary epithelia (Hirata and Takahashi, 1981; Ballatori et al., 1986b, 1988,
1989; Gregus ef al., 1987; Stein et ul., 1988; Urano et al., 1988). Because
biliary y-glutamyltransferase activity differs among species, the relative
amounts of the GSH hydrolysis products in bile also differ among species
(Ballatori ez al., 1988; Stein et al., 1988).

Although most of the methylmercury in bile is bound to GSH, this in
itself is not sufficient evidence to conclude that methylmercury is trans-
ported across the canalicular membrane into bile as a GSH complex.
Methylmercury could have been transported as a chloride salt or as a
complex with some other ligand, and the GSH complex formed within
biliary spaces. Indeed, a GSH-mercury complex is readily formed in vitro
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when CH;HgCl is mixed with rat bile, suggesting that the complex could
easily have been formed within the biliary tree subsequent to the secretion
of the individual components. Alternatively, methylmercury could also
have entered bile in response to a compartmentalized sulthydryl gra-
dient.

To resolve some of these issues, Refsvik (1978) examined the effects
of agents that deplete hepatic and biliary GSH levels on methylmercury
transport into rat bile. These agents produced a parallel decrease in biliary
excretion of GSH and methylmercury, suggesting a close coupling be-
tween efflux of these two substances. However, because hepatic mercury
levels were not measured in this study, it is impossible to distinguish
whether inhibition of biliary excretion was causally related to the de-
creased GSH in bile, to a decreased hepatic level of mercury, or possibly
to nonspecific toxic effects of the GSH depletors on intracellular transport
or metabolism of mercury.

Subsequent studies in the author’s laboratory provided a more detailed
description of the mechanism for the biliary transport of methylmercury
and inorganic mercury (Ballatori and Clarkson, 1982, 1983, 1984a,b, 1985a;
Dutczak and Ballatori, 1992) and, more recently, have identified a specific
carrier-mediated mechanism for canalicular transport of methylmercury
as the GSH complex (Dutczak et al., 1993). These in vivo studies suggested
the existence of a mediated GSH transport system on the canalicular
membrane and that this transport system was the primary determinant of
biliary methylmercury excretion. The inability of the suckling rat to ex-
crete methylmercury into bile was related to its inability to excrete GSH
into bile (Ballatori and Clarkson, 1982). Development of the ability to
excrete methylmercury paralleled the ability to excrete GSH. Sex and
individual differences in methylmercury excretion were correlated with
differing rates of GSH excretion. In addition, changes in the rates of
methyl-mercury excretioninduced by sulfobromophthalein (BSP), phenol-
3.6-dibromphthalein disulfonate (DBSP), indocyanine green (ICG), and
phenobarbital were associated with concomitant changes in the rates of
GSH excretion. Indeed, at high doses of BSP and DBSP, biliary excretion
of both GSH and methylmercury was nearly completely inhibited (Balla-
tori and Clarkson, 1983, 1985a). These changes were largely independent
of hepatic mercury and GSH concentrations. Furthermore, the rate of
methylmercury transport into bile was independent of methylmercury
concentrations in bile or the sulthydryl gradient between liver and bile,
but was directly related to the rate of GSH excretion into bile (Ballatori
and Clarkson, 1982, 1983, 1985a; Refsvik, 1982). Taken together, these
observations indicate that the GSH-methylmercury complex is trans-
ported across the canalicular membrane into bile. Because transport of
this complex behaves in a manner similar to that of GSH itself, the data
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also suggest that the complex may in fact be a substrate for the canalicular
GSH transport proteins (Ballatori and Clarkson, 1985b).

To test this possibility, recent studies have examined the mechanism
of methylmercury transport in canalicular membrane vesicles (Dutczak
et al., 1993). The findings demonstrate that transport of the GSH-
(*®Hg)methylmercury complex is saturable, temperature sensitive, elec-
trogenic, and unaffected by an inwardly directed Na* gradient or the
presence of ATP, but is inhibited by GSH. These data establish for the
first time the existence of a mediated transport mechanism for a GSH
mercaptide. Furthermore, they provide strong evidence that this mercap-
tide serves as a substrate for a canalicular GSH transport protein, but not
for the canalicular GSSG or GS-conjugate transport proteins. Because
GSH transport proteins are present on all cells, these findings have broad
implications for the detoxification and excretion of methylmercury and
other metals that form GSH mercaptides.

Indeed, a number of other metals also appear to be transported out of
hepatocytes as GSH mercaptides; however, direct evidence for intracellu-
lar formation and membrane transport of these other GSH complexes has
not yet been obtained. A role for GSH in the efflux of copper and zinc
(Alexander and Aaseth, 1980; Alexander er al., 1981; Nederbragt, 1989;
Houwen et al., 1990), and silver, lead, arsenic and chromium (Alexander
and Aaseth, 1981; Anundi ef al., 1982; Norseth et al., 1982; Alexander
et al., 1986; Gyurasics ef al., 1991a,b, 1992) from liver cells into bile has
been proposed based on the observation that hepatic GSH depletion leads
to an inhibition of biliary transport of these metals. Mutant Wistar rats
(GY) that are deficient in their ability to secrete GSH into bile also have
diminished ability to transport zinc and excess copper into bile (Houwen
et al., 1990). In contrast, basal excretion of endogenous copper is unaf-
fected in the mutant Wistar rats (Houwen et al., 1990). Gyurasics et al.
(1991b, 1992) reported that biliary transport of arsenic, antimony, and
bismuth is also inhibited after hepatic GSH depletion. Biliary excretion
of arsenic after either arsenite or arsenate administration is inhibited by
the GSH transport inhibitors BSP, ICG, and diethylmaleate (DEM). The
inhibition of arsenic transport was directly proportional to the inhibition
of GSH transport, suggesting a tight coupling between these processes.
Cadmium has also been reported to be complexed with GSH in rat bile
(Cherian and Vostal, 1977; Gregus and Varga, 1985). Cherian and Vostal
(1977) described an inhibition of biliary cadmium excretion by BSP admin-
istration that was probably related to the ability of BSP to inhibit biliary
GSH excretion (Ballatori and Clarkson, 1983, 1985a). As with mercury,
the underlying mechanism presumably involves complexation of metals
with GSH within the cell and the subsequent transport of the GSH com-
plexes across the canalicular membrane into bile.
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Once secreted across the canalicular membrane into bile, GSH and
GSH adducts are degraded by the y-glutamyltransferase and dipeptidase
activities on the canalicular membrane of hepatocytes and the luminal
surface of bile ductular epithelia (Ballatori et al., 1986b; Hinchman et
al., 1991; Simmons et al., 1991), and the resulting products are partially
reabsorbed from bile back to liver (Ballatori et al., 1986a, 1988; Moseley
et al., 1988; Hinchman et al., 1991; Simmons et al., 1992). Species differ-
ences in biliary glutathione degradation result from differences among
species in y-glutamyltransferase activity and localization within the liver
(Ballatori et al., 1988, Stein et al., 1988; Hinchman and Ballatori, 1990).

Recent studies demonstrate that the methylmercury—glutathione com-
plex is metabolized within the biliary tree by a similar mechanism, and
the resulting methylmercury—cysteine complex is reabsorbed back into
liver (Dutczak and Ballatori, 1992). Reabsorption diminishes the amount
excreted in bile, the main route of methylmercury elimination, and may
account for the relatively long biological half-life and toxicity of this metal.

3. Kidney and Rat Pheochromocytoma (PC12) Cells

A similar GSH-dependent mechanism may be responsible for methylmer-
cury efflux from kidney cells (Yasutake et al., 1989) and PC12 cells (Miura
and Clarkson, 1993). The mechanism for the urinary excretion of methyl-
mercury was examined in male C57BL/6N mice by Yasutake et al. (1989).
These investigators demonstrated that methylmercury rapidly accumu-
lated in the kidney after oral administration and that some of the methyl-
mercury was excreted in urine predominantly as the cysteine complex.
However, within kidney tissue, 50% of the methylmercury was present
as the GSH complex and the rest was bound to proteins. In contrast,
nearly all of the methylmercury in plasma was bound to proteins, indicating
that renal uptake was most likely due to a nonfiltrating peritubular mecha-
nism. The chemical form of the protein-bound methylmercury was not
identified; however, their preliminary results indicate that not only
CH,Hg™, but also its GSH, cysteinylglycine, and cysteine complexes can
also bind tightly to both mercapt- and nonmercaptalbumin (Yasutake et
al., 1989). Takahashi et al. (1988) also reported the presence of the cysteine
and GSH complexes of methylmercury in blood plasma. Yasutake et al.
(1989) noted a large increase in urinary excretion of methylmercury in
mice treated with acivicin, an inhibitor of y-glutamyltransferase activity,
and that most of the methylmercury was present in urine as the GSH
complex. These data indicate that the methylmercury—glutathione com-
plex within renal tubular cells is transported into the luminal space and
hydrolyzed to the cysteine complex. Although most of the methylmercury
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is reabsorbed within the tubular lumen, some escapes into urine (Yasutake
et al., 1989).

Miura and Clarkson (1993) isolated a methylmercury-resistant PC12 cell
line that accumulates smaller amounts of methylmercury and contains
four times the GSH concentration of parental PC12 cells. The reduced
accumulation in the resistant cells was associated with a more rapid efflux
of methylmercury. Methylmercury efflux was inhibited by DBSP, an inhib-
itor of GSH transport in the liver (Ballatori and Clarkson, 1983, 1985a),
suggesting that methylmercury is released from PC12 cells as a GSH
complex.

4. Erythrocytes

Gold(I) efflux from red blood cells incubated with auranofin, an organogold
compound, also involves GSH (Shaw et al., 1990). Release of gold(I)
from preloaded erythrocytes paralleled the release of ['*C]JGSH, and a
["C]GSH-gold-albumin complex was identified in the extracellular me-
dia. Because of the structural similarity among the bis(glutathione)—gold(I)
complex, Au(SG),, and GSH conjugates of organic electrophiles, these
investigators suggested that this mercaptide may be a substrate for the
glutathione conjugate transport system on the erythrocyte membrane
(Board, 1981). However, their data cannot distinguish whether gold(I)
was actually transported as a GSH complex or whether these were released
separately and the mercaptide formed extracellularly.

5. Yeast

Glaeser and co-workers (1991) isolated a number of GSH-deficient mutants
(gsh™) of the fission yeast Schizosaccharomyces pombe and examined
the ability of the mutants to transport and detoxify cadmium and other
heavy metals. The gsh™ mutants were sensitive to cadmium, as well as
to Hg, Ag. Pb, Bi, and Sb. Sensitivity to cadmium was inversely propor-
tional to the residual GSH content. Moreover, although the wild-type
strains were able to excrete cadmium (presumably as a mercaptide), the
gsh~ mutants were unable to do so, and the metal accumulated intracellu-
larly.

C. Cellular Uptake of Glutathione and Glutathione
Adducts: Inter- and Intraorgan Metabolism of
Glutathione—Metal Complexes

Three distinct mechanisms for cellular uptake of intact GSH and GSH
adducts have been described (1,5,6 in Fig. 1). However, these are not as
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well characterized as the efflux systems, and their physiological signifi-
cance remains controversial.

The first mechanism for uptake of extracellular GSH (or possibly GSH
adducts) is by exchange with intracellular GSH (1 in Fig. 1). Studies in
membrane vesicles isolated from different tissues demonstrate that the
GSH transport proteins exhibit the phenomenon of trans-stimulation or
countertransport, suggesting that these proteins should function as ex-
changers. However, studies in hepatocytes (Hahn et al., 1978) and other
tissues demonstrate that most cells are unable to take up GSH when it is
present at physiological concentrations. An explanation for this apparent
discrepancy between vesicle studies and observations in intact cells is
provided by the recent work of Garcia-Ruiz et al. (1992). These investiga-
tors demonstrated that the hepatic sinusoidal GSH efflux carrier functions
as an exchanger, but that it exhibits low-affinity kinetics with sigmoidal
features for both GSH uptake and efflux. Thus, at physiological concentra-
tions the transporter operates largely in the unidirectional efflux of GSH
from the cell into plasma, but at high extracellular concentrations it can
exchange intracellular for extracellular GSH. Because the apparent affinity
for GSH in its external orientation is more than 10-fold higher than its
internal orientation (0.34 versus 3-7 m M), the transporter may affect the
net uptake of GSH when external concentrations are above 0.5-1 mM
(Garcia-Ruiz et al., 1992). These investigators also demonstrated that
release of [**S]GSH from hepatocytes was stimulated by GSH, by high
extracellular concentrations (5§ mM) of GSSG, by ophthalmic acid (a GSH
analogue), and by the GSH conjugate of sulfobromophthalein (BSP-
SG). In sinusoidal membrane vesicles, BSP-SG, y-glutamylglutamate, -y-
glutamylalanine and vy-glutamylcysteine frans-stimulated GSH uptake,
whereas aspartate, succinate, glutamate, malate, oxaloacetate, citrate,
and isocitrate had no effect (Garcia-Ruiz et al., 1992). These findings raise
the interesting possibility that a mechanism for the hepatic uptake of y-
glutamyl compounds and GSH analogues is via exchange or countertrans-
port with intracellular GSH. Thus, transport of GSH out of hepatocytes
may serve as a driving force for the uptake of these and perhaps other
as yet unidentified organic anions. Clearly, GSH mercaptides may be
substrates for this exchanger; however, there is no experimental evidence
for this.

Two additional mechanisms for uptake of intact GSH and GSH adducts
have been suggested based on studies in enterocytes, kidney cells, hepato-
cytes, and brain capillary endothelial cells, and are denoted as steps 5
and 6 in Fig. | (Hinchman et al., 1993; Kannan et al., 1992; Kramer et
al., 1987; Lash and Jones, 1984; Vincenzini et al., 1992). Although there
is considerable uncertainty about the identity, substrate specificity, and
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physiological significance of these transport mechanisms, they may also
be involved in uptake of GSH complexes.

In addition, there is increasing evidence for a key role of membrane-
bound y-glutamyltransferase and dipeptidase activities in facilitating up-
take of metals complexed with GSH. These enzymes promote the stepwise
conversion of GSH complexes to the cysteinylglycine and cysteine com-
plexes, species that are more readily taken up into cells. Cysteine—metal
complexes can be formed from GSH by two mechanisms: the metals can
bind to the cysteine liberated upon GSH hydrolysis (ligand exchange), or
they can be formed from the direct degradation of GSH-metal complexes
by y-glutamyltransferase and dipeptidase activities. Naganuma et al.
(1988) have provided evidence that the CH;Hg—SG complex is a substrate
for y-glutamyltransferase.

Figure 1illustrates the y-glutamyltransferase- and dipeptidase-catalyzed
breakdown of a GSH adduct to the cysteine adduct and reabsorption of
the amino acid constituents. The cysteine conjugates or complexes are
most likely transported by amino acid carriers (7 in Fig. 1), as discussed
below.

1. Role of GSH in the Renal Uptake and Accumulation
of Metals

The kidney is the principal site of accumulation and toxicity of heavy
metals. Renal incorporation of inorganic mercury, for example, occurs
rapidly, with as much as 50% of the dose deposited in the kidneys in a
few hours (Tanaka er al., 1990). Mercury enters renal tubular cells both
across the brush-border membranes after glomerular filtration and across
the basolateral membrane (for review, see Clarkson, 1972). However, the
mechanisms involved in this accumulation remain poorly defined.

GSH and GSH conjugates are catabolized by the highly active renal -
glutamyltransferase and dipeptidase activities, and the resulting amino
acids and amino acid conjugates are reabsorbed. Presumably, the
GSH-metal complexes are also metabolized by these enzymes, and the
resulting cysteine—metal complexes could then be reabsorbed by the
kidney.

Richardson and Murphy (1975) provided the first evidence that GSH is
a determinant of renal methylmercury uptake. They demonstrated that
the deposition of methylmercury in kidneys is decreased in rats treated
with diethylmaleate and other compounds capable of depleting cellular
GSH concentrations. Alexander and Aaseth (1982) confirmed the effects
of diethylmaleate and further demonstrated that renal uptake of methyl-
mercury was enhanced when the metal was administered intravenously
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as either the GSH or the cysteine complex, when compared to CH,HgCl.
Renal accumulation toxicity of inorganic mercury were also diminished in
rats treated with diethylmaleate (Johnson, 1982) or buthionine sulfoximine
(Berndt et al., 1985), an inhibitor of GSH biosynthesis. Although diethyl-
maleate treatment decreased renal methylmercury accumulation when
given as CH;HgCl, it had no effect on methylmercury uptake when admin-
istered as the GSH complex. Because the CH;Hg—SG complex is extracted
by rat kidney as rapidly as GSH itself, Alexander and Aaseth (1982)
suggested that a similar mechanism is involved in its removal.

Subsequent studies have provided data that support a role for y-
glutamyltransferase in facilitating renal uptake of both methyl- and inor-
ganic mercury. Inhibition of renal y-glutamyltransferase results in a
marked increase in urinary excretion of both GSH and mercury and a
decrease in renal mercury uptake (Mulder and Kostyniaki, 1985a; Berndt
et al., 1985; Gregus et al., 1987, Naganuma et al., 1988; Yasutake et al.,
1989; de Ceaurriz and Ban, 1990; Di Simplicio et al., 1990; Tanaka et al.,
1990, 1991, 1992). Strain differences in renal methylmercury excretion are
related to differences in urinary GSH excretion and y-glutamyltransferase
activity (Mulder and Kostyniak, 1985b; Tanaka et al., 1991). Furthermore,
age, sex, and species differences in renal methylmercury accumulation
correlate with differences in renal y-glutamyltransferase activity (Hiray-
ama et al., 1987; Stein et al., 1988; Tanaka et al., 1991, 1992).

A role for hepatic GSH in the transport of methylmercury (Naganuma
etal., 1988) and inorganic mercury (Tanaka ez al., 1990) into mouse kidney
has beenidentified. Treatment of animals with 1,2-dichloro-4-nitrobenzene
at a dose that depletes hepatic GSH concentrations without affecting
renal GSH levels significantly decreased renal accumulation of mercury.
Furthermore, renal methylmercury accumulation in mice given GSH mer-
captides intravenously was higher than that in mice given chloride salts,
suggesting that hepatic GSH released into the circulation plays a key role
in renal methylmercury accumulation (Naganuma et al., 1988; Tanaka et
al., 1990). Treatment with acivicin significantly inhibited renal methylmer-
cury uptake. Thus, the GSH-methylmercury complexes that are delivered
to the kidney appear to be substrates for y-glutamyitransferase and dipepti-
dases, and the resulting metabolic products are readily taken up by the
kidney cells.

The L-cysteine complex of cadmium is also efficiently taken up by the
kidney and is concentrated in the straight segments of the proximal tubule
(Murakami and Webb, 1981; Murakami et al., 1987). This rapid cadmium
uptake is associated with extensive renal damage.

GSH administration to patients undergoing treatment with cisplatin af-
fords protection against nephrotoxicity without reducing antitumor activ-
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ity, presumably by changing the pharmacokinetics of the metal compound
(Leone et al., 1992).

2. Intestinal Uptake

Anundi er al. (1984) reported that both extracellular and intracellular
GSH stimulate uptake of selenium from selenite in isolated enterocytes.
Similarly, intestinal absorption of selenium as selenite is stimulated by
GSH and cysteine in situ (luminally perfused distal jeyunum; Senn et al.,
1992) and in ligated intestinal loops (Vendeland et al., 1992). Selenium
uptake does not appear to be due to transport of the intact GSH complexes,
as its uptake by isolated jejunal segments was actually inhibited by GSH,
but stimulated by cysteine, after short-term (3 min) exposure (Senn et al.,
1992). Furthermore, Anundi er al. (1984) observed a decrease in selenium
uptake in intestinal cells treated with serine-borate, a y-glutamyltransfer-
ase inhibitor. Taken together, these data indicate that one mechanism by
which GSH facilitates selenium uptake involves the degradation of the
GSH complexes by luminal y-glutamyltransferase and dipeptidase activi-
ties to form the L-cysteine mercaptides. Selenium-cysteine complexes
are readily transported across the intestinal brush-border membrane by
a process that is competitively inhibited by nonthiol L-amino acids (Wurmli
et al., 1989), suggesting transport of the cysteine complex on amino acid
carriers.

Intestinal absorption of methylmercury complexed with cysteine, cys-
teinylglycine, or GSH was studied in ligated rat intestinal segments by
Urano et al. (1990). Absorption of methylmercury—cysteine and methyl-
mercury—cysteinylglycine was similar and was 1.5 times greater than that
of the GSH complex. Absorption of the GSH complex was reduced by 50%
in tissue treated with acivicin, indicating a role for y-glutamyltransferase.
Treatment with both acivicin and probenecid nearly completely blocked
uptake of methylmercury when given as the GSH complex, suggesting a
second, and presumably y-glutamyltransferase-independent, mechanism
of uptake. Transport of GSH itself or glutathione S-conjugates by renal
cells is also inhibited by both probenecid and acivicin. Urano et al. (1990)
concluded that intestinal uptake of methylmercury, as for the renal uptake,
is due largely to the y-glutamyltransferase-mediated catabolism of the
GSH complex.

The absorption and distribution of cadmium in rats after oral subchronic
low-level administration of the GSH, metallothionein, or acetate forms of
the metal were examined by Muller et al. (1986). Administration of the
cadmium—glutathione complex resulted in higher intestinal absorption and
retention of cadmium, but the mechanism involved was not examined
further.
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In Caco-2 cells, which possess many morphological and functional char-
acteristics of mature enterocytes, histidine, cysteine, proline, and GSH
did not have any effect on zinc uptake (Raffaniello er al., 1992).

3. Transport across the Blood—Brain Barrier

Recent studies from our laboratory demonstrate that GSH facilitates trans-
port of methylmercury across the blood-brain barrier (Kerper er al.,
1992a,b), but it is not clear whether the intact GSH mercaptide is trans-
ported or whether it is first degraded to the cysteine mercaptide by vy-
glutamyltransferase and dipeptidase activities present on the luminal sur-
face of brain capillaries. The cysteine—methylmercury complex resulting
from such degradation could then be taken up by the neutral amino acid
transport system on the lumenal surface of brain capillaries (Kerper et
al., 1992a).

Similarly, uptake of methylmercury into brain after a single lateral
ventricular injection was increased by coadministration of GSH
(Watanabe et al., 1988), presumably by a mechanism that involved the
y-glutamyltransferase-mediated conversion to the cysteine complex.

4. Hepatic and Gallbladder Uptake of Metals

Accumulation of cadmium by isolated hepatocytes appears to be mediated
by membrane sulfhydryl groups (Failla et al., 1979; Gerson and Shaikh,
1984). Uptake of cadmium, but not of inorganic mercury, is inhibited by
N-ethylmaleimide and by p-chloromercuribenzenesulfonate (Gerson and
Shaikh, 1984). Uptake by isolated hepatocytes is inhibited by 1-10 M
excesses of cysteine or penicillamine, but is stimulated by 2,3-dimercapto-
propanol or dithiothreitol. Similarly, in the perfused liver, Graf and Sies
(1984) reported that cadmium uptake is increased by dithiothreitol, a
membrane-permeable thiol, but is decreased by GSH and albumin.

The initial rate of methylmercury uptake by the liver is also enhanced
by coadministration or by subsequent administration of cysteine or GSH
(Thomas and Smith, 1982; Hirayama, 1975; Ballatori and Clarkson, 1983).
In contrast, the initial rates of inorganic mercury uptake are slightly dimin-
ished by cysteine or GSH administration (Thomas and O’Tuama, 1979;
Ballatori and Clarkson, 1984b).

Recent studies demonstrate that methylmercury secreted into bile is
extensively reabsorbed from the gallbladder (Dutczak er al., 1991) and
from intrahepatic biliary spaces (Dutczak and Ballatori, 1992). Methylmer-
cury reabsorption from guinea pig biliary spaces back into the liver was
facilitated by the y-glutamyltransferase-mediated conversion of the GSH
complex to the cysteine complex. Guinea pig liver has relatively high y-
glutamyltransferase activity (Hinchman and Ballatori, 1990), such that
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nearly all of the GSH (Ballatori ef al., 1988) and GSH conjugates (Hinch-
man et al., 1991) secreted into bile are catabolized within the biliary tree.
Dutczak and Ballatori (1992) demonstrated that y-glutamyltransferase also
catalyzes the initial step in the conversion of the biliary methylmer-
cury—glutathione complex to the cysteine complex and that in the latter
form methylmercury is readily reabsorbed from the biliary tree.

Similarly, methylmercury reabsorption from guinea pig gallbladder was
more extensive when the metal was given as a cysteine or GSH complex,
than as an albumin complex (82, 64, and 50% of the methylmercury reab-
sorbed in 2 h, respectively; Dutczak et al., 1991). Because the gallbladder
also has y-glutamyltransferase activity (Hinchman and Ballatori, 1990), a
similar mechanism may be involved; however, there is no evidence for
this hypothesis.

D. Glutathione as Reductant or Cofactor for Redox
Reactions of Metal Compounds

1. Copper

As discussed earlier, GSH functions in the reduction of Cu(Il) to Cu(l),
the form incorporated into apometalloproteins, including metallothionein,
superoxide dismutase, and lobster hemocyanin (Freedman ef al., 1989;
Steinkuhler er al., 1991; Brouwer and Brouwer-Hoexum, 1992). Cu(l)
forms a relatively stable diglutathione complex and as such is more ener-

getically favored to exchange with and bind to internal metal-binding sites
of metalloproteins.

2. Selenium

GSH is involved in the reductive detoxification of selenite (Ganther, 1966),
but may also promote the formation of toxic seleno compounds (Vernie
et al., 1979; Frenkel and Falvey, 1989). The selenite-mediated inhibition
of protein and nucleic acid synthesis is potentiated by the addition of
GSH, but the mechanism is not well defined (Vernie et al., 1979; Frenkel
and Falvey, 1989). The reaction of GSH with selenite (SeO;™?) produces
selenodiglutathione (GSSeSG), glutathione selenopersulfide (GSSeH), ele-
mental selenium, and selenide.

Selenium decreases the toxicity of methylmercury in experimental ani-
mals by promoting the conversion of methylmercury to a biologically less
active form, bis(methylmercuric)selenide. GSH facilitates the reduction
of selenium to a chemical form (probably H,Se) that can react with methy!-
mercury to yield bis(methylmercuric)selenide (Iwata et af., 1981).
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3. Vanadium

Vanadium, which most likely enters cells through phosphate or other
anion transport systems as vanadate (Cantley et al., 1978; Dingley et al.,
1981), is also reduced intracellularly by GSH. Studies in erythrocytes
(Macara et al., 1980) and adipocytes (Degani et al., 1981) demonstrate
that vanadate is slowly but quantitatively reduced to V(IV) nonenzymati-
cally by GSH. The vanadyl ion can then compete with other transition
metals for binding sites on metalloproteins or other ligands. In contrast
to vanadate, the vanadyl ion (V(IV)) is not a good inhibitor of NaK-
ATPase (Cantley and Aisen, 1979), and its physiological effects are not
well characterized.

4. Arsenic

As with vanadium, the arsenate oxyanion is structurally similar to phos-
phate (Wetterhahn-Jennette. 1981). Arsenate enters cells and exerts its
toxicity by substituting for phosphate. Reduction of arsenate to arsenite,
the thiol-reactive form, also involves GSH. As(V), the dominant species
in drinking water, reacts with GSH to produce GSSG and As(I11), which
can then react with the sulfhydryl groups of additional GSH molecules
to form the (GS);As(II1) complex (Delnomdedieu et al., 1993).

5. Chromium

Tetrahedral chromium(V1) oxyanions in the form of chromate readily
enter cells on the sulfate or anion carriers, whereas octahedral chromi-
um(II1) compounds are not readily carried across cell membranes
(Wetterhahn-Jennette, 1981). Within the cell, GSH serves as a reductant
in the conversion of Cr(VI) compounds to Cr(III) compounds (Wiegand
et al., 1984). This conversion occurs at a significant rate at physiological
pH in vitro and also appears to occur in vivo (Standeven and Wetterhahn,
1991; Norseth et al., 1982). Cr(V1) and Cr(111) form stable complexes
with GSH (Brauer and Wetterhahn, 1991); however, during the reduction
to the trivalent form other intermediate oxidation states are formed (V
and V) and toxic free radicals are produced. In particular, the reaction
of GSH with Cr(VI) to produce the Cr(V)-glutathione complex also
leads to the release of thiy! radical (GS-), H,0,, and hydroxy! radicals
(-OH), but the mechanisms involved are not well defined (for review, see
Sugivama, 1992). Elevation of GSH levels in cultured hepatocytes pro-
duces increased DNA damage by Cr(VI]) (Cupo and Wetterhahn, 1985).
More recently, Borges and Wetterhahn (1989) demonstrated that the inter-
mediates formed by reaction of Cr(VI) with GSH or cysteine are capable
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of interacting with DN A, with preferential binding of the Cr-mercaptides to
guanine-containing polynucleotides. Formation of these GSH-Cr-DNA
adducts may be responsible for the genotoxicity of chromium compounds
(Borges and Wetterhahn, 1989).

The role of GSH in the nephrotoxicity of Cr(VI)is controversial. Appen-
roth and Kersten (1990) suggest that cellular GSH enhances Cr(VI)
nephrotoxicity, whereas Standeven and Wetterhahn (1991) and Na et al.
(1992) describe a protective role for GSH.

IV. Summary

Among the many cellular functions of GSH, the roles of this tripeptide
in metal transport, storage, and metabolism have recently received consid-
erable attention. Although these roles had often been overlooked, they are
critical for normal cellular metabolism and for protection from xenobiotics.
Indeed, a number of the protective and regulatory functions of GSH are
related to its ability to chelate reactive metals. GSH functions in the
mobilization and delivery of metals between ligands, in the transport of
metals across cell membranes, as a source of cysteine for metal binding,
and as a reductant or cofactor in redox reactions involving metals. How-
ever, the interaction between GSH and metals can also produce or exacer-
bate cell injury. For example, GSH appears to be involved in the renal
accumulation and toxicity of a number of metals, and in the carcinogenicity
of chromium. Additional work is clearly needed to identify the mechanisms
involved, and to better define the roles of GSH in metal homeostasis.
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