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Abstract
Background—Of the five human Alpha-class glutathione transferases, expression of hGSTA5 has
not been experimentally documented, even though in silico the hGSTA5 sequence can be assembled
into a mRNA and translated. The present work was undertaken to determine whether hGSTA5 is
functional.

Methods—Human K562 cells were transfected with the hGSTA5 gene driven by the CMV
promoter, and hGSTA5 cDNA was recovered from mature mRNA by reverse transcription. The
cDNA was used in bacterial and eukaryotic protein expression systems. The resulting protein, after
purification by glutathione affinity chromatography where appropriate, was tested for glutathione
transferase activity.

Results—Human K562 cells transfected with the hGSTA5 gene under control of a CMV promoter
produced a fully spliced mRNA which, after reverse transcription and expression in E. coli, yielded
a protein that catalyzed the conjugation of the lipid peroxidation product 4-hydroxynonenal to
glutathione. Similarly, transfection of human HEK-293 cells with the hGSTA5 gene driven by the
CMV promoter led to an elevated 4-hydroxynonenal-conjugating activity in the cell lysate. In
addition, translation of hGSTA5 cDNA in a cell-free eukaryotic system gave rise to a protein with 4-
hydroxynonenal-conjugating activity.

Conclusions—hGSTA5 can be processed to a mature mRNA which is translation-competent,
producing a catalytically active enzyme.

General Significance—Because a functional gene would not be maintained in the absence of
selective pressure, we conclude that the native hGSTA5 promoter is active but has a spatially or
temporally restricted expression pattern, and/or is expressed only under specific (patho)physiological
conditions.
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1. Introduction
Enzymes that catalyze detoxification reactions usually form large families which arise by gene
duplication followed by specialization of the individual genes for related but non-identical
functions. Such divergence in substrate specificity may be driven by the need to detoxify a
wide range of compounds, including xenobiotics not previously encountered by the organism,
or by adoption of some of the enzymes for biosynthetic purposes. In either case, only genes
whose products contribute to the evolutionary fitness of the organism will be subject to
selection and will be maintained. Genes that provide little or no competitive advantage will,
in the absence of selective pressure, accumulate random mutations in both coding and
regulatory sequences, and will become pseudogenes.

Genes coding for the Alpha class of the human glutathione transferase (GST) family [see refs.
1,2 for classification and overview of GSTs] are clustered on chromosome 6p12 [3]. This
cluster contains five genes (hGSTA1 - hGSTA5) and seven pseudogenes [4]. Of the five Alpha-
class genes, the expression patterns and functions of four are well characterized [reviewed in
refs. 5,6]. In contrast, hGSTA5 is designated as a gene rather than a pseudogene only because
it has an undamaged coding sequence. No transcript or protein gene product of hGSTA5 has
been experimentally identified in human material [1,4,7, and present work], and, consequently,
no functional characterization of the hypothetical hGSTA5-5 protein was possible. A lack of
catalytic and other activities of hGSTA5-5 would preclude its evolutionary selection, and may
indicate that hGSTA5 is in fact a pseudogene. Therefore, to clarify the gene-versus-pseudogene
status of hGSTA5, we investigated its potential functionality. Our results demonstrate that the
hGSTA5 transcript can form, at least under control of a heterologous promoter, and that it is
correctly spliced and translated. Moreover, the resulting protein has distinct catalytic
properties.

2. Materials and methods
2.1. Cloning of the hGSTA5 gene

A 9,021-bp fragment of the hGSTA5 gene was amplified from human genomic DNA using the
Expand Long Template PCR System (Roche Diagnostics, Indianapolis, IN). The sense primer
1F (see Table 1 for this and all other primers used in this work) encompassed the beginning of
the open reading frame which is located in exon 2. A mutation was introduced in position -2
relative to the initiator ATG to create a Nhe I recognition site. This change does not significantly
alter the functionality of the Kozak context of the initiation codon [8]. The antisense primer
1R, located at 8 – 38 bp downstream of the translation termination codon in exon 7, was mutated
to introduce a Kpn I recognition site (Table 1). The following cycling protocol was used: 92°
C for 2 min, followed by 10 cycles of 92°C for 10 s, 60°C for 30 s, 68°C for 8 min, followed
by 20 cycles of 92°C for 10 s, 60°C for 30 s, 68°C for 8 min +20 s/cycle, followed by 8 min
at 68°C. The blunt-ended PCR product was inserted into pCR-Blunt II-TOPO (Invitrogen,
Carlsbad, CA) and excised using Nhe I and Kpn I. Finally, the resulting 9,007-bp hGSTA5
genomic fragment was inserted between the Nhe I and Kpn I sites of pcDNA 3.1(-) (Invitrogen),
resulting in plasmid hGSTA5(genomic)/pcDNA 3.1(-).

2.2. Generation of hGSTA5 cDNA by cell-mediated production of hGSTA5 mRNA followed by
RT-PCR

Human K562 cells were transiently transfected with hGSTA5(genomic)/pcDNA 3.1(-). After
48 hr, total RNA was prepared using TRI Reagent (Molecular Research Center, Cincinnati,
OH). After DNase I (Invitrogen) digestion, the first cDNA strand was synthesized with
Superscript II (Invitrogen) and oligo(dT) according to the manufacturer's protocol. PCR was
performed with the Expand Long Template PCR System (Roche) using the following cycling
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conditions: 92°C for 2 min, followed by 35 cycles of 92°C for 10 s, 60°C for 30 s, 68°C for 1
min, followed by 7 min at 68°C. To amplify a cDNA fragment that includes the entire open
reading frame, the forward primer 2F (which spans the translation initiation codon and
introduces an Nde I restriction site that includes the initiator ATG) was paired with the reverse
primer 2R which is located immediately downstream of the two consecutive translation stop
codons of the coding sequence and introduces a Bam HI recognition site. The resulting PCR
product was gel-purified and cloned into the pGEM-T Easy plasmid (Promega). For diagnostic
purposes, additional amplifications was performed using primers 5F and 2R (Table 1) which
are located in exons 6 and 7, respectively.

2.3. Generation of a hGSTA5 bacterial expression vector
To liberate the cDNA insert from hGSTA5/pGEM-T Easy, the plasmid was digested with
Bam HI followed by a partial digestion with Nde I (the cDNA contains an internal Nde I site).
The resulting fragment was subcloned into pET-30a(+) (Novagen/EMB, Gibbstown, NJ)
previously digested with the same two restriction enzymes, yielding plasmid hGSTA5(cDNA)/
pET-30a(+). The identity of the insert was confirmed by sequencing.

2.4. Bacterial expression and purification of hGSTA5
Escherichia coli BL21-CodonPlus-RIL competent cells (Stratagene/Agilent, La Jolla, CA)
were transformed with hGSTA5(cDNA)/pET-30a(+). For expression, a 500-ml culture was
grown at 37°C and was induced at A600 = 0.6 with 1 mM isopropyl-1-thio-β-D-
galactopyranoside (IPTG). After an additional 4 h at 37°C, the bacterial cells were harvested
by centrifugation and frozen at -20° C until use. For purification and solubilization of inclusion
bodies, the Protein Refolding Kit (cat. no. 70123-3REF, Novagen) was used. In brief, the frozen
bacterial pellet was sonicated in 20 mM Tris-HCl, pH 7.5, 10 mM EDTA, 1% Triton X-100.
Following centrifugation at 12,000 × g for 30 min, the supernatant was discarded, and the pellet
was subjected to two additional cycles of Triton X-100 extraction. The final pellet consisting
of enriched inclusion bodies was resuspended at 10 mg of wet weight/ml of 50 mM CAPS, pH
11, 0.3% N-lauroylsarcosine, incubated for 30 min at room temperature to solubilize
aggregated proteins, and centrifuged at 10,000 × g for 10 min. Refolding was achieved by
dialysis of the supernatant against refolding buffer (15 mM Tris-HCl, pH 8.0, 10 mM DTT, 5
mM EDTA, 5 mM PMSF, 20% glycerol) for 24 h at 4°C, followed by dialysis for 48 h against
20 mM potassium phosphate, pH 7.0, 2 mM EDTA, 1.4 mM 2-mercaptoethanol, and
centrifugation at 10,000 × g for 10 min. The supernatant was loaded onto a glutathione agarose
column for GST purification [9].

2.5. In vitro synthesis of hGSTA5-5 in an eukaryotic cell-free system
The synthesis of hGSTA5-5 was performed with the EasyXpress Insect Kit II (Qiagen,
Valencia, CA) according to manufacturer's protocol using hGSTA5(cDNA)/pET-30a(+)
plasmid as the template. This plasmid contains a T7 promoter that is required for in vitro
transcription using the insect cell-free system.

2.6. Enzyme activities
The determination of the enzymatic properties of hGSTA5-5 with a panel of substrates was
performed as described by us previously [10].

2.7. Attempts to identify hGSTA5 transcript in human cells
RNA was isolated from the human cell lines K562, HuH-7 and HEK-293 using TRI Reagent
(Molecular Research Center). The DNase I-treated RNA served as the template for reverse-
transcription primed with a mixture of oligo(dT) and random hexamers. In separate
experiments, PCR was performed using three different DNA polymerases and the following
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primer pairs: 5F/2R, 2F/2R, 3F/3R, and 4F/3R. Except for 2F and 2R, all primers have 3′ ends
that, among human Alpha-class GSTs, are unique for hGSTA5 (Fig. 1).

3. Results and Discussion
3.1 Transcription of the hGSTA5 gene

The hGSTA5 gene contains 7 exons and 6 introns, with the translation initiation and termination
sites located in exons 2 and 7, respectively. A 9-kb region of the gene, starting at the translation
initiation codon and ending 34 bp downstream of the translation stop codon, was cloned into
the pcDNA 3.1(-) vector. Thus, the native promoter of the hGSTA5 gene was replaced with the
CMV promoter supplied by the vector. When transiently transfected with this construct, K562
cells expressed the hGSTA5 transcript, as detected by reverse-transcription (RT) using oligo
(dT) followed by PCR amplification with hGSTA5-specific primers. Two such amplifications
were carried out. For diagnostic purposes, forward and reverse primers located in exons 6 and
7, respectively, were used (see Methods for details). The expected 223-bp product was observed
in amplification reactions using cDNA from two independently transformed batches of K562
cells (Fig. 2, lanes 1 and 2), confirming the presence of a specific hGSTA5 transcript. In
addition, a band at 1.1 kb was observed, likely derived either from traces of remaining genomic
DNA or from unspliced mRNA, both of which would result in an amplicon of 1,111 bp. A
parallel preparative amplification (see Methods for details) was carried out to generate a
fragment containing the full-length hGSTA5 open reading frame for subsequent expression
studies. The expected 713-bp amplification product was obtained, along with several additional
bands, in reactions on cDNAs from both batches of transfected K562 cells (Fig. 2, lanes 3 and
4). The identity of this fragment was confirmed by sequencing (see below). That the transcript
was derived from the transfected construct and not from the endogenous hGSTA5 gene present
in human K562 cells is indicated by our inability, in parallel experiments, to generate a
hGSTA5 cDNA from untransfected K562 cells. This result is in agreement with literature
reporting that no hGSTA5 transcript was found in human tissues [4,7].

The identification of a hGSTA5 transcript in transfected K562 cells depends critically on the
specificity of the PCR reaction. Therefore, primer 5F, used for the diagnostic PCR to
demonstrate that hGSTA5 mRNA has formed (Fig. 2, lanes 1 and 2), was designed such that
its 3′ nucleotide uniquely matches hGSTA5 but none of the other human Alpha-class GSTs
(Fig. 1A). BLAST searches against the human genome additionally verified that neither 5F
nor the reverse primer 2R recognize targets other than Alpha class GSTs. For the amplification
of the complete open reading frame, constraints on the positions of the primers somewhat
limited the specificity, and indeed, more than one product was formed (Fig. 2, lanes 3 and 4).
However, hGSTA5 was readily identifiable by restriction mapping (not shown), and was
conclusively confirmed by sequencing (see below).

3.2. Nucleotide sequence analysis of the hGSTA5 gene product
After subcloning into pET-30a(+), the RT-PCR product containing the full-length hGSTA5
open reading frame was sequenced. The sequence fully matched that of the predicted
hGSTA5 transcript (NCBI, locus NM_153699) except for position 163 of the open reading
frame which is G in the NCBI reference sequence but was A in our hGSTA5 clone, resulting
in Val-55 in the reference sequence and Ile-55 in our clone. This missense change is one of
three polymorphisms affecting the amino acid sequence that are reported for hGSTA5 in the
NCBI Single Nucleotide Polymorphism database (build 130). The perfect sequence agreement
between our cDNA clone and one of the known hGSTA5 alleles conclusively identifies the
clone, and proves that the hGSTA5 gene carries no mutations that would prevent its
transcription and processing by human cells to a fully spliced, polyadenylated mature mRNA.
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3.3. Expression of the hGSTA5 gene product in a bacterial system
The coding sequence of the hGSTA5 mRNA is complete and does not contain any obvious
features that would prevent its translation. To verify experimentally that the hGSTA5-5 protein
can be indeed synthesized, we used the hGSTA5 cDNA both in prokaryotic and eukaryotic
protein expression systems. In E. coli, the expression of hGSTA5-5 was robust but most of the
protein was sequestered in the insoluble fraction (inclusion bodies; Fig. 3A). Various
interventions have been shown to minimize aggregation of proteins expressed in E. coli. These
methods include growing bacteria at temperatures lower than 37°C, using low concentrations
of IPTG for induction, using different strains of bacteria, co-expression with chaperones or
with thioredoxin, applying osmotic pressure, using growth media other than LB, and others
[11-18]. In our hands, however, none of these methods had a significant effect on hGSTA5-5
solubility. Therefore, the bacterially expressed, aggregated hGSTA5-5 was solubilized and
refolded prior to affinity purification. This approach yielded an essentially pure, soluble
hGSTA5-5 protein (Fig. 3B).

3.4. Functional characterization of bacterially expressed hGSTA5-5
Purified hGSTA5-5 was enzymatically active (Table 2). This demonstrates that hGSTA5
mRNA is translationally competent, as it gives rise to an intact, functional protein. The specific
activities of hGSTA5-5 with several commonly used GST substrates were moderate (Table 2).
This could reflect the intrinsic properties of the protein, and perhaps indicate a specialized
function involving a hypothetical substrate that was not tested, but could be also caused by
incomplete refolding of the enzyme after solubilization of inclusion bodies. Thus, ratios of
activities for the various substrates are more informative than absolute values. hGSTA5-5 is
considerably more active with 4-hydroxynonenal (4-HNE) and trans-2-nonenal than with the
GST model substrate 1-chloro-2,4-dinitrobenzene (CDNB). This suggests a functional role of
hGSTA5-5 in the conjugation of electrophilic α,β-unsaturated carbonyl compounds, often
derived from the peroxidation of polyunsaturated fatty acids. Higher activity for 4-HNE than
for CDNB is characteristic for hGSTA4-4 [19] and for murine mGSTA4-4 [20,21], i.e., for
prototypical enzymes of a sub-class of Alpha-class GSTs that are specialized for the
conjugation of electrophilic lipid peroxidation products [2,6]. Invertebrates also express GSTs
with similar properties. For example, little or no activity for CDNB but considerable activity
for 4-HNE is characteristic for the Caenorhabditis elegans gst-10 gene product [22], as well
as for Drosophila melanogaster Sigma-class GSTS1-1 [10] and several Delta and Epsilon-
class GSTs [23]. As discussed elsewhere [24,25], the existence of 4-HNE-conjugating GSTs
in phylogenetically distant species suggests a physiological need for this activity. Indeed, it is
likely that all aerobic organisms that contain polyunsaturated fatty acids in their membranes
must be able to metabolize 4-HNE and similar compounds. hGSTA5-5 appears to be part of a
group of enzymes catalyzing this reaction.

3.5. Predicted protein sequence of hGSTA5 and its functional consequences
The catalytic properties of hGSTA5-5 may be considered in the context of its sequence. The
predicted amino acid sequence of the hGSTA5 subunit, in alignment with the sequences of the
remaining four human Alpha-class GSTs, is shown in Fig. 4. The key tyrosine residue that
participates in the catalytic cycle, Y9, is present in hGSTA5, consistent with the finding that
the protein is enzymatically active. With one exception, all amino acids involved in binding
and activation of glutathione [the G-site; refs. 26,27], are also preserved. The G-site residues
are marked with asterisks in Fig. 4. In a major deviation from other Alpha-class GSTs, hGSTA5
has no arginine in position 15; this residue is replaced by serine. In the R15 residue, which is
present in almost all Alpha-class GSTs, the ε nitrogen atom is involved in the activation of the
nucleophilic substrate, glutathione [26,28]. In hGSTA1-1, mutagenesis of R15 leads to a
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substantial loss of activity [28]. Therefore, the substitution of R15 by serine may account for
the moderate overall activity of hGSTA5-5 (Table 2).

The binding site for electrophilic/hydrophobic substrates, the H-site, of Alpha-class GSTs is
composed of three regions of the protein [29], shown in Fig. 4 by horizontal lines. Interestingly,
these regions within the hGSTA5 subunit have a greater similarity to hGSTA1 than to hGSTA4
(Fig. 4), even though of all the compounds tested, 4-HNE was the best substrate of hGSTA5-5
(see preceding section). In particular, hGSTA5 lacks G12 and Y212; these positions are
occupied by alanine and serine, respectively, thus conforming to the hGSTA1 sequence (Fig.
4). G12 and Y212 have been determined to be important for a high catalytic efficiency of
hGSTA4-4 toward 4-HNE [30,31], a finding consistent with a proposed reaction mechanism
in which the lack of a side chain in G12 permits Y212 to assume a conformation conducive to
catalysis [31]. Thus, the experimentally determined enzymatic activity of hGSTA5-5 toward
4-HNE, and especially the high ratio of activities for 4-HNE versus CDNB (Table 2), cannot
be readily rationalized by the reaction mechanism postulated for hGSTA4-4 [31]. This suggests
that hGSTA5-5 may have acquired the ability to conjugate 4-HNE independently of
hGSTA4-4, and that the two enzymes utilize distinct catalytic mechanisms to facilitate the
same reaction. A possible convergent evolution of hGSTA4-4 and hGSTA5-5 could thus
resemble the already discussed example of invertebrate GSTs able to conjugate 4-HNE.

The sequence in Fig. 4 labeled as “A1–A4” shows residues that are identical in hGSTA1, A2,
A3, and A4. hGSTA5 deviates from this human Alpha-class consensus in only four positions:
15, 30, 110, and 144. The lack of R15 in hGSTA5 has been already discussed, and the change
in position 30 is a conservative substitution. However, the lack of a helix-breaking proline in
position 110 may affect the overall conformation of the protein, and presence of arginine in
position 144, which is on the surface of the protein, will affect surface charge. Such changes,
even at positions remote from the active site, could influence the catalytic properties of the
protein.

3.6. Expression of the hGSTA5 gene product in eukaryotic systems
In addition to bacteria, we expressed hGSTA5-5 in two eukaryotic systems. First, HEK-293
cells were transfected with plasmid hGSTA5(genomic)/pcDNA 3.1(-). A GST pool was
purified from these cells as well as from untransfected control HEK-293. The specific activity
for 4-HNE of the GST fraction increased by approximately 60% as a result of transfection,
whereas the specific activity for CDNB remained virtually unchanged (Table 3). This indicates
that the protein expressed in transfected cells was catalytically active, and that its activity for
4-HNE was greater than that for CDNB. These functional properties match those observed for
bacterially expressed hGSTA5-5. To rule out the possibility that the activity increment in
transfected cells is caused not by the transgene but by shifts in the expression of endogenous
genes, hGSTA5-5 was synthesized in vitro using a cell-free insect transcription/translation
system. The 4-HNE-conjugating activity was elevated in crude transcription/translation
reactions supplemented with hGSTA5 cDNA, as compared with reactions containing control
plasmids (Table 4). Material pooled from four in vitro reactions was subjected to affinity
purification of GSTs on glutathione agarose. The resulting material had a specific activity
(Table 4) that was statistically not different from that of bacterially expressed, homogenous
hGSTA5-5. These results show that enzymatically active hGSTA5-5 can be synthesized in
eukaryotic systems.

3.7. Is hGSTA5-5 present in cultured human cells or in normal human tissues?
As already mentioned, no hGSTA5 transcript has been found in human tissues [1,4,7]. In
agreement with these results, we were unable to identify hGSTA5 mRNA by RT-PCR in two
human cancer cell lines: K562 (chronic myelogenous leukemia) and HuH-7
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(hepatocarcinoma), and in HEK-293 (human embryonic kidney cells, transformed with
adenovirus 5) using primers selective for hGSTA5. Similarly, no unequivocal identification of
hGSTA5-5 protein has been reported in the literature. A novel GST subunit, isolated from
human pancreas, was named hGSTA5 [32]. However, the masses of this subunit, between
25,566 and 25,571 kDa in three individuals [32], were lower than the predicted mass of
hGSTA5, with either Ile or Val in position 55, and with and without the initiator Met. In the
absence of sequence data, it is not possible to classify the GST subunit reported in [32], but its
mass indicates that it is not hGSTA5. Expression of hGSTA5-5 in human liver and pancreas
has been reported in an on-line human protein database (www.humanproteinpedia.org) on the
basis of mass spectrometry data. However, each of the peptides given as evidence for
hGSTA5-5 is also part of several other GSTs belonging to the Alpha and Omega classes, and
could be derived from these well-characterized proteins, some of them very abundant.

The lack of conclusive evidence in favor of hGSTA5 expression in human tissues appears to
be at odds with the seemingly intact open reading frame of the hGSTA5 gene, a finding that
led to the classification of hGSTA5 as a gene rather than a pseudogene. However, not all
legitimate sequences encoding a particular protein are equivalent, and silent mutations may
affect splicing, mRNA stability and translatability, and even protein folding [33,34].
Nevertheless, our results show that the apparent lack of naturally occurring hGSTA5-5 is not
caused by the accumulation of exonic silent mutations: the hGSTA5 gene, if experimentally
driven by an exogenous promoter, gives rise to a functional, enzymatically active protein,
demonstrating that all intermediate steps are unimpaired.

Given the experimentally demonstrated functionality of the hGSTA5 gene, several possibilities
may be considered to explain the absence of measurable hGSTA5 transcript or hGSTA5-5
protein in human tissues. One option is that the hGSTA5 promoter is inactive. This would mean
that hGSTA5 is after all a pseudogene, in spite of an intact coding sequence. We consider this
an unlikely possibility because, without expression and function of the gene product, there
would be no selective pressure to prevent the accumulation of random mutations. However,
our observation that the gene is in principle functional demonstrates that no detrimental
mutations are present in hGSTA5. An inactive promoter would be compatible with a functional
gene only if an evolutionarily very recent mutation greatly diminished the contribution of the
gene product to Darwinian fitness. In such case, it is conceivable that, by chance, genetic drift
inactivated the promoter before disabling the coding sequence. The already discussed absence
of R15 in hGSTA5 could be the result of a recent R15S mutation likely to decrease the catalytic
activity of an Alpha-class GST [26,28] and release the gene from the constraints of selection
pressure. Whereas it would be appealing to propose that we are observing the evolutionary
transition of a gene to a pseudogene, the transient nature of a state in which the promoter is
inactive but the gene functional renders this scenario unlikely. Experimentally, an intrinsic lack
of activity of the hGSTA5 promoter is not verifiable because a negative assay result may also
signify a failure to supply a necessary but unknown combination of transcription factors and
coactivators. For this reason, we did not study the function of the hGSTA5 promoter.

Alternatively, the hGSTA5 promoter could be functional but highly specialized and active only
in particular tissues, at some developmental stages, or under specific physiological or
pathological conditions. Although such selectivity would make it difficult to identify a gene
product, we consider it the most likely explanation that is consistent with our experimental
findings. Further work will be needed to define the physiological or pathological circumstances
under which such restricted expression of hGSTA5-5 may occur, and to determine whether the
major role of hGSTA5-5 is the conjugation of 4-HNE, an activity characterized by us in the
present work, or whether the protein has other, hitherto unknown functions.
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Fig. 1.
Specificity of primers used for the identification of hGSTA5 transcript by RT-PCR. The PCR
primers (shown in the bottom line of each panel) were designed so that they do not recognize
targets other than Alpha-class GSTs (as shown by a BLAST search against the human genome;
not shown), and that, among human Alpha class sequences, their 3′ end are unique for
hGSTA5. A partial alignment of all human Alpha-class GSTs is depicted; nucleotides unique
for only one of the five sequences are shown on white background, whereas nucleotides shared
by two or more sequences are on shaded background. The numbering is relative to the
translation initiation site. Panel A: primer 5F; panel B: 3F; panel C: 4F; panel D: 3R (the
primer sequences are listed in Table 1).
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Fig. 2.
RT-PCR products from RNA isolated from K562 cells transfected with hGSTA5(genomic)/
pcDNA 3.1(-). Lanes 1 and 3 are derived from one transfection, and lanes 2 and 4, from a
second, independent replicate transfection. Lanes 1 and 2: PCR amplification with sense primer
5F and reverse primer 2R. Lanes 3 and 4: PCR amplification with sense primer 2F and reverse
primer 2R. hGSTA5-specific cDNA products are marked by arrows.
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Fig. 3.
Solubilization, refolding, and purification of hGSTA5-5 from inclusion bodies after expression
in bacteria. Panel A: E. coli were transformed with hGSTA5(cDNA)/pET-30a(+) and cultured
as described in the Methods section. The bacterial lysate was centrifuged and resulting fractions
were resolved on a NuPAGE 4-12% Bis-Tris gel using MES running buffer (Novex/
Invitrogen). Lanes 1 and 2: supernatant and pellet, respectively, from uninduced cells; lanes
3 and 4: supernatant and pellet, respectively, from cells induced with IPTG. Panel B: Inclusion
bodies were isolated from E. coli that was transformed with hGSTA5(cDNA)/pET-30a(+) and
induced with IPTG. The inclusion bodies were solubilized, and the proteins were refolded and
dialyzed as described in the Methods section. The dialysis retentate was centrifuged, resulting
in pellet (lane 1) and supernatant (lanes 2,3) fractions. The supernatants were subjected to
affinity chromatography on glutathione agarose, yielding purified protein (lanes 4,5). Material
shown in lanes 2,4 and lanes 3,5, respectively, is derived from two independent solubilization/
refolding experiments. All fractions of panel B were resolved on a NuPAGE 4-12% Bis-Tris
gel using MOPS running buffer (Novex/Invitrogen). Please note that in the gel system used in
this experiment, hGSTA5-5 was observed to migrate at a molecular weight that is higher than
calculated.
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Fig. 4.
Predicted amino acid sequence of hGSTA5 and its alignment with other human Alpha-class
GSTs. The predicted sequence of hGSTA5 is shown in bold type. Underneath that sequence,
the remaining human Alpha-class GSTs are listed, with amino acid identities to hGSTA5 shown
as dots. The line labeled “A1–A4”, above the hGSTA5 sequence, contains a consensus
sequence of hGSTA1, A2, A3, and A4 in which only those residues are shown that are identical
in these four proteins. Amino acid residues involved in binding of glutathione (the G-site) are
marked with asterisks [on the basis of hGSTA1; ref. 27]. Horizontal lines indicate the three
regions in hGSTA1 and hGSTA4 that determine the binding of the electrophilic substrate (the
H-site) [29].
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Table 1

Sequences of PCR primers used in the present work

Primer name Primer sequence

1F 5′-TCCAGGAGACTgctagcATGGCAGAGAAGC
2F 5′-TcatatgGCAGAGAAGCCCAAGCTCCACTACTC
3F 5′-GGCTGCAGCTGGAGTAGAGTTG
4F 5′-CAAGACTACCTTGTTGGCAACAAGCTGAGCT
5F 5′-CTTTTCTACTACGTGGAAGAGCTTGACTCG
1R 5′-ATTggtaccGCATGTTCTTGGCCTCCATAGC
2R 5′-AggatccTCTGGCATGTTCTTGGCCTCCATAGCTGCT
3R 5′-AGCAGAGGGAAGCTGGAGATAAGACTC

Restriction enzyme recognition sites not present in the native sequence but introduced in the primer are shown in lower-case letters. Residues mutated to
introduce these restriction sites are in bold. Regions of primers that correspond to protein coding sequences are underlined. Names of forward and reverse
primers contain the letter F and R, respectively.
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Table 2

Catalytic activities of hGSTA5-5 expressed in E. coli a

Substrate Specific activity (μmol/mg · min)b

Purification 1 Purification 2

1-chloro-2,4-dinitrobenzene 0.55 ± 0.07 0.64 ± 0.06
4-hydroxynonenal 7.63 ± 0.35 7.32 ± 0.45
trans-nonenal 3.67 ± 0.52 3.58 ± 0.67
acrolein 0.11 ± 0.05 0.05 ± 0.03
crotonaldehyde ND ND
cumene hydroperoxide ND ND

a Activity was measured after solubilization/refolding and purification by affinity chromatography.

b Results from two independent bacterial expression and purification experiments are shown. Data are given as means ± standard deviation. ND: not
detectable.
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Table 3

Catalytic activities of total GST fractions obtained from human HEK-293 cells transfected with hGSTA5
(genomic)/pcDNA 3.1(-) and from untransfected control HEK-293 cells

Cells Specific activity (μmol/mg · min)

4-HNE 1-chloro-2,4-dinitrobenzene

Experiment 1
 HEK-293 1.32 ± 0.06 19.13 ± 0.05
 HEK-293/hGSTA5 2.13 ± 0.11 20.36 ± 0.08
Experiment 2
 HEK-293 1.32 ± 0.52
 HEK-293/hGSTA5 2.77 ± 0.83

Total GST fractions were obtained by glutathione agarose affinity chromatography.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Singh et al. Page 17

Table 4

Supplementation of an in vitro transcription/translation system with hGSTA5 cDNA results in increased catalytic
activity for 4-HNE conjugation

Plasmid Specific activity of 4-HNE conjugation
(μmol/mg · min)

Insert-free pET-30a(+) 0.076 ± 0.007
Control plasmid a 0.079 ± 0.009
hGSTA5(cDNA)/pET-30a(+)
 Reaction 1 b 0.133 ± 0.002
 Reaction 2 b 0.114 ± 0.027
 Reaction 3 b 0.102 ± 0.010
 Reaction 4 b 0.106 ± 0.015
hGSTA5(cDNA)/pET-30a(+); protein product purified c 4.89 ± 1.67

a Control plasmid supplied with the Qiagen EasyXpress Insect Kit II.

b Four independent in vitro protein synthesis reactions were carried out and assayed for 4-HNE-conjugating activity without purification.

c Pooled material from four independent reactions (see preceding note) was purified by glutathione agarose affinity chromatography.
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