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Zeta, a novel class of glutathione transferases in a range of species from

plants to humans

Philip G. BOARD', Rohan T. BAKER, Gareth CHELVANAYAGAM and Lars S. JERMIIN
Molecular Genetics Group, John Curtin School of Medical Research, Australian National University, GPO Box 34, Canberra, ACT 2601, Australia

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 GSTZI1-1 has been expressed in Escherichia coli and
characterized. The protein is a dimer composed of 24.2 kDa

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.

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.
[S] 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,

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.LM.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

Abbreviations used: EST, expressed sequence tag; GST, glutathione S-transferase.
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was co-translationally cleaved by the yeast ubiquitin-specific
protease Ubpl expressed on a separate plasmid. The expressed
GSTZI1-1 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 (97.4-1009%).

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. 209, 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 /3 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 pGSTZI, 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 9, 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
cerevisiae genome (yeast database; http://genome—www.
stanford.edu/saccharomyces/) and identified a putative open
reading frame on chromosome XII (YLLO60C; accession nos.
773165, Y13138) as a possibly related GST. The alignment

AAGACACGGGCCTGATTCGTCGAGTCTCACTGAGCCTTAGTCG -103
TCGGCAGGTCCCAGGCGCGAAGTTTCTCGGCCTGGAGGAGGGGGTCGCGCGAAGTGCCAG  -60
ATGCAGGCGGGGAAGCCCATCCTCTATTCCTATTTCCGAAGCTCCTGCTCATGGAGAGTT 60

M Q AG K P I L Y &Y F R S S C S W R V 20
CGAATTGCTCTGGCCTTGAAAGGCATCGACTACAAGACGGTGCCCATCAATCTCATAAAG 120
R I A L AL KOG IDYKTV P INTILTIK 40
GATAGGGGCCAACAGTTTTCTAAGGACTTCCAGGCACTGAATCCTATGAAGCAGGTGCCA 180
DR GQ Q F S KDVF QALNUPMMIEKOQV P 60
ACCCTGAAGATTGATGGAATCACCATTCACCAGTCACTGGCCATCATTGAGTATCTAGAG 240
T L K I DG I T I HQSLATITIE YL E 80
GAGACGCGTCCCACTCCGCGACTTCTGCCTCAGGACCCAAAGAAGAGGGCCAGCGTGCGT 300
E TR P T PRULULP QDP K KR A S V R 100

ATGATTTCTGACCTCATCGCTGGTGGCATCCAGCCCCTGCAGAACCTGTCTGTCCTGAAG 360
M I s DL I AGGTIOQUPULOQNTLS VL K 120

CAAGTGGGAGAGGAGATGCAGCTGACCTGGGCCCAGAACGCCATCACTTGTGGCTTTAAC 420
O VGEEMOQLTWAQNATLTTCGF N 140

GCCCTGGAGCAGATCCTACAGAGCACAGCGGGCATATACTGTGTAGGAGACGAGGTGACC 480
A L EQ I L Q s T™AGTIVYCVGDEUWVT 160

ATGGCTGATCTGTGCTTGGTGCCTCAGGTGGCAAATGCTGAAAGATTCAAGGTGGATCTC 540
M A DL CL VP QV ANA AETRTFIKUV DL 180

ACCCCCTACCCTACCATCAGCTCCATCAACAAGAGGCTGCTGGTCTTGGAGGCCTTCCAG 600
T P Y P TI S S I NI KU RILULUV L EATF Q 200

GTGTCTCACCCCTGCCGGCAGCCAGATACACCCACTGAGCTGAGGGCCTAGCTCCCAAAT 660
VvV S H P CUR QP DTU®PTETLR A 216

CCTGCCCCGTTGGCACAGGGCCACAGGAGCAGAAGCTGGGTGGGCTGAAGAGGCCTGGAA 720
ACGAGAGTCTTAATTGAGGAGATGGGAGACTCGAACTCTAGCCCTGGATCTGCCTTCCTG 780
CTGAAACTTGTTCCACCTCAGTCCCCTCATCTGTCACACGCATGTGGGGTGGAGTAGGGA 840
GATGCGGGGAGCAGGGTGGGCAGGAATACTGTTATCTATGTGACGGGGCAGTCGTGAGGC 900
TGAGATGAGAATGCGGATTAAAATGCCTGGCGTGCTCACCGTAACACCACGGGGAAGGCT 960
GTGTGCCTTTTCTCATCCGCTTTTGTTGTGTGTGACTCCAAAGAATGCCCGCGCTGAAAT 1020
TTGGCGTGAATTAAACTGAAGCCCAGGCCTCT 1052

Figure 1 Nucleotide and deduced amino acid sequences of GSTZ1

The poly(A) addition signal is underlined.
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EEEE HHHHHHHHHHHHH EEEE HHHH EEEE EEEE HHHBHHHHHHHH
Human_Zeta . . .MOAGKPILYSYFRSSCSWRVRIALALKG. . IDYKTVPINL. .. . IKDRG. QQFSKDFQ.ALNP.MKQVP. TLKIDG. ITTHQSLAIIEYLEETRP.T
Caenorhabditis_zeta .. .MSNQKPVLYSYWRSSCSWRVRIALALKN. . VDYEYKTVDL. . ..... LS.EEAKSKLK.EINP.AAKVP. TFVVDG. QVITESLAIIEYLEETHPDV
Carnation_Zeta MSSSETQKMQLYSFSLSSCAWRVRIALHLKG. . LDFEYKAVDL. ... .. FKG.EHLTPEFL.KLNP.LGYVP.VLVHGD. IVIADSLAI IMYLEEKFPEN
Yeast ... .MKQKMIIYDTPAGPYPARVRIALAEKNMLSSVQFVRINL. .. ... WKG. EHKKPEFL.AKNY. SGTVP . VLELDDGTLIAECTAITEYIDALD.GT
Arabidopsis_Phi ..... MAGIKVFGHPAFTATRRVLIALHEKN. .VDFEFVHVEL. . .... KDG. EHKKEPFI.LRNP.FGKVP.AFEDGD.FKIFESRAITQYIAHEFSDK
Petunia_Phi ...... MVVKVHGSAMAACPQRVMVCLIELG. .VDFELIHVDL. ..... DSL. EQKKPEFL. VLQP.FGQVP.VIEDGD. FRLFESRAIIRYYAAKYEVK
Human_Theta ...... MGLELFLDLVSQPSRAVYIFAKKNG. . TPLELRTVDL. .. ... VKG.QHKSKEFL. QINS.LGKLP. TLKDGD.FILTESSAILIYLSCKY.QT
Mouse_Theta  ...... MGLELYLDLLSQPSRAVYIFAKKNG. . IPFQTRTVDI...... LKG.QHMSEQFS.QVNC.LNKVP.VLKDGS . FVLTESTAILIYLSSKY.QV
Musca_Delta ........ MDFYYLPGSAPCRSVLMTAKALG. . IELNKKLLNL. . .. ..QAG.EHLKPEFL .KINP.QHTIP. TLVDGD.FALWESRAIMVYLVEKY.GK
Drosophila_Delta ....... MVDFYYLPGSSPCRSVIMTAKAVG. . VELNKKLLNL. . . ... QAG.EHLKPEFL.KINP.QHTIP. TLVDNG . FALWESRAIQVYLVEKY.GK
Human_Alpha . .MAEKPKLHYFNARGRMESTRWLLAAAG. . VEFEEKFIKS. ... ,AEDL.DKLRN. .. .DGYLMFQQVP.MVEIDG.MKLVQTRAILNYIASKY. .
Mouse_Alpha . .MAGKPVLHYFDGRGRMEPIRWLLAAAG. . VEFEEKFLKT. . . . . RDDL.ARLRS. . . . DGSLMFQQVP . MVEIDG.MKLVQTKAILNYIASKY. .
Chicken_Alpha . .MSGKPVLHYANTRGRMESVRWLLAAAG. . VEFEEKFLEK. . . .. KEDL.QKLKS. . . .DGSLLFQQVP.MVEIDG . MKMVQTRAILNYIAGKY. ..
Human_Pi -MPPYTVVYFPVRGRCAALRMLLADQG. . QSWKEEVVTV. . .... ETWQEGSLKAS. . . .CL.YGQLP.KFQDGD. LTLYQSNTILRHLGRTL. .
Rat_Pi .MPPYTIVYFPVRGRCEATRMLLADQG. . QSWKEEVVTI. . . ... DVWLQGSLKST. . . .CL.YGQLP.KFEDGD.LTLYQSNAILRHLGRSL. .
Human_Mu . .MPMTLGYWNIRGLAHSIRLLLEYTD. . SSYEEKKYTMGDAPDYDRS . QWLNEKF . . KLGLDFPNLP. YLIDGT . HKITQSNAILRYIARKH. . .
Mouse_Mu .MPMILGYWNVRGLTHPIRMLLEYTD. . SSYDEKRYTMGDAPDFDRS . OWLNEKF . . KLGLDFPNLP.YLIDGS . HKITQSNAILRYLARKH. . .
Chicken_Mu . . .MVVTLGYWDIRGLAHAIRLLLEYTE. . TPYQERRYKAGPAPDFDPS . DWTNEKE. . KLGLDFPNLP . YLIDGD . VKLTQSNAILRYIARKH. .
Squidl_Sigma . .MPNYTLYYFNGRGRAEICRMLMAAAG. . VQYTDKRFEF......... NEW. .DKYRND.MP.SMCVP. VLDIDGQNKMPETMATARYLAREN. .
Squid2_sigma  ..... MPSYTLYYFNGRGRAEICRMLFAVAS. .VQYQDKRIEL. ........ AEW. . TQFKTK.MP.CHMLP. ILEIDTETQVPQSMAISRYLAREF. .
Human_Kappa .MGPLPRTVELFYDVLSPYSWLGFEILCRYQ. .NIWNINL.......... QL.RPSLITGI.MKDS.GNKPPGLLPRKG . LYMANDLKLLRHHLQIPIHF
Rat_Kappa .MGPAPRVLELFYDVLSPYSWLGFEVLCRYQ. .HLWNIKL.......... KL.RPALLAGI . MKDS . GNQPPAMVPHKG . QY ILKEI PLLKQLFQVPMSV
HHHHHHHHHHHHHHHH-HHHHHHHHHHHHHH HHHHHHHHHHHH-HHHHH
Human_Zeta P.RLLPQDPKKRASVRMISDLIAGGIQ.PLONLSVLKQV. . c..vvvvnvnnnnnnnnn. GEEMQLTWAQNAITC.GFNALEQI.LQS...... TAGILY.
Caenorhabditis_Zeta P. .LLPKDPIKRAHARAISLLVASGIQ.PLENLKVL.QLLN...........0uuun. KKEAGFGGQFAKQFVVE.GLTALEIL.LKQ...... HSGKY.
Carnation_Zeta P..LLPQDLOKRALNYQAANIVTSNIQ.PLONLAVINYIEE. ... ..vutvennennn KLGSDEKLSWAKHHIKK.GFSALEKL.LKG...... HAGKY
Yeast P.TLTGKTPLEKGVIHMM.NKRA.ELE.LLDPVSVYFHHAT. ... ....000vuunn PGLGPEVELYQNKEWGLRQRDKALH. . . GMHYFDTVLRERPY .

Arabidopsis_Phi
Petunia_Phi
Human_Theta
Mouse_Theta
Musca_Delta

Drosophila_Delta

GNNLL. STGKDMAITAMGIEIESHEFD . PVGSKLVWEQVL.

GSKLTGTTLEEKALVDQWLEVESNNYN .

PDHWYPSDLQARARVHEYLGWHADCIRGTFGIPLWVQVLG.
ADHWYPADLQARAQVHEYLGWHADNIRGTFGVLLWTKVLG.
TDSLFPKCPKKRAVINQRLYFDMGTLYKSFADYYYPQIFA.
TDSLYPKCPKKRAVINQRLYFDMGTLYQSFANYYYPQVFA.

................... KPLYGMTTDKTVVEE. EEAKLAKV . LDVY . EHRLGESKY .

DLVYNM.VLQLLVF. ........oviuuennns PKMGQTSDLTLVTK. CANKLENV . FDIY . EQRLSKSKY .

................. PLIGVQVPEEKVERNRT.AMDQOALQW.LEDKF. . . LGDRPF .
................. PLIGVQVPQEKVERNRD, RMVLVLQQ.LEDKF. . .LRDRAF .
................. KAPADPELFKKIETAFD.
................ KAPADPEAFKKIEAAFE.FLNTFLE.........

Human_Alpha . .NLYGKDIKERALIDMYIEGIA.DLGEMILLLPVCPPE EKDAKLALIKEKIKNRYFPAFEKV.
Mouse_Alpha . .NLYGKDMKERAIIDMYTEGVA.DLEIMILYYPHMPPE EKEASLAKIKEQTRNRYFPAFEKV.
Chicken_Alpha . .NLYGKDLKERALIDMYVEGLA. DLYELIMMNVVQPAD <+ . KKEEHLANALDKAANRYFPVFEKV.
Human_Pi . . GLYGKDQQEAALVDMVNDGVE . DLRCKYISLIYTN. . . ... vvinnenneonnnoons YEAGKDDYVKALPG. QLKPFETL.LSQNOQ. . . . GGKTF.
Rat_Pi . . GLYGKDQKEAALVDMVNDGVE . DLRCKYGTLIYTN. . . ... vvivvennennaneens YENGKDDYVKALPG.HLKPFETL.LSQNQ. . . . GGKAF .,
Human_Mu . .NLCGESEKEQIREDILENQFM.DSRMQLAKLCYDPD. . . . ..o i it i ien e FEKLKPEYLQALPE.MLKLYSQF.L........
Mouse_Mu . .HLDGETEEERIRADIVENQVM.DTRMQLIMLCYNPD. . .ot v v inenernnnenns FEKQKPEFLKTIPE.KMKLYSEF.L. .
Chicken_Mu . .NMCGETEVEKQRVDVLENHLM. DLRMAFARLCYSPD. . . ... ..o e FEKLKPAYLEQLPG.KLRQLSRF.L........
Squidl_Sigma . .GYYGKNNMDMFRIDYICDCFY . EILHDYMRYFHTKNGRFMQGSGT . DMS . PDMD. . PTQMTSYIQONRYLDTCR. RILSFLERTLEMRN. . . . GGKEF.

Squid2_Sigma
Human_Kappa

. .GFYGKNNMDMFKVDCLCDSLF . ELFNDYMAVYNEKD. . .. ... .o0vvvenaonne AARKT . ELQKRFQNTCL.
PKDFLSVMLEKGSLSAMR . FLTAVNLEHPEMLEKASRELWMRVWSRNEDITEPQSILAAAEKAGMSAEQAQGLLE.

RVLPYMEKTLEANK. . . .GGAGW.
KIATP.KV.KNQLKETTEAACRYG

Rat_Kappa PKDFFGEHVKKGTVNAMR . FLTAVSMEQPEMLEKVSRELWMRIWSRDEDITESQNILSAAEKAGMATAQAQHLLN . KISTE. LV . KSKLRETTGAACKYG
HHHHHHHHHEH--HHHH--HH HHHHHHHHHHHHH HHHH
Human_Zeta CVG. .DEVTMADLCLVPQVANAERF. .KVD. .. .... LTPY.PTISSINKRLLVLE...AFQVSH........... PCRQPDTPTELRA..........
Caenorhabditis_Zeta AVG. .DDVTIADLSIPPLIYSANRF. .NLD....... LSPY.PTVNRINETLADIP...AFTAAH........... PDNQPDT. .GLNA. .
Carnation_Zeta ATG. .DEVGLADLFLAPQIIASITGFGMD. ....... MAEF . PLLKSLNDAYLKYQ. . .HFRMRC........... QRISPM. .LDE.AKS.
Yeast VAG. .DSFSMADITVIAGLIFAAIV. .KLQ....... VPEECEALRAWYKRMQORP. ... ... ..c..vitennnunnn SVKKLLEIRSKSS.
Arabidopsis_Phi LAS. .DHFTLVDLHTIPVIQYLLG.TPTKK. ...... LFDERPHVSAWVADITSRP. . ... .. iitiiiiiiennennnn SAQ...KVL..
Petunia_Phi LAG. . EFFSLADLSHLPSLRFLMNEGGF SHLVTKRKCLHEWYLDISS . RDSWKKVL. . . .o 00 v v v DLMMKKISEIEAVSIPAKEE.AKV........
Human_Theta LAG. .QQVTLADLMALEELMQPVALGYEL. ....... FEGR. PRLAAWRGRVEAFLGAELCQEAHSIILSILEQAAKKTLPTPSPEAYQAMLLRIARIP
Mouse_Theta LVG. .QQVTLADLMSLEELMQPVGLGYNL. . ...... FEGR. PQLTAWRERVEAFLGAELYQEAHSTILSILGQAAKKMLPVPPPEVHASMQLRIARIP
Musca_Delta AAG. .DSLTVADLALLASV..STFE..VASF..... DFSKY.PNVAKWYANLKTVA. ............o.o0n PGWEENWAGCLE. FKKYFG. ... ..
Drosophila_Delta AAG. .DSLTVADIALVATV..STFE..VAKF..... EISKY.ANVNRWYENAKKVT.................. PGWEENWAGCLE . FKKYFE.
Human_Alpha LVG. .NKLSRADIHLVELL. .YYVE. .ELDS SLISSF.PLLKALKTRISNLPTVKKFL. . ..QPGSPRK.PPMDE. . . KSLEEARKIFRF.
Mouse_Alpha LVG. .NRLRSADIALVELL. . YHVE. .ELDP. GVVDNF . PLLKALRSRVSNLPTVKKFL. . . .QPGSQRK.P.FDD. . AKCVESAKKIFS. .
Chicken_Alpha LVG. .NKLSRADVHLLETI. .LAVE. .ESKP. . . .DALAKF. PLLOSFKARTSNIPNIKKFL. . . . QPGSQRK. PRLEE. . .K. .DIPRLMAIFH
Human_Pi IVG..DQISFADYNLLDLL. .LIHE. .VLAP....GCLDAF.PLLSAYVGRLSARPKLKAFL......AS...... PEYVNLPINGNGKQ
Rat_Pi IVG. .NQISFADYNLLDLL. .LVHQ. .VLAP. .. .GCLDNF . PLLSAYVARLSARPKIKAFL...... SS...... PDHLNRPINGNGKQ.
Human_Mu FLG..DKITFVDFIAYDVL. .ERNQ. .VFEP. .. .SCLDAF.PNLKDFISRFEGLEKISAYM. .. .. KSS.RFLPRPVFTKMAVWGN.K. .
Mouse_Mu FAG. .DKVTYVDFLAYDIL. .DQYR. .MFEP. .. .KCLDAF.PNLRDFLARFEGLKKISAYM. .. .. KSS.RYIATPIFSKMAHWSN.K. .
Chicken_Mu FVG. .DKLTFVDFLAYDVL. .DQQR. .MFVP. . . . DCPELQ. GNLSQFLORFEALEKISAYM
Squidl_Sigma FMG. . DQMMLCDMMCYCCL. . ENPM. . LEDQ. . . . TTFNNF . PKLMSLWKRVASHPKITPYL
Squid2_sSigma FIG..DQILLCDMMTHAAL. .ENPI..QENA. .. .NLLKEY.PKLAALRTRVAAHPKIAAYT
Human_Kappa AFGLPITVAHVDGQTHMLFGSDRME. .LLAH............ LLGEKW. ... .MGPIPPAV
Rat_Kappa AFGLPTTVAHVDGKTYMLFGSDRME. .LLAY............ LLGEKW..... MGPVPPTL

Figure 2 Structurally based multiple sequence alignment of representative GSTs from the major evolutionary classes

The secondary-structural elements (H, helix; E, /5 strand) are based on the Lucilia cuprina GST structure [30]. The sequences have the following Genbank accession numbers: Human_Zeta (Homo
sapiens, U86529); Caenorhabditis_Zeta (Caenorhabditis elegans, 766560) ; Carnation_Zeta (Dianthus caryophyllus, M64268); Arabidopsis_Phi (Arabidopsis thaliana, D17672); Petunia_Phi (Petunia
hybrida, YO7721); Human_Theta (Homo sapiens, L38503); Mouse_Theta (Mus musculus, U48420); Musca_Delta (Musca domestica, M83249); Drosophila_Delta (Drosophila melanogaster,
X14233); Human_Alpha (Homo sapiens, M15872); Mouse_Alpha (Mus musculus, M73483); Chicken_Alpha (Gallus gallus, 115386); Human_Pi (Homo sapiens, X15480); Rat_Pi (Rattus
norvegicus, X02904); Human_Mu (Homo sapiens, M63509); Mouse_Mu (Mus musculus, J04632); Chicken_Mu (Gallus gallus, X58248); Squid1_Sigma (Ommastrephes sloanei, M36937;
Squid2_Sigma (Ommastrephes sloanei, M36938). The yeast Saccharomyces cerevisiae sequence YLLO60C was obtained from the yeast database (accession nos. 273165, 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 9, 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.

1 2 3 4 5 6
94
67
43
30

14.4

Figure 4 SDS/PAGE of GSTZ1

Lanes 1 and 2 were stained with Coomassie Blue: lane 1, purified recombinant GSTZ1
expressed in £ 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 GSTZI1-1 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

Results are means 4 S.D. for at least three determinations. Abbreviation: n.d., not detectable.

Activity of recombinant human GSTZ1-1 with various substrates

Specific activity
(nmol/min per

Substrate mg of protein)
Cumene hydroperoxide 160411
t-Butyl hydroperoxide 170+4
1-Chloro-2,4-dinitrobenzene n.d.
1,2-Dichloronitrobenzene n.d.
4-Phenylbut-3-en-2-one n.d.
Ethacrynic acid 45+15
7-Chloro-4-nitrobenz-2-oxa-1,3-diazole 3245
1-Menaphthyl sulphate n.d.
Dichloromethane n.d.
p-Nitrobenzyl chloride n.d.
p-Nitropheny! acetate 14+6
trans-Non-2-gnal n.d.
trans-Oct-2-enal n.d.
Hexa-2,4-dienal nd.
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 GSTZI1 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
GIn-58 forms hydrogen bonds with the y-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 y-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; GIn-64 in Pi; Gln-71 in Mu and GIn-63 in Sigma]
hydrogen-bonds to both the N-terminus and C-terminus of the
v-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

EST

accession
Tissue number nt 94 nt 124
Melanocyte* N31040 A A
Melanocyte H83727 A G
Synovium T35781 A G
Breast R67650 G G
Skeletal muscle 724885 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 GSTZI1 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, FcoRl; lanes 3 and 4, BamHI; lanes 5 and 6, Hindlll; lanes 7 and 8, Pstl;
lanes 9 and 10, Sacl. 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 GSTZI.
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
carnatlon and human sequences and 49 9, 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 GSTZI 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
GSTZI1-1 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 GSTZI1-1 to utilize other organic peroxides or products of
oxygen metabolism is clearly warranted.

It is notable that, although we clearly detected GSTZI1-1 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 GSTA 1 clones, confirming the presence of
adult liver cDNA species in the database. From the EST database
search we identified multiple GSTZ! 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 42 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 S, —» a, 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.
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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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