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Sequence alignment and phylogenetic analysis has identified a

new subgroup of glutathione S-transferase (GST)-like proteins

from a range of species extending from plants to humans. This

group has been termed the Zeta class. An atomic model of the N-

terminal domain suggests that the members of the Zeta class

have a similar structure to that of other GSTs, binding

glutathione in a similar orientation in the G site. Recombinant

human GSTZ1-1 has been expressed in Escherichia coli and

characterized. The protein is a dimer composed of 24.2 kDa

INTRODUCTION
The glutathione S-transferases (GSTs) are found ubiquitously in

aerobic organisms and catalyse the conjugation of glutathione to

a wide variety of electrophilic substrates [1]. Some members of

the GST superfamily also manifest glutathione peroxidase ac-

tivity and contribute to the metabolism of organic hydro-

peroxides generated in cells. Characteristically, most species

express multiple forms of GST, each with both specific and

overlapping substrate preferences [2,3]. The GSTs are known to

metabolize a number of environmentally derived carcinogens,

and inherited deficiencies have been associated with an increased

risk of a variety of cancers. In contrast, overexpression of GSTs

in tumour cells can contribute to drug resistance (reviewed in [1]).

The first genetic studies of the GSTs in humans [4] demon-

strated the existence of three genetically distinct groups of

cytosolic GST isoenzymes. Further studies by Mannervik et al.

[5] demonstrated that these groups were found in other mammals

and represented three evolutionary classes, termed Alpha, Mu

and Pi. Subsequent studies have identified an additional class of

cytosolic GSTs termed Theta [6,7]. The Theta class GSTs are

characterized by the presence of an active-site serine residue,

which contrasts with an active-site tyrosine residue that is

conserved throughout the Alpha, Mu and Pi class GSTs [8–11].

More recently, a soluble mitochondrial specific GST termed

Kappa has been described [12], although little is known of the

structure, function or evolution of this class. A membrane-bound

microsomal GST has been well characterized and seems to be

structurally and genetically distinct from the cytosolic enzymes

[13].

Alignment of mammalian cytosolic GST amino acid sequences

shows that members of the Theta class seem to be the closest to

the GSTs found in many less advanced species, leading to the

suggestion that this class might represent the ancestral class [14].

Alignments of the non-mammalian GST sequences suggest that

there might be additional classes that are as distinct from each

other as they are from the well-established mammalian Alpha,
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subunits and has minimal glutathione-conjugating activity with

ethacrynic acid and 7-chloro-4-nitrobenz-2-oxa-1,3-diazole.

Although low in comparison with other GSTs, GSTZ1-1 has

glutathione peroxidase activity with t-butyl and cumene hydro-

peroxides. The members of the Zeta class have been conserved

over a long evolutionary period, suggesting that they might have

a role in the metabolism of a compound that is common in many

living cells.

Mu, Pi and Theta classes. Clearly, the Sigma class, which is well

represented in cephalopods, the proposed Phi class in plants and

the proposed D (Delta) class in insects are examples of the

additional diversity of the GSTs [15–17].

While undertaking sequence alignments to study the evolution

of the GST superfamily we detected an unusual group of GST-

like proteins that consisted of representatives from a highly

diverged range of species extending from plants to humans. To

confirm that this group of proteins are GSTs, we have sequenced

a human cDNA clone and expressed the recombinant protein in

Escherichia coli. Because the protein exhibits glutathione-

conjugating activity and has several other features in common

with the GST superfamily, it seems to define a new evolutionary

class of GSTs that, in contrast with the previously characterized

classes, occurs in a range of phylogenetic groups. We have

termed the new class Zeta, in accordance with the established

human GST nomenclature convention [18].

EXPERIMENTAL

Plasmids and DNA sequencing

A human expressed sequence tag (EST) that had sequence

similarity to a putative carnation (Dianthus caryophyllus) GST

[19] was obtained from the I.M.A.G.E. Consortium and the

A.T.C.C. This clone (I.M.A.G.E. consortium ID 265310,

GenBank accession number N31040) was originally isolated

from a melanocyte cDNA library. The complete DNA

sequence was obtained from each strand by subcloning restric-

tion fragments and by the use of a Thermo Sequenase Kit

(Amersham).

Heterologous expression and purification of GSTZ1

GSTZ1-1 was expressed in E. coli as a ubiquitin fusion protein as

previously described for other GSTs [20,21]. The ubiquitin moiety
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was co-translationally cleaved by the yeast ubiquitin-specific

protease Ubp1 expressed on a separate plasmid. The expressed

GSTZ1-1 was then purified by affinity chromatography on

glutathione–agarose (Sigma) [22].

Enzyme assays

GST activity was measured spectrophotometrically with a range

of electrophilic substrates under the following previously de-

scribed conditions: 1-chloro-2,4-dinitrobenzene [23], ethacrynic

acid [23], p-nitrophenyl acetate [23], p-nitrobenzyl chloride [23],

trans,trans-alka-2,4-dienals and trans-alk-2-enols [24], 7-chloro-

4-nitrobenz-2-oxa-1,3-diazole [25], dichloromethane [21,26] and

menaphthyl sulphate [27]. Glutathione peroxidase activity was

determined with cumene hydroperoxide and t-butyl hydro-

peroxide as substrates [28].

Sequence alignment and tree building

Selected GST nucleotide sequences, chosen to represent the

different GST classes, were retrieved from GenBank or from the

authors, and translated into protein sequences. The Arabidopsis

and Petunia sequences were classified as members of the pre-

viously proposed plant Phi class [16]. The insect sequences,

which have been previously referred to as Theta, Theta-like, or

D-class, are here termed Delta in keeping with the established

nomenclature conventions. This subdivision is clearly supported

by the separation shown below in Figure 3. The published

protein sequence of human Kappa [12] did not correspond to

DNA sequences published in GenBank’s EST database, so we

chose to generate a consensus of sequences retrieved from the

EST database : the consensus sequence used in this study is based

on positions 1–372 of R83924, positions 103–202 of R78029,

positions 158–379 of AA132173 and positions 381–442 of

AA132173.

A multiple sequence alignment (see Figure 2) was produced by

using CLUSTAL W [29] and the result was subsequently adjusted

manually, making use of known structural alignments [30–33]. A

phylogenetic study of the data was then conducted by maximum-

likelihood analysis. The alignment in Figure 2 was analysed with

the JTT-F substitution model [34], and the local bootstrap values

were determined for internal edges, both by means of ProtML

[35]. An underlying assumption of this phylogenetic analysis is

that the sequences are not biased in terms of base-compositional

heterogeneity. This assumption was not assessed, because tools

for this analysis are still under development (L. S. Jermiin,

unpublished work). Therefore the tree in Figure 3, like many

similar trees published so far, might be the result of both

compositional and historical components. The tree in Figure 3 is

an unrooted tree with the branch lengths drawn to scale : the

local bootstrap values are superimposed above the internal

edges. The definition of the nine GST classes is well supported,

as indicated by the high local bootstrap values of class-defining

edges (97.4–100%).

Molecular modelling

A computer model of the N-terminal domain of GSTZ1 was

constructed on the basis of the co-ordinates of the Lucilia cuprina

GST structure [30], aligning Pro-6 of GSTZ1 with Met-1 of the

insect enzyme and allowing Arg-42 and Gly-43 to form an

insertion. This alignment yields approx. 20% sequence identity

over the first 75 amino acid positions, effectively the N-terminal

domain. The model was built by using the HOMOLOGY module

of the Insight Package (Biosym Technologies, San Diego, CA,

U.S.A.), following the alignment given in Figure 2. No refinement

of the model was attempted apart from a few manual adjustments

to the side chains of some residues. The relative insertion in the

loop between β strand 2 and helix 2 is only roughly built and was

formed by generating several loop structures and selecting one

that had a low root-mean-square deviation at the splice sites as

well as complementing the rest of the model.

RESULTS

DNA and protein sequence

The cDNA contained in the EST clone N31040, which we have

termed pGSTZ1, has been completely sequenced on both strands

(Figure 1) and has 103 bp of 5« non-coding sequence, 648 bp of

coding sequence and 404 bp of 3« non-coding sequence. The

cDNA encodes a peptide of 216 residues that has a predicted

molecular mass of 24166 Da. An alignment of the deduced

amino acid sequence of GSTZ1 with representative sequences

from previously described GST classes is shown in Figure 2 and

indicates the significant differences between the GSTZ1 sequence

and the previously defined classes in mammals. Among the

human GSTs, the Theta class enzyme seems to be the most

similar to GSTZ1, yet GSTT2 has less than 20% identity.

We originally identified the GSTZ1 EST because of its

similarity to the putative carnation (D. caryophyllus) petal GST

[19]. Database searches have subsequently identified additional

GST genes with a high degree of similarity from Caenorhabditis

elegans (Z66560) and mouse (D21579). Although the complete

sequence for the mouse cDNA is not available, the complete

protein-coding sequences from carnation and C. elegans have

been extracted from databases and are compared with the

deduced amino acid sequence of GSTZ1 in Figure 2. We also

used the carnation sequence to search the yeast Saccharomyces

cere�isiae genome (yeast database ; http:}}genome®www.

stanford.edu}saccharomyces}) and identified a putative open

reading frame on chromosome XII (YLL060C; accession nos.

Z73165, Y13138) as a possibly related GST. The alignment

Figure 1 Nucleotide and deduced amino acid sequences of GSTZ1

The poly(A) addition signal is underlined.
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Figure 2 Structurally based multiple sequence alignment of representative GSTs from the major evolutionary classes

The secondary-structural elements (H, helix ; E, β strand) are based on the Lucilia cuprina GST structure [30]. The sequences have the following Genbank accession numbers : HumanjZeta (Homo
sapiens, U86529) ; CaenorhabditisjZeta (Caenorhabditis elegans, Z66560) ; CarnationjZeta (Dianthus caryophyllus, M64268) ; ArabidopsisjPhi (Arabidopsis thaliana, D17672) ; PetuniajPhi (Petunia
hybrida, Y07721) ; HumanjTheta (Homo sapiens, L38503) ; MousejTheta (Mus musculus, U48420) ; MuscajDelta (Musca domestica, M83249) ; DrosophilajDelta (Drosophila melanogaster,
X14233) ; HumanjAlpha (Homo sapiens, M15872) ; MousejAlpha (Mus musculus, M73483) ; ChickenjAlpha (Gallus gallus, L15386) ; HumanjPi (Homo sapiens, X15480) ; RatjPi (Rattus
norvegicus, X02904) ; HumanjMu (Homo sapiens, M63509) ; MousejMu (Mus musculus, J04632) ; ChickenjMu (Gallus gallus, X58248) ; Squid1jSigma (Ommastrephes sloanei, M36937 ;

Squid2jSigma (Ommastrephes sloanei, M36938). The yeast Saccharomyces cerevisiae sequence YLL060C was obtained from the yeast database (accession nos. Z73165, X13138), the rat Kappa

class sequences were obtained from the authors [12] and the human Kappa was determined from EST sequences (see the text).

shown in Figure 2 was used to generate a maximum-likelihood

tree (Figure 3). This tree clearly groups GSTZ1 with the sequences

from carnation and C. elegans. Interestingly, the yeast sequence

is grouped separately, with the Arabidopsis and petunia GSTs,

rather than with the group containing GSTZ1; the alternative

scenario with the yeast sequence grouping together with the

GSTZ1, C. elegans and carnation sequences was supported by

only 38.1% in local bootstrap value. It is clear from Figure 3 that

the carnation, C. elegans and human GSTZ1 sequences form a

distinct cluster, and consequently we have termed this group the

Zeta class.

Enzyme activity

GSTZ1 was initially identified as a GST because of its similarity

to a carnation petal GST. However, examination of the data
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Figure 3 An unrooted maximum-likelihood tree based on the protein alignment in Figure 2

The tree, with horizontal branch lengths drawn to scale and local bootstrap values, shows the phylogenetic relationships between the selected GST sequences.

Figure 4 SDS/PAGE of GSTZ1

Lanes 1 and 2 were stained with Coomassie Blue : lane 1, purified recombinant GSTZ1

expressed in E. coli ; lane 2, molecular size markers (shown in kDa at the left). Lanes 3–6 were

blotted on nitrocellulose and the GSTZ1 was detected with a rabbit antiserum to the recombinant

GSTZ1-1 : lane 3, liver ; lane 4, kidney ; lane 5, skeletal muscle ; lane 6, brain. Equivalent

amounts of total protein were added to lanes 3–6.

relating to the carnation GST indicated that its identification as

a GST was only because of sequence similarity with a rat Alpha

class isoenzyme [19,36]. The C. elegans sequence was also

identified by similarity and has not been studied in detail. As it

has not previously been demonstrated that any of the proteins

now assigned to the Zeta class have GST activity, we therefore

expressed recombinant GSTZ1-1 protein in E. coli and

characterized its properties. The expressed enzyme was purified

from the E. coli lysate to apparent homogeneity (Figure 4) by

affinity chromatography on glutathione–agarose. Compared with

enzymes from the Alpha, Mu and Pi classes, GSTZ1-1 had a

relatively weak affinity for this matrix and needed to be incubated

with the beads for several hours to ensure adequate binding. The

Table 1 Activity of recombinant human GSTZ1-1 with various substrates

Results are means³S.D. for at least three determinations. Abbreviation : n.d., not detectable.

Substrate

Specific activity

(nmol/min per

mg of protein)

Cumene hydroperoxide 160³11

t-Butyl hydroperoxide 170³4

1-Chloro-2,4-dinitrobenzene n.d.

1,2-Dichloronitrobenzene n.d.

4-Phenylbut-3-en-2-one n.d.

Ethacrynic acid 45³15

7-Chloro-4-nitrobenz-2-oxa-1,3-diazole 32³5

1-Menaphthyl sulphate n.d.

Dichloromethane n.d.

p-Nitrobenzyl chloride n.d.

p-Nitrophenyl acetate 14³6

trans-Non-2-enal n.d.

trans-Oct-2-enal n.d.

Hexa-2,4-dienal n.d.

trans,trans-Deca-2,4-dienal n.d.

enzyme could be eluted either by raising the pH to 9.6 or by the

addition of 5 mM glutathione. Purified GSTZ1-1 had an electro-

phoretic mobility on SDS}PAGE that was compatible with its

predicted 24.2 kDa size (Figure 4). Analysis of the protein by

sedimentation equilibrium gave an estimated maximum size of

48 kDa, which clearly indicated that the GSTZ1 protein

assembles as a dimer, as is observed in the other cytosolic GSTs

[1,2].

The purified GSTZ1-1 was tested for enzymic activity with a

range of compounds that have been found to be substrates for

GSTs from the Alpha, Mu, Pi and Theta classes (Table 1).

Although GST activity was demonstrated with a number of

compounds, the levels of activity were low and well below those
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Figure 5 MOLSCRIPT [44] schematic of the modelled N-terminal domain
of GSTZ1

Residues that interact directly with glutathione (GSH) are drawn except for Val-58, of which only

the backbone atoms that hydrogen-bond with the glutathione are shown. In the diagram, carbon

atoms are shown in black, nitrogen in grey and oxygen in white. The thiol sulphur is shown

in grey directly adjacent to the putative active-site residue Ser-14. The position of two residues

(Arg-42/Gly and Lys-32/Glu) potentially exhibiting genetic polymorphism are shown as black

spheres in the carbon backbone.

obtained with other GSTs. The highest activity measured was the

glutathione peroxidase activity with t-butyl and cumene hydro-

peroxides. This activity is also present in some Alpha and Theta

class isoenzymes [2,21,37].

Structural model

To investigate the structure of the G site of the human Zeta class

GST, a tentative atomic model of the N-terminal domain has

been constructed with the knowledge that this domain is generally

well conserved across the different classes of cytosolic GSTs

(Figure 5). The model shows that many of the residues that bind

glutathione in the G site are conserved either in the L. cuprina

structure or in Alpha, Mu, Pi or Sigma class GST structures

[30,33,38–40]. In particular, the model shows that Ser-14, equi-

valent to Ser-9 in the L. cuprina enzyme, is appropriately placed

to be able to stabilize the glutathione thiolate. The side chain of

Gln-58 forms hydrogen bonds with the γ-Glu side-chain oxygen

and to the glutathione Gly terminal oxygen, analogous to Gln-

54 in the Alpha class GSTs. Likewise, the backbone of Val-59

(Alpha class Val-55) hydrogen-bonds to the backbone of the

glutathione Cys. Although Val-59 seems conserved in the Zeta

class, the residue type at position 58 can vary. Each of these

residue types, however, can still provide a donor proton to

support the hydrogen-bonding. The hydroxide and backbone

nitrogen of Ser-72 form hydrogen bonds with the γ-Glu car-

boxylate, as found with Ser-65 in Pi and L. cuprina Delta class,

Ser-72 in Mu class, Ser-64 in Sigma class and Thr-68 in Alpha

class GSTs, whereas Gln-71 [Glu-64 in L. cuprina (Delta) ; Gln-

67 in Alpha; Gln-64 in Pi ; Gln-71 in Mu and Gln-63 in Sigma]

hydrogen-bonds to both the N-terminus and C-terminus of the

γ-Glu. Lys-57 interacts electrostatically with the glutathione Gly

terminal oxygen in the glutathione in a similar manner to that of

His-50 in the L. cuprina enzyme. An equivalent positive charge in

the Alpha, Mu, Pi and Sigma class GSTs tends to be contributed

Table 2 Summary of tissues in which GSTZ1 transcripts have been
detected, and the nucleotides at positions 94 and 124

Tissue

EST

accession

number nt 94 nt 124

Melanocyte* N31040 A A

Melanocyte H83727 A G

Synovium T35781 A G

Breast R67650 G G

Skeletal muscle Z24885 G G

Infant brain H30434 G G

Placenta R36472 G N†
Foetal liver H90978 G G

Foetal heart W79121 A A

Pancreas adenocarcinoma AA076211 A A

Senescent fibroblasts W23979 A G

* The clone sequenced in this study.

† There was an ambiguous sequence at this point.

by residues located prior to or in the loop before helix 2. In other

Zeta class members, the positive charge is likely to be contributed

by the residue at position 45 (carnation) or 51 (C. elegans). In

cytosolic GSTs, a negative charge is often contributed to the G

site by a residue in the C-terminal domain in the second subunit

of the intact dimer. A possible candidate for this interaction in

GSTZ1 would be Asp-104. No negatively charged residue in this

region is conserved in the Zeta class.

Tissue distribution of GSTZ1-1

The tissues in which GSTZ1-1 is expressed were evaluated by

Western blotting with a rabbit polyclonal antiserum raised

against purified recombinant GSTZ1-1 (Figure 4). Among the

adult tissues studied, the most pronounced expression appeared

in the liver, with lower levels in skeletal muscle and brain. It was

notable that the antiserum detected two cross-reacting proteins

in the muscle. Further studies are required to resolve the origin

of this size variation.

To evaluate the expression of GSTZ1-1 in a wider range of

tissues we searched the Genbank EST database with the GSTZ1

cDNA sequence. This search revealed the expression of

GSTZ1 in the tissues and cell types listed in Table 2. It is notable

that the ESTs were found in cDNA libraries from foetal tissues

and were not found in libraries from major adult tissues, such as

liver and brain and kidney. Although not shown in Table 2,

multiple GSTZ1 clones were identified from melanocytes, breast,

infant brain and foetal liver.

Variation in GSTZ

Because multiple genes or alleles have been found within each of

the human Alpha, Mu, Pi and Theta classes [3], we examined the

available sequence data from 13 ESTs encoding GSTZ1 for

evidence of genetically determined sequence heterogeneity. Be-

cause of the automated sequencing approach utilized in the

generation of many EST sequences, there are uncorrected

sequencing errors that cloud the identification of genetically

determined sequence variation. However, this source of variation

can be largely eliminated by ignoring individual sequence

variations and by focusing on variations that occur in multiple

ESTs. Alignment of the available GSTZ1 sequences revealed
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Figure 6 Southern blot of human DNA digested with different restriction
enzymes and hybridized with the GSTZ1 cDNA

Lanes 1 and 2, EcoRI ; lanes 3 and 4, BamHI ; lanes 5 and 6, HindIII ; lanes 7 and 8, Pst I ;
lanes 9 and 10, Sac I. The molecular sizes shown at the left are in kbp.

consistent variability at two sites. As shown in Table 2, A or G

was variably found at nt 94 and A or G was variably found at nt

124. These nucleotide changes are numbered from the initiating

ATG codon and result in Lys-32!Glu and Arg-42!Gly

substitutions respectively in the GSTZ1 sequence. With the

exception of the two melanocyte ESTs, each clone represented in

Table 2 was isolated from a different library that was prepared

from a different individual. Thus these substitutions suggest that

there might be genetically determined variation in GSTZ1.

However, further studies are required to determine whether this

variation is the result of multiple Zeta class gene loci or whether

it is allelic. In this regard, the two melanocyte ESTs were cloned

from the same library}individual and clearly differ at nt 124. This

suggests, but does not prove, that the variation is allelic. As the

available EST sequences do not extend over the complete length

of the cDNA species, there might be additional variation that has

not yet been detected.

Southern-blot analysis was undertaken to gain a greater

understanding of the potential complexity of the GSTZ1 locus.

Blots of genomic DNA digested with several restriction enzymes

revealed multiple DNA fragments that hybridized to the GSTZ1

cDNA (Figure 6). The size and number of these fragments

suggest that either the gene is considerably larger than the genes

encoding the other GST classes or there is more than one cross-

hybridizing gene}pseudogene within this class.

DISCUSSION

The Zeta class of GSTs defined in this study has a number of

distinctive features. In particular contrast with the other classes,

the Zeta class has been very well conserved over a considerable

evolutionary period, such that 38% identity remains between the

carnation and human sequences and 49% remains between the

C. elegans and human sequences. Because most previously

described classes seem to have evolved within major phylogenetic

groups, it was striking to identify closely related GSTs from such

divergent species. There is a particularly high percentage identity

in the N-terminal region that contains the active site residue in all

previously characterized soluble GSTs. This region contains a

motif, SSCXWRVIAL, that is completely conserved in all three

Zeta class sequences. The first serine residue of this motif aligns

with the active-site serine found in the mammalian Theta and

insect Delta class sequences. This suggests that Ser-14 in GSTZ1

might be catalytically active; however, this remains to be

confirmed by mutagenesis and structural studies. If Ser-14 is

involved in catalysis in GSTZ1-1, it suggests that there has been

a major evolutionary separation of the cytosolic GSTs into two

subfamilies that are characterized by either an active-site serine

residue (Theta, Delta and Zeta classes) or an active-site tyro-

sine residue (Alpha, Mu, Pi and Sigma). The separation of the

two subfamilies is clearly evident in the phylogenetic tree shown

in Figure 3. A possible exception to this is the group comprising

the yeast, Arabidopsis and petunia sequences. This group does not

seem to have a conserved serine or tyrosine residue in this region;

further structural studies of the these GSTs are required given

that other plant sequences not shown in this alignment do in fact

contain a serine residue at that position [41]. The sequence

alignment and the phylogenetic tree (Figures 2 and 3) show that

the recently described mitochondrial Kappa class is widely

diverged from all the previously defined classes. The mechanism

of catalysis and the residues involved are yet to be defined in the

Kappa class.

The overall appearance of the alignment in Figure 2 indicates

that it is likely that the structure of GSTZ1 strongly resembles

that of other cytosolic members of the GST family, and the

conservation of residues Gly-156 and Asp-163 support this.

However, details of the relative orientation and the occurrence of

bulges in helix 4 and}or 5 of the C-terminal domains in the

structures of Alpha, Mu, Pi, Delta (L. cuprina) and Sigma GSTs

hamper the construction of an accurate model for this domain,

and in particular of the H site [30,33,38–40]. The N-terminal

domain is much more conserved: a model of this domain (Figure

5) shows that there are no obvious residues that would prevent

the binding of glutathione. Further, the structural conservation

of residues that facilitate the binding of glutathione suggests that

the orientation of the substrate in the GSTZ1 G site should be

very similar to that found in the other cytosolic GSTs.

The role of the Zeta class GSTs is not clear. Their high degree

of sequence conservation over a long evolutionary period and

the wide tissue distribution of GSTZ1-1 suggests that they might

be involved in the metabolism of a compound that is a common

metabolic product or a significant component in the environment

of most species. In carnation petals, the Zeta class GSTs are

transcribed during senescence and the genes contain ethylene

response elements [42]. However, nothing is known about Zeta

class gene regulation in other species. The presence of GSTZ1

cDNA species in many libraries derived from foetal tissues

suggests that there might be a level of developmental regulation.

However, this point is not clear, in view of our observation that

GSTZ1-1 is also expressed in adult tissues. Our study of a range

of compounds previously shown to be substrates for cytosolic

GSTs from the previously described classes revealed a small

number of compounds that elicited relatively weak activity. The

highest activity was recorded with organic hydroperoxides, and

they represent a class of compounds that are likely to be generated

in most cells and tissues. Further investigation of the capacity

of GSTZ1-1 to utilize other organic peroxides or products of

oxygen metabolism is clearly warranted.

It is notable that, although we clearly detected GSTZ1-1 in

liver, kidney and brain by immunological methods, we failed

to identify ESTs derived from these adult tissues. A search of

the EST database with a GSTA1 sequence revealed a number

of human liver-derived GSTA1 clones, confirming the presence of

adult liver cDNA species in the database. From the EST database

search we identified multiple GSTZ1 clones in melanocytes,
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breast, infant brain and foetal liver, suggesting that this iso-

enzyme is relatively abundant in those tissues. The failure to

detect GSTZ1 ESTs from adult tissues might reflect their

relatively poor abundance, but might also be an artifact of the

normalization of cDNA libraries used in EST sequencing

programs [43].

In humans there are multiple alleles or gene loci within each of

the Alpha, Mu and Pi classes [43]. This heterogeneity might also

be found in the Zeta class, as two possible allelic variants have

been identified by comparing the available EST sequences. The

variation at nt 94 would result in a Lys!Glu substitution at

residue 32. On the basis of the L. cuprina structure [30] and the

model developed in this study, this residue seems to fall at the

beginning of β2 and would not be expected to interact directly

with the active site (Figure 5). It is notable that a glutamic residue

is present in this position in both the carnation and C. elegans

sequences. The second variant at nt 124 encodes an Arg-42!
Gly substitution. This codon seems to fall in the β

#
!α

#
loop

region (Figure 5) and, because this region varies significantly in

all the GST structures solved so far, it is hard to predict whether

this substitution has any functional role.

Many previous studies have focused on the GSTs that utilize

the model substrate 1-chloro-2,4-dinitrobenzene and bind to

glutathione affinity matrices. Because GSTZ1 has limited activity

with known GST substrates and binds relatively weakly to

glutathione–agarose, it is evident that this GST has remained

undiscovered during conventional protein-purification studies.

The discovery of the Zeta class of GSTs supports the view that

the full extent of this gene family has yet to be realized.

We thank Ms. Marj Coggan for technical assistance, Dr Jun Adachi for assistance
with the phylogenetic analysis, and Dr Peter Jeffrey for assistance with the
sedimentation equilbrium analysis. R.T.B. and G.C. are recipients of Australian
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