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Modelling and bioinformatics studies of the human Kappa-class glutathione
transferase predict a novel third glutathione transferase family with
similarity to prokaryotic 2-hydroxychromene-2-carboxylate isomerases
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The Kappa class of GSTs (glutathione transferases) comprises
soluble enzymes originally isolated from the mitochondrial matrix
of rats. We have characterized a Kappa class cDNA from human
breast. The cDNA is derived from a single gene comprising eight
exons and seven introns located on chromosome 7q34-35. Re-
combinant hGSTK1-1 was expressed in Escherichia coli as a
homodimer (subunit molecular mass ~25.5 kDa). Significant
glutathione-conjugating activity was found only with the model
substrate CDNB (1-chloro-2,4-ditnitrobenzene). Hyperbolic ki-
netics were obtained for GSH (parameters: K ,*", 3.3 + 0.95 mM;
Vo™, 21.4 £ 1.8 pumol/min per mg of enzyme), while sigmoidal
kinetics were obtained for CDNB (parameters: S,s*", 1.5+
1.0 mM; V,.**, 40.3 0.3 umol/min per mg of enzyme; Hill
coefficient, 1.3), reflecting low affinities for both substrates. Se-
quence analyses, homology modelling and secondary structure
predictions show that hGSTK1 has (a) most similarity to bac-
terial HCCA (2-hydroxychromene-2-carboxylate) isomerases and
(b) a predicted C-terminal domain structure that is almost ident-

ical to that of bacterial disulphide-bond-forming DsbA oxidore-
ductase (root mean square deviation 0.5-0.6 A). The structures
of hGSTK1 and HCCA isomerase are predicted to possess a thio-
redoxin fold with a polyhelical domain («,) embedded between
the B-strands (Bafo,BPa, where the underlined elements re-
present the N and C motifs of the thioredoxin fold), as occurs
in the bacterial disulphide-bond-forming oxidoreductases. This
is in contrast with the cytosolic GSTs, where the helical domain
occurs exclusively at the C-terminus (SoBafBac,). Although
hGSTK1-1 catalyses some typical GST reactions, we propose that
it is structurally distinct from other classes of cytosolic GSTs. The
present study suggests that the Kappa class may have arisen in
prokaryotes well before the divergence of the cytosolic GSTs.

Key words: disulphide-bond-forming (Dsb) oxidoreductase, evo-
lution, glutathione transferase (GST), human, 2-hydroxychro-
mene-2-carboxylate (HCCA) isomerase, Kappa.

INTRODUCTION

The superfamily of GSTs (glutathione transferases) comprises a
complex group of enzymes with a wide biological distribution.
They are found in organisms ranging from bacteria to mammals
[1-3]. While involved primarily in detoxification mechanisms
and redox biochemistry, GSTs have other distinct roles. Some are
found in metabolic pathways associated with tyrosine degradation
[4,5], steroid hormone biosynthesis [6] and prostaglandin D, syn-
thesis [7,8]. Others have non-enzymic roles and can bind hydro-
phobic compounds such as steroids, bilirubin, haem and fatty acids
as ligands rather than substrates [9]. Additional studies show that
GSTs have roles in the modulation and formation of ion channels
[10], as well as modulating signal transduction pathways [11,12].
GSTs have also been found to play a highly specialized role as
lens crystallins in squid and other cephalopods [13].

Enzymes are defined as GSTs if they have GST activity and/or
sequence and structural similarity. New GSTs and GST-like en-
zymes are continually being discovered, and over 1000 sequences
containing GST domains have been identified [14]. At present,
GSTs are divided into two major, evolutionarily distinct, families:
the MAPEGs (microsomal membrane-associated proteins) and

cytosolic, soluble enzymes. The cytosolic GSTs are further sub-
divided into several divergent classes. Eight classes, termed
Alpha, Mu, Pi, Theta, Sigma, Omega, Zeta and Kappa, have
been described in mammals; additional classes are Phi, Tau and
Lambda in plants, Delta in insects and Beta in bacteria [3,15].

Representatives from most classes of soluble GSTs have been
well studied, but little research has been carried out on the Kappa-
class GSTs. The first representative of this class was isolated
from the rat liver mitochondrial matrix in 1991 [16]. It was char-
acterized as a GST due to its typical size, dimerization in solu-
tion and activity on selected model GST co-substrates. Due to low
N-terminal sequence similarity with other GSTs, it was initially
placed in the Theta class, at the time thought to be the proge-
nitor class of the GST superfamily. A cDNA clone encoding a
rat Kappa-class GST, and sequences for the human and pig iso-
enzymes, were reported subsequently [17]. Sequence alignments
and phylogenetic studies [5] indicated that the Kappa-class GSTs
have little sequence similarity with the cytosolic GSTs, raising
doubts about their relatedness. Jowsey et al. [ 18] recently demons-
trated that the mouse and rat Kappa-class GSTs are very similar
in terms of gene structure, primary sequence, catalytic properties,
tissue specific expression and subcellular localization.

Abbreviations used: AEBSF, 4-(2-aminoethyl)-benzenesulphonyl! fluoride hydrochloride; CDNB, 1-chloro-2,4-dinitrobenzene; CLIC, chloride intracellular
channel; Dsb, disulphide-bond-forming; EST, expressed sequence tag; GST, glutathione transferase; HCCA, 2-hydroxychromene-2-carboxylate; MAPEG,
microsomal membrane-associated protein; rmsd, root mean square deviation; Ub—hGSTK1-1, His—ubiquitin~-hGSTK1-1.
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In the present study, we have characterized hGSTK1-1, a re-
combinant human Kappa-class GST, and confirmed that it has
some biochemical characteristics that are typical of soluble cyto-
solic GSTs. However, our studies also predict that the Kappa-class
enzymes may have a novel structure and evolutionary history that
is more closely related to bacterial HCCA (2-hydroxychromene-
2-carboxylate) isomerases and bacterial disulphide-bond-forming
oxidoreductases than to other cytosolic GSTs.

EXPERIMENTAL
Materials

Reagents for solution and kinetic studies were purchased from
Sigma-Aldrich Chemical Corp. (St. Louis, MO, U.S.A.) and
Merck Pty Ltd (Damstadt, Germany). AEBSF [4-(2-aminoethyl)-
benzenesulphonyl fluoride hydrochloride] was purchased from
ICN Biomedicals Australasia Pty Ltd (Seven Hills, NSW,
Australia). PCR kits were purchased from Advanced Biotechno-
logies (Epsom, Surrey, U.K.), and restriction enzymes were ob-
tained from Roche Diagnostics Australia Pty Ltd (Castle Hill,
NSW, Australia), New England Biolabs Inc. (Beverly, MA,
U.S.A.) or Promega Corp. (Annandale, NSW, Australia). Oligo-
nucleotides were purchased from GENSET Pacific Pty Ltd
(Lismore, NSW, Australia). The His-tagged ubiquitin-fusion ex-
pression plasmid was kindly provided by Dr Rohan Baker
(JCSMR, Australian National University). DNA and protein
N-terminal sequencing were carried out at the Biomolecular Re-
source Facility (BRF, JCSMR, Australian National University).

Cloning of hGSTK1

Clones containing the hGSTK!I coding sequence were identified
in the human EST (expressed sequence tag) database (http://
ncbi.nlm.nih.gov) by searching with the putative hGSTK1 cDNA
sequence [5]. A cDNA clone (R83924) from the Soares breast
3NbHBst Homo sapiens library was obtained from the IMAGE
Consortium through Incyte Corp. (Palo Alto, CA, U.S.A.).

To construct a plasmid for the heterologous expression of re-
combinant hGSTK1 in Escherichia coli, the cDNA coding
sequence was amplified by PCR using primers AKEX-F (5'-atacc-
geggtggaatggggcccctgeegeg-3') and HKEX-R (5'-aataagcttaaa-
gtetggceattca-3'). These primers were designed to introduce Sacll
and HindlIlI restriction enzyme sites at the 5’ and 3’ ends res-
pectively to simplify subsequent cloning procedures. PCR re-
actions were carried out in 20 ul volumes containing ~ 100—
200 ng of template DNA, 10 pmol each of forward and reverse
primers, 1x Advanced Biotechnologies (now ABGene) buffer
IV [200 mM (NH,),SO,, 75 mM Tris/HCI, pH 8.8, 0.01 % (v/v)
Tween 20®], 1.5-2.0 mM MgCl,, 0.2 uM dNTPs, 0.5 unit of
Tag DNA polymerase and sterile double-distilled water. Samples
were initially pre-heated to 95 °C for 2 min, then amplified using a
two-step process to optimize the temperature annealing conditions
for each primer. Step 1 comprised ten cycles of denaturation at
95 °C for 20 s, primer annealing at 63 °C for 25 s and extension
at 72 °C for 1 min. Step 2 involved 24 cycles of denaturation at
95 °C for 20 s, primer annealing at 59 °C for 20 s and extension
at 72 °C for 1 min. The reaction was completed with 5 min at
72 °C.

The amplified product was digested with SacIl and HindIII re-
striction enzymes and ligated between Sacll and HindlIII restric-
tion sites downstream of a Hiss-tagged human ubiquitin cDNA
sequence in a modified pET15 vector termed pHUE (A.-M.
Catanzariti, T. A. Soboleva, P. G. Board and R. T. Baker, unpub-
lished work). This created a new plasmid, phGSTK1-R4.
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Genes expressed in a pHUE construct are synthesized as ubi-
quitin fusion proteins and can be readily purified by immobilized
metal ion affinity chromatography on nickel-agarose. Pure pro-
teins are cleaved precisely between the C-terminal glycine of the
His-tagged ubiquitin and the first residue of the fused protein by
digestion with a specific His-tagged ubiquitin protease (A.-M.
Catanzariti, T. A. Soboleva, P. G. Board and R. T. Baker, unpub-
lished work). This novel procedure provides high yields of pure
proteins that have no additional residues (see below), unlike
other His-tagged constructs that are modified at either the N- or
C-terminus.

DNA sequencing

Sequencing reactions were carried out in both 5'-3’ and 3'-5'
directions using the ABI PRISM® Big Dye™ Terminator Cycle
Sequencing method on an ABIPRISM 377 DNA Sequencer. DNA
sequences from both the cDNA clone and the new phGSTK1-
R4 vector were verified against each other and also against the
genomic sequence.

Protein sequencing

N-terminal sequencing was carried out on proteins isolated
from Coomassie Blue-stained SDS/polyacrylamide gel fragments
using an Applied Biosystems Procise-HT 494 protein sequencer.

Expression and purification of recombinant hGSTK1

Plasmid phGSTK1-R4 was transformed into E. coli BL21(DE3)
cells. Fresh overnight cultures were inoculated into Luria broth
containing ampicillin (100 pg/ml). Cultures were incubated at
37 °C in a shaking temperature-controlled cabinet to a density
of approx. Dsys = 0.5-0.8. Expression of hGSTK1-1 was induced
with 0.25 mM isopropyl B-D-thiogalactoside for 2-3 h. Cultures
were harvested by centrifuging at 10000 g and the pellet was
stored at — 20 °C until use.

Thawed cells were resuspended in 10% of the original
volume of lysis buffer (25 mM Hepes/HCl or Tris/HCI, pH 7.5-8,
150 mM NaCl, 10 mM imidazole, 5 mM 2-mercaptoethanol)
with 1 mg/ml lyzozyme and 0.1-0.2 mM AEBSF protease
inhibitor added. The solution was stirred at 4 °C for 1 h and then
sonicated three times for 10—15 s on ice using a Branson Sonifer
250 with the output control set at 6. The resulting homogenate was
centrifuged at 12 000 g for 30—60 min at 4 °C to pellet cell debris.

Recombinant hGSTK1-1 enzyme was isolated and purified
by immobilized metal ion affinity chromatography [19]. Tris or
Hepes buffers were used at the lowest effective concentration
(25 mM) to minimize reduction of nickel ions by secondary or
tertiary amines.

Supernatant containing soluble Ub-hGSTK1-1 (His—ubi-
quitin~hGSTK1-1) was applied to a column of nickel-agarose
(~5 ml bed volume) pre-equilibrated with buffer A (25 mM
Hepes/HCl or Tris/HCI at pH 7.5-8, 150 mM NaCl, 10 mM im-
idazole and 5 mM B-mercaptoethanol). The column was washed
with buffer B (25 mM Hepes/HCl or Tris/HCl at pH 7.5-8,
150 mM NaCl, 20 mM imidazole and 5 mM 2-mercaptoethanol)
to remove unbound proteins, and Ub~-hGSTK1-1 was eluted in
buffer C (25 mM Hepes/HCI or Tris/HCI, pH 7.5-8, 150 mM
NaCl, 250 mM imidazole and 5 mM 2-mercaptoethanol). The
eluted fraction was dialysed against 25 mM Hepes/HCl or
Tris/HCl, pH 7.5-8, 150 mM NaCl and 5 mM 2-mercaptoethanol
through a Spectra-por membrane (molecular mass cut-off
10000 Da) to eliminate excess imidazole (final concentration of
imidazole <0.1 mM). The dialysed solution was concentrated
by centrifugation through 10 000 Da molecular mass cut-off filters
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(Amicon®; Millipore Corp.), to reduce the volume, and incubated
with a His-tagged, ubiquitin-cleaving protease for 1 h at 37 °C.

The reaction solution was cooled and particulate matter was re-
moved by filtering or centrifugation. The protein solution was
then re-applied to the nickle—agarose chromatography column
that had been pre-equilibrated with buffer A. hGSTK1-1 was
initially eluted directly in the flow-through. Residual hGSTK1-1
was eluted with ~ 50 ml of buffer B. His-tagged ubiquitin and His-
tagged protease remain immobilized on the Ni**-nitrilotriacetate
resin. Imidazole was again dialysed out of the enzyme preparation
against two changes of fresh buffer (25 mM Hepes/HClI or Tris/
HCI at pH 7.5-8, 150 mM NaCl and 5 mM 2-mercaptoethanol)
to a concentration of < (0.1 mM. Minor amounts of contaminant
proteins were removed progressively by ultrafiltration though
100 kDa and 10 kDa molecular mass cut-off filters while con-
centrating proteins.

Throughout the isolation and purification procedure, protein
samples were analysed by SDS/PAGE, N-terminal sequencing
and/or kinetic assay. Protein concentration was determined spec-
trophotometrically at Ay, using the theoretically determined
molar absorption coefficient [20] €550 =34970 M~! - cm™".

Substrate specificity, pH dependence and kinetic constants

Enzyme activities with a range of substrates were measured
spectrophotometrically. Potential substrates and inhibitors were
examined in both standard assays as described previously [5,21]
and optimized reaction mixtures.

The effect of pH on the conjugating activity of hGSTK1-1
[GSH:CDNB (1-chloro-2,4-dinitrobenzene)] was measured in
selected Good’s buffers [22] in the pH range 4-11 and at a con-
centration of 0.1 M. Buffers used were citrate (pH 4.2 and 5.0),
Mes (pH 6.0) Hepes (pH 7.4 and 8.0) Bicine (pH 9.0) and Caps
[3-(cyclohexylamino)propane-1-sulphonic acid; pH 10.0 and
11.0]. Assays were carried out using a constant amount of recom-
binant enzyme with the standard reaction mixture of 1 mM GSH
and 1 mM CDNB.

Kinetic measurements were carried out in 0.1 M Hepes buffer,
pH 8.0, near the enzyme’s pH optimum. To determine the apparent
K., for GSH, initial velocities were measured by varying GSH
from 0.1 to 30 mM, with CDNB fixed at 1 mM. To measure the
apparent K,, for CDNB, GSH was used at a saturating concen-
tration of 10 mM and the CDNB concentration was varied from
0.1 to 2.0 mM.

Reactions were all carried out in triplicate at a constant temper-
ature of 30 °C using final enzyme concentrations of ~20-50 ug -
ml~'. Background rates in the absence of enzyme were deducted
from enzymic rates prior to calculating specific activities. In pH
and kinetic studies, initial rates were calculated over a period
of 0.1 min. Kinetic data were subjected to non-linear regression
analysis. Calculations were carried out using software packages
PRISM (GraphPad Software Inc) or Excel (Microsoft).

Analytical ultracentrifugation

Samples were analysed by analytical ultracentrifugation (XL-A
analytical ultracentrifuge; Beckman/Coulter) using a double-
sector filled Epon centrepiece. Samples of 100 ul of protein solu-
tion and 110 ul of buffer were placed in the respective solvent
sectors of the cuvette. Samples were centrifuged at 25000 rev./
min for 24 hat 20 °C. Radial absorbance was measured at 280 nm.
Scans taken at 2 h intervals converged after 20 h, indicating that
sedimentation equilibrium had been reached. The molecular mass
of the protein was estimated from plots of the natural log of the
protein concentration against radius?. The partial specific volume

was (.73 ml/g (average value for proteins in dilute aqueous media)
and the density of the buffer was 1.00 g/ml.

Sequence analyses

Publicly available bioinformatics software tools were used
for sequence analyses. ProtParam (http://kr.expasy.org/tools/
protparam.html) was used to calculate molecular mass, molar
absorption coefficient, pl, amino acid composition and ligand
binding motifs. PSORT [23] was used to identify cell trafficking
signals.

Searches for sequences similar to that of hGSTK1 were carried
out using the standard BLAST program (http://ncbi.nlm.nih.gov/
blast) [24] and the PSI BLAST program on the non-redundant
(nr) database [25]. The PSI BLAST search was carried out using
a BLOSUMG62 matrix set at default parameters. Sequences identi-
fied in similarity searches were analysed by pairwise comparisons
and global alignment. Sequence alignments were adapted from
those obtained using the NCBI Conserved Domain Search tool
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).

Modelling studies

To generate structural models, amino acid sequences were
submitted to SwissModel [26] using the First Approach Method
set at default parameters. Homology models were generated using
PDB co-ordinates of DsbA (E. coli) [27,28] and TcpG (Vibrio
cholerae) [29] oxidoreductase structures as search models [PDB
Id: 1FVK (DsbA crystal structure), 1 A24 (DsbA NMR structure)
and 1BED (TcpG crystal structure)]. Manual adjustments were
carried out on the models using the DeePVieW SwissPdbViewer
software program that is part of the SwissModel package.

Secondary structure prediction

Sequences were submitted to PredictProtein [30] to determine
potential secondary structural elements. The sequences of DsbA
and TcpG oxidoreductases, whose structures have been solved,
were also submitted to obtain a measure of the correctness of the
predictions.

RESULTS
cDNA cloning and gene structure

The cDNA sequence for hGSTK1 is shown in Figure 1. The cDNA
is 1034 nucleotides long and contains an open reading frame of
678 nucleotides. The sequence contains a short 5’ non-coding
region of 55 nucleotides and a 3’ non-coding region of 297 nu-
cleotides, including the poly(A) tail. The 3’ non-coding region
contains only one canonical polyadenylation signal, AATAAA,
which occurs 21 bases from the terminus. The open reading
frame encodes a protein of 226 residues (including the initiating
methionine), with an estimated molecular mass of ~25.5 kDa.

A BLAST search of the human genome sequence with the
hGSTK cDNA sequence showed exact correspondence to only
one locus (51064; Contig accession number NT007914.12;
gi29797157), located on human chromosome 7, banding position
q34-35. This locus spans a region of ~5.7kb and is divided
into eight exons and seven introns (Figure 2). Most introns are
relatively small (~150-600 bp), except for intron 5, which is
2320 bp. The initial methionine is encoded in exon 1 and the
terminal codon is in exon 8. Splice junctions conform to the GT/
AG rule.

We compared translation of the cDNA sequence obtained here
with that deduced previously by Pemble and co-workers from
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*'gccgggttcecgggaaaaggagctcctgetgecactgectettceggagectgecage

1/1
ATG GGG
Met gly

cCcC
pro

CTG
leu

CCG
pro

CGC
arg

ACC GTG GAG CTC
thr val glu leu

61/21
CTG GGC
leu gly

TTC
phe

GAG
glu

ATC
ile

CTG
leu

TGC
cys

CGG
arg

TAT
tyr

CAG
gln

121/41
CCC AGC
pro ser

CTC
leu

ATA
ile

ACA
thr

GGG
gly

ATC
ile

ATG
net

GAC
lys asp
181/61

CGC AAA
arg lys

GGA
gly

CTA
leu

TAC
tyr

ATG
met

GCA
ala

AAT
asn

GAC
asp

TTA
leu

241/81
ATC CAC
ile his

TTC
phe

cccC
pro

AAG
lys

GAT
asp

TTC
phe

TTG
leu

TCT
ser

GTG
val

301/101
CGT TTC
arg phe

CTC
leu

ACC
thr

GCC
ala

GTG
val

AAC
asn

TTG
leu

GAG
glu

CAT
his

361/121
CTG TGG
leu trp

ATG
met

CGC
arg

GTC
val

TGG
trp

TCA
ser

AGG
arg

AAT
asn

GAA
glu

421/141
GCT GCA
ala ala

GAG
glu

AAG
lys

GCT
ala

GGT
gly

ATG
met

TCT
ser

GCA
ala

GAA
glu

481/161
ACG CCA
thr pro

AAG
lys

GTG
val

AAG
lys

AAC
asn

CAG
gln

CTC
leu

AAG
lys

GAG
glu

541/181
TTT GGG

phe gly

CTG
leu

cce
pro

ATC
ile

ACC
thr

GTG
val

GCC
ala

CAT
his

GTG
val

601/201
GAC CGG
asp arg

ATG
met

GAG
glu

CTG
leu

CTG
leu

GCG
ala

CAC
his

CTG
leu

CTG
leu

661/221
GCC GTG
ala val

AAT
asn

GCC
ala

AGA
arg

CTT TAA
leun *

31/11
TTC TAT GAC GTG
phe tyr asp val

CTG
leu

TCC
ser

CCC
pro

TAC
tyr

TCC
ser

TGG
trp

91/31
AAT ATC
asn ile

AAC
asn

ATC
ile

AAC
asn

CTG
leu

CAG
gln

TTG
leu

CGG
arg

TGG
trp

151/51
AGT GGA
ser gly

AAG
lys

CCT
pro

CCA
pro

GGT
gly

CTG
leu

CTT
leu

CCC
pro

AAC
asn

211/71
AAG CTC
lys leu

AGA
arg

CAC
his

CAT
his

CTC
leu

CAG
gln

ATT
ile

cCccC
pro

CTG
leun

271/91
ATG CTT
met leu

GGA
gly

AGT
ser

TTG
leu

TCT
ser

GCC
ala

ATG
met

GAA
glu 1lys
331/111
CCA GAG
pro glu

TCC
ser

CGG
arg

GAG
glu

ATG
met

CTG
leu

GAG
glu

GCG
lys ala
391/131
GAC ATC
asp ile

GAG
glu

CCG
pro

CAG
gln

AGC
ser

ATC
ile

CTG
leu

GCG
ala

ACC
thr

451/151
CAA GCC
gln ala

GGA
gly

CTT
leu

CTG
leu

GAA
glu

AAG
lys

ATC
ile

GCA
ala

CAG
gln

511/171
ACC ACT
thr thr

TGC
cys

TAC
tyr

GGA
gly

GCC
ala

GAG
glu

GCA
ala

GCC
ala

AGA
arg

571/191
GAT GGC

asp gly

ACC
thr

CAC
his

ATG
met

TTA
leu

TTT
phe

GGC
gly

TCT
ser

CAA
gln

631/211
GGA GAG

gly glu

TGG
trp

ATG
met

GGC
gly

CCT
pro

ATA
ile

CCT
pro

CCa
pro

AAG
lys

gattgcccggaggaagcaaactcttcgtataaaaaaagcaggccatctgecttaacccttggctccaccataaggecact
gggactcggatttctctatctgatagaggtattttctgtggeccctgggagetgtctgtctttccectaccceccaagga
tgccaggaagacgtccaccattagccatgtggcaacctttacttctatgectcacaagtgectttcagagagecccaa
ttctgctttcccacactaatgccat caggcaaaacaaaaaaaaaaaaaaaaaaaa’’

Figure 1

¢DNA and deduced amino acid sequence of human Kappa-class GST

The translation termination signal is shown with an asterisk. The consensus polyadenylation signal is boxed.

EST database searches [17]. Three anomalies were identified.
The sequence presented here has leucine instead of valine at
position 97, leucine instead of glutamine at position 183, and
histidine instead of tyrosine at position 208. To see if sequence
variations could be attributed to polymorphisms, we searched
the EST database with our cDNA sequence. The only putative
polymorphisms so far identified in the coding region were not
consistent with the previously published sequence. Pemble and
co-workers did not find any encoded mitochondrial targeting
signals [17]. In case the differences between the two sequences
altered contextual effects, or additional signals had been identified
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in the interim, we carried out a search on the sequence reported
here using the latest version of PSORT [23]. No mitochondrial
targeting signals were found.

Expression and purification of recombinant enzymes

High yields of Ub—hGSTKI1 fusion product and hGSTK1-1 en-
zyme were readily obtained from the expression and purification
procedure described in the Experimental section. Approx. 20 mg
of pure hGSTK1-1 protein was routinely recovered from 1 litre
cultures.
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gccgggttceccgggaaaaggagctcctgetgecactgetcttecggagect
Ex1l
gcagcATGGGGCCCCTGCCGCGCACCGTGGAGCTCTTCTATGACGTGCTG
M G P L PRTVETLUF YD VL
TCCCCCTACTCCTGGCTGGGCTTCGAGgtgacgctgggaggyg. . . 500bp
S P Y S WL G F E
. .gacctctgececcgecagATCCTGTGCCGGTATCAGAATATCTGGAACATC
Ex2 I L C R Y Q N I W N I
AACCTGCAGTTGCGGCCCAGCCTCATAACAGGGATCATGAAAGACAGTGY
M L Q L. R P 8 L I T G I M K D 8 G
taggaagggagggt . .380bp. .accttctcctggcagGAAACAAGCCTC
Ex3 N K P P
CAGGTCTGCTTCCCCGCAAAGGACTATACATGGCAAATGACTTAAAGCTC
G L L P R K G L Y M ANDTULIKL
CTGAGACACCATCTCCAGATTCCCATCCACTTCCCCAAGGATTTCTTGTC
L R HEHELQTIUPTIUHT FUPIKDTFIUL S
TGTGATGCTTGARRAAGgtgaagagagtggga. .315bp. .gcctctgece
V M L E K G
ccacagGAAGTTTGTCTGCCATGCGTTTCCTCACCGCCGTGAACTTGGAG
Ex4 S L. S A MR F L T A V N L E
CATCCAGAGATGCTGGAGAAAGCGTCCCGGGAGCTGTGGATGCGCGTCTG
H P E M L E K A S R EL WMUPRUVW
GTCAAGGgtgagtgtggggctc. .168bp. .ttctcttcttcccaghAATG
S R Ex5 N E
AAGACATCACCGAGCCGCAGAGCATCCTGGCGgtgagtgtectgget . . .
D I T E P Q 8 I L A
2320bp. .actatattcccttagGCTGCAGAGAAGGCTGGTATGTCTGCA
Ex6 A A E K A G M S A
GAACAAGCCCAGGGACTTCTGGAAAAGATCGCAACGCCAAAGGTGAAGAA
E Q A Q G L L E K I ATU?PIKVKN
CCAGCTCAAGGAGACCACTGAGGCAGCCTGCAGATACGGAgtgagcagcet
Q L K E T T E A A CR Y G
ctttat..357bp. .aactgcctttctccagGCCTTTGGGCTGCCCATCA
Ex7 A F G L P I T
CCGTGGCCCATGTGGATGGCCAAACCCACATGTTATTTGGCTCTGACCGG
V A H VD G QT HMULT FG S D R
ATGGAGCTGCTGGCGCACCTGCTGGgtaagtaagttaaag. .603bp. . g
M E L L A HL L G
ttttcttcatccagGAGAGRAGTGGATGGGCCCTATACCTCCAGCCGTGA
ExB8 E K W M G P I P P A V N
ATGCCAGACTTTAAgattgcccggaggaagcaaactcttcgtataaaaaa
A R L *
agcaggccatctgcttaacccttggetccaccataaggcactgggactcg
gatttctctatctgatagaggtattttctgtggecctgggagetgtetgt
ctttccectacccecccaaggatgeccaggaagacgtcecaccattagecatgt
ggcaacctttacttctatgcctcacaagtgcecctttcagagagecccaatt
ctgctttcccacaaaataaacctaatgccatcaggcaaaaca

Figure 2 Nucleotide sequence and intron/exon structure of hGSTK1

The GSTK gene sequence shown here is derived from the Human Genome (build 33 LOC
51064, gi29797157), and is approx. 5.7 kb in length. The bases encoding exons 1-8 (Ex1—
Ex8) are indicated in upper case, and the amino acid sequence is shown below the nucleotide
sequence. The translation termination codon is indicated by an asterisk, and the poly(A)* signal
is underlined.

Most extraneous proteins were effectively removed by affinity
chromatography washes or 10 kDa molecular mass cut-off fil-
tration steps during protein concentration. One larger protein that
appeared in SDS gels to have a molecular mass of ~60 kDa could
not be separated by these methods and constantly co-purified
with hGSTK1-1 (Figure 3). N-terminal sequencing identified
this protein as the E. coli chaperonin GroEL or hsp60. hsp60
forms large multisubunit oligomers (> 120 kDa) in its native state
[31], which allowed for its ready separation from hGSTK1-1 by
filtration through 100 kDa molecular mass cut-off filters during
protein concentration procedures.

Sedimentation equilibrium analysis

Duplicate samples of hGSTK 1-1 were examined by sedimentation
equilibrium analysis. Data taken from three scans obtained at

Mol. wt
Markers
(kDa)

94
67 - Hsp 60

43

30

w—— W 1GSTK1
20.1

144 [—

Lanes 1 2 3

Figure 3 SDS/PAGE analysis of the final stage of hGSTK1-1 isolation and
purification

The SDS/12.5%-polyacrylamide gel shows: lane 1, molecular mass markers; lane 2, pure
hGSTK1-1 (~ 6.0 mg/ml) after filtration of the sample through 100 kDa molecular mass cut-off
filters; lane 3, sample of the hGSTK1-1 preparation after nickel-agarose chromatography. The
upper band (~ 60 kDa) on the gel was shown by N-terminal sequencing to be a subunit of
hsp60. Hsp60 appeared to consistently co-glute with hGSTK1-1 (~25.5 kDa).

12 min intervals showed that the majority of hGSTK1-1 occurred
as a single sedimenting species with a molecular mass of
~46.5 kDa. Once corrections were made for the presence of some
monomer (5-7 %), the revised estimate of protein size was ~49—
51 kDa. These values indicate that hGSTK1-1 occurs predo-
minantly as a homodimer in solution.

Substrate specificity

A comparison of the specific activities of the human, mouse and
rat Kappa-class GSTs with a selection of substrates is shown in
Table 1. hGSTK -1 had significant GSH-conjugating activity with
the halogenated aromatics CDNB and 4-nitrobenzylchloride, and
some peroxidase activity with cumene and t-butyl hydroperoxide.
We also investigated the possibility that hGSTK1-1 could use
other thiols as co-substrates. Neither 2-mercaptoethanol nor
L-cysteine in the 5-10 mM concentration range showed conju-
gating activity with CDNB (results not shown). We also tested
the hypothesis that pre-incubation with thiol co-substrates may
enhance activity, but no increase in catalytic rates was observed.

Kinetic properties

Data from GSH:CDNB conjugation assays in which the GSH
concentration was varied and that of CDNB was fixed were
readily fitted to the Michaelis—Menton equation. The Michaelis
constant and maximal velocity for GSH were calculated to
be K,,*» =3.3+0.95 mM and V,,,** = 21.4 & 1.8 pumol/min per
mg of protein respectively. When CDNB was used as a variable
substrate with GSH at a saturating concentration (10 mM),
values obtained did not fit the Michaelis—Menton equation,
but could be fitted to a Hill plot (Sps* =1.5+1.0mM,
Vma® =40.3 £ 0.26 pumol/min per mg of protein and 7 =1.3).
The apparent sigmoidal character suggested possible activation
of the enzyme by alkylation of reactive cysteines, as occurs in
the microsomal GSTs (MAPEGs), but we found no activation of
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Table 1 Activities of hGSTK1-1, mGSTK1-1 and rGSTK1-1 with various
substrates

Data for mGSTK1-1 and rGSTK1-1 are taken from Jowsey et al. [18]. For hGSTK1-1, the
concentration of GSH was 10 mM (saturating conditions). All values are means + S.D. of at
least three determinations. ND, not detectable; NS, not studied.

Specific activity (wmol/min per mg)

Substrate hGSTK1-1 mGSTK1-1 1GSTK1-1
CDNB 744049 15484250 544+170
1,2-Dichloronitrobenzene ND NS NS
7-Chloro-4-nitrobenzo-2-oxa-1,3-diazole 024003 NS NS
1,2-Epoxy-3-(4-nitrophenoxy)propane ND ND ND
4-Phenylbut-3-en-2-one ND ND ND
Ethacrynic acid 11+0.28 029+0.08 044+0.12
p-Nitrobenzyl chloride 226+013 NS NS
p-Nitrophenylacetate 0134007 NS NS
Menaphthyl sulphate ND NS NS

t-Butyl hydroperoxide 0.140.02 003+001 <001
Cumene hydroperoxide 0.2+0.03 1.05+0.04 0.09+0.02
Hydrogen peroxide ND NS NS

trans, trans-Nona-2,4-dienal 0.09+001 NS NS
frans-Nonenal ND NS NS
(4)-2-Bromo-3-(nitrophenyl)propionic acid ~ ND NS NS
A®-Androsten-3,17-dione ND NS NS
Chlorofluroacetic acid ND NS NS

Specific activity (umol/min/mg)

Figure 4 pH dependence of hGSTK1-1

The pH dependence of hGSTK1-1 activity with co-substrates GSH (1 mM) and CDNB (1 mM)
is shown. Data are expressed as means + S.D. (n=3).

hGSTK1-1 by treatment with iodoacetate (results not shown). The
sigmoidicity also suggests co-operativity, but we could not fully
investigate the enzyme’s catalytic mechanism due the limitations
of the assay at higher concentrations of CDNB. However, the
results we have obtained clearly show that hGSTK1-1 has a low
affinity for both CDNB and GSH, indicating that a conjugation
reaction may not be the natural role for the Kappa-class GSTs.
We anticipate a more comprehensive analysis when appropriate
substrates such as HCCA become available.

pH dependence

hGSTK1-1 was shown to have GSH:CDNB conjugating activity
over the pH range 6.0-10.5, with optimum activity at approx.
pH 9 (Figure 4). The highest activity was observed in the pH range
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8.0-9.5. Because of the rapid increase in non-enzymic compared
with enzymic rates at higher pH, the pH optima of many cytosolic
GSTs have not been rigorously investigated. In the present study,
we found a consistent and measurable difference between non-
enzymic and enzymic rates up to pH 10.

Sequence similarity searching

From matches generated by a PSI BLAST search of the hGSTK1
sequence against the non-redundant database (as at 4 April, 2003),
the 100 highest scoring alignments were selected for further ana-
lyses. All matches identified in our results had E-values of less
than 2 x 10-%°, showing that they were extremely unlikely to have
occurred by chance. High E-values (>1) indicate random
matches. Of the 10 best matches (>60% identity), nine rep-
resented human, mouse and rat GSTK1 sequences, and one (with
30 % identity and 51 % similarity) was with a hypothetical Kappa-
class GST from the soil-borne eukaryote Caenorhabditis elegans.

Of the remaining 90 % of matches, the PSI BLAST search
identified significant similarity with sequences of HCCA iso-
merases, dithiol-disulphide isomerases (oxidoreductases), Dsb
proteins and polyketide synthases, predominantly from different
genera of soil-borne organisms such as Pseudomonas, Ralstonia,
Alcaligenes, Bradyrhizobium and Burkholderia. The largest num-
ber of matches (> 50 %) was with HCCA isomerase sequences.
HCCA isomerases specifically catalyse the isomerization of
2-hydroxychromene-2-carboxylate to trans-o-hydroxybenzyl-
idenepyruvate in the naphthalene or analogous degradation path-
ways in micro-organisms. They exist as part of operon-encoded
pathways induced in response to secondary metabolite biosyn-
thesis, transport and polyhydrocarbon catabolism [3,32,33]. The
hGSTK1 sequence shared 13-23 % identity and 29—44 % simi-
larity with sequences in these groups.

Despite the use of this comprehensive search method, there
were no matches to GST sequences from any of the other estab-
lished classes.

A search of the Conserved Domain Database (CDD) (as at
2 April, 2003) with the hGSTK1 sequence showed that it pos-
sesses a potential C-terminal domain like that found in DsbA
oxidoreductases. An alignment of proteins that contain this do-
main as well as a consensus sequence was automatically generated
as part of the CDD search. The rGSTK1 and selected HCCA
isomerase sequences were included in the alignment. Overall,
little similarity existed between hGSTK1 and other non-GSTK1
sequences in this alignment (averages of 13—18 % similarity), but
hGSTKI1 shared 38 % identity with the consensus sequence.

Investigation of sequence-based relationships between the GST,
HCCA isomerase and Dsb oxidoreductase enzyme families

To investigate the possibility that different permutations of re-
latedness might exist between cytosolic GSTs, HCCA isomerases
and Dsb oxidoreductases, a BLAST pairwise comparison set at
default parameters was carried out on a selection of representative
sequences. They included five different Kappa-class GSTs,
24 cytosolic GSTs (two from each class), two soluble CLIC
(chloride intracellular channel) proteins and two representatives
of the MAPEG family, as well as six HCCA isomerase and
five Dsb oxidoreductase sequences (detailed in Figure 5). The
minimum BLAST E-values for each sequence pair were used in
the comparison. A maximum E-score of 1000 was assigned if no
result was returned by BLAST.

A box-plot of the results is presented in Figure 5. The dis-
tribution of BLAST E-scores strongly supports a homologous
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Figure 5 Analysis of sequence similarity between hGSTK1 and related
enzymes

Box-plots of log-transformed BLAST E-scores are shown. The boxes represent the first and third
quartiles of the distribution plot of comparisons within a group, and the line dissecting each box
represents the median. Extensions external to the boxes represent the 5th and 95th percentiles
of each distribution plot. Outliers are indicated as open circles. Box width is proportional to
the square root of the number of E-values, or the number of pairwise comparisons between
the functional classes. Abbreviations: ISO, HCCA isomerases; KAPPA, Kappa-class GSTs;
0XIDO, Dsb oxidoreductases. Sequences selected for this study were as follows: gi3046817
GST Sigma H. sapiens, gi159854 GST Sigma Ommastrephens sloanei, gi183301 GST Mu2
H. sapiens, gi309278 GST Mu Mus musculus, gi31948 GST Pi H. sapiens, gi459939 GST
Pi Rattus norvegicus, gi306809 GST Alpha H. sapiens, gi193703 GST Alpha M. musculus,
0i6016173 GST Omega 1 (GSTO 1-1) H. sapiens, gi27819109 GST Omega 2 (GSTO 2-2)
H. sapiens, gi21264427 GST Theta 1 H. sapiens, gi601918 GST Theta 2 H. sapiens, gi409146
GST Delta Lucilia cuprina, gi8034 GST Delta Drosophila melanogaster, gi2228731 GST Zeta
H. sapiens, qi167968GST Zeta Dianthus caryophyllus, gi12007372 GST Epsilon Anopheles
gambiae, gi1053076 GST Proteus mirabilis, gi1213565 GST E. coli, gi3650345 GST
Ochrobactum anthropi, qi497788 GST Phi Arabidopsis thaliana, gi1524316GST Phi Petunia
X hybrida, gi940381 GST Tau A. thaliana, gi11095992 GST Tau A. thaliana, gi12643390
CLIC1 H. sapiens, gi18490162 CLIC2 H. sapiens, gi12643338 GST Kappa cDNA from cord
blood cell HDCMDA47P H. sapiens, gi7643782 GST Kappa cDNA from a dendritic cell H.
sapiens, gi3041680 GST Kappa R. norvegicus, gi3025325 putative GST Kappa C. elegans,
0i3025313 putative GST Kappa C. elegans, gi3820518 HCCA isomerase PhnD Burkholderia
sp. RP007, gi780657 HCCA isomerase Rhizobium leguminosarum bv.viciae, gi4220431 HCCA
isomerase Ralstonia sp. U2, gi6225744 HCCA isomerase Pseudomonas putida/aeruginosa
PAO1, gi5578710 HCCA isomerase Sphingomonas sp., gi2624890 disulphide oxidoreductase
V. cholerae (virulence factor synthesis 1BED), gi1706523 thiol:disulphide interchange protein
DsbS precursor Erwinia chrysanthemi, gi2392344 DsbA E. coli (1FVK — chain A), gi762927
Dsb protein E. coli, gi1263316 possible Dsb protein Azotobacter vinelandii.

relationship between the Kappa-class GSTs and HCCA iso-
merases. The minimum BLAST scores for all pairwise compari-
sons between these two groups lie well below a value of 1 (or
logE < 0). Comparison between the isomerases and oxidore-
ductases showed that they were the only other grouping with a
majority of pairs exhibiting an E value of < 1, although the median
for the Kappa-class GST—oxidoreductase comparison was close
to E=1. On the basis of sequence comparisons, the minimal
similarity detected (E-values > 1) provides little support for a
homologous relationship between any of the other subgroups. It
is particularly interesting that the lowest similarity is between the
Kappa-class sequences and those of all other soluble GSTs.

Structure prediction and homology modelling

To gain a greater understanding of the structure of hGSTK1, we
undertook structure prediction and molecular modelling studies.

The DsbA and TcpG oxidoreductases were chosen as represent-
atives of the disulphide-bond-forming proteins, as they are well
studied and their structures have been solved. No structures are
available for the HCCA isomerases, so we selected a HCCA
isomerase from Pseudomonas sp. (g16225745) because it is of
similar length (212 amino acids) to hGSTK1 and its potential role
in bacteria had been investigated [33].

Due to low sequence identity (<25 %), it was not possible to
directly model hGSTK1 and HCCA isomerase sequences using
DsbA and TcpG oxidoreductase structures as search models.
However, the consensus sequence derived from the CDD align-
ment shared 33.8 % identity with DsbA, 25.3 % identity with
TepG, 38.3% identity with hGSTK1 and 40.2% identity
with HCCA isomerase. This made it possible to first model the
consensus sequence on the DsbA and TcpG structures to generate
an intermediate model; the hGSTK1 and HCCA isomerase
sequences were then modelled on the consensus intermediate.

C-terminal domain

An alignment of secondary structural elements of the DsbA
and TcpG structures and predicted secondary structural elements
of the consensus sequence, HCCA isomerase and hGSTKI is
presented in Figure 6. All C-terminal domains are of similar size
(between 98 and 110 residues in length) and they possess the same
aooafBa structural motif. Invariant glycines and prolines that
are essential for configuring reverse turns in the DsbA and TcpG
structures are readily aligned in the consensus, HCCA isomerase
and hGSTK1 sequences; so are residues whose side chains form
a hydrophobic patch adjacent to the active site in the DsbA and
TcpG structures [27,29].

The complete sequences of hGSTK1 (226 residues), HCCA
isomerase (212 residues) and the consensus (194 residues) were
modelled using Swiss-Model, but co-ordinates were generated
for only the C-terminal regions (110, 105 and 98 residues
respectively). After iteratively fitting the models on to the DsbA
and TcpG structures, the C-terminal domains of all proteins
appeared to superimpose with good agreement. Relative similarity
of fit was determined by pairwise measurements of the rmsd
(root mean square deviation) for Co atoms of selected residues
(Table 2). All pairs of structures were very similar, having rmsd
values in the range 0.3-1.1 A and overall rmsd values of 0.5—
0.6 A. Models with an overall rmsd of ~0.5 A are considered to
be essentially identical [34]. On closer examination, we noticed
that the highly conserved Gly-Xaa-Pro turn containing the cis
conformer of proline in DsbA and TcpG structures had been
misaligned in the hGSTK1 model. This was due to continuous
threading of hGSTK 1 residues Ser'¥, Ala!'* and Glu'!, which do
not have counterparts in the DsbA, TcpG, HCCA isomerase or
consensus sequences (see Figure 6). Attempts to model these three
residues as a small secondary loop were unsuccessful, so they
were deleted from the hGSTK1 sequence and hGSTK1(Asae)
was used to generate an alternative model instead.

While the cis-proline turn in the hGSTK1(Asae) model aligned
with good agreement (rmsd 0.36 A), the deletion changed the
structural alignment of residues around the terminal B-strands
(rmsd 3.93 and 1.02 A; Table 2). The regional differences translate
to greater overall displacement from the DsbA structure (rmsd
3.61 A), but the configuration remains virtually identical over
residues 110-185 (rmsd 0.58 A), which represents the major
portion of the C-terminal domain.

Superimposition of the hGSTK1(Asae), HCCA isomerase and
consensus models showing virtually identical domains is shown
in Figure 7. The predicted similarity between the C-terminal
domains of hGSTK1 and DsbA is shown in Figure 8. The
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Figure 6 Alignment of sequences and secondary structural elements of E. coli DshA and V. cholerae TcpG oxidoreductases with sequences and predicted
secondary structural elements of the consensus sequence, a HCCA isomerase from Pseudomonas sp. (gi 6225745) and hGSTK1

Sequences and secondary structural elements of E. coli DsbA and V. cholerae TepG oxidoreductases are from data in [29]. Helices (black) and strands (purple) are boxed, and secondary structural
units of DsbA and hGSTK1 are labelled; strands in broken boxes were modelled but not predicted. A predicted two-residue strand (dotted underline) has not been included, as a minimum of three
residues is required for strand formation. Modelled C-terminal domains of the consensus, HCCA isomerase and hGSTK1 sequences are highlighted in yellow. Cysteines (or serines in equivalent
positions) are depicted in cyan. Invariant residues are pink. Amino acids forming a hydrophobic patch near the active site in the oxidoreductases and identifiable analogous residues in the consensus,
HCCA isomerase and hGSTK1 models are depicted in green. DsbA domains A (thioredoxin fold) and B (helical domain) are indicated by arrows.

Table 2 Rmsd between Co atoms of aligned residues in hGSTK1, HCCA isomerase and consensus models, and in DsbA as the reference structure

Secondary structural (SS) elements are numbered relative to the C-terminal domain. Numbers of residues compared are shown in parentheses. Rmsd calculations were not carried out for terminal
helices, as differences in size and aa composition were too large. wt, wild-type enzyme; Asae, hGSTK1 with residues Ser™®®, Ala'™ and Glu'™' deleted from the sequence (see text for details).

hGSTK1
DsbA Consensus sequence HCCA isomerase Rmsd (&)

SS element Residues Residues Rmsd (A) Residues Rmsd (A) Residues wt Asag
a-Helix 1 (14) 84-98 104-117 0.36 115-128 0.35 114127 0.38 0.39
a-Helix 2 (10) 105-114 125-134 0.91 136-145 0.86 135-144 0.91 0.81
Gly reverse turn (1) 116 136 1.01 147 1.07 146 0.99 0.85
a-Helix 3 (8) 119-126 139-146 0.40 150157 0.42 149-156 0.40 0.47
a-Helix 4 (16) 129-144 149-164 0.45 160-175 0.53 159-174 0.55 0.57
GXX reverse turn (3) 149, 150, 151 169, 170, 171 032 180, 181,182 033 G, AT F8 032 -

sz, L183 P1B4 _ 036
B-Strand 1 (5) 152-156 172-176 0.37 183-186 0.38 182-186/185-189 0.40 3.93
B-Strand 2 (5) 158-162 178-182 0.55 189-193 0.50 188-192/195-199 0.48 1.05
QOverall rmsd (90) 80-170 100-190 0.56 111-201 0.54 110-200 0.56 3.61
Overall rmsd (75) 110-185 0.58 0.57

largest displacement between the predicted models and the DsbA
structure is ~1.0 A. This occurs at the glycine-mediated sharp
reverse turn located at the C-terminal end of helix 4 of DsbA
(Table 2 and Figure 8), which is not unexpected. Apart from
these minor deviations, the overall rmsd value for all C-terminal
domains (residues 110-185 in hGSTK1) relative to the DsbA
structure is <0.6 A, indicating that the models are essentially
identical.

N-terminal domain

The N-terminal domains of DsbA, TcpG, hGSTK1, HCCA
isomerase and the consensus sequence exhibit much greater
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complexity. Parts of the N-terminal domain are predicted to
be structurally similar, while others are very different (see
Figure 6). This inconsistency possibly accounts for the difficulty
in modelling this region. The first section of the N-terminal
region shows some structural similarity between the sequences
in the form of a Ba B motif with invariant valines and prolines
around the analogous cysteine/serine residues. The N-terminal
domain also ends with a predicted «-helix in all sequences,
although the residue composition is dissimilar. The remaining
features are highly variable. hGSTK1 and HCCA isomerase have
serines where DsbA, TcpG and the consensus sequence
have cysteines, precluding analogous disulphide bond formation.
hGSTK1, HCCA isomerase and the consensus have extended
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Figure 7 Comparison of modelled C-terminal domains

Shown is a MOLSCRIPT [43] stereoview of superimposed models of C-terminal domains of hGSTK1 (pink), HCCA isomerase (cyan) and the consensus sequence (dark blue). Selected residues in

the hGSTK1 C-terminal domain have been labelled to show connectivity. hGSTKT residues Gly
models.

Figure 8 MOLSCRIPT [43] diagrams of DsbA oxidoreductase (A) and the
C-terminal domain of hGSTK1 (B)

These schematic drawings show crystallographically determined secondary structural elements
of DsbA oxidoreductase and those predicted to form in the C-terminal domain of hGSTK1.
Secondary structures have been annotated to correspond to the sequences shown in Figure 6.
Strands 84 and 85 of DsbA correspond to strands 83 and B4 in the hGSTK1 sequence; helices
a3—a7 of DsbA correspond to helices a6—c 10 in the hGSTK1 sequence.

polypeptides, with additional peptide sequences of 58, 47 and 52
residues respectively inserted between the Sa 8 motif and the helix
positioned at the end of the N-terminal region. Finally, HCCA
isomerase and the oxidoreductases have N-terminal extensions,
but these are differently configured into a helix and a strand
respectively. A particularly interesting feature of these variations
is that, of the 58-residue insert in hGSTK1, the entire 43 amino
acids that have no equivalent in DsbA and TcpG sequences (see
Figure 6) are encoded on a single exon (exon 3) in the hGSTK]
gene (Figure 2).

and cis-Pro™ have also been labelled to indicate positions where sharp reverse turns occur in all

Comparing topologies

Topology diagrams showing the connectivity of predicted
secondary structural elements are shown in Figure 9. Diagrams
of glutaredoxin, GST and DsbA [35] have been added to allow
comparison. Conspicuous by its presence in all proteins is the
prototypical thioredoxin fold within a glutaredoxin framework.
Apart from this, and excepting glutaredoxin, all proteins possess
an additional but variable helical domain. In the archetypical
structure of soluble cytosolic GSTs, the helical domain is external
to the thioredoxin fold and connected to the C-terminus, forming
the motif BafaBBaca,, where the underlined elements repre-
sent the N and C motifs of the thioredoxin fold (see Figure 9).
In hGSTK1, HCCA isomerase and DsbA, the helical domain
bisects the thioredoxin fold (renamed domain A in DsbA to
accommodate the bipartite structure; Figure 6 and [27]), which
rearranges the secondary structural elements into a o B, SBa
motif. This helical domain, accordingly renamed domain B [27],
is different in each protein. In hGSTK1 the helical domain is
predicted to comprise 142 residues configured into eight helices,
in HCCA isomerase it is 124 residues configured into six helices
and in DsbA it has been shown to be 85 residues configured into
five helices.

DISCUSSION

In this investigation, we present a detailed study of a human GST
of the Kappa class. While the enzyme has some biochemical
characteristics that are typical of GSTs, sequence analyses,
secondary structure predictions and homology modelling suggest
that hGSTK1-1 has a novel structure that differs significantly
from that of other classes of soluble cytosolic GSTs.

Genetic characterization

The hGSTKI gene is very similar in size and organization
to the Kappa-class GST genes described recently in mouse and
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Figure 9 Topology diagrams comparing the predicted secondary structural arrangements of hGSTK1 and HCCA isomerase with those determined by crystal

structure analysis of glutaredoxin, GST and DsbA oxidoreductase

B-Strands are drawn as arrows and «-helices as rectangles. The archetypical thioredoxin fold within the glutaredoxin framework is shown top left. The dashed lines indicate the separation
of N-terminal (Ba8) and C-terminal (B8«) matifs of the thioredoxin fold connected by the 2 helix. Equivalent features are shown in the GST and DsbA structures, and the predicted models of
hGSTK1 and HCCA isomerase. Secondary structural elements that are not part of the thioredoxin fold are identified as separate domains or are coloured grey. The number of residues in the inserted
helical domains of hGSTK1, HCCA isomerase and DsbA incorporate those resides that are analogous to the 2 connecting helix of glutaredoxin and thioredoxin. Adapted from Structure, vol. 3, by
J. L. Martin, “Thioredoxin — a fold for all reasons”, pp. 245-250, (©) (1995), with permission from Elsevier.

rat [18]. Genes from all three organisms span coding regions
of similar length, and are composed of eight exons and seven
introns. Initiating and terminating codons are located in exons 1
and 8 respectively. The introns of h(GSTK 1, mGSTKI and rGSTK 1
are all mostly small (~100-600 bp), except for intron 5, which
is significantly larger, ranging from 1.6 kb in rodents to 2.3 kb in
humans. A search of the human genome database indicates that
the hGSTKI gene is located on the long arm of chromosome 7
(7q.34-35), which is syntenic with the localization of mGSTK on
chromosome 6. We found no evidence supporting the existence of
other functional Kappa-class genes or pseudo-genes in the human
genome database.

Kappa-class GSTs show similar characteristics

Human, mouse and rat Kappa-class enzymes are all composed
of 226 amino acids, with a subunit molecular mass of ~25.5—
26.0 kDa. The protein sequences show a high degree of similarity
(85 %), but while mouse and rat sequences share 86 % identity,
these sequences share only 71 % and 69 % identity respectively
with hGSTK1-1. The human, mouse and rat Kappa-class enzymes
also have a similar substrate profile, being active towards pre-
dominantly halogenated aromatics. However, the levels of activity
vary (Table 1; [18]).

© 2004 Biochemical Society

Rat and mouse Kappa-class GSTs have been located primarily
in mitochondria [16,18]. Our results using human white blood
cells (A. Robinson, unpublished work) support these findings.
However, itis not clear how the Kappa-class GSTs are translocated
to the mitochondrial matrix. Some nuclear-encoded mitochondrial
proteins have targeting signals within their sequences [36,37],
but none have been identified in the Kappa-class GSTs so far.
It was therefore potentially significant to find the E. coli hsp60
protein co-purifying with hGSTK1-1 during isolation and purifi-
cation procedures. In E. coli, hsp60 functions to prevent mis-
folding and to promote refolding and proper assembly of
unfolded polypeptides generated under stress conditions [38]. In
eukaryotes, hsp60 is a multi-subunit protein that is associated with
the transport and correct folding of proteins in the mitochondrial
matrix [39]. As the two hsp60 proteins share 49 % identity and
70% similarity, it is plausible to suggest that hGSTK1-1 may
be translocated from the cytoplasmic ribosomes by the hsp60
chaperonin. This may account for the lack of any identifiable
targeting signals in the primary sequence.

Kappa-class GSTs have characteristics of other enzyme families

Although hGSTKI1-1 has typical GST activity, sequence
alignments, C-terminal domain models and secondary structure
prediction studies persuasively show that it shares greater
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similarity with the HCCA isomerases and DsbA oxidoreductases
than with GSTs. Whereas all known soluble GSTs possess
a helical domain at the C-terminus which is external to the
thioredoxin fold (BaBaBBac,), the helical domain in hGSTK1,
HCCA isomerase and DsbA is inserted within the thioredoxin
fold (BaBa,BBa). The different location of the helical domain
alters the spatial arrangement of the B-strands in the polypeptide
chain. In the cytosolic GSTs the four B-strands are all located
in the N-terminal domain, separated only by a short connecting
helix (Figure 9). In hGSTK 1, HCCA isomerase and DsbA, the 8-
strands occur as pairs located at opposite ends of the polypeptide
chain (see Figures 6 and 9). This placement would require a dif-
ferent folding pattern to recreate the B-sheet, and represents a
significant departure from all other known GST structures.

A particularly interesting discovery in the present study was that
the insert in the hGSTK1-1 N-terminal helical region is encoded
entirely within a single exon, exon 3, of the AGSTK! gene (see
Figures 2 and 6). This may be evidence of exon shuffling, which
has been proposed to play a role in the creation of novel proteins.

Kappa-class GSTs and HCCA isomerases appear to form
a third GST family

Overall, \GSTK1-1 exhibits strongest resemblance to HCCA iso-
merase. First, both enzymes are predicted to form a mixed protein
of four strands and ten (hGSTK1) or nine (HCCA isomerase)
helices in a Ba Bo, f Ba motif with essentially identical C-terminal
domains. Secondly, both enzymes require much higher concen-
trations of glutathione for maximal activity, indicated by the
relatively high K, of 3.3 mM determined for hGSTK1-1 and
the 2.5-5 mM GSH range determined for HCCA isomerases [32].
This is in direct contrast with other mammalian GSTs, whose
K., values are in the 100-200 uM range [40,41]. Thirdly, both
enzymes show a pH optimum of ~9. This value is not unexpected
for enzymes occurring in soil bacteria, which have intracellular
pH values of > 8.0, and is quite consistent with hGSTK1-1 being
found in the mitochondrial matrix, where the pH has been shown
experimentally to be ~ 8.0 [42].

In view of such strong similarity with HCCA isomerases, it will
be interesting to determine whether hGSTK1-1 can catalyse simi-
lar reactions. Investigation of HCCA and its analogues as potential
substrates may provide insight into the role of hGSTK1-1 in hu-
mans. For example, the chromene nucleus exists as an intermedi-
ate in bacterial pathways that dissimilate complex polycyclic aro-
matic hydrocarbons and heterocyclic aromatic compounds which,
by extension, may occur in humans. Chromenes are also found in
many naturally occurring plant compounds, such as coumarins,
and also in therapeutic agents, such as warfarin.

Conclusion

Although the Kappa-class GSTs are able to catalyse glutathione
conjugation reactions, they appear to be structurally distinct
from the soluble, cytosolic GSTs and the membrane-bound
MAPEG enzymes. The presence of a thioredoxin fold in both
the mitochondrial Kappa class and the cytosolic GST classes
suggests that they derive from a common ancestor [35], although
the relationship must be ancient if undetected at the level of
sequence similarity. Alternatively, it is possible that independent
evolutionary convergence to the same fold has occurred over time,
providing only a functional relationship. If the solution of the
crystal structure of a Kappa-class GST confirms the structure
predicted here, it will be appropriate to reclassify the Kappa-class
enzymes as a third family of GSTs.
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