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From the fruitfly, Drosophila melanogaster, ten members of the
cluster of Delta-class glutathione S-transferases (GSTs; formerly
denoted as Class I GSTs) and one member of the Epsilon-class
cluster (formerly GST-3) have been cloned, expressed in
Escherichia coli, and their catalytic properties have been de-
termined. In addition, nine more members of the Epsilon cluster
have been identified through bioinformatic analysis but not
further characterized. Of the 11 expressed enzymes, seven ac-
cepted the lipid peroxidation product 4-hydroxynonenal as
substrate, and nine were active in glutathione conjugation of 1-
chloro-2,4-dinitrobenzene. Since the enzymically active proteins
included the gene products of DmGSTD3 and DmGSTD7 which
were previously deemed to be pseudogenes, we investigated them

further and determined that both genes are transcribed in
Drosophila. Thus our present results indicate that DmGSTD3
and DmGSTD?7 are probably functional genes. The existence and
multiplicity of insect GSTs capable of conjugating 4-hydroxy-
nonenal, in some cases with catalytic efficiencies approaching
those of mammalian GSTs highly specialized for this function,
indicates that metabolism of products of lipid peroxidation is a
highly conserved biochemical pathway with probable detoxifi-
cation as well as regulatory functions.

Key words: detoxification, Diptera, electrophile, glutathione
conjugation, lipid peroxidation.

INTRODUCTION

Partially reduced forms of oxygen, including the superoxide
radical anion, hydrogen peroxide and the hydroxyl radical, are
collectively known as reactive oxygen species (ROS). The form-
ation of ROS is an inevitable consequence of aerobic metabolism.
The majority of ROS is generated by mitochondria, although
other enzyme systems also contribute; transition metal ions
catalyse interconversions of individual ROS, especially the form-
ation of the highly reactive hydroxyl radical. The latter can react,
among other targets, with polyunsaturated fatty acids and thus
initiate the lipid peroxidation chain reaction [1], which produces
multiple molecules of lipid hydroperoxides per initiating event.
By either spontaneous or enzyme-catalysed reactions [2], lipid
hydroperoxides give rise to o,f-unsaturated aldehydes such as 4-
hydroxynonenal (4-HNE) [3]. These aldehydes are highly reactive
but considerably more selective than the parent ROS. Specific
modification of proteins by 4-HNE and similar aldehydes
often affects protein function. This is probably the basis of
the signalling role of 4-HNE at physiological concentrations
[4,5] and the toxicity elicited by this compound at high
concentrations [3].

The generation of 4-HNE, primarily from arachidonic acid [3],
and the formation of 4-HNE-protein adducts [6] are well-
established phenomena in mammalian tissues. Although the
fruitfly, Drosophila melanogaster, lacks arachidonic acid [7,8], 4-
HNE can be formed from any w-6 polyunsaturated fatty acid [9].
In addition to arachidonic acid, this also includes linoleic acid,
which is present in large amounts in larval and adult stages of

Drosophila[8,10]. Although the ability of Drosophila to desaturate
fatty acids is limited, dietary polyunsaturated fatty acids are
readily incorporated into phospholipids [8]. Therefore 4-HNE
and/or similar 4-hydroxyalkenals are expected to be generated in
Drosophila. We have previously confirmed the presence of 4-
HNE-protein adducts in Drosophila by immunoblotting [11],
and Yan and Sohal [12] have demonstrated the formation of
such adducts in the housefly.

In mammals, the major route of 4-HNE metabolism is via
glutathione conjugation [13], catalysed by a specialized subclass
of Alpha-class glutathione S-transferases (GSTs) [14,15], al-
though a reductive pathway may be significant in some tissues.
Because of the apparently universal and obligatory formation of
4-hydroxyalkenals in aerobes, we examined which of the Droso-
phila GSTs has the ability to conjugate 4-HNE. In a previous
study [11], we investigated DmGSTS]1-1 (see the Materials and
methods section for an explanation of the nomenclature), which
was previously assumed to be a structural muscle protein or
perhaps a stretch sensor devoid of enzymic properties [16].
However, DmGSTS1-1 has moderate glutathione-conjugating
activity for 4-HNE, and due to its high level of expression, it
accounts for most of this activity in adult Drosophila [11]. In the
course of that study, we also found a less abundant GST (or
mixture of GSTs), probably belonging to the Delta class, which
had a higher specific activity for 4-HNE conjugation than
DmGSTSI1-1 [11]. We have now characterized a number of
Drosophila GSTs, both of the Delta and the novel Epsilon class,
and have shown that some, but not all, of them participate in
4-HNE metabolism.

Abbreviations used: CDNB, 1-chloro-2,4-dinitrobenzene; EST, expressed sequence tag; GST, glutathione S-transferase; 4-HNE, 4-hydroxynonenal;
ORF, open reading frame; poly(A)*, polyadenylated; ROS, reactive oxygen species; RT, reverse transcriptase.
" To whom correspondence should be addressed (e-mail zimniakpiotr@uams.edu).
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MATERIALS AND METHODS
Nomenclature of Drosophila GSTs

In the present study, we adhere to a recently proposed unified
nomenclature that includes insect as well as mammalian GSTs
[17]. Accordingly, we use the term ‘Delta class’ for Drosophila
GST-1 and its homologues [18], refer to the protein originally
described as GST-2[19] as DmGSTS1-1 and designate Drosophila
GST-3 [20] as DmGSTEI-1, a prototypical member of the
Epsilon class of GSTs (Professor Philip G. Board, personal com-
munication). This nomenclature has been recently adopted by
Flybase (www.flybase.org).

Cloning of Drosophila Delta- and Epsilon-class GSTs

PCR primers specific for the ten Delta-class genes and for
DmGSTE] were used to amplify the sequences from Drosophila
genomic DNA. The primers are listed in Table 1. All upstream
primers were designed to span the translation initiation codon
and to introduce an Ndel restriction site to facilitate subsequent
subcloning. For the same reason, the downstream primers
introduced a unique restriction site, as specified in Table 1. One
hundred male adult flies were homogenized, and total genomic
DNA was isolated using the DNeasy Tissue Kit (Qiagen). Each
PCR reaction contained, in a total volume of 25 ul, 50 ng of
Drosophila genomic DNA as the template and 25 ng each of the
respective primers. Reactions were initiated by the addition of
Tagq polymerase using the hot start technique and were continued
for 32 cycles of denaturation for 30 s at 95 °C, annealing for 30 s
at 48 °C for DmGSTD6, 50 °C for DmGSTDI0, ramped from
52.2 to 49 °C over 32 cycles (touch-down PCR) for DmGSTD7
and from 56.4 to 50 °C for DmGSTD1-5, DmGSTDS8, DmGSTD9
and DmGSTEI, followed by extension for 1 min at 72 °C/cycle.
The specificity of the amplification was verified by sequencing of
all PCR products.

Bacterial expression and purification of Drosophila GSTs

The PCR-amplified fragments encoding the Drosophila GSTs
were digested with Ndel and a restriction enzyme appropriate for
the antisense primer (see Table 1) and subcloned between the
corresponding sites of pET-30a(+) (Novagen). Escherichia coli
BL21(DE3)pLysS cells were used for expression of all proteins
except for DmGSTD3-3, DmGSTD7-7 and DmGSTEI1-1, which
were expressed in the BL21 Star(DE3)pLysS strain, which carries

Table 1 Primers used to amplify D. melanogaster GST genes

a truncated RNAse E, leading to increased mRNA stability.
Expression was induced with 1 mM isopropyl f-p-thiogalacto-
side at absorbance A4,, 0.4-0.6 and it was continued for 8 h at
37 °C. The bacteria were collected by centrifugation and the
pellets were frozen at —20 °C until use. Bacterial cells were lysed
and the GSTs, except for DmGSTD3-3 and DmGSTEI1-1, were
purified by glutathione affinity chromatography using a 1 ml
prepacked glutathione Sepharose 4 Fast Flow column
(Amersham) according to the manufacturer’s instructions.
DmGSTD3-3 and DmGSTEI-1 did not bind to the glutathione
column. The bacterial lysate (from 100 ml culture) containing
DmGSTD3-3 was fractionated by ammonium sulphate pre-
cipitation. The 25-509, fraction was dialysed against 10 mM
potassium phosphate (pH 7.4) and further fractionated on a
Sephadex G-200 column (1 cm x 50 cm). Fractions containing
the GST were pooled and loaded on a hydroxyapatite column
(1 cm x 8.5 cm). The column was eluted with a gradient of
10-400 mM potassium phosphate (pH 6.5). Fractions containing
DmGSTD3-3 eluted at 300 mM KCIl and were identified by
SDS/PAGE. DmGSTEI-1 was purified by ion-exchange chro-
matography. Frozen bacterial cells from 500 ml of culture were
lysed by sonication in 20 mM Tris/HCI (pH 7.5), 50 mM KClI,
centrifuged for 30 min at 30000 g and the supernatant was
passed over a DEAE column (Macro-Prep DEAE Support; Bio-
Rad Laboratories), which did not retain DmGSTEI1-1. The flow-
through was then applied to a Macro-Prep High Q Support
column (0.5cmx3 cm; Bio-Rad Laboratories), which was
washed with 20 mM Tris/HCI (pH 7.5), 50 mM KCI and eluted
with a step gradient of KCl in 20 mM Tris/HCI (pH 7.5). The
4-HNE-conjugating activity eluted at 0.1 M KCl. The fraction
was dialysed against 50 mM Tris/HCl (pH 7.5) and 1.3 mM
2-mercaptoethanol.

Determination of enzyme activity

GST activities were measured spectrophotometrically in a micro-
titre plate reader (SpectraMax Plus; Molecular Devices, Sunny-
vale, CA, U.S.A.). Conjugation of 1-chloro-2,4-dinitrobenzene
(CDNB) was measured at 25 °C. Enzyme activity with 4-HNE
was calculated from the rate of consumption of this substrate at
30 °C[13]. To determine kinetic constants of 4-HNE conjugation,
the GST activities of the enzymes were measured by varying the
concentrations of 4-HNE at fixed concentrations of reduced
glutathione. The results were analysed by least-squares non-
linear fitting of a Michaelis—Menten hyperbola or the Hill

Forward primers were designed to introduce an ANidel restriction site (underline) which includes the initiation codon ATG. Reverse primers spanned all or part of the stop codon (double underline)
and were designed to introduce a unique restriction site (lower-case boldface; £coRl for DmGSTD1, DmGSTD3, DmGSTDS, DmGSTD7—-9 and DmGSTET; BamHI for DmGSTD2 and DmGSTD10;

Kpnl for DmGSTD4; Sacl for DmGSTD6).

Clone Forward primer Reverse primer

GSTD1 5’-CTTCTACAGTCATATGGTTGACTTCTACTAC 5’-AAAACGTgaatteCAGGCTTATTC

GSTD2 5’-GCAATATCCCCCATATGGACTTTTACTAC 5"-ATAGTTGggatecCGATCACTTAGC
GSTD3 5’-CGCTCCGTTCATATGGTGGGCAAG 5/-TCgaattcAATGAATTATTTAGCAGCATTCTG
GSTD4 5’-CGCCCCAGCCATATGGATTTCTACT 5'-GTTTggtaccACTGTAGTTACTTTAATGAG
GSTDS 5-ACACTCAAATAACCCATATGGATTTCTATT 5'-TTgaatteTTATTGCTTCGCCGCC

GSTD6 5’-GCCCTTCTGCATATGGATCTCTATA 5'-CGgageteTCTATAATATTTATAACTTTTC
GSTD7 5-GTGAGTTCTACATATGACAAACATATTC 5'-GTgaattcAAAACTATTCTACGGTG
GSTD8 5’-GGACCTTTCCATATGGACTTTTACTACC 5/-CATTTACTGCAGgaatte TCATCAAATC
GSTD9 5’-CAGCGAGTACATATGTTGGACTTCTAC 5/-GATgaattcTTACAGACCCGTCATTG
GSTD10 5"-GAGATAGCGTCATATGGATTTATACTATAG 5/-TCGggatec TATATTCAGTTATCGAAG
GSTET 5’-ACAACACATCATATGTCGAGCTCTGG 5/-TTgaat@CTTGTCGCC(mC
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equation. Glutathione peroxidase activity with cumene hydro-
peroxide as substrate was determined as described in [21].

Reverse transcriptase (RT)-PCR

The presence of DmGSTD3 transcripts was determined in total
RNA isolated from wandering third-instar Drosophila larvae
using the RNeasy Mini Kit (Qiagen). The RNA was treated with
RNase-free DNase I (Roche Applied Science, Indianapolis, IN,
U.S.A.; 1 unit of DNase I/ug of RNA in 25 mM Tris/HCI,
5mM MgCl,, 0.1 mM EDTA, at 37 °C for 30 min, followed by
heat inactivation of DNase at 75 °C for 15 min). RNA (200 ng)
was used for each RT-PCR reaction (Titan One Tube RT-PCR
System; Roche Applied Science). The sense primer was 5'-
CGCTCCGTTCTGATGGTGGGCAAG, and the antisense
primer was 5-TCGTTATAAATGAATTATTTAGCAGCAT-
TCTG. The reverse transcription step was performed at 50 °C
for 30 min, followed by inactivation of the RT at 94 °C for 2 min.
The conditions for the subsequent PCR step were as follows: 10
cycles of 94 °C, 10 s; 58 °C, 30 s; 68 °C, 45 s and then 25 cycles
of 94°C, 10s; 58°C, 30s; 68°C, initially 45s with cycle
elongation by 5s for each cycle; 1 cycle at 94 °C, 10s; 58 °C,
30 s; 68 °C for 7 min. In control reactions, the mixture of RT and
thermostable DNA polymerase supplied in the Titan One Tube
RT-PCR System was substituted with Tag polymerase (Biolase;
Bioline USA, Canton, MA, U.S.A.). For detection of the
DmGSTD?7 transcript, polyadenylated [poly(A)*] RNA was iso-
lated from 25 ug of total larval RNA using the Oligotex Direct
mRNA Mini Kit (Qiagen), and one-tenth of each of the recovered
poly(A)" RNA was used for every RT-PCR or control reaction
under conditions described above for DmGSTD3, with the sense
primer 5-GTGAGTTCTAACAATGACAAACATATTC and
the antisense primer 5-GTCAAACGAAAACCATTCTACG-
GTG.

RESULTS

Identification of gene clusters encoding Delta- and Epsilon-class
GSTs in Drosophila genome

The genomic sequence of D. melanogaster was examined, using
the BLAST software, for the presence of open reading frames
(ORFs) homologous with previously described Delta [18] and
Epsilon [20] GSTs. The Delta cluster at chromosomal position
87B11-87B13 spanned approx. 18 kb and contained the eight
genes previously designated as DI, D21, D22, D23, D24, D25,
D26 and D27 [18,22,23]. In keeping with a recent nomenclature
proposal [17], we refer to these genes as DmGSTD1 to DmGSTDS
respectively. In addition, the Delta cluster contained two recently
reported [17] but not further characterized genes DmGSTD9
and DmGSTDI0. Three genes (DmGSTDI1, DmGSTD9 and
DmGSTDI0) were located on the same DNA strand, whereas the
remaining Delta-class genes were on the opposite strand. The
orientation and relative positions of the Delta ORFs are depicted
in Figure 1(A).

A novel Theta class-related GST gene Gst-3 has been described
recently [20]. According to a suggestion from Professor Philip
G. Board (personal communication), we refer to this gene as
DmGSTEI, a member of the Epsilon class of GSTs. By BLAST
searches of the Drosophila genomic sequence, we identified nine
additional genes (DmGSTE2-DmGSTEI0) with high homology
to DmGSTEI. The Epsilon genes form a tight cluster spanning
approx. 13 kb at chromosomal position 55C9. Within that cluster
(Figure 1B), one gene (DmGSTEI0) has an antiparallel orien-
tation relative to the remaining genes.

A. Delta class GST cluster (3R; 87B11 - 87B13)

D10 D9 D1 D2 D3 D4 D5 D6 D7 D8
> P> P> P

B. Epsilon class GST cluster (2R; 55C9)

E10 E1 E2 E3 E4 E5 E6 E7E8 E9 1kb
> — > > PP P> Pp—

Figure 1 Clusters of Delta- and Epsilon-class glutathione transferase
genes in D. melanogaster

The map is drawn to scale and is based on the Drosophila genomic sequence. The arrows
denote the positions and 5" — 3" direction of the coding sequences of the genes; none of the
Delta and Epsilon genes contains introns within the ORF. The chromosomal positions of the
clusters are indicated.

Table 2 Context of the initiation codon of D. melanogaster Delta and
Epsilon GST genes

Gene —4 -3 —2 —1 Stat  +4
DmGSTD1 T A A A ATG G
DmGSTD2 C A A C ATG G
DmGSTD3 T C T G ATG G
DmGSTD4 C A A C ATG G
DmGSTD5 C G A A ATG G
DmGSTD6 G A C G ATG G
DmGSTD7 A A C A ATG A
DmGSTD8 C A T C ATG G
DmGSTD9 A A T C ATG T
DmGSTD10 T A A G ATG G
DmGSTET T A T C ATG T
DmGSTE2 C A T C ATG T
DmGSTE3 A G A C ATG G
DmGSTE4 G A G A ATG G
DmGSTES A A A C ATG G
DmGSTE6 C A A G ATG G
DmGSTE7 C A A G ATG C
DmGSTES C G G C ATG T
DmGSTE9 A G C G ATG G
DmGSTE10 C A C A ATG G
Drosophila

Consensus [31] 3%G  13%G 9%G 18%G ATG 26%G
32%A  82%A 56%A 38%A ATG  37%A
8%T  1%T 10%T  8%T ATG 22%T
57%C 3%C 25%C 36%C ATG 15%C

Sequence similarities within the Delta and Epsilon clusters of
GSTs

It has been previously reported that the coding sequences of the
Delta-class genes [18,24,25] as well as of the DmGSTE]I gene [20]
contain no introns. We have now extended this observation to
DmGSTDY9, DnGSTDI0 and the nine novel DmGSTE genes. All
of the Delta and Epsilon genes can be conceptually translated.
Their initiation codons are in a context appropriate for Droso-
phila [26] (Table 2) and they are followed by an ORF of a size
expected for glutathione transferases (see the Discussion section
for additional details). The alignment of the resulting protein
sequences is shown in Figure 2. The Delta-class sequences formed
a tight cluster, with the exception of DmGSTD7-7, which carried
a 47-amino-acid N-terminal extension and was truncated at the
C-terminus by approx. 50 amino acids, and of DmGSTD3-3,
which was shorter by approx. 15 residues at the N-terminus,
as compared with the remaining Delta-class proteins. The
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DmGSTDL 53
DmZSTD2 52
DmGESTD3 36
DmGSTD4 52
DnGSTDS 52
DmGSTDG 52
DmGSTD7 99
DmGSTDB 52
DmGSTD S 53
DmGSTD10 53
DmGETEL f‘ O TVED Vs }E-EVH 4 SEEYVE 14 ¥ 57
DmESTEZ YOS PRV il —— R
DmGSTES ' : - § cc
DmGSTE4 55
DRGSTES . SGOEQLSEEYT R iE
DmGSTEG v W B ERVE . = 55
DmGETE7 ':'G::Eﬂ;?mq.-%x- WEVD SEEFLE, -1
DnESTES ‘-'f'.ia.‘:”sPF‘v'F:h' ) e 2 i -
DmGSTED ) et i e i
DmGSTELQ 55
DmGSTD1 e 150
DmGSTDZ 149
DmGSTD3 133
DmGESTD4 149
DmESTDS 149
DmGE2TDE 149
DmG3TDT 197
DmGSTDS 149
DmESTDS 152
DmGSTD10 ] 150
DmGSTEL 156
DmGSTE2 154
DEGSTE3 153
DmGSTEL 8 154
DmGSTES he¥el 154
DmGSTES FLige 154
CmGETE7 F EEE-@\. 154
DmGSTEE . | 154
DuGSTES 9 " itd
DmGSTELD 8 154
DmGSTD1 151 208
DmESTDZ2 150 215
DmGESTD3 134 1588
DmGSTD4 150 215
DmGSTDS 150 216
CmGSTDE 150 215
DmGSTD7 198 215
DmGSTDE 150 212
DmGSTD9 153 218
DmGSTD10 151 208
DmGSTE1l 156 224
DmGSTEZ 155 80 231
DmGSTE3 154 220
DmGSTE4 155 222
DmGSTES 155 222
DmGSTEE 155 222
DmGSTE7 155 233
DmGSTEB 155 222
DmGSTES 155 291
DmGSTELD 155 240

Figure 2 Alignment of the predicted protein sequences of D. melanogaster Delta- and Epsilon-class glutathione transferases

Residues identical in at least 18 of the 20 sequences are shaded in black, and residues similar (as defined by the BLOSUM62 matrix) in at least 18 of the 20 sequences are shown as black
letters shaded in light grey. Residues that are, by the above criteria, neither identical nor similar in the entire set of 20 sequences but are similar (or identical) in at least 9 out of 10 sequences
in one of the two GST clusters are shown as white letters shaded in dark grey. Thus amino acid positions denoted as white letters shaded in dark grey are conserved within the Delta or the Epsilon
cluster, but not between the two clusters.
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D1 D2 D3 D4 D5 D6 D7 D8 D9

D2 | 67/79

D3 [56/68 60/75

D4 |65/78 75/86 60/73

D5 [65/78 79/89 59/77 72/89

D6 ([56/71 60/75 53/68 59/74 59/74

D7 |40/49 46/53 38/45 44/51 42/51 45/54

D8 |65/79 64/79 50/67 61/79 62/76 53/72 38/49

D9 |63/79 59/74 46/61 56/74 53/71 51/62 35/44 58/74

D10 | 71/85 60/76 55/69 59/72 61/76 55/71 36/47 59/73 56/74

Figure 3 Percentage of identity/similarity respectively for pairwise align-
ments of Drosophila Delta-class protein sequences

The PAM250 matrix was used to calculate similarity scores.

similarities and identities of all pairs of the Delta-class sequences
are presented in Figure 3. Similarly, all Epsilon-class proteins
could be brought into close alignment, with DmGSTE10-10 being
the most divergent sequence because of a C-terminal extension
of approx. 15 amino acids (Figure 2). The similarity between the
Delta and Epsilon clusters was less pronounced. For example,
the similarity and identity between the DmGSTDI-1 and
DmGSTEI1-1 proteins was only 36 and 49 9, respectively. The
relationship between the two GST classes can be visualized as a
hypothetical phylogenetic tree, which shows that the Delta and
Epsilon nucleotide sequences form distinct clusters, with both
clusters only distantly related to the remaining characterized
Drosophila GST gene, DmGSTS1 (Figure 4). The sequence
homology within each of the two clusters, together with the
physical proximity of all Delta genes on chromosome 3 and all
Epsilon genes on chromosome 2 (Figure 1), suggests that each
cluster was probably formed by repeated duplication events of a
Delta and an Epsilon ancestral gene respectively. Interestingly, in
the Epsilon cluster, similarities in sequence and thus probable
evolutionary relationships of individual genes are reflected in
their physical proximity. For example, the DmGSTES and
DmGSTEG6 genes, which have probably diverged most recently
on an evolutionary time scale (Figure 4), are located next to each
other on the genomic DNA (Figure 1). This generalization holds
for all members of the Epsilon group of genes, but not for the
Delta cluster. This indicates that, in the Epsilon cluster, individual
genes (rather than blocks of genes) underwent duplication, with
no subsequent rearrangement.

Cloning and bacterial expression of Delta- and Epsilon-class GSTs

The ten Delta-class genes (DmGSTDI-DmGSTDI10) as well as
DmGSTE] were amplified by PCR using genomic DNA as the
template, as described in Materials and methods section. Their
intron-free coding sequences were used directly for expression of
the proteins in E. coli. All proteins could be expressed, albeit with
different yields. Although the expression level of DmGSTDS5-5
and DmGSTD7-7 was low (results not shown), it was sufficient
to determine the enzymic activity of the proteins in bacterial
lysates. Enzymes selected because of their ability to conjugate
4-HNE (see below) were further purified (Figure 5).

DmGSTD2
DmGSTD5
DmGSTD4
DmGSTD7
DmGSTD3
DmGSTD1
DmGSTD10
DmGSTDS8
DmGSTD6
DmGSTD9

DmGSTE10
DmGSTEA1
DmGSTE2
DmGSTE3
DmGSTE4
DmGSTES
DmGSTEG
DmGSTE?
DmGSTES
DmGSTE9

DmGSTS1

Figure 4 Phylogenetic tree of D. melanogaster GSTs

The tree representing similarities among the full-length protein-encoding nucleotide sequences
was calculated using the KITSCH program [49], as implemented in the BioEdit program suite
(www.mbio.ncsu.edu/BioEdit). The program assumes a constant evolutionary rate; the bar
indicates the time in which 0.1 nucleotide substitution occurs at any given site.

Catalytic activity of Drosophila GSTs

Except for DmGSTD3-3, all Delta-class GSTs conferred CDNB-
conjugating activity on lysates of bacterial cells in which they
were expressed. In contrast, DmGSTD3-3 and DmGSTEI!-1 had
no activity with CDNB but were able to conjugate 4-HNE in
crude bacterial lysates. This pattern of activities resembles that of
the quantitatively predominant Drosophila GST, DmGSTSI1-1
([11] and Table 3). Six of the 10 Delta-class GSTs had 4-HNE-
conjugating activity. Thus each of the 11 enzymes under study
was active with either 4-HNE or CDNB. Enzymes able to
catalyse the conjugation of 4-HNE were of special interest in the
context of the present study and were selected for purification
and further characterization. The kinetic parameters of the latter
GSTs are shown in Table 3.In this group, DmGSTD1-1 had the
highest catalytic efficiency for 4-HNE conjugation, only 4-fold
lower than the catalytic efficiency of the highly specialized murine
enzyme mGSTA4-4 [21]. DmGSTD7-7 had an appreciable
catalytic efficiency for 4-HNE which exceeded that of DmGSTS1-
1. The remaining four Delta-class GSTs had lower but clearly
measurable activities for 4-HNE. As observed by us previously
[11], DmGSTSI1-1 contributes most of 4-HNE-conjugating ac-
tivity of adult Drosophila because of the high abundance of the
protein. Our present results indicate that DmGSTDI1-1 and
several additional GSTs have higher or equal catalytic-centre
activities and/or catalytic efficiencies compared with DmGSTS1-
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Figure 5 Purification of bacterially expressed Drosophila GSTs

See the Materials and methods section for the purification procedures. The purified proteins
were separated by SDS/PAGE, and the gels were stained with Coomassie Blue.

1. Thus the Delta-class GSTs, and perhaps also Epsilon-class
GSTs, may be relevant in the metabolism of lipid peroxidation
products in specific tissues in which they are expressed.

Most of the enzymes listed in Table 3 adhered to Michaelis—
Menten kinetics. In several cases, the Hill equation gave a
marginally better fit than a Michaelis—Menten hyperbola, but the
Hill coefficient was close to 1. There were, however, several
notable deviations from Michaelis—Menten kinetics. DmGSTD2-
2 and DmGSTEI-1 showed positive cooperativity with 4-HNE,
as did DmGSTD9-9 with CDNB. In these three cases, the Hill
coefficient was approx. 2 (Table 3). This finding contrasts with
the behaviour of the murine mGSTA4-4, which shows negative

Table 3 Kinetic parameters of D. melanogaster GSTs

co-operativity with 4-HNE due to a functional linkage of the
active sites in the two subunits via a chain of arginine residues
which favours a half-site reactivity of the enzyme [27]. The
mechanistic basis and possible physiological significance of
the positive co-operativity in some of the Drosophila GSTs is
of considerable interest.

Mammalian Alpha-class GSTs which act on 4-HNE also have
glutathione peroxidase activity for lipid hydroperoxides [21] and
can thus metabolize the precursor of 4-HNE as well as 4-HNE
itself. We assayed the Drosophila GSTs for glutathione peroxidase
activity using the model substrate cumene hydroperoxide. In the
present study, only DmGSTDI1-1, but not the remaining Delta-
class enzymes or DmGSTEI-1, had measurable glutathione
peroxidase activity in bacterial lysates of E. coli expressing
the proteins. The specific activity of purified DmGSTDI-1
with cumene hydroperoxide was 0.38 +0.02 ymol - min™* - mg™,
similar to that found previously by others [22] and consistent
with the postulated antioxidant role of Drosophila GSTs [22].

Expression of the DmGSTD3 and DmGSTD7 genes in Drosophila

It has been hypothesized previously that DmGSTD3 and
DmGSTD7 may be pseudogenes [18]. Since both genes have
uninterrupted ORFs and yield enzymically active proteins upon
bacterial expression, we tested whether these genes are normally
expressed in Drosophila. RT-PCR on RNA isolated from
Drosophila larvae using primers specific for the two genes yielded
products of the expected size (marked by arrows in Figure 6), in
addition to several extraneous bands. Partial sequencing of the
bands marked by arrows confirmed that they were DmGSTD3
and DmGSTD7 respectively. Control reactions from which RT
was omitted yielded no product, indicating that the template for
amplification was cDNA rather than contaminating genomic
DNA. Although RT-PCR with primers specific for DmGSTD3
yielded a strong band when total RNA was used as the starting
material, the band with DmGSTD7-specific primers was weak

In initial experiments, Drosophila GSTs were expressed in £. coli as described in the text and 4-HNE-conjugating activity was measured in bacterial lysates. Active enzymes were purified and their
kinetic parameters were determined by non-linear fitting of both the Michaelis—Menten and the Hill equations to the data. The Hill coefficient is listed for enzymes which gave a better fit to the
Hill equation. Enzymes which gave a better fit to the Michaelis—Menten equation are denoted by ‘(1) (i.e. implied Hill coefficient = 1). Catalytic efficiency was calculated by direct division of

k
([S] < Ky) were similar to those obtained by dividing

at

nd, not determined.

. (Obtained using the molecular mass of each protein dimer derived from its amino acid composition) by ,. Catalytic efficiencies calculated from initial reaction rates at low substrate concentration
by K, (results not shown). For comparison, kinetic parameters of Drosophila DmGSTS1-1 [11] and the murine mGSTA4-4 [47] are
also listed. Values are means + S.D.; the S.D. of the catalytic efficiency was estimated from the means and variances of &

and Kj, according to [48, p. 91]. Negligible, below assay sensitivity;

cat

4-HNE CDNB

Activity Vo Ky keal Ky Activity Vo keal Ky
GST in lysate  (umol/mg - min)  (zM) Hill coefficient  (s™' - mM™") inlysate  (zemol/mg - min) K, («M)  Hill coefficient (s™' - mM™)
D1-1 + 315+16 63+9 1) 399+59 + 243+11 543+ 77 1) 36+1
D2-2 + 13401 2243 19404 4646 + 0.21+0.04 851+249 14403 02401
D3-3 + 11401 5045 ) 1744 - Negligible nd nd nd
D4-4 — nd nd nd nd + nd nd nd nd
D5-5 — nd nd nd nd + nd nd nd nd
D6-6 — nd nd nd nd + nd nd nd nd
D7-7 + 40.0+3.6 169427 1) 193+35 + nd nd nd nd
D8-8 — nd nd nd nd + nd nd nd nd
D9-9 + 10402 107 +30 1) 8+3 + 7.0+0.6 240424 21405 25+3
D10-10 + 88+3.8 190+113 13402 38428 + 24403 326 +65 14402 6+1
E1-1 + 06+0.1 63+7 23+04 8+1 — Negligible nd nd nd
S141 84404 123 +12 1) 63 Negligible nd nd nd
A4-4 (mouse) 120 72 1520 38 5300 1) 6
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Figure 6 Identification of DmGSTD3 and DmGSTD7 transcripts in Droso-
phila larvae by RT-PCR

Total RNA was used as the starting material for amplification of DmGSTD3, and poly(A)* RNA
was used to amplify OmGSTD7. The identity of the amplification products (denoted by arrows)
was confirmed by partial sequencing; the additional bands were probably the result of
mispriming and were not further analysed. Control reactions lacking RT (lanes labelled — RT)
did not yield amplification products.

(results not shown). Therefore the poly(A)™ RNA fraction was
purified from total RNA for amplification of the latter sequence.
The results of RT-PCR demonstrate that the DmGSTD3 and
DmGSTD7 genes are expressed in Drosophila larvae, although
the level of the DmGSTD7 mRNA may be lower than that of
DmGSTD3.

DISCUSSION

The cluster of D. melanogaster Delta-class GSTs has been
originally described, and several of the enzymes have been
biochemically characterized in a series of elegant papers by
C.-P. D. Tu et al. [18,22-24,28,29]. Two additional members
of the cluster have been identified recently by bioinformatics
approaches [17] but have not been biochemically characterized.
Similarly, the DmGSTE1 (Gst-3) gene has been reported [20], but
the functional properties of the protein remained unknown. We
have now cloned, expressed in E. coli and characterized all ten
Delta-class GSTs and DmGSTEI-1. Furthermore, we identified,
but have not further characterized, nine additional members of
the Epsilon cluster. Thus both the Delta- and the Epsilon-class
GSTs form families of at least ten members each, probably as the
result of repeated gene duplications.

DmGSTEI1-1 and all ten Delta-class GSTs could be expressed
in E. coli as enzymically active proteins. This result appears to
contradict the earlier conclusion that DmGSTD3 and DmGSTD7
are likely to be pseudogenes [18]. DmGSTD3 was presumed to be
a pseudogene on the basis of a sub-optimal Kozak context of the
translation-initiation codon, which may prevent its synthesis,
and a 15-amino-acid N-terminal truncation, which may render
the protein inactive even if synthesized [18]. Our demonstration
of bacterial expression of DmGSTD3-3 does not address the
question of whether mGSTD3 mRNA can be efficiently translated
in eukaryotic, and specifically Drosophila, cells. However, the
database of all known and predicted Drosophila transcripts ([30];

file available as ‘na_gadfly.dros. RELEASE2’ on www.
fruitfly.org) contains, in addition to DmGSTD3, at least two
other sequences that have an identical context of the initiator
ATG (TCTG ATG G) and encode identifiable proteins: a Zn-
dependent exopeptidase (Flybase symbol CG10073) and a cell
adhesion protein (CG5550). This is consistent with the fact that
the Kozak consensus is not an absolute requirement for trans-
lation, but rather one of several interdependent factors that co-
determine initiation efficiency. Moreover, Drosophila appears to
tolerate more deviation from the ‘ideal’ context of the initiator
codon than mammalian cells [26,31]. In fact, suboptimal deter-
minants of protein synthesis initiation may render the process
more amenable to regulation [32], an aspect that may be relevant
for some of the GSTs (see below). An expressed sequence tag
(EST) clone (LP11313, GenBank® accession nos. A1297103 and
AY118350) has been isolated that fully matches the genomic
DmGSTD3 sequence, except for the presence of a poly(A)*
tail at the 3’-end of the EST clone. Finally, we identified a
DmGSTD3 transcript by RT-PCR. This demonstrates that
the DmGSTD3 gene is expressed, at least up to the stage of
transcription and transcript processing. This argues against the
possibility that DmGSTD3 is a pseudogene.

As noted previously [18], DmGSTD3-3 lacks the N-terminal
sequence (cf. Figure 2) that includes the highly conserved tyrosine
residue involved in the catalytic cycle of GSTs. Strikingly,
DmGSTD3-3 is active towards 4-HNE, with kinetic parameters
similar to those of other Delta-class GSTs (Table 3). This
indicates that other residues may take the place of the active-site
tyrosine.

DmGSTD7 was deemed to be a pseudogene because of a C-
terminal truncation which may affect the electrophile-binding
pocket of the active site and/or protein stability [18]. We have
demonstrated by RT-PCR the presence of DimmGSTD7 mRNA in
Drosophila larvae. Furthermore, our results show that the
DmGSTD7-7 protein is active towards both 4-HNE and CDNB
(Table 3). In fact, its catalytic efficiency for 4-HNE was second
highest among the enzymes tested in the present study. The
examples of DmGSTD3-3 and DmGSTD7-7 show that GSTs
can tolerate significant deletions, probably through compensa-
tory changes in the folding of the polypeptide.

It is noteworthy that six out of the ten Delta-class GSTs, as
well as DmGSTEI-1, had significant activity for 4-HNE con-
jugation. Together with the previously characterized DmGSTS1-
1 [11], there are at least seven distinct GSTs in Drosophila with
this activity. The catalytic efficiency of one of the Delta-class
enzymes, DmGSTD1-1, was lower by only a factor of 4 when
compared with that of mammalian Alpha-class GSTs highly
specialized for 4-HNE conjugation, exemplified by mGSTA4-4
[21]. At least three of the enzymes, namely DmGSTD3-3,
DmGSTEI-1 (Table 3) and DmGSTSI1-1 [11], are active towards
4-HNE but not towards the near-universal GST model substrate
CDNB. Finally, 4-HNE-conjugating activity probably arose on
multiple independent occasions during evolution, since it is
associated with some, but not all, of the Theta-related enzymes
in Drosophila [DmGSTS1-1 [11] and certain Delta- and Epsilon-
class GSTs (this work)], with some, but again not all, Alpha-class
mammalian GSTs [15,33] and with at least one Pi-class GST in
Caenorhabditis elegans [34]. Collectively, these findings suggest
that conjugation of 4-HNE evolved, and is maintained, by
selective pressure, rather than being an adventitious activity of
some GSTs.

In addition to toxicity at supraphysiological levels, 4-HNE has
signalling functions affecting, among others, cell proliferation,
differentiation and apoptosis (see e.g. [35-39]). It is tempting to
speculate that the multiplicity of GSTs involved in 4-HNE
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metabolism is necessary to modulate and terminate these
functions of 4-HNE in a variety of physiological situations,
perhaps including embryogenesis and insect metamorphosis. The
lack of DmGSTD3, DmGSTDS5, DmGSTD7 and DmGSTDS
transcripts detectable by Northern blotting in adult Drosophila
[18] may indicate that their expression is spatially and temporally
restricted, perhaps to pre-adult stages. For example, the EST
representing DmGSTD3 (LP11313; Berkeley Drosophila
Genome Project, direct submission to GenBank®) has been
isolated from a larval/early pupal stage of Drosophila, and we
have demonstrated the presence of DmGSTD3 and DmGSTD7
transcripts in third instar larvae. In addition to transcriptional
regulation, the suboptimal Kozak context of the translational
start site of some of the above GSTs is consistent with trans-
lational regulation. Low and tightly controlled expression is
characteristic of regulatory proteins, but would be unusual for an
enzyme whose primary function is general detoxification.

Previously, insect GSTs have been studied primarily because
of their possible involvement in the metabolic inactivation of
insecticides [40]. Our work indicates that several Drosophila
GSTs participate in defence mechanisms against oxidative stress,
and in the metabolism of endogenously formed lipid peroxidation
products. In this, they functionally resemble mammalian Alpha-
class GSTs [41,42]. A possible role of lipid peroxidation products,
and thus GSTs that metabolize them, in the modulation of
embryogenesis and development has been already discussed.
Another process in which oxidative stress plays a key role is
organismal aging [43,44]. In this context, it is intriguing that
lifespan in Drosophila correlates with the expression level of
DmGSTSI1-1 [45] and DmGSTDI1-1 [46], two enzymes identified
by us as capable of metabolizing 4-HNE.

The above examples demonstrate that the physiological roles
of GSTs transcend simple detoxification and affect a number of
fundamental biological processes. Drosophila is well suited to the
study of these processes because of its known genetics and
availability of methods for molecular interventions. Since basic
biological processes are often conserved between invertebrates
such as Drosophila and mammals, including humans, we expect
that the elucidation of the physiological functions of Drosophila
GSTs will have broad biological implications.

We thank Mr Venu Varma for computational help with the identification, in the
database of genes potentially expressed in Drosophila, of transcripts with a
suboptimal Kozak context which corresponds to that of DmGSTD3. This investigation
was supported in part by the National Institute of Aging (USPHS grant no.
AGO018845) and the National Institute of Environmental Health Sciences (grant
no. ES07804).
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