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Saccharomyces cerevisiae cells contain three omega-class glutathione transferases with glutaredoxin activity
(Gto1, Gto2, and Gto3), in addition to two glutathione transferases (Gtt1 and Gtt2) not classifiable into
standard classes. Gto1 is located at the peroxisomes, where it is targeted through a PTS1-type sequence,
whereas Gto2 and Gto3 are in the cytosol. Among the GTO genes, GTO2 shows the strongest induction of
expression by agents such as diamide, 1-chloro-2,4-dinitrobenzene, tert-butyl hydroperoxide or cadmium, in a
manner that is dependent on transcriptional factors Yap1 and/or Msn2/4. Diamide and 1-chloro-2,4-dinitrobenzene (causing depletion of reduced glutathione) also induce expression of GTO1 over basal levels. Phenotypic analyses with single and multiple mutants in the S. cerevisiae glutathione transferase genes show that, in
the absence of Gto1 and the two Gtt proteins, cells display increased sensitivity to cadmium. A gto1-null mutant
also shows growth defects on oleic acid-based medium, which is indicative of abnormal peroxisomal functions,
and altered expression of genes related to sulfur amino acid metabolism. As a consequence, growth of the gto1
mutant is delayed in growth medium without lysine, serine, or threonine, and the mutant cells have low levels
of reduced glutathione. The role of Gto1 at the S. cerevisiae peroxisomes could be related to the redox regulation
of the Str3 cystathionine ␤-lyase protein. This protein is also located at the peroxisomes in S. cerevisiae, where
it is involved in transulfuration of cysteine into homocysteine, and requires a conserved cysteine residue for its
biological activity.

also displays activity as glutathione peroxidase against organic
hydroperoxides (25). Overlapping functions therefore seem to
exist between the Gtt1/Gtt2 and the Grx1/Grx2 proteins.
Schizosaccharomyces pombe has three homologues of Gtt1/
Gtt2 (named Gst1, Gst2, and Gst3) also with a function in
defense against hydroperoxides (72). A role of S. cerevisiae
Gtt1 and Gtt2 has been proposed in cadmium stress through
the possible formation of Cd-GSH complexes (1). However, a
gtt1 gtt2 mutant is not hypersensitive to Cd (56), raising doubts
on the function of the Gtt proteins in Cd detoxification. Intriguingly, the Gtt homologue Ure2, which is devoid of glutathione peroxidase and GST activity, participates in the detoxification of Cd and other heavy metals (56, 57). The relationship
between Cd stress and GSH metabolism is nevertheless supported by two facts: (i) expression of the GSH1 gene (coding for
the first enzyme of the GSH biosynthetic route, ␥-glutamylcysteine synthetase) is induced by Cd through a mechanism that is
dependent on transcriptional regulators that modulate the sulfur
amino acid biosynthetic route (19) and (ii) when yeast cells are
exposed to Cd most of the assimilated sulfur is redirected to GSH
synthesis (23).
Omega class GSTs diverge from other GST classes because
they have low or no activity against standard GST substrates,
whereas they are active as glutaredoxins/thiol oxidoreductases
and dehydroascorbate reductases through a single cysteine residue at the active site (6, 80). Thus, omega GSTs are active as
redox regulators of thiol groups, with GSH as a reductant.
Omega GSTs or homologues for which enzyme activity has not
yet been characterized are widespread in evolutionary divergent organisms from bacteria to mammals (25, 30, 60, 80). S.
cerevisiae cells contain three omega class GSTs (Gto1, Gto2,

Glutathione transferases (GSTs) conjugate xenobiotics or
their metabolites to glutathione (GSH), followed by elimination of the conjugates from the cell through ATPase pumps (2,
34, 64). In addition, GSTs are also important in processes such
as protection against oxidative stress, regulation of gene expression, or signal transduction (4, 34, 51, 64, 70). GSTs are
divided into classes based on sequence, substrate specificity, or
immunological properties. A majority of studies have been
done with mammalian cytosolic GSTs, for which the division
into classes was initially applied. However, GSTs also exist as
membrane-associated (microsomal) forms, as well as in organelles such as mitochondria or peroxisomes (34, 46). Bacteria and eukaryotes such as fungi or parasites also contain
GSTs, although these are structurally and immunologically
different from mammalian or plant GSTs (17, 47, 64, 75).
Only a few fungal GST and GST-like proteins have been
studied to some extent (47). The yeast Saccharomyces cerevisiae has two proteins with GST activity, the products of the
genes GTT1 and GTT2 (11). Gtt1 is associated with the endoplasmic reticulum and could be involved in thermotolerance
(11). Gtt1 and Gtt2 are functionally related to dithiol glutaredoxins Grx1 and Grx2 in defense against oxidants and other
stresses (14). In addition to their thiol transferase activity,
Grx1 and Grx2 are active as glutathione peroxidases and have
activity against standard GST substrates (14, 15). Purified Gtt1
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TABLE 1. Strains used in this study
Strain

W303-1A
W303-1B
MML535
MML536
MML538
MML540
MML542
MML546
MML572
MML587
MML590
MML628
MML629
MML630
MML634
MML636
MML661
MML666
MML686
MML687
MML716
MML826
Wmsn2msn4
Wyap1
BY4741
Y03603
Y04076
a

Relevant genotype

MATa ura3-1 ade2-1 leu2,3-112 trp1-1 his3-11,15
MAT␣ ura3-1 ade2-1 leu2,3-112 trp1-1 his3-11,15
MATa gto1::natMX4
MAT␣ gto1::natMX4
MATa gto2::kanMX4
MAT␣ gto2::kanMX4
MATa gto3::natMX4
MAT␣ gto1::kanMX4
MATa 关pMM401(GTO2-3HA)兴::URA3
MATa gto1::kanMX4 gto3::natMX4
MAT␣ gto1::kanMX4 gto2::kanMX4 gto3::natMX4
MATa gtt1::CaURA3
MATa gtt2::kanMX4
MATa gtt2::natMX4
MAT␣ gto1::natMX4 gtt1::CaURA3
MAT␣ gto2::kanMX4 gtt1::CaURA3
MATa gtt1::CaURA3 gtt2::kanMX4
MATa gtt1::CaURA3 gtt2::natMX4
MATa gto1::kanMX4 gto2::kanMX4 gto3::natMX4
MATa gto1::kanMX4 gto2::kanMX4
gtt1::CaURA3 gtt2::natMX4
MATa gto1::kanMX4 gto2::kanMX4 gto3::LEU2
gtt1::CaURA3 gtt2::natMX4
MATa str3::kanMX4
MATa msn2::HIS3 msn4::TRP1
MATa yap1::kanMX4
MATa his3⌬1 leu2⌬0 met15⌬0 ura3⌬0
MATa pex5::kanMX4
MATa pex7::kanMX4

Comments

Wild type
Wild type
Deletion of GTO1 in W303-1A
Deletion of GTO1 in W303-1B
Deletion of GTO2 in W303-1A
Deletion of GTO2 in W303-1B
Deletion of GTO3 in W303-1A
Deletion of GTO1 in W303-1B
Integration of pMM401 in W303-1A
From a cross, MML542 ⫻ MML546
From a cross, MML540 ⫻ MML587
Deletion of GTT1 in W303-1A
Deletion of GTT2 in W303-1A
Deletion of GTT2 in W303-1A
From a cross, MML536 ⫻ MML628
From a cross, MML540 ⫻ MML628
From a cross, MML629 ⫻ MML634
From a cross, MML630 ⫻ MML636
From a cross, MML540 ⫻ MML587
From a cross, MML590 ⫻ MML666
Disruption of GTO3 in MML687, using pMM550
Deletion of STR3 in W303-1A
From F. Estruch; deletion of MSN2 and MSN4 in W303-1A
From F. Estruch; deletion of YAP1 in W303-1A
Wild type
From EUROSCARFa; deletion of PEX5 in BY4741
From EUROSCARF; deletion of PEX5 in BY4741

EUROSCARF, European Saccharomyces cerevisiae Archive for Functional Analysis (University of Frankfurt; http://web.uni-frankfurt.de/fb15/mikro/euroscarf).

and Gto3) with an enzyme activity pattern similar to human
omega GSTs hGTO1-1 and hGTO2-2 (25). Studies with purified Gto2 indicate that a single cysteine conserved in other
omega GSTs is sufficient for its glutaredoxin activity, therefore
indicating that this occurs through a monothiol mechanism of
action (25). In the present study we demonstrated that Gto2
and Gto3 are located at the cytosol, whereas Gto1 is peroxisomal. We also analyzed the expression of the three genes in
different stress conditions and carried out a phenotypic study
of the mutants in relation to mutants lacking the GTT genes.
These functional analyses point to a role of Gto1 in the metabolism of sulfur amino acids at the peroxisomes and propose
a relationship between Gto1 and cystathionine ␤-lyase activity.
MATERIALS AND METHODS
Strains and growth conditions. The S. cerevisiae strains used in the present
study are described in Table 1. The following rich media were used for cell
growth: YPD (1% yeast extract, 2% peptone, 2% glucose), YPGly (1% yeast
extract, 2% peptone, 3% glycerol), and YPOle (1% yeast extract, 2% peptone,
0.2% oleic acid, 0.02% Tween 40). Defined SC or SD media were also used, with
the auxotrophic requirements for each strain (65); glucose at 2% or oleic acid
(0.2%) plus Tween 40 (0.02%) was added as a carbon source. Two percent agar
was added in solid media. Sulfur-free B medium (in some cases solidified with
1% agarose [10]) was used to analyze growth ability on different sulfur sources.
Cultures were incubated at 30°C. Before cells were grown in oleic acid-based
medium, they were preincubated in YPD medium (or in SC plus glucose in case
of plasmid transformants) to a cell density of 3 ⫻ 107 cells/ml and then resuspended at 0.3 to 0.5 ⫻ 107 cells/ml in YPOle (or SC plus oleic acid) medium and
incubated in these conditions for the indicated times.
Plasmids. Plasmids pMM399 and pMM446 contain C-terminal green fluorescent protein (GFP) fusions to GTO2 and GTO3, respectively, under the control
of the MET25 promoter in the pUG35 vector (from W. H. Hegemann, Institute
of Microbiology, Dusseldorf, Germany). The complete GTO2 and GTO3 coding

sequences (PCR-amplified) were cloned between the XbaI-EcoRI (for
pMM399) or BamHI-ClaI (for pMM446) vector sites. Integrative plasmid
pMM401 is a YIplac211 (29) derivative with GTO2 under its own promoter,
tagged at the C end with three hemagglutinin (HA) epitopes in tandem. This
plasmid was used to construct strain MML572, after EcoRV-mediated linearization of pMM401, transformation of wild-type cells, and integration at the
chromosomal URA3 site. pMM440 is a centromeric URA3 plasmid that carries
the complete coding sequence of GTO1 under the control of the tetO7 promoter
from pCM189 (26), with an N-terminal fusion of the coding sequence to the GFP
tag. Plasmid pMM736 is based in YCplac211 (29) and contains the GTO1 gene
expressed under its own promoter and TAP tagged at its N terminus; the TAP
tag was PCR amplified from plasmid pBS1761 (54). To generate the internal
disruption of GTO3 in strain MML716, plasmid pMM550 was constructed. This
plasmid is based on YIplac211 and contains the GTO3 sequence under its own
promoter, C-end tagged with 3-HA and disrupted at the internal XbaI site of
GTO3 with a LEU2 gene plus promoter cassette amplified from YIplac128 (29).
Then, a DNA fragment that contains the LEU2 marker cassette flanked at both
ends by 250 bp of the GTO3 coding sequence was PCR amplified from pMM550
for disruption of the wild-type GTO3 gene. Plasmid pMM756 contains the STR3
open reading frame expressed from the tetO2 promoter, cloned between the
BamHI and NotI sites of pCM188 (26). The following plasmids derive from
pMM756 and express point mutant derivatives of STR3: pMM758 (Cys353Ser),
pMM760 (Cys362Ser), and pMM762 (Cys387Ser).
Genetic methods. Standard protocols were used for DNA manipulations and
cell transformations. Point mutants were constructed with the ExSite method
(79), using oligonucleotides for PCR amplification that introduced the desired
mutation and proximally inserted a restriction enzyme site that did not alter the
translation product. Mutations were confirmed by DNA sequencing. Single null
mutants were obtained by using the short-flanking homology approach after
PCR amplification of the kanMX4 (76), the natMX4 (32), or the CaURA3MX
(31) cassettes. Disruptions were confirmed by PCR analysis. Multiple mutants
were obtained by crossing the desired parental mutant strains, followed by
diploid sporulation, tetrad analysis, and selection of the desired mutant
combinations (65).
Determination of chemical sensitivities. Bioscreen automated analysis of the
effect of different inhibitors on yeast cell growth was done with cells cultured in
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supplemented SD liquid medium at 30°C, using procedures described previously
(78). A range of concentrations were tested beforehand for each chemical to
determine the concentration value decreasing the exponential growth rate in
wild-type cells by 20%. This value was used in further experiments. The results
were scored during 48 h of growth at 30°C at high intensity shaking. The time
interval between optical density (600 nm) readings was 20 min.
Microarray analysis. About 3 ⫻ 108 wild-type or mutant cells growing exponentially in YPD medium were collected, and total RNA was extracted by using
the RiboPure-Yeast RNA purification kit (Ambion). For each array hybridization experiment, labeled cDNA was synthesized from a wild-type or mutant
sample (30 g of total RNA) by using the CyScribe postlabeling kit in the
presence of Cy3-dUTP or Cy5-dUTP (GE Healthcare). Dyes were swapped for
wild-type and mutant cells in independent experiments to avoid dye-specific bias.
Fluorescence-labeled cDNAs from both strains were combined and hybridized to
yeast genomic microarrays. The characteristics of these and the prehybridization,
hybridization, and washing conditions have been described elsewhere (74). Hybridized arrays were scanned with an Axon 4100A scanner (Axon Instruments,
Inc.), and fluorescence ratio measurements were analyzed by using the GenePix
Pro 5.0 software (Axon Instruments, Inc.). The data from three independent
experiments in which both strains were labeled in parallel were used to calculate
the median of the ratio for each gene. A given gene was considered to be
differentially expressed between both strains when the wild-type/mutant ratio was
higher than 2.0 or lower than 0.5 in at least two of the three experiments, and the
dyes were swapped in the considered experiments.
In silico analysis. A search for promoter regulatory sequences was made at the
regulatory sequence analysis tools site (http://rsat.scmbb.ulb.ac.be/rsat) (71). The
MITOPROT program (13) was used to predict mitochondrial targeting sequences. Multiple sequence alignments were done with CLUSTAL W (68), using
the European Bioinformatics Institute tools (www.ebi.ac.uk).
Miscellaneous methods. Mitochondria were purified and subfractionated (18)
from exponential yeast cultures in YPGly medium at a cell concentration of 2 ⫻
107 cells per ml. Western blot analyses were done as described previously (59),
with 12CA5 anti-HA MAb antibody (Roche Diagnostics) at a 1:5,000 dilution
and anti-lipoic acid antibody at 1:50,000 dilution. In Northern blot studies,
electrophoresis of RNA, probe labeling with digoxigenin, hybridization, and
signal detection were carried out as previously described (26). Signals were
quantified by using the Lumi-Imager equipment (Roche Diagnostics) software.
Gene probes were generated from genomic DNA by PCR, using oligonucleotides designed to amplify internal open reading frame regions. Microscopic
localization of GFP-labeled proteins in living cells was done by standard techniques (66). Total and reduced glutathione was measured as described previously
(41). Cell volumes were determined with a Coulter Z2 particle analyzer.

RESULTS
Gto1 is located at peroxisomes, whereas Gto2 and Gto3 are
cytosolic. In order to determine the cellular location of the
yeast Gto proteins, we constructed GFP-fused versions of
them. Gto1 has a C-terminal sequence compatible with a peroxisomal location. Most peroxisomal proteins are imported
into the organelle by one of two alternative pathways, one that
recognizes a PTS1 sequence at the protein C terminus and
another one that recognizes an internal PTS2 sequence (36,
55). The C-terminal SRL amino acid sequence of Gto1 is one
of the possible PTS1 variants in yeast cells (44, 73). To confirm
the peroxisomal location of Gto1 microscopically, the GFP tag
was added at the N terminus of the protein, and this was
expressed under the control of the doxycycline-regulatable tet
promoter. For Gto2 and Gto3 the tag was added at the C
terminus and the construct expressed from the MET25 promoter. Gto1 showed a punctate distribution in cells grown on
oleic acid, which was not observed in glucose-grown cells (Fig.
1A). This pattern is characteristic of peroxisomal proteins (21).
To confirm it, we studied the microscopic pattern of Gto1 in a
⌬pex5 mutant (deficient in PTS1-mediated import) and a
⌬pex7 mutant (deficient in PTS2-mediated import) (21, 73).
The punctate location of Gto1 in oleic acid-grown cells was lost
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FIG. 1. Cellular localization of the Gto proteins. (A and B) Wildtype BY4741 cells or the respective ⌬pex5 (strain Y03603) and ⌬pex7
(strain Y04076) mutants transformed with the empty vector pUG35 or
with the plasmids carrying the GFP-tagged GTO constructions
(pMM440, pMM399, and pMM446, respectively, for GTO1, GTO2,
and GTO3) were grown in oleic acid (YPOle) medium for 16 h at 30°C
or in glucose (YPD) medium in exponential conditions and then observed by fluorescence microscopy. (C) MM572 cells (carrying a chromosomally integrated version of GTO2-3HA) were grown in YPD
medium until late exponential phase and then diluted 1:100 in YPGly
medium and cultured at 30°C until a concentration of 2.5 ⫻ 107
cells/ml before cellular fractionation was achieved. The resulting fractions were analyzed by Western blotting, using anti-HA antibodies to
detect Gto2 and anti-lipoic acid antibodies to detect the mitochondrial
markers pyruvate dehydrogenase (PDH) and ␣-ketoglutarate dehydrogenase (␣-KGDH). Six micrograms of protein were loaded in each
lane for total cell extracts (TE) and postmitochondrial supernatant
(PM) fractions, and 3 g was loaded for the mitochondrial (MIT),
intermembrane space (IMS), and matrix (MTX) fractions.

in the ⌬pex5 mutant, but not in ⌬pex7 cells (Fig. 1A). This
therefore supported a PTS1-mediated import pathway for
Gto1. The punctate pattern was still observed when gene expression was reduced by adding intermediate doxycycline concentrations (50 to 100 ng/ml) to the growth medium (not
shown). These observations confirm previous studies based on
in silico detection of yeast peroxisomal proteins (28) and also
the experimental detection in a high-throughput screen of
Gto1 in peroxisomes (82).
We analyzed whether Gto homologues in other fungi also
carried PTS1 motifs at their C termini. None of the Gto homologues in Kluyveromyces lactis (Swiss-Prot accession number
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FIG. 2. Northern blot analysis of the expression of the GTO1, GTO2, GTO3, GTT1, and GTT2 genes after addition of different agents. Cells
from a wild-type (W303-1A) or the respective isogenic ⌬yap1 (Wyap1) or ⌬msn2 msn4 (Wmsn2msn4) strains were grown exponentially at 30°C
in YPD medium, except in the cadmium experiments, in which cells were grown in SC medium. When cultures reached a concentration of 1.5 ⫻
107 cells per ml, the agent was added at the indicated concentration (time zero), and samples were obtained at the indicated times for expression
analysis. A total of 25 g of total RNA was tested run per lane.

Q6CKB2), Torulopsis glabrata (Q6FTJ1), Candida albicans
(Q5A953), Yarrowia lipolytica (Q6CDX7), Debaryomyces hansenii (Q6BTR1 and Q6BTR2), Cryptococcus neoformans (Q55K61
and Q55K65), Schizosaccharomyces pombe (O94524), Neurospora
crassa (Q7RWR2), and Aspergillus nidulans (Q5BBA6 and
Q5B0U9) contained PTS1 motifs. Only Saccharomyces paradoxus
open reading frame c287_8925 (Saccharomyces Genome Database, http://db.yeastgenome.org/fungi), which displays a very
strong homology with Gto1, has a PKL sequence at C terminus
that is compatible with a PTS1 motif (44). None of these proteins
contained N-terminal putative PTS2 sequences. Although we
cannot totally discard the possibility that other motifs different
from PTS1 or PTS2 could direct some of the Gto1 homologues to
peroxisomes, our analyses strongly suggest that a peroxisomal
location is specific for S. cerevisiae Gto1 and homologues from
closely related yeast species.
Gto2 and Gto3 showed a homogeneous cytosolic distribution
with different carbon sources (see Fig. 1B for glucose-grown
cells). In silico analysis predicted a mitochondrial location for
Gto2. To clarify this apparent contradiction, subfractionation
studies were made with glycerol-grown cells carrying a C-terminal
HA-tagged version of Gto2 expressed under its own promoter.
Most of the Gto2 protein associated with the postmitochondrial
supernatant (Fig. 1C), confirming the microscopic studies. A
minor fraction appeared associated with the mitochondrial
intermembrane space (Fig. 1C). This was ca. 3% of the total
cell Gto2 protein, taking into consideration the cell protein
equivalents in each of the fractions run in Fig. 1C. We con-

clude that the three Gto proteins constitute a family, one of
whose members is peroxisomal, whereas the other two are
located mostly if not totally in the cytosol.
GTO gene expression responds to oxidant conditions. S.
cerevisiae cells respond to oxidative stress caused by external
agents by altering the expression of a large number of genes
(27). A specific oxidative stress response is mediated by the
Yap1 transcription factor, which recognizes and activates the
YRE promoter element (TT/GACTAA) (35, 69). Gene induction by oxidants can also be part of the general stress response
that is mediated by the Msn2 and Msn4 transcription factors
recognizing promoter STRE elements (CCCCT) (22). Sequence analysis of the GTO promoters revealed the presence
of an YRE site at position ⫺170 in the GTO1 promoter and at
position ⫺179 in the GTO2 promoter; no canonical YRE sites
exist in the GTO3 promoter. All three GTO genes contain
STRE sites in their promoters, at positions ⫺241 in GTO1,
⫺144 and ⫺117 in GTO2, and at positions ⫺701 and ⫺330 in
GTO3. This pointed to the possibility that GTO gene expression was induced in oxidative conditions. We therefore studied
such expression (and its dependence on the Yap1 and Msn2/4
factors) in response to the oxidants tert-butyl hydroperoxide
(t-BOOH) and diamide, the latter specifically causing the oxidation of sulfhydryl groups. The study was extended to the
standard GST substrate 1-chloro-2,4-dinitrobenzene (CDNB)
and also to cadmium. It has been proposed (14) that CDNB
causes oxidative stress in yeast cells by deriving the GSH molecules into GSH-CDNB complexes due to the cellular GST
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FIG. 3. Effect of different chemical agents on growth rate of S. cerevisiae wild-type cells (W303-1A) and gtt and gto mutant derivatives. The
following mutant strains were studied: MML535 (⌬gto1), MML538 (⌬gto2), MML542 (⌬gto3), MML686 (⌬gto1 ⌬gto2 ⌬gto3), MML628 (⌬gtt1),
MML629 (⌬gtt2), MMO661 (⌬gtt1 ⌬gtt2),and MML716 (⌬gto1 ⌬gto2 ⌬gto3 ⌬gtt1 ⌬gtt2). Conditions for growth were as described previously (80),
and the respective agents were used at the indicated concentrations. Growth was recorded by measuring the optical density (600 nm) at 20-min
intervals. Bars represent the ratios between the exponential growth rates of treated and untreated mutant cultures, and the values were normalized
by dividing them by the corresponding ratio of the wild-type strain. The values of two independent experiments were averaged.

activity. Cd causes cell toxicity, at least in part, by provoking
oxidative stress and lipid peroxidation (3, 9). Expression of the
other two GST genes, GTT1 and GTT2, was studied in parallel,
since their promoters contain YRE elements (at ⫺165 in
GTT1 and ⫺98 in GTT2) and, in addition, the GTT1 promoter
has three STRE sites at positions ⫺241, ⫺211, and ⫺114.
The basal expression of the three GTO genes in glucosegrown cells was almost under detection levels by Northern
analysis (Fig. 2), although the corresponding HA-tagged Gto
proteins expressed under their own promoters produced a
significant signal in Western analyses (results not shown).
Transcriptional response to the tested oxidants showed a complex pattern (Fig. 2). Among the three GTO genes, GTO2
displayed the more intense response, since the four tested
agents caused induction of transcript levels. This was abolished
in a ⌬yap1 mutant in the case of diamide and CDNB and
partially diminished in the case of t-BOOH and Cd. Msn2/4
seemed to play a more limited role in GTO2 induction by the
four agents, although transcript levels and/or the duration of
the response were lower in the ⌬msn2 ⌬msn4 double mutant
than in wild-type cells. The fact that the induction of GTO2

transcription by Cd or t-BOOH was not totally eliminated in
⌬yap1 or ⌬msn2 ⌬msn4 mutants points to the participation of
other factors, such as Skn7 (69). Only diamide and CDNB
increased GTO1 expression over basal levels, the induction
being dependent on Yap1 and Msn2/4. GTO3 expression was
upregulated only by t-BOOH in an Msn2/4-dependent manner
(Fig. 2). In summary, the dependence of GTO induction on the
transcriptional activators Yap1 and Msn2/4 correlated with the
presence of the respective binding sites at the promoters.
GTT1 was moderately induced by the four agents. Although
its promoter contains putative STRE and YRE sites, only in
the case of diamide was a dependence on Yap1 observed (Fig.
2). This leaves open the possible participation of other transcriptional factors in such activation. GTT2 expression was also
induced by the four tested agents, the induction in all cases
being dependent on Yap1 but not on Msn2/4 (Fig. 2). This is
in accordance with the presence of YRE sites and the absence
of STRE elements in the GTT2 promoter.
Mutants in S. cerevisiae genes coding for GSTs display several phenotypic defects. Induction of GTO and GTT gene
expression by agents that cause oxidative stress pointed to the
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FIG. 4. (A) Expression of GTO1 in glucose- and oleic acid-grown cells. Wild-type W303-1A cells transformed with pMM736 (expressing GTO1
under its own promoter with a N-terminal TAP tag-expressing sequence) were pregrown in SC medium plus glucose at 30°C to about 4 ⫻ 107
cells/ml and then were diluted 10 times, and half of the culture was maintained in SC plus glucose, whereas the other half was shifted to SC plus
oleic acid medium. Samples were obtained after 16 h at 30°C for Northern (upper two panels, U1 mRNA as a loading control) or Western (lower
panel, 20 g of total cell protein per lane) blot analysis. (B) The growth of wild-type W303-1A cells (■) and ⌬gto1 mutant cells (strain MML535
[Œ]) in YPOle medium at 30°C was recorded. Cells were pregrown in YPD medium to about 3 ⫻ 107 cells/ml and diluted 10 times in YPOle
medium (time zero). The optical density (600 nm) was measured at the indicated times and made relative to the unit value at time zero for the
respective strain. The inset box shows the doubling times (in minutes) of the wild-type and mutant strains during exponential growth in YPD
medium at 30°C.

importance of yeast GSTs in protection against oxidants. To
confirm this, we carried out a high-resolution quantitative phenotypic analysis (78) using single and multiple gto and gtt mutants exposed to oxidants and other toxic agents (Fig. 3). Absence of one of the GTT genes or both together caused
hypersensitivity to oxidants (diethylmaleate, diamide, t-BOOH)
and, in the case of GTT2, also to the DNA-damaging agent
4-nitroquinolone. The results are in accordance with the proposed antioxidant role of Gtt1/Gtt2 (14) and suggest that Gtt2
activity is required to detoxify 4-nitroquinolone in yeast cells.
Among the three GTO genes, the absence of GTO1 caused
significant sensitivity to diamide and more modest sensitivity to
diethylmaleate and t-BOOH compared to wild-type cells (Fig.
3). In addition, a gto1 gto2 gto3 mutant that also lacked the two
GTT genes was hypersensitive to Cd. This pointed to some
additive effect between Gto and Gtt functions in Cd detoxifi-

cation. Surprisingly, the quintuple mutant was hyper-resistant
to t-BOOH compared to any of the other mutant strains tested
and also to wild-type cells (Fig. 3). The lack of the three Gto
proteins also ameliorated the hypersensitivity of the gtt2 and
gtt1 gtt2 mutants to 4-nitroquinolone.
Nonautomated measurements over a wider range of Cd concentrations confirmed the previous observations (not shown).
Since the quintuple mutant gtt1 gtt2 gto1 gto2 gto3 mutant did
not display increased sensitivity to Cd over the quadruple mutant carrying the wild-type GTO3 gene, this indicated that the
latter was not important in protection against Cd effects. We
then determined the sensitivity of double gtt1 gtt2 mutants that
additionally carried a single null mutation in each of the GTO
genes. Only the absence of GTO1 in a gtt1 gtt2 background
caused hypersensitivity to levels proximal to the quintuple mutant (not shown). That is, the Gto1 function, but not that of the

TABLE 2. Genes upregulated or downregulated (at least twofold) in the ⌬gto1 mutant relative to the wild-type straina
Gene

Function

⌬gto1/wild-type ratio

CHA1
CIT2
AVO2
MET16
SAM3
MUP1
MET5
MET17
SER3
MET14
GAP1

Serine/threonine dehydratase
Citrate synthase (peroxisomal)
Unknown
3⬘-Phospho-5⬘-adenylylsulfate kinase
S-Adenosyl-l-methionine permease
High-affinity methionine permease
Sulfite reductase
Homocysteine synthase
3-Phosphoglycerate dehydrogenase
5⬘-Adenylylsulfate kinase
General amino acid permease

3.74
2.21
2.15
0.499
0.493
0.472
0.471
0.450
0.372
0.320
0.186

Presence (⫹) or absence (⫺) of:
Met4/Met28/Cfb1element

Met4/Met31/Met32element

⫺
⫺
⫺
⫹
⫺
⫺
⫹
⫹
⫺
⫹
⫺

⫺
⫹
⫺
⫺
⫹
⫹
⫺
⫹
⫹
⫺
⫹

a
DNA microarray analyses were carried out after RNA extraction from exponentially growing cultures in YPD medium at 30°C. The presence or absence of
promoter elements recognized by the Met4/Met28/Cbf1 (core sequence TCACGTG) and Met4/Met30/Met31 (core sequence CTGTGG) in the respective gene
promoters is indicated. See also Fig. 5.
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FIG. 5. Northern blot analysis of the expression of the indicated
genes in ⌬gto1 and wild-type cells. Samples were obtained under the
conditions described in Table 2. The small nuclear U1 RNA served as
a loading control (25 g of total RNA per lane).

other two Gto proteins, protects S. cerevisiae cells against Cd
toxicity in cooperation with the Gtt1/Gtt2 functions.
S. cerevisiae cells lacking GTO1 are defective for growth on
oleic acid medium. The GTO1 promoter lacks oleate response
elements that are responsible for the induction of expression of
many peroxisomal genes in S. cerevisiae cells growing on oleic
acid (28). In accordance with this, GTO1 expression was not

EUKARYOT. CELL

induced when cells were shifted from glucose-based medium to
oleic acid-based medium (Fig. 4). The relative levels of Gto1
protein were even lower in oleic acid than in glucose medium
(Fig. 4A). However, the growth of gto1 mutant cells was compromised when transferred from glucose medium to oleic acid
medium compared to wild-type cells (Fig. 4). This contrasts
with the situation when wild-type or mutant cells are exponentially growing in glucose-based rich medium without further
additions, where differences in growth rates are minor (Fig. 4B,
inset). Therefore, some Gto1 function is required for peroxisome-dependent growth of yeast cells using oleic acid as an
energy source.
A gto1 mutant is affected in the metabolism of sulfur amino
acids. The results on Cd sensitivity indicated that the Gto1
protein plays some role not only when cells grow on oleic
acid-based medium but also during fermentative growth on
glucose. To address the role of Gto1 in these conditions, we
used DNA microarrays to analyze the transcriptome of a ⌬gto1
mutant growing exponentially in YPD medium. Only a few
significant (at least twofold) differences were observed in gene
expression relative to wild-type cells (Table 2). Northern analysis of an upregulated (CHA1) and a downregulated gene
(GAP1) confirmed the DNA microarray results for these genes
(Fig. 5). A control gene (MET6) involved in the same meta-

FIG. 6. Biochemical steps involved in the sulfur assimilation and biosynthesis of cysteine and methionine in S. cerevisiae and genes coding for
the respective proteins. Genes boxed in white and gray correspond to upregulated and downregulated genes, respectively, in the ⌬gto1 mutant.
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FIG. 7. The absence of GTO1 causes an imbalance in the synthesis of reduced glutathione and a number of amino acids. (A) Intracellular
millimolar concentrations of reduced (GSH) and oxidized (GSSG) glutathione in wild-type (W303-1A) and ⌬gto1 (MML535) cells. Absolute levels
of both glutathione forms were determined in exponentially growing cells in YPD medium at 30°C. The intracellular glutathione concentration was
calculated after the cell volumes were measured. Values are the means of three independent experiments (the standard deviation is indicated).
(B) Growth rate of exponentially growing cultures at 30°C of wild-type (W303-1A [䊐]) and ⌬gto1 (MML535 [■]) cells in SC and SD medium and
in SC medium without the individual amino acids indicated. Values were determined relative to wild-type cells in SC medium, which have a growth
rate of 0.62 doublings per h.

bolic process as CHA1 and GAP1 (see below) and which did
not show significant differences in the DNA microarray experiments also did not display significant differences in the Northern analysis (Fig. 5).
Most of the genes whose expression was altered in the
mutant are involved in the metabolism of sulfur amino acids
(Fig. 6) (67). Thus, upregulated CHA1 participates in removing
L-serine as a precursor of cysteine by converting the former to
pyruvate. In contrast, downregulated SER3 is required for the
conversion of 3-phosphoglycerate to L-serine. Four of the
downregulated genes (MET14, MET16, MET5, and MET17)
participate in the sulfate assimilation pathway leading to homocysteine, which is the last common intermediate for the
synthesis of cysteine and methionine. Finally, GAP1, SAM3,
and MUP1 are amino acid transporters, the latter two being
specifically involved in the uptake of sulfur amino acids. Altogether, this pointed to a relationship between Gto1 and the
sulfur amino acids biosynthetic pathway, and it could be hypothesized that the intracellular levels of sulfur amino acids
would be reduced in the gto1 mutant (Fig. 6). L-Cysteine is one
of the three amino acids of the GSH molecule, and modification of intracellular cysteine concentration influences the GSH
pool in the S. cerevisiae cell (19, 23). We therefore measured
the levels of oxidized (GSSG) and reduced (GSH) glutathione
in wild-type and ⌬gto1 cells. The mutant had significantly reduced levels of GSH, whereas the GSSH pool was not affected
(Fig. 7A).
A ⌬gto1 mutant shows defective growth in SD minimal medium supplemented with the auxotrophic requirements com-

pared to wild-type cells (Fig. 7B). Such a defect is not observed
in SC defined medium supplemented with the 20 amino acids.
In order to determine the amino acid deficiencies that provoked the slow growth rate of the mutant, growth in SC medium separately depleted of each of the amino acids was
tested. The absence of serine caused a moderate growth defect
in the mutant, whereas the absence of threonine or lysine
caused a larger defect that was similar to that observed in SD
medium (Fig. 7B). Therefore, the ⌬gto1 mutant has an imbalance in the biosynthesis of these three amino acids. The absence of cysteine or methionine in the growth medium did not
lead to slow growth (not shown).
Transulfuration requires a peroxisomal function in S.
cerevisiae. The relationship between Gto1 and the metabolism
of sulfur amino acids suggested a role of the peroxisome in this
metabolic pathway. In fact, the S. cerevisiae enzyme cystathionine ␤-lyase (the product of the STR3 gene) contains a PTS1
sequence at the C end and has been experimentally detected at
the peroxisome (61, 82). Other enzymes of the sulfur amino
acid biosynthetic pathway do not display PTS motifs nor have
been detected at the peroxisome. Str3 participates in the transulfuration pathway from cysteine to homocysteine (67), a process that occurs in bacteria, fungi, and plants but not in animals
(37), by converting the intermediate cystathionine into homocysteine. In the absence of Str3 yeast cells are unable to grow
on cysteine or cystathionine as the sole sulfur source (33). We
reasoned that Gto1 could regulate the activity of Str3 through
its redox modulator properties. Str3 has 10 cysteine residues
and 3 of them (located at the C-terminal half of the molecule,
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FIG. 8. Functional relationship between Gto1 and Str3 cystathione ␤-lyase. (A) CLUSTAL W multiple alignment of a region of cystathionine
␤-lyase molecules from diverse organisms that included three conserved cysteine residues (position marked for the residues in S. cerevisiae Str3).
The abbreviations for the organisms were as follows: Sc, Saccharomyces cerevisiae; Cg, Candida glabrata; Ca, Candida albicans; Bc, Botrytis cinerea;
Nc, Neurospora crassa; Gb, Gibberella zeae; An, Aspergillus nidulans; At, Arabidopsis thaliana; St, Solanum tuberosum; Os, Oryza sativa; Lm,
Leishmania major; Ll, Lactococcus lactis; Lmo, Listeria monocytogenes; Cac, Clostridium acetobutylicum; Ba, Bacillus anthracis. (B) Growth of
wild-type (W303-1A) and ⌬gto1 (MML535) cells on plates containing medium B, with glucose and ammonium sulfate, cysteine, or cystathionine
as the sulfur source, after 3 days (for ammonium sulfate and cysteine) or 5 days (for cystathionine) at 30°C. (C) Mutant str3 cells (strain MML826)
transformed with plasmid pMM756 (carrying wild-type STR3 gene), pCM188 (void vector), pMM758 (STR3 with the C353S mutation), pMM760
(STR3 with the C362S mutation), or pMM762 (STR3 with the C387S mutation) were grown exponentially in SC medium, centrifuged and
resuspended in B medium with cysteine at a concentration of 3 ⫻ 106 cells/ml. Cultures were incubated at 30°C and growth (optical density at 600
nm) was recorded 24 h later. Values are expressed relative to the stre3 mutant transformed with the plasmid with wild-type STR3.

at positions 353, 362, and 387) are conserved in other fungal
cystathionine ␤-lyase molecules (Fig. 8A), which points to their
functional importance. To test the hypothesis that Str3 is functionally defective in the absence of Gto1, we studied the ability
of a ⌬gto1 mutant to grow on cysteine or cystathionine as the
sole sulfur source. In fact, compared to wild-type cells, the
mutant shows growth deficiency on cysteine or cystathionine,
with the deficiency being more intense in the latter (Fig. 8B).
Cysteine at high concentrations is toxic to yeast cells (42).
However, increasing the cysteine concentration up to tenfold
over the standard concentration in medium B did not caused
higher toxicity in the ⌬gto1 mutant than in wild-type cells (data

not shown). Therefore, the growth deficiency in the mutant
cannot be attributed to increased toxicity of cysteine (and
probably cystathionine) on the mutant but to a defect in conversion of cysteine or cystathionine into homocysteine.
The three-dimensional structure of cystathionine ␤-lyase
from Arabidopsis thaliana has been determined, and no cysteine residue is present at the enzyme binding site (7). However, the thiol-blocking inhibitor N-ethylmaleimide inhibits the
enzyme activity, which points to the importance of some cysteine residues in the molecule (58), maybe for maintaining the
functional tertiary structure. To test the importance of the
three conserved cysteine residues in S. cerevisiae Str3, we sep-

VOL. 5, 2006

YEAST PEROXISOMAL GST AND SULFUR AMINO ACID METABOLISM

arately mutated these residues and reintroduced the mutated
Str3 versions in an ⌬str3 mutant (Fig. 8C). Wild-type Str3 and
the C353S and C362S versions restored the ability of str3 cells
to grow on cysteine as the sole sulfur source. In contrast, the
Str3(C387S) protein was not functional. Therefore, the Str3
Cys387 residue seems to be essential for cystathione ␤-lyase
function, which supports the importance of redox regulation in
the enzyme.
DISCUSSION
A large number of S. cerevisiae genes are grouped in families
whose products share significant sequence homology. Gene
(or protein) families may reflect an evolutionary relationship
among their members, although these do not necessarily have
overlapping biological functions. Thus, differential compartmentalization may play an important role in functional divergence among family members sharing an enzyme activity, as is
the case for the three S. cerevisiae monothiol glutaredoxins
Grx3/Grx4 (nuclear) and Grx5 (mitochondrial) (49, 59). The
three Gto proteins here described are another example of S.
cerevisiae proteins that share enzymatic properties as GSTs
with glutaredoxin activity (25), although they are located at
different compartments and probably carry out different biological functions. The fact that to different extents all three
GTO genes are induced by agents causing oxidative stress
probably points to a function in the defense against oxidant
conditions for the proteins. However, only the function of
Gto1 has been approached in the present study.
The peroxisomal location of Gto1 is relevant, since among
the large GST superfamily only two mammalian peroxisomal
enzymes had been described to date: a kappa class GST in
human cells (50) and a microsomal-type GST in rat liver cells
(40). Among the S. cerevisiae Gto1 homologues in other fungi,
only those from hemiascomycetous yeasts closely related to S.
cerevisiae (20) are predicted to be peroxisomal as well. This
may reflect the functional versatility of peroxisomes along evolution and the fact that only a core of functions is shared
between S. cerevisiae peroxisomes and those of other eukaryotes (24, 38, 77). The presence of a GST at the peroxisome
implies that GSH must be present at the organelle as the
substrate of the enzyme. Little is known about partitioning of
the GSH pool inside the yeast cell compartments and how the
cell regulates subcellular concentrations of GSH (53). However, GSH has been detected in the peroxisomes of methylotrophic yeast Candida boidinii (39). Glutathione peroxidases
have been described in mammalian peroxisomes (62) and glutathione reductases and glutathione peroxidases in plant peroxisomes (12, 16). Therefore, mechanisms must exist in eukaryotic cells to transport GSH into peroxisomes to act as the
substrate for a diversity of antioxidant enzymes.
The present study indicates that Gto1 probably has a specific
role in S. cerevisiae peroxisomes related to the metabolism of
sulfur amino acids. Besides the involvement in the ␤-oxidation
of fatty acids (38), yeast peroxisomes participate in other cellular functions, such as lysine biosynthesis. In fact, Lys1 and
Lys4 enzymes have been detected in S. cerevisiae peroxisomes
(45) and probably Lys12 is also peroxisomal (8), whereas other
enzymes of the pathway are cytosolic. Yeast cells negatively
affected in peroxisome biogenesis upregulate lysine biosynthe-
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sis genes, although peroxisome-deficient S. cerevisiae cells are
still able to synthesize lysine, probably through alternative reactions (8). The cystathionine ␤-lyase Str3 is a second example
of a peroxisomal S. cerevisiae enzyme involved in amino acid
metabolism, in this case in the transulfuration pathway from
cysteine to homocysteine (Fig. 6). This is the only enzyme in
the entire metabolic pathway that has been detected at the
peroxisomes (45) and contains a PTS1 sequence at the C terminus (28). Therefore, at least two cell compartments seem to
participate in the metabolism and interconversion of sulfur
amino acids in S. cerevisiae, implying the need for transport of
intermediates into and out of peroxisomes. The reason for the
organelle compartmentalization of a specific reaction of the
pathway might be related to the toxicity of strong reductant
intermediates such as cystathionine. Only hemiascomycetous
yeasts evolutionary close to S. cerevisiae (such as Kluyveromyces
lactis, Candida glabrata, and Ashbya gossypii) have a cystathionine ␤-lyase protein with a C-terminal PTS1 sequence.
Therefore, as occurs with lysine biosynthesis, the participation
of S. cerevisiae peroxisomes in cysteine transulfuration seems
to be a recent specialization of some hemiascomycetous yeasts.
The peroxisomal location of the Gto1 GST could parallel
that of Str3, and it could have occurred after the whole genome
duplication in a hemiascomycete ancestor of S. cerevisiae (81)
would have allowed functional specialization of the resulting
paralogues through differential compartmentalization of the
respective products. Gto1 acts as a glutaredoxin that would
regulate the redox state of target cysteine residues through its
deglutathionylating activity (25). Cys387 in S. cerevisiae Str3
could be such a target. In fact, this residue is conserved in fungal cystathionine ␤-lyase molecules, and here we have shown it
to be essential for the transulfuration pathway. Peroxisomes
are a source of reactive oxygen species that create an oxidizing
environment inside the organelle (16, 62). In these conditions,
essential cysteine residues would be oxidized (for instance,
through reversible glutathionylation) leading to transient protein inactivation. Gto1 could restore the activity of Str3 (and
maybe of other peroxisomal targets) through its redox regulation role. Consistent with this, the absence of Gto1 causes
growth defects with cysteine or cystathionine as the only sulfur
sources and depleted levels of intracellular GSH. The hypersensitivity of a triple gtt1 gtt2 gto1 mutant to Cd would result
from the combination of reduced GSH levels (this tripeptide is
required for Cd detoxification in S. cerevisiae by forming CdGSH complexes [45, 63]) and the absence of functional Gtt
proteins with GSH-conjugating activity. In addition, the imbalance of the metabolic fluxes in the sulfur amino acid metabolic
pathway in the ⌬gto1 mutant indirectly causes alterations in the
biosynthesis of serine and threonine. In fact, the serine/threonine dehydratase activity of Cha1 besides converting serine
into pyruvate (Fig. 6) also converts threonine into 2-oxobutanoate (52). It is therefore to be expected that overexpression
of CHA1 reduces the intracellular pools of both amino acids and
makes the cell partially dependent on their external supply. The
observed deficiency of the ⌬gto1 mutant for lysine biosynthesis
could be a consequence of altered peroxisomal functioning in the
mutant (maybe because of the accumulation of reactive oxygen
species in the organelle) and the role of this organelle in lysine
biosynthesis in S. cerevisiae (8).
The present study shows how the defect in a peroxisomal
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GST/glutaredoxin function causes a number of phenotypes,
probably as a consequence of the alteration in the sulfur amino
acid metabolic pathway. The expression of most genes of this
pathway is regulated by S-adenosylmethionine through the
Met4 transcription factor (10, 67). Recently, it has been shown
that S-adenosylmethionine has to be converted into cysteine
for the ubiquitylation-dependent regulation of Met4 activity
(48), confirming previous suggestions (33). Met4 participates
in two different complexes (together with Met28/Cbf1 or
Met31/Met32) for recognition of two respective promoter elements located in MET and other genes (5, 43). The genes
downregulated in the ⌬gto1 mutant contain one or both elements (Table 2). The list includes SER3, GAP1, SAM3, and
MUP1, which do not directly mediate the conversion of sulfur
into cysteine and methionine (Fig. 6) and contain elements
putatively recognized by the Met4/Met31/Met32 complex.
However, the downregulation of genes observed in the ⌬gto1
mutant probably is not a consequence of increased cysteine
levels, since this would be difficult to reconcile with the observed low levels of GSH in the mutant. Some other metabolite
accumulating in the mutant (such as cystathionine) could be
the effector of the transcriptional changes. The hypersensitivity
of the ⌬gto1 mutant to oxidants could be a consequence of the
reduced GSH levels. However, a complex relationship must
exist between Gto and Gtt proteins and other hypothetical
related functions, for instance with respect to the increased
resistance of the mutant lacking all Gto and Gtt proteins to
hydroperoxides and 4-nitroquinolone. A partially similar situation has been reported for S. pombe, where single or multiple
gst mutants are hyper-resistant to diamide compared to wildtype cells (72). The induction of other uncharacterized systems
protecting against compound toxicity in these conditions could
explain these observations. Alternatively, in the case of 4-nitroquinolone the Gto proteins could convert the Gtt2-mediated
GSH conjugate to a more toxic derivative. More studies are
needed in order to further elucidate the relationship between
the peroxisomal regulatory functions mediated by Gto1, sulfur
amino acid metabolism, and defense against oxidative stress.
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