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Abstract Cysteine S-conjugate b-lyases are pyridoxal

50-phosphate-containing enzymes that catalyze b-elimination

reactions with cysteine S-conjugates that possess a good

leaving group in the b-position. The end products are

aminoacrylate and a sulfur-containing fragment. The am-

inoacrylate tautomerizes and hydrolyzes to pyruvate and

ammonia. The mammalian cysteine S-conjugate b-lyases

thus far identified are enzymes involved in amino acid

metabolism that catalyze b-lyase reactions as non-physio-

logical side reactions. Most are aminotransferases. In some

cases the lyase is inactivated by reaction products. The

cysteine S-conjugate b-lyases are of much interest to toxi-

cologists because they play an important key role in the

bioactivation (toxication) of halogenated alkenes, some of

which are produced on an industrial scale and are envi-

ronmental contaminants. The cysteine S-conjugate b-lyases

have been reviewed in this journal previously (Cooper and

Pinto in Amino Acids 30:1–15, 2006). Here, we focus on

more recent findings regarding: (1) the identification of

enzymes associated with high-Mr cysteine S-conjugate

b-lyases in the cytosolic and mitochondrial fractions of

rat liver and kidney; (2) the mechanism of syncatalytic

inactivation of rat liver mitochondrial aspartate amino-

transferase by the nephrotoxic b-lyase substrate S-(1,1,2,2-

tetrafluoroethyl)-L-cysteine (the cysteine S-conjugate of

tetrafluoroethylene); (3) toxicant channeling of reactive

fragments from the active site of mitochondrial aspartate

aminotransferase to susceptible proteins in the mitochon-

dria; (4) the involvement of cysteine S-conjugate b-lyases

in the metabolism/bioactivation of drugs and natural

products; and (5) the role of cysteine S-conjugate b-lyases

in the metabolism of selenocysteine Se-conjugates. This

review emphasizes the fact that the cysteine S-conjugate

b-lyases are biologically more important than hitherto

appreciated.
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BTC S-(2-Benzothiazolyl)-L-cysteine

cAAT Cytosolic aspartate aminotransferase

DCVC S-(1,2-Dichlorovinyl)-L-cysteine

DFTAL Difluorothioamidyl-lysine

EDAG c-Glutamyldehydroalanylglycine

ESI-MS Electrospray ionization-mass spectrometry

GSH Glutathione

GST Glutathione S-transferase

GTK Glutamine transaminase K

HSP60 Heat shock protein 60 kDa

HSP70i Heat shock protein 70 kDa (inducible

isoform)

Hsc70 Cytosolic HSP70

KAT I Kynurenine aminotransferase isoenzyme I

KGDHC a-Ketoglutarate dehydrogenase complex

mAAT Mitochondrial aspartate aminotransferase

mitACON Mitochondrial aconitase

mitHSP70 Heat shock protein 70 kDa (mitochondrial

isoform)

mitGTK Mitochondrial GTK

pmAAT Precursor to mAAT

PDHC Pyruvate dehydrogenase complex

PLP Pyridoxal 50-phosphate

PMP Pyridoxamine 50-phosphate

SAC S-Allyl-L-cysteine

SAMC S-Allylmercapto-L-cysteine

TCA cycle Tricarboxylic acid cycle

TFA Trifluoroacetic acid

TFEC S-(1,1,2,2-Tetrafluoroethyl)-L-cysteine

THT Tetrahydrothiophene

THT-A b-(S-Tetrahydrothiophenium)-L-alanine

Introduction: the mercapturate pathway

Many endogenous electrophiles (e.g., leukotrienes; unsat-

urated aldehydes) and exogenous electrophiles (e.g., many

drugs) are detoxified by the mercapturate pathway. In this

pathway the electrophile is consecutively converted to the

glutathione S-conjugate, cysteinylglycine S-conjugate,

cysteine S-conjugate and N-acetylcysteine S-conjugate

(mercapturate) by the actions of glutathione S-transferases

[which catalyze addition of glutathione (GSH) to electro-

philic centers], c-glutamyltransferase, dipeptidases and

N-acetyltransferases, respectively (Fig. 1). The mercapturate

is generally more polar and water soluble than is the

unconjugated electrophile and is readily excreted in the

urine and/or bile. Despite its biological importance there

are surprisingly few reviews on the mercapturate pathway

(Chasseaud 1976; Stevens and Jones 1989; Silbernagl and

Heuner 1993; Hinchman and Ballatori 1994). In some

cases, a toxic metabolite that is not an electrophilic sub-

strate for glutathione S-transferases may be converted to an

electrophile that can then be processed through the mer-

capturate pathway and the thiomethyl shunt (Bakke et al.

1982; Fig. 1), see also below.

Fig. 1 The mercapturate pathway and associated side reactions. If the

mercapturate precursor contains an electrophilic center it may react

directly with GSH (reaction 1). Alternatively, the precursor may be

converted to a compound with an electrophilic center (reaction 2)

prior to reaction with GSH. Reactions 1 through 5 represent the

mercapturate pathway. Reactions 7, 8 and 9 are alternative reactions

for elimination of the cysteine S-conjugate. Reactions 7 plus 8 denote

the thiomethyl shunt. The thiomethyl compound (XSCH3) may be

excreted unchanged or further oxidized to sulfoxide, sulfone or CO2

and sulfate, which are excreted. For some cysteine S-conjugates

metabolism may also involve conversion to the a-keto acid,

a-hydroxy acid, oxidatively decarboxylated product or sulfoxide

(not shown). Enzymes: 1 glutathione S-transferases, 2 oxidases that

generate an electrophilic center for attack by GSH (in some cases

oxidation may be non-enzymatic), 3 c-glutamyltransferase (GGT),

4 dipeptidases, 6 aminoacylases, 7 cysteine S-conjugate b-lyases,

8 thiomethyltransferase, 9 UDP-glucuronosyltransferases. In vivo

the hydrolysis reaction of GGT predominates over the formation of

c-glutamyl amino acids. AdoHcy, S-adenosyl-L-homocysteine; Ado-

Met, S-adenosyl-L-methionine; A, amino acid, dipeptide or GSH

acceptor for the c-glutamyltransferase reaction; c-GLU-A, c-glutamyl

amino acid (or c-glutamyldipeptide; c-glutamylglutathione). Many

potentially toxic xenobiotics and a few endogenous compounds are

metabolized through the mercapturate pathway. Modified in part from

Silbernagl and Heuner (1993) and Cooper and Pinto (2008).

Reproduced from Cooper and Hanigan (2010) with permission
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Discovery of cysteine S-conjugate b-lyases:

the thiomethyl shunt

Some xenobiotics are known to be transformed to mercaptan

and methylmercaptan metabolites. For example, phenacetin,

acetaminophen, N-hydroxy-2-acetylaminofluorene are thio-

methylated in vivo (Tateishi et al. 1978a, b). Thiomethy-

lation was originally assumed to involve a sulfonium

compound derived from methionine. However, Colucci and

Buyske (Colucci and Buyske 1965) showed that benzothiazole-

2-sulfonamide is converted in rats, rabbits and dogs in part to

2-mercaptobenzothiazine in which the sulfur of the mercaptan

moiety is derived from GSH. Later, Chatfield and Hunter

(1973) showed that 2-acetamido-4-chloromethylthiazole is

converted in rats to 2-acetamido-4-methylthiomethylthiazole

in part through the mercapturate pathway. Earlier, Anderson

and Schultze (1965) showed that bovine liver and kidney

extracts contain a ‘‘C–S’’ lyase that converts S-(1,2-dichlo-

rovinyl)-L-cysteine (DCVC, the cysteine S-conjugate of

trichloroethylene) to pyruvate, ammonia and a reactive

chlorine-containing fragment.

Tateishi et al. (1978a) identified 60-methylthiobromaze-

pam as a metabolite of bromazepam in rat bile. These authors

also showed that the thioether bonds of the cysteine

S-conjugates of 2,4-dinitrobenzene and bromobenzene are

readily cleaved by an enzyme in rat liver cytosol. Incubation

of S-(2,4-dinitrophenyl)cysteine with the purified enzyme

yielded pyruvate, ammonia and 2,4-dinitrobenzenethiol.

The corresponding thiomethyl compound was obtained

when the thiol product was incubated with a microsomal

thiomethyltransferase and S-adenosylmethionine. Tateishi

et al. (1978a, b) were the first to use the term ‘‘cysteine

conjugate b-lyase’’ for an enzyme that catalyzes b elimina-

tion from a cysteine S-conjugate. The net cysteine S-conju-

gate b-lyase-catalyzed reaction is shown in Eq. 1. However,

it should be noted that the actual enzyme-catalyzed products

are XSH and aminoacrylate [CH2 = C(NH3
?)CO2

-]. Based

on the catalytic mechanism of the well studied b-lyase

enzyme b-cystathionase (cystathionine b-lyase) (Clausen

et al. 1997), the aminoacrylate formed at the active site of

cysteine S-conjugate b-lyases is presumably bound in Schiff

base linkage to PLP coenzyme. Protonation of the amino-

acrylate and reverse transaldimination within the active site

results in formation of b-iminopropionate [CH3C(=NH2
?)

CO2
-] and enzyme-bound PLP. The reaction is completed

upon hydrolysis of b-iminopropionate to pyruvate [CH3

C(O)CO2
-] and ammonium (Clausen et al. 1997).

XSCH2CH(NHþ3 ÞCO�2 þ H2O! CH3CðOÞCO�2
þ NHþ4 þ XSH ð1Þ

The thiomethyl shunt (i.e., shunt away from the mercap-

turate pathway) may thus be depicted as: electrophile ?

glutathione S-conjugate ? cysteinylglycine S-conjugate ?
cysteine S-conjugate ? mercaptan (catalyzed by cysteine

S-conjugate b-lyases) ? thiomethyl compound (catalyzed

by thiolmethyltransferases). The thiomethylated compound

may be excreted intact or following oxidation to the

sulfoxide or sulfone. The thiomethyl shunt can therefore

act in conjunction with the mercapturate pathway for the

detoxication and excretion of certain potentially toxic

electrophiles (Jakoby and Stevens 1984; Warrander et al.

1985; Fig. 1).

Cysteine S-conjugate b-lyases and glucuronidation

The mercaptan liberated from a cysteine S-conjugate by the

action of cysteine S-conjugate b-lyases may be S-glucu-

ronidated and excreted, as in the case of 2-benzothiazole

derived from benzothiazolyl L-cysteine (BTC) (Elfarra and

Hwang 1990). As with the thiomethyl shunt, this mecha-

nism acts in conjunction with the mercapturate pathway

as a mechanism for the elimination of certain toxic meta-

bolites (Fig. 1).

Generation of toxic, reactive sulfur-containing

species from the cysteine S-conjugates derived

from halogenated alkenes

The thiomethyl shunt and S-glucuronidation pathways are

possible when the eliminated sulfur-containing fragment

(XSH; Eq. 1) is relatively stable. In those cases, the fun-

neling of the cysteine S-conjugate away from the mercap-

turate by cysteine S-conjugate b-lyases is of little

toxicological consequence because thiomethylation and

S-glucuronidation act as alternative pathways for detoxi-

cation and excretion. However, there are many examples in

which the eliminated sulfur-containing fragment is highly

reactive, indeed much more so than the parent electrophile.

In those cases, the cysteine S-conjugate b-lyase reaction is

a bioactivation (toxication) mechanism. Moreover, since

the glutathione S-conjugate, cysteinylglycine S-conjugate,

mercapturate [as a result of acylase action (Uttamsingh and

Anders 1999)] can be converted to the cysteine S-conjugate

in vivo, each S-conjugate of the mercapturate pathway is

toxic. A large number of halogenated alkenes have been

shown to be toxic to experimental animals at least in part

through conversion to S-conjugates in the mercapturate

pathway. However, most of the work in this area has been

carried out with DCVC and TFEC [S-(1,1,2,2-tetrafluoro-

ethyl)-L-cysteine, the cysteine S-conjugate of tetrafluoro-

ethylene]. These compounds are toxic to liver, brain (in

some cases) and especially to kidney. Within the kidney,

Cysteine S-conjugate b-lyases 9
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the proximal tubules are vulnerable. The mitochondria are

targets of halogenated cysteine S-conjugates.

Trichloroethylene and tetrachloroethylene are produced

in large quantities industrially. Moreover, trichloroethylene

is present in the majority of superfund sites in the US

(http://www.atsdr.cdc.gov/tfacts19.html) and a large seg-

ment of the population has a body burden of trichloroeth-

ylene. Although the findings were disputed at first it now

seems probable that there is an increased risk of several

cancers, particularly kidney cancer, in humans exposed to

very high levels of trichloroethylene (Scott and Chiu 2006).

Thus, it is important to identify the enzymes involved in

the bioactivation of halogenated alkenes and the mecha-

nisms involved (next section).

Since the toxicity of cysteine S-conjugates and other

conjugates of the mercapturate pathway in relation to hal-

ogenated alkenes has been extensively reviewed (Dekant

2003; Anders 2004, 2008; Koob and Dekant 1991; Cooper

and Pinto 2006; Nagelkerke and Boogaard 1991; Dekant

et al. 1994; Anders et al. 1988; Cooper et al. 2002a), we will

focus more heavily here on other important biological

aspects of the cysteines S-conjugate b-lyase pathway.

Identification of cysteine S-conjugate b-lyases

Tateishi et al. (1978b) obtained a highly purified prepara-

tion of a cysteine S-conjugate b-lyase from rat liver. The

same group also purified a cysteine S-conjugate b-lyase

from human liver (Tomisawa et al. 1984). However, in

neither case was the enzyme identified. In the mid-1980s,

however, Stevens and colleagues identified kynureninase

(Stevens 1985) and glutamine transaminase K [GTK;

identical to kynurenine aminotransferase isozyme I (KAT

I)] (Stevens et al. 1986) as major cysteine S-conjugate

b-lyases of rat liver and kidney cytosol, respectively

(DCVC as substrate). Since that time a number of other

pyridoxal 50-phosphate (PLP)-containing enzymes have

been identified with cysteine S-conjugate b-lyase activity

toward DCVC (and TFEC) (Table 1). All are enzymes

involved in amino acid metabolism that catalyze cysteine

S-conjugate b-lyase reactions as secondary reactions as a

result of the electron-withdrawing properties of the group

attached at the sulfur.

GTK has high inherent cysteine S-conjugate b-lyase

activity and as a result the gene is listed in the rat and

Table 1 Mammalian PLP-dependent enzymes with L-cysteine S-conjugate b-lyase activity

b-Lyase substrates Syncatalytic

inactivation

Competing

transamination

Approximate specific

activity (U/mga)
DCVC TFEC BTC

Enzyme (cytosolic)

Kynureninase (R) ? ND ? ? ND 0.25

GTK/KAT I (R) ? ? - - ? 0.6–6.4

GTK/KAT I (H)b ? ? ? - ? 8–40

cAAT (R) ? ? ± ? - 0.04–0.16

AlaAT (P) ? ? ? ? - 0.004–0.06

BCATc (H) ? ? ? ? - 0.3–0.5

Cystathionine c-lyase (R) - ? - - - 0.05–0.1

High-Mr b-lyase (R)c ? ? - ? *0.07–1.0

Enzyme (mitochondrial)

mAAT (R) ? ? ? ? ? 0.8–2.3

BCATm (H) ? ? - ? - 0.2–0.5

AGAT II (R) ? ? ? ? ? 0.2

GABA aminotransferase (P) ND ? ND ND ND 0.016

High-Mr b-lyase (R)d ? ? ? ND ? 0.1–1.2

This table is an update of that of Cooper and Pinto (2006) as modified by Cooper and Hanigan (2010). For original references see Cooper and

Pinto (2006). A unit of enzyme activity (U) is defined as the amount of enzyme that catalyzes the formation of 1 lmol of pyruvate per min

(usually at 37�C, but temperature was not always specified). The specific activities are from published data on highly purified enzymes

ND not determined, R rat, P pig, H human
a Activity with DCVC and/or TFEC
b From Cooper et al. (2008a). Some GTK activity is also found in rat kidney and liver mitochondria, but the role of mitochondrial GTK as a

cysteine S-conjugate b-lyase is uncertain
c Contains GTK activity
d Contains mAAT activity
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human genomes as CCBL1 (Cysteine Conjugate Beta-

Lyase 1), even though the lyase activity is presumably not

its major physiological role. Rat GTK/KAT1 was cloned

and sequenced by Perry et al. (1993) and by Mosca et al.

(1994). Shortly thereafter Abraham and Cooper (1996) also

cloned and sequenced rat GTK. The deduced Mr was

slightly different (*48,500) (misstated as 45,800 in the

original publication) from the deduced Mr (*47,800)

obtained by Perry et al. (1993) and Mosca et al. (1994), but

was [90% identical. The full-length clone expressed in

Cos1 cells had considerable GTK activity and some KAT-

type activity (Abraham and Cooper 1996). Relative

expression of GTK mRNA was in accord with the relative

specific activity of GTK in various rat tissues (i.e., kid-

ney [ liver [ brain) (Abraham and Cooper 1996). The

gene identified by Perry et al. (1993) and Mosca et al.

(1994) is now designated CCBL1-CRA-a in the rat,

whereas that identified by Abraham and Cooper (1996) is

designated CCBL1-CRA-b. Further work is required to

evaluate the relative protein and message levels of the two

expressed proteins, their genomic relationship, and the

relative biological functions.

Most of the PLP enzymes listed in Table 1 are amino-

transferases. This raises the possibility that aminotrans-

ferase reactions might interfere with the elimination

reaction. For example, if a half transamination reaction

competes with the b-lyase reaction then the pyridoxamine

50-phosphate (PMP) form of the enzyme will be generated.

Since the PMP form cannot support a b-lyase reaction an

a-keto acid (or PLP) must be present for maximal b-lyase

activity to be sustained. Several aminotransferases,

including GTK and mitochondrial aspartate aminotrans-

ferase (mAAT), require added a-keto acid substrate in

order to efficiently catalyze b-elimination with DCVC and

TFEC (Stevens et al. 1986; Cooper et al. 2002b; Table 1).

High-Mr cysteine S-conjugate b-lyases in rat kidney

cytosol

With the exception of alanine glyoxylate aminotransferase

II (AGAT II) the aminotransferases listed in Table 1 are

homodimers with subunit Mr values of 40,000–50,000.

AGAT II and cystathionine c-lyase are homotetramers,

with subunit Mr values of 53,000 and 40,000, respectively.

For convenience, kynureninase and most aminotransferases

(including GTK and mAAT) listed in Table 1 may be

referred to as low-Mr cysteine S-conjugate b-lyases

(Mr B 100,000) and AGAT II and cystathionine c-lyase

may be regarded as intermediate-Mr cysteine S-conjugate

b-lyases. There is a third class that we have termed high-Mr

cysteine S-conjugate b-lyases (Mr C 300,000). These were

discovered when liver and kidney homogenates were

subjected to non-denaturing (native) gel polyacrylamide

electrophoresis and separately stained for GTK and cys-

teine S-conjugate b-lyase activities (Abraham and Cooper

1991). Subsequently, high-Mr lyase activity was detected

by activity staining in proximal tubule segments of

rat kidney (Kim et al. 1997). A high-Mr b-lyase

(Mr * 330,000) was purified about 55-fold from rat kid-

ney cytosol using DCVC as substrate. The preparation

contained at least two proteins with Mr values of *50,000

and 70,000 (Abraham et al. 1995a). The b-lyase activity

was stimulated by a number of a-keto acids, including

a-keto-c-methiolbutyrate. The complex was not immuno-

positive to polyclonal rabbit antibodies raised against rat

kidney GTK. If the enzyme is truly a multi-heteromeric

protein then the attractions among the various components

are such that they remain intact during heat treatment

(45�C) and chromatography on DE-52, hydroxylapatite and

Sephadex G-200 columns (Abraham et al. 1995a). Recent

work from our laboratory suggests that GTK is present in

rat kidney cytosol in high-Mr (Mr C 200,000) and low-Mr

(Mr * 96,000) forms. Thus, when a portion of rat kidney

cytosol is subjected directly to Sephadex G-200 column

chromatography a fraction of the total cysteine S-conjugate

b-lyase activity (TFEC as substrate) elutes in the void

volume (Mr C 200,000). GTK activity also elutes in the

void volume (Table 2). Since the relative activity of rat

kidney cytosolic GTK as a transaminase (phenylalanine-

a-keto c-methiolbutyrate assay) versus that as a b-lyase

(TFEC as substrate) is about 2:1 (Abraham et al. 1995) the

data in Table 2 indicate that GTK contributes substantially

to the b-lyase activity in the high-Mr fraction in kidney

cytosol. Whether this high-Mr species of GTK is a homo-

polymer (n C 4) or contains associated proteins is

unknown. It is also not known why GTK could not be

detected immunologically in a cytosolic high-Mr complex

in previous work.

The presence of high-Mr lyase activity [S-(2-chloro-

1,1,2-trifluoroethyl)-L-cysteine and Se-(4-methylbenzyl)-

L-selenocysteine as substrates] in rat kidney cytosol has been

verified by Commandeur et al. (2000) using high-resolution

gel filtration chromatography. The major peak of cysteine

S-conjugate b-lyase activity coincided with Mr species of

*300,000 on a gel filtration column, whereas the minor

peak coincided with proteins of *66,000–132,000. The

proportion of cysteine S-conjugate b-lyase activity in the

high-Mr fraction of rat kidney cytosol, however, is much

higher ([70%) in the report of Commandeur et al. (2000)

compared to that which we note in Table 2 (*8%). The

apparent discrepancy may have been due to different sub-

strates employed or to different methods for preparing and

fractionating cytosol. Nevertheless, the presence of at least

one high-Mr cysteine S-conjugate b-lyase species/complex

in rat kidney cytosol is now well established.

Cysteine S-conjugate b-lyases 11
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High-Mr cysteine S-conjugate b-lyases in rat kidney

mitochondria

Activity staining also demonstrated the presence of high-Mr

b-lyase activity in rat kidney mitochondria (Abraham et al.

1995a, b; Cooper et al. 2001). In the study of Abraham et al.

(1995b) very little cysteine S-conjugate b-lyase activity co-

purified with mitochondrial GTK (mitGTK). Considerable

activity co-purified with a high-Mr b-lyase. This lyase

activity in the high-Mr fraction was stimulated by various

a-keto acids including a-keto-c-methiolbutyrate and most

strongly by a-ketoglutarate (Abraham et al. 1995a, b).

Amino acid sequence analyses showed that the high-Mr

b-lyase purified from kidney liver mitochondria contained

protein disulfide isomerase and mitHSP70 (Cooper et al.

2001). The enzyme responsible for the b-lyase activity in

the mitochondrial cysteine S-conjugate b-lyase was not

identified at the time. However, we now present evidence

that the mitochondrial high-Mr b-lyase contains mAAT

activity. Thus, when a rat kidney mitochondrial homoge-

nate was subjected to Sephadex G-200 chromatography two

peaks of cysteine S-conjugate b-lyase activity were

observed. Most of the activity was found to be present in a

low-Mr fraction (Mr * 93,000) corresponding to the Mr

expected for native dimeric mAAT (Table 3). However,

a small but significant amount (*3%) was also present in a

well defined peak in the void volume (Mr [ 200,000).

Interestingly, both peaks contained AspAT activity. The

ratio of specific activity of highly purified rat liver mAAT as

an aminotransferase (a-ketoglutarate-aspartate transami-

nase assay) versus that as a cysteine S-conjugate b-lyase

(TFEC as substrate) is *250 (Cooper et al. 2002b). The

ratio in the rat kidney mitochondria is similar to this value

indicating that mAAT is a major cysteine S-conjugate

b-lyase of rat kidney mitochondria. Interestingly, the ratio is

also similar in the high-Mr fraction. This finding indicates

that the major cysteine S-conjugate b-lyase activity of the

mitochondrial high-Mr b-lyase is also mAAT. This con-

clusion is strongly supported by the finding that the b-lyase

activities in both the low- and high-Mr fractions were

strongly inhibited ([90%) by 20 mM L-aspartate.

Previous work has shown that Hsc70 (a cytosolic HSP70)

binds to the acid-unfolded precursor to mAAT (pmAAT) in

vitro (Artigues et al. 2002). Hsc70 also binds to acid-

unfolded inactive mAAT, but not to the active holoenzyme

(Artigues et al. 2006). pmAAT bound to Hsc70 is imported

into isolated mitochondria in a reticulocyte lysate-depen-

dent manner, suggesting that Hsc70 together with cytosolic

factors is important for the import of catalytically inactive

pmAAT into mitochondria. In the mitochondria, pmAAT is

Table 2 Relative specific activities of GTK and cysteine S-conjugate b-lyase in fractions obtained from rat kidney cytosol

Fraction GTK

(mU/mg)a (A)

Cysteine S-conjugate

b-lyase (mU/mg)b (B)

A/B

Cytosol (unfractionated)c 11.2 6.1 1.84

Cytosol (high-Mr fraction)d 0.92 0.67 1.36

Cytosol (low-Mr fraction)d 17.7 14 1.26

a The reaction mixture contained 5 mM a-keto-c-methiolbutyrate, 10 mM L-phenylalanine and 100 mM potassium phosphate buffer (pH 7.4);

37�C. Phenylpyruvate formation was measured. One unit = 1 lmol/min
b The reaction mixture contained 10 mM TFEC, 0.1 mM a-keto-c-methiolbutyrate, and 100 mM potassium phosphate buffer (pH 7.4); 37�C.

Pyruvate formation was determined
c Kidney cytosol was prepared as described by Zhang et al. (2006)
d A portion (1 ml) of the cytosol was subjected to Sephadex G-200 (1 9 30 cm) column chromatography and eluted with 5 mM potassium

phosphate buffer (pH 7.4) at 4�C

Table 3 Relative specific activities of mAAT and cysteine S-conjugate b-lyase in fractions obtained from rat kidney mitochondria

Fraction mAAT

(mU/mg)a (A)

Cysteine S-conjugate

b-lyase (mU/mg)b (B)

A/B

Mitochondria (unfractionated)c 1,316 5.4 244

Mitochondria (high-Mr fraction)d 51 0.23 222

Mitochondria (low-Mr fraction)d 2,190 7.8 281

a The reaction mixture contained 6 mM a-ketoglutarate, 10 mM L-aspartate and 100 mM potassium phosphate buffer (pH 7.4); 37�C. The rate of

oxaloacetate formation was measured. One unit = 1 lmol/min
b The reaction mixture contained 10 mM TFEC, 0.1 mM a-ketoglutarate, and 100 mM potassium phosphate buffer (pH 7.4); 37�C. Pyruvate

formation was determined
c Kidney mitochondria were prepared as described by Zhang et al. (2006) and disrupted by sonication
d Fractionated as noted in Table 2
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processed to catalytically active mAAT by removal of the

N-terminal 29 amino acid mitochondrial targeting sequence

(Artigues et al. 2002). It is possible that once inside the

mitochondrion pmAAT or mAAT can then bind to mit-

HSP70 to complete the maturation process.

The relative amount of the total cysteine S-conjugate

b-lyase detected in rat kidney mitochondrial preparations

on native polyacrylamide gels in a high-Mr fraction

(Abraham et al. 1995b; Cooper et al. 2002b) appears to be

much greater than that detected after Sephadex G-200

chromatography (present work). The reason for this dif-

ference may be due to greater stability of the complexes

in the buffer used for native gel electrophoresis compared

to that used for gel filtration. Nevertheless, the finding

that mAAT can form high-Mr complexes that include

mitHSP70 has important toxicological implications. The

formation of a complex between mAAT and mitHSP70

explains, at least in part, the thioacylation of both mAAT

and mitHSP70 in kidney after rats are administered TFEC

(see below).

Syncatalytic inactivation of cysteine S-conjugate

b-lyases by b-lyase substrates: general

Inactivation of PLP enzymes by product(s) of b-lyase side

reactions (syncatalytic inactivation) has been known for

many years. For example, both isozymes of aspartate

aminotransferase are syncatalytically inactivated in the

presence of b-lyase substrates, such as b-chloro-L-alanine,

serine O-sulfate and phosphoserine. The inactivation of

cAAT (or a bacterial homolog) by b-chloro-L-alanine,

however, can be decreased by inclusion in the reaction

mixture of a Michael acceptor such as thiosulfate (Caval-

lini et al. 1973) or b-mercaptoethanol (Adams et al. 2005).

The products obtained are L-cysteine S-sulfonate and

3-(2-hydroxyethyl)-L-cysteine, respectively. The inactivating

species is aminoacrylate either free in solution as suggested

by Cavallini et al. (1973) or covalently bound to PLP

coenzyme (Adams et al. 2005).

Morino et al. (1974) suggested that inactivation of

cAAT by b-chloro-L-alanine is due to modification of a

lysine residue by aminoacrylate. However, Ueno et al.

(1982) showed that inactivation in the presence of serine

O-sulfate is due to formation of the pyruvate-PLP aldol

product by reaction of PLP with aminoacrylate. Rat liver

mAAT is syncatalytically inactivated in the presence of

b-chloroalanine and TFEC on average after *3,850 and

*2,700 turnovers per enzyme monomer, respectively

(Cooper et al. 2002b). This difference was ascribed to

the production of one reactive species (aminoacrylate) in

the case of b-chloroalanine, but two reactive species in the

case of TFEC (aminoacrylate and -SCF2CF2H ion).

As noted above, the eliminated sulfur-containing frag-

ment derived from TFEC is chemically very reactive.

Previous work has shown that the e-amino groups of lysine

residues are thioacylated by the sulfur-containing fragment

derived from TFEC [formation of RNHC(=S)CF2H, where

R = lysine residue; Hayden and Stevens 1990; Hayden

et al. 1991; Harris et al. 1992; Fisher et al. 1993; see later).

Curiously, both human BCATm and BCATc can catalyze

b-elimination with TFEC, but both enzymes are rapidly

inactivated. Inactivation occurs on average *170–280 and

40–50 turnovers per subunit for BCATm and BCATc,

respectively (Cooper et al. 2003). On the other hand, both

rat kidney GTK and human GTK are resistant to inacti-

vation by b-lyase substrates (Cooper et al. 2008a). Human

GTK has an unusual ‘‘crown’’ of aromatic amino acid

residues in the substrate binding pocket, which may

account for the interaction with neutral amino acid sub-

strates, including cysteine S-conjugates (Rossi et al. 2004).

This arrangement may prevent access of reactive fragments

to susceptible groups within the vicinity of the active site.

Evidently, the relative ease of syncatalytic inactivation by

b-lyase substrates varies greatly among the aminotrans-

ferases, and probably depends on ease of access of reactive

fragments to susceptible residues in or near the active site.

Mechanism for the syncatalytic inactivation of mAAT

by TFEC

We have investigated the mechanism of inactivation of

mAAT by TFEC and preliminary reports have been pub-

lished elsewhere (Cooper and Pinto 2008; Villar et al.

2007). Rat liver mAAT was purified by the procedure of

Mattingly et al. (1995). The protein concentration was

estimated from the absorbance at 356 nm of the PLP

cofactor [e = 8,500/(M-1 cm-1); Mr, 46,399]. The purified

protein was stored in 40 mM HEPES, 0.1 mM EDTA pH

7.4 (refolding buffer) containing 0.02% (w/v) sodium

azide. The homogeneity of the preparation and the Mr of

the protein were verified by SDS-PAGE and electrospray

ionization-mass spectrometry (ESI-MS). Aliquots of native

mAAT (0.1 mg/ml) in either 10 mM sodium phosphate

buffer, pH 7.5 or 50 mM HEPES, 0.1 mM EDTA, pH 7.5,

were reacted with 10 mM TFEC in the presence of 10 mM

a-ketoglutarate at 10�C. At different times after mixing,

aliquots of the reaction mixture (5 ll) were analyzed for

aspartate aminotransferase activity by a standard procedure

(Mattingly et al. 1995).

The TFEC-catalyzed loss of activity is shown in Fig. 2a.

Inactivation is complete after 3 h of incubation. To deter-

mine the nature of the modification, these samples were

subjected to mass spectrometric analysis. At different times

after mixing, aliquots of the inactivation reactions (10 ll)
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were injected into a C8 reverse phase chromatography

column (Zorbax C8SB Wide Pore Guard Column, Micro-

Tech Scientific, 1 cm 9 0.32 mm), which was connected

on-line to a valve to direct the flow to either the waste or

the mass spectrometer. After washing the column with

0.05% (v/v) trifluoroacetic acid (TFA) at a flow of 100 ll/

min, the flow was diverted to the mass spectrometer and

the protein was eluted using a 0–54% (v/v) acetonitrile

gradient in 0.05% (v/v) TFA, at a flow rate of 30 ll/min.

The sample loop, reverse phase column, solvent delivery

line, and injection and divert valves were included in a

home-made cooling chamber and the temperature was

maintained at 2.6�C. All ESI-MS data were acquired on a

hybrid linear ion trap FT-ICR MS equipped with a 7 T

magnet (LTQ-FT, ThermoFinnigan, San Jose, CA). As a

control sample, an aliquot of mAAT kept under the same

conditions, but without the addition of TFEC, was analyzed

under identical conditions (Fig. 2b). This control sample

shows a deconvoluted mass spectrum with a mass of

44,587 Da, which is in agreement with the expected mass

derived from the protein amino acid sequence. However,

mAAT incubated with TFEC results in the formation of

multiple forms of higher mass, indicating the covalent

addition of multiple derivatives. Because of the complexity

of the resulting mass spectra, the exact change in mass for

each individual peak cannot be measured with absolute

certainty. However, since the change in mass between

consecutive mass peaks is not constant, one can assume

that multiple adducts are formed.

To determine the position of the amino acid residues

modified and the exact composition of the TFEC modifi-

cations, the reacted protein was independently subjected to

trypsin digestion and mass spectrometric analysis in

duplicate. For this purpose, after 4 h of reaction, aliquots of

control and reacted samples were dialyzed against three

changes of 10 mM sodium phosphate buffer, pH 7.5, fol-

lowed by three changes of water to remove excess of TFEC.

After unfolding in 6 M guanidinium hydrochloride, the

protein was reduced and alkylated. Then the protein sample

was diluted six times in ammonium bicarbonate and

digested with trypsin for 8 h at room temperature using a

mAAT: trypsin ratio of 100:1 (w:w). The resulting peptides

were pressure loaded onto an in-house packed C18 nano

column (Michrom Bioresources Magic C18 AQ 300 Å,

8 cm 9 100 lm) and desalted with 0.05% formic acid at a

flow rate of 250 nl/min for 20 min. Following desalting, the

peptides were eluted with an acetonitrile gradient (0–90% in

10 min) at a flow rate of 250 nl/min, and directed to the

mass spectrometer. The ESI source was operated at 1.8 kV.

The mass spectrometer was controlled by Xcalibur software

to perform continuously full mass scan analysis in the ICR

cell, followed by MS2 scan analysis in the ion trap of the six

most intense ions observed on the full scan. Dynamic

exclusion of two repeat scans of the same ion was used, with

a 30 s repeat duration and 90 s exclusion duration and a

mass window of 4 Da. Normalized collision energy for

tandem mass spectrometry was set to 35%. Sequence

assignment was made using the SEQUEST algorithm (Eng

et al. 2008) included in Bioworks 3.1 (ThermoFinnigan)

and the known sequence of rat liver precursor mAAT. To

eliminate possible contaminating peptides, all MS2 scans of

selected peptide ions were also searched against a protein

database containing standard protein contaminants. The

results of the search were filtered using the following set of

criteria: minimum cross-correlation score (Xcorr) of 1.1,

1.7 and 2.3 for 1, 2 and 3 charged ions, respectively, and a

delta correlation score (Dcorr) greater than 0.08.

Several TFEC-modified peptides were detected (Table 4;

Fig. 3) these modifications are distributed over the entire

length of the polypeptide chain, and, in general, in solvent

accessible regions. Three different kinds of modifications

were detected. First, multiple K residues are modified by

addition of a fragment that results in a net gain of 100 amu.

This finding is consistent with a –CF2CF2H linkage to the

e-amino group of a lysyl residue. This linkage apparently

results from direct attack of the e-amino group of a lysine

residue on tetrafluoroethanethiol with loss of hydrogen sul-

fide. This type of addition has not been described previously,

and may have been obscured in previous studies with
35S-labeled TFEC as a result of loss of radiolabel as H2S.

Second, two Cys residues denoted with the @ sign (on the

peptides FIEQGINVC@LCQSYAK^NM*GLYGER and
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Fig. 2 Syncatalytic inactivation of mAAT by TFEC. a Inactivation

of mAAT (0.1 mg/ml) in the presence of 10 mM sodium phosphate

buffer (pH 7.5), 10 mM a-ketoglutarate and 10 mM TFEC; 10�C.

Enzyme activities (filled circles) are expressed as percent relative to

the activity of a sample of native enzyme maintained under identical

conditions, but in the absence of TFEC. b. Mass spectra of mAAT.

Mass spectra were obtained before (blue line) and after 4 h of reaction

with TFEC (red line). The protein aliquots were desalted in a C8

reverse phase column and injected into the mass spectrometer. Mass

spectra were deconvoluted using the algorithm included in the

Xcalibur software. For the covalently modified protein the masses are

given as increment in mass relative to the mass of the mAAT

polypeptide (44,587 Da)
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VGAFTVVC@KDAEEAKR) are modified by 87 amus.

This finding is consistent with Michael addition of a cysteine

thiolate residue to aminoacrylate generating a lanthionine

moiety. Interestingly, in the peptide active site K containing

peptide (FIEQGINVC@LCQSYAK^NM*GLYGER) the K

residue is modified by 96 amus, which is consistent with

thioacylation (258K^). The corresponding tandem mass

spectra of these peptides are shown in Fig. 3. Mechanisms

whereby fragments derived from a b-lyase reaction on TFEC

form covalent adducts with proteins are shown in Fig. 4.

Mitochondrial aspartate aminotransferase (mAAT) is a

homodimeric protein. Each subunit is structurally com-

prised of two domains, one small and one large, and one

arm that extends from the large domain of one subunit and

anchors in a hydrophobic pocket in the small domain of the

other subunit. Each subunit has one catalytic site. The

active sites are independent of each other and each contains

one molecule of the coenzyme PLP in Schiff base bonding

with the active site 254K. All of the modifications detected

in this study are located in the large domain of mAAT.

Significantly, four of the modifications are in residues

located around the pocket where the arm of one subunit

binds to the large domain of the other subunit (Fig. 5).

These modifications may contribute to enzyme inactiva-

tion, since they may interfere with the conformational

changes of the arm that occur during catalysis. However,

the most likely cause of the irreversible inactivation of the

enzyme is the modification of the 258K moiety. Modifica-

tion of this active site K residue will render the protein

unable to establish a Schiff base arrangement with the PLP

coenzyme. It should be emphasized that the mechanisms of

covalent inactivation of mAAT discussed in this section

were obtained from in vitro studies. Thus far, as discussed

in the next section, only thioacylation of mAAT (and five

other mitochondrial proteins) has been detected in the

kidneys of rats exposed to TFEC in vivo.

The mechanism of TFEC-mediated cell injury

and death: From toxicant channeling and

mitochondrial disruption to de novo protective

responses

Recent work has clearly expanded on the toxicological

significance of the cysteine S-conjugate b-lyase activities.

The biochemical lesions produced by newer examples of

b-lyase substrates (e.g., cisplatin, Zhang et al. 2006; see

below) may closely resemble the toxicological actions of

traditional halogenated aliphatic substrates. Nonetheless,

TFEC still remains the best characterized example of a

compound that undergoes b-lyase-mediated bioactivation

and has been worthy of investigation for several reasons.

For example, TFEC is a major metabolic product of the gas

tetrafluoroethylene (TFE), which is a potential human car-

cinogen according to both the IARC and the National

Toxicology Program. TFE itself is representative of many

other halogenated gases with broad industrial and clinical

uses that may also be bioactivated by similar mechanisms.

The tissue damage produced by TFEC follows the ‘‘Cova-

lent Binding Hypothesis’’ whereby a reactive intermediate

of metabolism (in this case, 2,2-difluorothioacetyl fluoride)

covalently modifies (i.e., thioacylates) lysyl e-amino groups

of neighboring proteins to produce ‘‘unnatural’’ difluoro-

thioamidyl-lysine (DFTAL) modified proteins (for an

excellent review, see Nelson and Pearson 1990). Earlier

work by Bruschi et al. has largely defined the in vivo target

proteins of DFTAL formation and it has been a revelation

that these proteins are, without exception, mitochondrial.

The six DFTAL-modified mitochondrial proteins were

identified as (1) HSP60, (2) mitHSP70, (3) mAAT, (4)

mitochondrial isoform of aconitase (mitACON), the (5) E2k

(dihydrolipoamide succinyl transferase) enzyme compo-

nent of the KGDHC, and (6) the E3 (dihydrolipoamide

dehydrogenase) enzyme component of KGDHC (and

Table 4 Covalently modified tryptic peptides

Sequencea MH? Charge XCorr

122FF K~ FSRDVFLP K~ PSWGNHTIPF 148R 3017.23 3 2.47
242H FIEQGINV C@ LCQSYA K^ N M* GLYGE 266R 3077.29 3 2.95
267VGAFTVV C@ KDAEEAK 282R 1808.91 3 3.12
55K AEAQIAGKNLD K~ EYLPIGGLADF C# 81K 2945.47 3 4.03
64NLD K~ EYLPIGGLADF C# 81K 2048.96 2 2.41
288K~ ILIRPLYSNNPLNGA 304R 2730.51 3 2.53
283VESQL K~ ILIRPLYSNNPLNGA 304R 2574.40 3 3.13
160YYDP K~ T C# GFDFSGALEDIS 179K 2409.02 2 2.79
3ASSWWTHVEMGPPDPILGVTEAF 25K~ 2907.30 3 3.35

Following trypsin treatment of a control (untreated) and TFEC-modified protein, the peptide mixture was analyzed on-line on a LTQ FT mass

spectrometer, as indicated in the text. TFEC-modified residues are highlighted in bold face

M*oxidized methionine, C# iodoacetamide-modified cysteine
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possibly also of the branched-chain keto acid dehydroge-

nase complex; BCDHC) (Bruschi et al. 1993, 1994, 1998;

James et al. 2002). More recently, additional covalent

modifications have been observed using purified mAAT and

in vitro TFEC incubations (previous section; Fig. 4). These

observations may provide exciting new avenues for future

mechanistic studies in vivo.

Our current knowledge of the initial events of TFEC-

mediated intramitochondrial damage in vivo are summa-

rized in Fig. 6. Functional inactivation of a ‘‘metabolon’’

complex occurs when toxicants are atypically channeled

between constituent proteins which normally function to

channel metabolites (Srere 1987; James et al. 2002).

DFTAL-lysine formation and the disruption of protein

conformation in metabolon targets and interactions signal

intramitochondrial stress protein recruitment and other

adaptive responses (Fig. 6a). Consequently, the close

proximity of stress proteins results in their DFTAL modi-

fication and entrapment in partially ATP-reversible com-

plexes (Bruschi et al. 1998). Furthermore, submitochondrial

fractionation, flow cytometry and other biochemical studies

confirm that mitochondria undergo a collapse of the inner

mitochondrial membrane potential (Dwi), a permeability

transition and cell death (Fig. 6b, James et al. 2002).

Intriguingly, these events are preceded by a considerable

increase in mitochondrial mass, indicating substantive cel-

lular remodeling, and by a collapse in intramitochondrial

NAD(P)H autofluorescence (Bruschi et al., unpublished

data). Consistent with these findings, TFEC-mediated tox-

icity in a cell culture model [TGF transgenic murine

hepatocytes (TAMH) cell line] have shown that over-

expression of the antiapoptotic BCL2 family member,

BCL-xL can very effectively protect against such induced

mitochondrial pathologies (Ho et al. 2005). As a result,

intramitochondrial pathophysiological processes serve to

release matrix, inner membrane and intermembrane pro-

teins to the periphery of the organelle and into the cytosol

(Fig. 6b). Such releases are consistent with the numerous

observations of traditionally inner mitochondrial proteins

[and especially HSP60 and mitHSP70 (also known as

‘‘mortalin’’)] in functional extramitochondrial complexes

(e.g., the high-Mr b-lyase; Cooper et al. 2001; see also

Wadhwa et al. 2005). Most importantly, however, early

mitochondrial releases likely function to signal de novo

adaptive responses to injury (see below).

Early DFTAL protein modification events serve as the

initiation of a cascade of cellular changes—part homeo-

static and protective, part pathological. Genomic analyses

confirm that mitochondrial permeability transitions induce

de novo nuclear gene transcriptions, which facilitate

mitochondrial and ER functions and a broader stress

response (Ho et al. 2006). The inducible cytosolic HSP70

isoform (HSP70i) is a good example, but not the most

prominent, of the many protective stress proteins prefer-

entially upregulated in response to TFEC exposure (Fig. 7).

The in vivo molecular events following TFEC exposure

have been accurately modeled in vitro using TAMH cells

(James et al. 2002). Following even moderate TFEC

exposure in vitro HSP70i mRNA levels are markedly

induced by nearly 400-fold (Fig. 7a) and the corresponding

Fig. 3 LC/ESI mass spectral analysis of covalently modified pep-

tides. Tandem mass spectra of the triply charged peptide ions at m/z
of 1006.4 (122FFK*FSRDVFLPK* PSWGNHTIPF148R), 603.31

(242HFIEQGINVC@LCQSYAK^NM*GLYGE266R) and 981.30

(267VGAFTVVC@ KDAEEAK282R). Modified amino acid residues

are indicated as in Table 4
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HSP70i protein levels in these cells are also substantially

increased (Fig. 7b). The processes of interorganelle com-

munications that function to link mammalian intramito-

chondrial perturbations, which in the case of DFTAL

formation is both spatially and temporally restricted, to a

multifaceted cellular response is currently unresolved.

Role of cysteine S-conjugate b-lyases in drug

metabolism

Methazolamide

The carbonic anhydrase inhibitor methazolamide is

metabolized through the mercapturate pathway to the

cysteine S-conjugate, which is a substrate of cysteine

S-conjugate b-lyase(s) in bovine kidney and liver homoge-

nates (Kishida et al. 2001). The b-elimination reaction may

account for the binding of a metabolite of methazolamide to

macromolecules in eye tissues and for the specific ocular

toxicity (Kishida et al. 2001).

Cisplatin

Cisplatin is used to treat germ cell tumors, ovarian cancer,

head and neck tumors and as a radiation sensitizer for

cervical cancer. Unfortunately, it is ototoxic and renotoxic

to proximal tubule cells (reviewed in Zhang and Hanigan

2003). This limits its effectiveness particularly during

tumor recurrence. DNA damage is the primary mechanism

by which cisplatin kills tumor and other dividing cells.

However, the renal proximal tubule cells are well-differ-

entiated, non-dividing cells that are not killed by other

DNA-damaging agents (Hanigan and Devarajan 2003).

Evidence has been presented by Hanigan et al. that damage

to kidney cells is due to conversion of cisplatin to its

glutathione S-conjugate and subsequently to its cysteine

S-conjugate. The cysteine S-conjugate is then bioactivated

by cysteine S-conjugate b-lyase(s) to generate a fragment

containing a Pt-SH moiety (Eq. 2). This Pt-SH fragment is
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Fig. 4 Reaction pathways of

TFEC with mAAT.

Aminoacrylate reacts with

sulfhydryl groups of cysteine

(Cys) residues resulting in the

formation of lanthionine

residues. The other product,

tetrafluoroethanethiol, can react

directly or after decomposition

to difluorothioacetyl fluoride,

with the e-amino group of K

residues. In the first case, loss of

H2S results in the formation of a

tetrafluoroethyl derivative. In

the second case, loss of FH

results in the formation of a

thioacyl derivative

164K

258K

274C

251C

124K
133K

288K

25K

PLP

67K

Fig. 5 Three dimensional structure of mAAT indicating residues

modified by covalent attachment of TFEC fragments. The relative

positions of the modified residues are shown in green on the native

structure of mAAT. The PLP coenzyme is shown in yellow forming a

Schiff base with the Lys 258. The diagram was generated using the

program VMD (Theoretical Biophysics Group, University of Illinois

at Urbana-Champaign) and the X-ray structures of mAAT (pyridoxal

form, Protein Data Bank entry code 1TAT) from chicken heart

mitochondria
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proposed to react with macromolecules at thiophilic centers

(Zhang and Hanigan 2003; Hanigan and Devarajan 2003;

Zhang et al. 2006; Townsend et al. 2009).

ðH2N)2Pt(Cl)SCH2CH(NHþ3 ÞCO�2 þ H2O

! CH3CðOÞCO�2 þ NHþ4 þ ðH2NÞ2Pt(Cl)SH ð2Þ

In kidney cells, cisplatin is a mitochondrial toxicant.

After mice were treated with cisplatin, kidney mitochondria

proteins were more platinated than cytosolic proteins (Zhang

et al. 2006). In mice pretreated with aminooxyacetate (AOA),

an inhibitor of PLP enzymes, platination of renal proteins

was decreased in the mitochondrial fraction, but not in the

cytosolic fraction. The specific activities of mAAT, aconitase,

and KGDHC were decreased in LLC-PK1 cells treated with

cisplatin (Zhang et al. 2006). The specific activity of KGDHC

was decreased even further in cisplatin-treated LLC-PK1 cells

overexpressing mAAT. The data are consistent with the

hypotheses that (a) the cisplatin cysteine S-conjugate is a

b-lyase substrate of mAAT, (b) the released Pt-SH fragment

reacts with proteins in kidney mitochondria including

KGDHC, and (c) the vulnerability of KGDHC may be

another example of toxicant channeling from the active site of

mAAT.

Busulfan

Busulfan is a bifunctional alkylating agent used for the

treatment of hematological and other malignancies prior to

stem cell transplantation (e.g. Iwamoto et al. 2004). Busulfan

is converted to a glutathione S-conjugate [L-c-glutamyl-b-

(S-tetrahydrothiophenium)-L-alanylglycine; c-E-THT-AG]

by direct interaction with GSH (Ritter et al. 1999) and

enzymatic catalysis by GSTs, especially GST A1-1 (Ritter

et al. 1999, 2002; Czerwinski et al. 1996; Gibbs et al. 1996).

Fig. 6 a Mitochondrial toxicant channeling in vivo. TFEC (R)

transport into the mitochondria results in conversion to the thioacy-

lating agent (Rd1) by b-lyases [e.g., mAAT (1), shown here as a

homodimer]. Co-immunoprecipitation and biochemical studies con-

firm the close juxtaposition of other DFTAL target proteins—

especially those of energy metabolism [KGDHC (2) and mitACON

(3)]. Considerable evidence suggests that BCATm can form a

metabolon with the branched-chain a-keto acid dehydrogenase

complex (BCDHC) (Islam et al. 2010 and references quoted therein).

Since BCATm can catalyze a b-lyase reaction with TFEC (Cooper

et al. 2003) it is probable that subunits of the BCDHC are also

inactivated by toxicant channeling. Other complexes not known to be

associated with any aminotransferase/cysteine S-conjugate b-lyase

activities [e.g., PDC] are not modified or inactivated by thioacylation.

The curved arrow represents ‘‘self-thioacylation’’ of mAAT (syncat-

alytic inactivation). Positions of outer (OM) and inner (IM)

mitochondrial membranes are indicated. Adapted from Cooper et al.

(2002a). b TFEC-induced mitochondrial pathophysiology. Submito-

chondrial fractionation studies confirm a unified movement of matrix,

IM and intermembrane space DFTAL-labeled and unmodified

proteins to the periphery of rat renal mitochondria isolated from

kidney tissue treated with TFEC. Such movements are consistent with

a permeability transition and Dwi collapse as assessed by morpho-

logical changes, flow cytometry and biochemical inhibitor studies

(see the text for details). Note that DFTAL covalent modifications of

mAAT, KGDHC components, mitACON, HSP70, and HSP60 were

detected in kidney mitochondria of rats exposed in vivo to TFEC by

immunochemical methods. This finding does not, however, preclude

the possibility of additional covalent modifications occurring in vivo

as has been demonstrated for mAAT in vitro as shown in Fig. 4.

Adapted from Bruschi et al. (1993)

Fig. 7 De novo synthesis of stress responsive protein cytosolic

HSP70i following TFEC exposure (100, 200 or 300 lM; 4 h) to

TAMH cells in cell culture. a Quantitative real-time PCR determi-

nation of hsp70i mRNA with gene-specific primers. Data are

represented as the fluorescence yield from successive PCR reaction

cycles with the fold-induction indicated to the right (maximum of

&9400). Data are the mean (±SD) from three independent

experiments (n = 3–6 replicate plates per experiment). b New

synthesis of HSP70i protein also in TAMH cell cultures in vitro

which paralleled hsp70i mRNA induction. Migration of Mr standards

are shown to the left. Original and some additional (unpublished) data

are from the study of Ho et al. (2006)
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The busulfan-glutathione adduct undergoes a base-catalyzed

b-elimination reaction yielding tetrahydrothiophene (THT)

(Fig. 8) (Roberts and Warwick 1961). Oxidation products

of THT make up the majority of identified busulfan

metabolites.

An enzyme-catalyzed b-elimination of THT from a

sulfonium cysteine S-conjugate has also been proposed as

part of a drug metabolism pathway of busulfan (Fig. 8)

(Cooper et al. 2008b). The sulfonium metabolite of

busulfan [b-(S-tetrahydrothiophenium)-L-alanine, THT-A;

Fig. 8, structure V] is a cysteine S-conjugate. Catalyzed by

base, THT-A undergoes a non-enzymatic b-elimination

reaction to yield THT, pyruvate and ammonia. THT-A

contains such a good leaving group that this reaction occurs

spontaneously even at pH 7.4. This reaction is, however,

accelerated by (a) rat liver, kidney and brain homogenates,

(b) isolated rat liver mitochondria, and (c) PLP (Cooper

et al. 2008b). Evidence was presented that several PLP-

dependent enzymes can catalyze this reaction in rat

tissues. One such enzyme in rat liver cytosol was identified

as cystathionine c-lyase. Evidently, enzyme-catalyzed

b-elimination represents an alternate drug metabolism

route for intermediates in the mercapturate pathway for

drugs such methazolamide and busulfan.

The b-elimination of THT from the glutathione

S-conjugate of busulfan (c-E-THT-AG; Fig. 8, VI) yields a

dehydroalanyl analog of glutathione (c-glutamyldehy-

droalanylglycine, EdAG; Fig. 7, VIII). This reaction occurs

readily in vitro at physiological pH and temperature

(Younis et al. 2008). EdAG was identified as a metabolite

of busulfan in a human liver cytosol fraction. EdAG con-

denses with GSH in a Michael addition reaction to produce

a lanthionine-containing thioether (GSG), which is a non-

reducible analog of glutathione disulfide (GSSG). EdAG

was less cytotoxic than busulfan to C6 rat glioma cells.

GSH and EdAG were equally effective in displacing a

glutathione S-transferase isozyme (human GSTA1-1) from

a GSH-Agarose column. The finding of an electrophilic

metabolite of GSH suggests that alteration of cellular GSH

concentrations, irreversible non-reducible glutathionylation

of proteins, and interference with GST function may con-

tribute to the toxicity of busulfan. For a discussion of the

biomedical implications of non-reducible glutathionylation

see Younis et al. (2008).

Occurrence of cysteine S-conjugate b-lyases

in non-mammalian organisms and roles

in the biotransformation of natural products

In addition to the enzymes identified as cysteine S-conju-

gate b-lyases in mammals (Table 1), many such enzymes

have been described in non-mammalian organisms. Unlike

III

V

VIII

VI

IV

X

I

H3C S
O

O
O O S

O

O
CH3

GSHCys

- CH3SO2O- CH3SO2O

ab

S

+ O COO

S
+

VII

NH4

IX

H

S

H3N

COO
N

N
O

O

COO

H

S
OSO2CH3

H3N

COO
N

N
O

O

COO

S
OSO2CH3

H3N COO

S

H3N COO

H3N COO

cystathionine γ-lyase

H

H

- CH3SO2O

II
- CH3SO2O

II

-

COO

H3N
O

N
O

N COO
H

H

GS-
H

H

COO

H3N
O

N
O

N COO

S

H3N

COO
N

N
O

O

COO
H

H

XI

Fig. 8 Proposed mechanism for the metabolic conversion of busulfan

to tetrahydrothiophene (THT) and to a glutathione adduct containing a

lanthionine bridge. Facile elimination of a methanesulfonyl (II) group

from busulfan (I) occurs by nucleophilic attack of cysteine (Cys) or

glutathione (GSH), resulting in the formation of thioether conjugates

[cysteine S-conjugate (III) and glutathione S-conjugate (IV), respec-

tively]. Conversion of I to IV may occur non-enzymatically or may be

accelerated by various GSTs. Structures III and IV spontaneously

undergo elimination/ring closure to generate sulfonium conjugates

[cysteine S-conjugate (V) and glutathione S-conjugate (VI), respec-

tively]. Structure VI is converted to V by the action of c-glutamyl-

transferase (a) and dipeptidases (b), both of which possess broad

specificities. V undergoes a facile b-elimination reaction to yield THT

(VII), ammonium (IX) and pyruvate (X), which may be catalyzed by

OH-, PLP or several PLP-containing enzymes. THT (VII) may also

be generated from c-E-THT-AG (VI) by a non-enzymatic b-elimina-

tion reaction that results in the formation of c-glutamyldehydroala-

nylglycine (EDAG) (VIII). Note that the sulfur in THT is not derived

from busulfan, but rather from the sulfur of GSH. VIII contains an

activated vinyl group and spontaneously undergoes a Michael reaction

with GSH to form structure XI that contains a lanthionine bridge.

Modified from Cooper et al. (2008b) and Younis et al. (2008)
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those cysteine S-conjugate b-lyases in mammals where the

activity is a secondary side reaction, some of the enzymes

described in these non-mammalian organisms may have a

primary function as a b-lyase.

Bacteria

Gut bacteria are known to catalyze biotransformations of

certain xenobiotics, including conversion to the corre-

sponding glutathione S-conjugates (Bakke et al. 1982).

Several studies have shown that many enteric bacteria

contain cysteine S-conjugate b-lyase activity (Saari and

Schultze 1965; Suzuki et al. 1982; Larsen and Bakke 1983;

Larsen and Stevens 1986; Larsen et al. 1983; Tomisawa

et al. 1984; Bernström et al. 1989; Schwiertz et al. 2008).

The fact that cysteine S-conjugate b-lyase activity is

widespread in enteric bacteria and that a major portion of

cysteine S-conjugates are excreted into the bile suggests

that the gut flora may be important for the incorporation of

sulfur into some xenobiotics (Larsen and Stevens 1986). If

the cysteine S-conjugate is a precursor of a reactive sulfur-

containing fragment the possibility exists that the mucosal

cells of the gut will be damaged. The likelihood that these

bile-derived cysteine S-conjugates (or those generated in

situ from the glutathione S-conjugate) damage intestinal

cells has not, however, been extensively studied. Although

the cysteine S-conjugate b-lyase reactions catalyzed by the

enteric bacteria thus far investigated are probably side

reactions of PLP enzymes involved in amino acid house-

keeping, the b-lyase reaction may be of physiological rel-

evance under certain circumstances. For example, a

cysteine S-conjugate b-lyase isolated from the gut bacte-

rium was shown to catalyze a b-elimination reaction with

leukotriene E4 (a cysteine S-conjugate), a reaction that may

be of physiological importance (Bernström et al. 1989).

Several species of enteric bacteria (Bacteroides dis-

tasonis, Bacteroides vulgatus, Enterococcus faecalis,

Enterococcus faecium) exhibit high b-lyase activity toward

Se-p-methoxybenzylselenocysteine, S-methylcysteine and

Se-methylselenocysteine (Schwiertz et al. 2008). It was

suggested that the b-lyase activity associated with human

intestinal bacteria might play a key role in the bioactivation

and chemopreventive activity of selenocysteine conjugates

(Schwiertz et al. 2008). The chemopreventive properties of

naturally occurring Se-methyl-L-selenocysteine are dis-

cussed below.

Bacteria are also responsible for some aspects of human

body odor. The odor of human sweat may be enhanced by

the action of skin bacteria. 3-Sulfanylhexan-1-ol, along

with 2-methyl-3-sulfanylbutan-1-ol, 3-sulfanylpentan-1-ol

and 3-methyl-3-sulfanylhexan-1-ol, have been identified as

odiferous compounds in human sweat (Emter and Natsch

2008; Natsch et al. 2004; Starkenmann et al. 2005). It was

suggested that the non-odiferous precursors of the sul-

fanylalkanols are cysteine S-conjugates. In agreement with

this hypothesis, Natsch et al. (2004) showed that cysteine

S-conjugates of sulfanylalkanols are substrates of a cys-

teine S-conjugate b-lyase cloned from the skin bacterium

Corynebacterium striatum Ax20 present in human axillary

secretions. The enzyme responsible was identified as cys-

tathionine b-lyase.

It has been suggested that each human being has a dis-

tinct odor profile (despite the use of soaps and deodor-

ants!). Indeed, it is well known that dogs (whose olfactory

prowess is generally tens of thousands of times greater than

that of humans) can identify individual humans by odor

profiles, and dogs are often used forensically to identify

human scent clues. Since the range of sulfanyl (mercapto)

compounds potentially available through b-lyase reactions

on cysteine S-conjugates is presumably very large, each

person’s odor profile may depend in large part on the types

of S-conjugates excreted, the constituent skin bacterial

flora, body area (e.g., armpits, genital area), and enzymatic

repertoire in the skin bacteria (including enzymes of the

mercapturate pathway and cysteine S-conjugate b-lyases).

Whether machines can replace dogs in forensic analysis of

human odor signatures remains to be determined. For a

recent, entertaining discussion of this pungent subject see

Amato (2009). One possibility for the design of deodorants

for human use might be to include an inhibitor of bacterial

cystathionine b-lyase or even a general PLP antagonist

such as aminooxyacetate or canaline.

Fungi

Fungi are known to contain GST activity (Dowd and

Sheehan 1999) and cysteine S-conjugate b-lyase activity

(Hafsah et al. 1987; Shimomura et al. 1992). For example,

Mucor circinelloides (formerly M. javanicus) converts 2,4-

dichloro-1-nitrobenzene to the corresponding glutathione

S-conjugate, cysteine S-conjugate, and mercapturate as

well as to 5-chloro-2-nitrobenzenethiol (Hafsah et al. 1987;

Shimomura et al. 1992). Evidently, the role of fungi in

transforming environmental xenobiotics through the mer-

capturate and b-lyase pathways and their possible role in

bioremediation needs to be further evaluated. Given the

complex biochemical pathways present in many fungi

it seems probable that the mercapturate and cysteine

S-conjugate b-lyase pathways will be found to contribute to

the formation of complex mercaptans as has been described

in other organisms (see below).

Helminths

Three species of parasitic helminths have been shown to

contain cysteine S-conjugate b-lyase activity (Adcock et al.
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1999). A cysteine S-conjugate b-lyase was purified from

the tapeworm Moniezia expansa and shown to co-purify

with an enzyme that exhibited aspartate aminotransferase

activity (Adcock et al. 2000). The possible biological sig-

nificance of this reaction to the parasite remains to be

elucidated, but may represent a possible target for anti-

helminthics (Adcock et al. 2000).

Plants

Recent work has established that a multitude of alkyl mer-

captans impart organoleptic properties to plants. For exam-

ple, 3-mercaptohexanol is an odor detected in passion fruit

and in Sauvignon blanc wines (Wakabayashi et al. 2004).

3-Mercaptohexanol was suggested to be derived from the

cysteine S-conjugate of E-2-hexenal (Wakabayashi et al.

2004). A b-lyase reaction with this compound will release

3-mercaptohexenal, which may be reduced to the corre-

sponding alcohol. An alternative route may occur, namely

reduction of the cysteine S-conjugate of E-2-hexenal to the

cysteine S-conjugate of 2-hexenal, followed by a cysteine

S-conjugate b-lyase-catalyzed elimination to yield directly

3-mercaptohexenol. Both pathways are feasible. A series of

alkanoates of 3-methyl-3-sulfanylbutan-1-ol [(CH3)2C(SH)

CH2CH2OC(O)R] and a series of alkanoates of 3-sulfa-

nylhexan-1-ol [CH3CH2CH2CH(SH)CH2CH2OC(O)R]

have recently been detected in the fruit peel of Poncilius

trifiliata (a close relative of citrus) (Starkenmann et al. 2007).

The authors suggested that the origin of these volatile sulfur-

containing compounds is via b-lyase reactions on cysteine

S-conjugates. The same group also reported the presence of

3-sulfanylhexanal and sulfanylhexan-1-ol in a member of the

Polygonium family (Starkenmann et al. 2006) and eighteen

sulfanyl (thiol) compounds in the plant Ruta chalepensis

(Escher et al. 2006). These compounds also presumably

arose through the action of a cysteine S-conjugate b-lyase.

An interesting observation from this group is the finding that

odorless cysteine S-conjugates such as S-3-(1-hexanol)-

L-cysteine in wine, S-(1-propyl)-L-cysteine in onions and

S-(2-heptyl)-L-cysteine in bell peppers are transformed into

volatile thiols by mouth flora (Starkenmann et al. 2008). The

authors noted that ‘‘the mouth acts as a reactor, adding

another dimension to odor perception, and saliva modulates

flavors by trapping free thiols’’.

Alliinase (EC 4.4.1.4), a PLP-dependent enzyme found

in garlic and other Allium vegetables (onion, shallots,

leeks), catalyzes b-elimination reactions with various

S-alk(en)yl-L-cysteine sulfoxides (references quoted in

Musah et al. 2009). In the case of the cysteine S-conjugate

sulfoxide, L-alliin, the eliminated species is allylsulfenic

acid (Eq. 3). Allylsulfenic acid is extremely reactive and

forms the anhydride allicin (a thiosulfinate) even in an

aqueous medium (Eq. 4) (Cooper and Pinto, 2005 and

references quoted therein). Allicin may be depicted as

RS(O)SR and is regarded as a symmetrical thiosulfinate.

However, condensation between two different alk(en)yl

sulfenic acids is possible, in which case the resulting

thiosulfinate is regarded as an asymmetrical thiosulfinate

[RS(O)SR0].

Allicin reacts with cysteine to form a series of alkyl

cysteine S-conjugates. Several of these cysteine S-conju-

gates are b-lyase substrates of cystathionine c-lyase

(Cooper and Pinto 2005). In some cases the eliminated

product is a persulfide, which may be a source of sulfane

sulfur [one S attached to another S (S1) or positioned

between two S atoms (S0)], contributing to some of the

anticancer properties of garlic (Pinto et al. 2006).

A novel alliinase has recently been isolated and partially

characterized from the root of Petiveria alliacea, a peren-

nial shrub that grows in tropical areas of Africa, South

America and Central America, and long used in folk

medicine (Musah et al. 2009). Although the enzyme

exhibits activity analogous to that observed in previously

identified cysteine S-conjugate sulfoxide lyases (alliinases)

from Allium plants its substrate specificity and enzyme

structure are entirely different. The preferred substrates of

P. alliacea alliinase are the naturally occurring sulfoxides,

S-benzyl-L-cysteine sulfoxide (petiveriin) and S-2-hydro-

xyethyl-L-cysteine sulfoxide. [Note that since the a-carbon

is in the L-configuration and the sulfoxide may be in

either the S- or R-configuration these compounds exist in

diastereoisomeric forms, named petiveriin A and B, and

2-hydroxythiin A and B, respectively]. P. alliacea alliinase

mediates the formation of thiosulfinates from these

substrates to produce symmetric sulfinates, namely S-ben-

zyl phenylmethanethiosulfinate (petivericiin; Eqs. 5, 6) and

S-(2-hydroxyethyl)-2-hydroxyethanethiosulfinate, respec-

tively (Musah et al. 2009). Formation of asymmetric

CH2=CHCH2S(O)CH2CH(NHþ3 ÞCO�2 þ H2O! CH3CðOÞCO�2 þ NHþ4 þ CH2¼CHCH2S(O)H

L-Alliin L-Allylsulfenic acid
ð3Þ

2CH2=CHCH2S(O)H! CH2=CHCH2S(O)SCH2CH=CH2 þ H2O

Alliicin
ð4Þ
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thiosulfinates is possible when both petiveriin and

2-hydroxythiin are simultaneous substrates. Thus, P. alliacea

alliinase has the potential of catalyzing the formation of

symmetrical and asymmetrical sulfinates that contain an

aromatic moiety. By contrast, alliinases from Allium plants

thus far characterized catalyze the formation of symmet-

rical and asymmetrical thiosulfinates only from aliphatic

cysteine S-conjugate sulfoxides, such as S-methyl-,

S-propyl-, S-(1-propenyl)- and S-(2-propenyl)-L-cysteine

sulfoxides (Musah et al. 2009).

In summary, the intrinsic value of many of the small

molecular organosulfur compounds resides in their broad

range of flavorant, aromatic, and therapeutic properties.

Alterations in the organosulfur constituents of foods and

wines can have a profound influence on qualities of taste

and smell. In addition, several organosulfur constituents of

plants have been shown to have biological activity that

includes anticancer, immunostimulant, antiinflammatory,

antimicrobial, and hypoglycemic activities. For example,

following tissue damage to certain plants such as allium

species and P. alliacea, a number of S-benzyl- and/or

S-alk(en)yl cysteine sulfoxides are converted to thiosulfi-

nates by the action of alliinases. In addition to inducing cell

cycle arrest and apoptosis in cancer cells and acting as

cardiovascular protectants, these compounds can induce

detoxification enzymes, such as glutathione S-transferases

and quinone reductases, as well as the glutathione syn-

thesizing enzyme, c-glutamylcysteine synthetase. The

chemical diversity of organosulfur metabolites in the con-

text of their biochemical and pharmacological mechanisms

has been the topic of numerous reviews (e.g. Pinto et al.

2001; Nagini 2008; Iciek et al. 2009).

Chemoprevention by naturally occurring selenocysteine

Se-conjugates

Several naturally occurring selenocysteine Se-conjugates

have been shown to be chemopreventive in experimental

carcinogenesis (Ip et al. 1999, 2000, 2002; Zhu et al. 2000;

Dong et al. 2003; Suzuki et al. 2007). These compounds,

which are especially enriched in garlic and other selenif-

erous Allium species, include Se-methyl-L-selenocysteine,

Se-propyl-L-selenocysteine, and Se-allyl-L-selenocysteine.

It was suggested that part of the chemopreventive action of

these selenocysteines is due to the action of selenocysteine

Se-conjugate b-lyase activity (Eq. 7).

XSeCH2CH(NHþ3 ÞCO�2 þ H2O

! CH3C(O)CO�2 + NHþ4 þ XSeH ð7Þ

In the rat, the selenocysteine Se-conjugate b-lyase

activity is especially pronounced in liver and kidney (Ip

et al. 1999). Given our findings that cystathionine c-lyase

can catalyze b-elimination reactions with S-allyl-L-cysteine

and other similar cysteine S-conjugates (Cooper and Pinto

2005) and that this enzyme is active in rat cytosol (less so

in kidney cytosol), it is probable that a portion of the

selenocysteine Se-conjugate b-lyase activity in rat liver and

kidney homogenates is due to cystathionine c-lyase.

However, it is also likely that the activity is catalyzed

by other PLP enzymes, especially GTK. In this regard,

Commandeur et al. (2000) have shown that a highly

purified rat kidney GTK preparation catalyzes both trans-

amination and b-elimination reactions with selenocysteine

Se-conjugates, in most cases at least ten times more rapidly

than with the corresponding cysteine S-conjugates. The authors

suggested that greater reactivity of the selenocysteine

Se-conjugates relative to the cysteine S-conjugates is due to

the weaker C-Se bond than the C–S bond and to the greater

lability of the a C–H bond in the selenocysteine Se-conjugates

(Commandeur et al. 2000). (See also Wessjohann et al. 2007.)

The chemopreventive activity of Se-methyl-L-seleno-

cysteine has been extensively studied and assumed to be

due in part to the formation of methylselenol (CH3SeH)

catalyzed by b-lyase(s) (Ohta and Suzuki 2008; Ip et al.

1999, 2000, 2002; Zhu et al. 2000; Dong et al. 2003;

Suzuki et al. 2006, 2007; Tsuji et al. 2009). The methylselenol

is extremely difficult to detect in vitro owing to its high

vapor pressure and extremely low water solubility. How-

ever, its formation in vivo in the rat can be inferred from

tracer studies with 76Se-labeled Se-methyl-L-selenocysteine

in which the label is found in selenoprotein P (a protein

unusually rich in selenocysteine), trimethylselenonium ion

and selenosugars (Suzuki et al. 2006). The chemopreven-

tive properties of Se-methylselenocysteine may be due in

part to its alteration of redox properties of key proteins

(Suzuki et al. 2007). Posttranslational modification of

redox-sensitive signaling proteins has been suggested to

C6H5CH2S(O)CH2CH(NHþ3 ÞCO�2 þ H2O! CH3CðOÞCO�2 þ NHþ4 þ C5H6CH2S(O)H

S-Benzyl-L-cysteine sulfoxide ðpetiveriinÞ Benzylsulfenic acid
ð5Þ

2C6H5CH2S(O)H! C6H5CH2S(O)SCH2C6H5 þ H2O

S-Benzyl phenylmethanethiosulfinate ðpetivericiinÞ ð6Þ
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occur through the action of the highly reactive methylsel-

enol. Since many of these proteins harbor free sulfhydryl

domains that may be targeted by methylselenol, it has been

proposed that the antiproliferative and pro-apoptotic con-

trol over cancer cells observed by organoselenium is

achieved through these control proteins within signal

pathways (Gundimeda et al. 2008). However, we have

suggested an alternative explanation for the efficacy of Se-

methyl-L-selenocysteine as a chemopreventive agent. As

noted above, this compound is a transaminase substrate of

human GTK and the resulting a-keto acid is a potent his-

tone deacetylase (HDAC) inhibitor (Nian et al. 2009; Lee

et al. 2009). A review of the inherent chemopreventive

properties of seleno a-keto acid metabolites in cell sig-

naling pathways and HDAC inhibition can be found in this

issue of the journal (Pinto et al. 2010).

Selenocysteine Se-conjugates and tellurocysteine

Te-conjugates: potential drug delivery vehicles?

The possibility that selenocysteine Se-conjugates may be

designed as useful prodrugs has been suggested by Ver-

meulen et al. (Andreadou et al. 1996a, b; Commandeur

et al. 2000, 2001; Rooseboom et al. 2000, 2002a, b). This

proof-of-concept has already been shown in the case of

cysteine S-conjugates. Thus, Elfarra and colleagues showed

that S-(6-purinyl)-L-cysteine and S-(guanin-6-yl)-L-cysteine

are excellent prodrugs of the anticancer drugs 6-mercap-

topurine and 6-thioguanine, respectively, in rats (Elfarra and

Hwang, 1993; Elfarra et al. 1995). The anticancer drugs were

found to bioaccumulate in the rat kidney as a result in part of

the high renal cysteine S-conjugate b-lyase activity toward the

prodrugs. Given the much better leaving group propensity of

RSe- versus RS- and the excellent characteristics of many

selenocysteine Se-conjugates as b-lyase substrates it seems

reasonable that selenocysteine Se-conjugates can be designed

to act as delivery vehicles for chemopreventive selenols to

kidney, liver and other organs with high cysteine S(Se)-

conjugate b-lyase activity (Rooseboom et al. 2000, 2002a, b).

Indeed, as discussed above, the naturally occurring seleno-

cysteine Se-conjugate, Se-methyl-L-selenocysteine, has

already been shown to be chemopreventive in cancer cell

models and to readily undergo b-elimination reactions.

Rooseboom et al. (2002c) have also synthesized one

tellurocysteine Te-conjugate, namely Te-phenyl-L-telluro-

cysteine. Not unexpectedly, this compound was a b-lyase

substrate of purified rat kidney GTK. The authors sug-

gested that the tellurocysteine Te-conjugates might be an

interesting novel class of prodrugs for the formation of

biologically active tellurols.

Evidently, the possibility of designing selenocysteine

Se-conjugates and tellurocysteine Te-conjugates as prodrugs

of pharmacologically active selenols and tellurols, respec-

tively, is an attractive area for future research.

Conclusion

Although much of the early work on cysteine S-conjugate

b-lyases was related to the bioactivation of halogenated

alkenes, recent studies have greatly expanded the scope of

cysteine S-conjugate b-lyase reactions. Indeed, we show in

this review that the cysteine S-conjugate b-lyase reaction is

more important in the metabolism of chemotherapeutic

agents and natural products than has hitherto been realized.
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