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A high affinity glutathione transporter has been iden-
tified, cloned, and characterized from the yeast Saccha-
romyces cerevisiae. This transporter, Hgtlp, represents
the first high affinity glutathione transporter to be de-
scribed from any system so far. The strategy for the
identification involved investigating candidate gluta-
thione transporters from the yeast genome sequence
project followed by genetic and physiological investiga-
tions. This approach revealed HGT1 (open reading
frame YJL212c) as encoding a high affinity glutathione
transporter. Yeast strains deleted in HGT'1 did not show
any detectable plasma membrane glutathione transport,
and hgtlA disruptants were non-viable in a glutathione
biosynthetic mutant (gsh1A) background. The glutathi-
one repressible transport activity observed in wild type
cells was also absent in the hgtIA strains. The trans-
porter was cloned and kinetic studies indicated that
Hgtlp had a high affinity for glutathione (K,, = 54 um))
and was not sensitive to competition by amino acids,
dipeptides, or other tripeptides. Significant inhibition
was observed, however, with oxidized glutathione and
glutathione conjugates. The transporter reveals a novel
class of transporters that has homologues in other
yeasts and plants but with no apparent homologues in
either Escherichia coli or in higher eukaryotes other
than plants.

Glutathione is the most abundant non-protein thiol com-
pound present in almost all prokaryotic and eukaryotic cells. It
plays numerous roles including control of redox potential, pro-
tection against oxidative stress, detoxification of endogenous
and exogenously derived toxins, protein folding, storage, and
transport of organic sulfur (1, 2). In humans, several diseases
have been strongly correlated with altered intracellular gluta-
thione levels (3, 4). The biosynthesis of glutathione is mediated
by two cytoplasmic enzymes, GSH1 (y-glutamylcysteine syn-
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thase) and GSH2 (glutathione synthetase). Glutathione may be
either utilized in the cytosol or transported by specific trans-
porters to the endoplasmic reticulum (5, 6), the mitochondria
(7), and the extracellular milieu (8). In addition to endogenous
biosynthesis, glutathione may also be taken up from the extra-
cellular environment. Biochemical evidence for specific trans-
porters mediating glutathione uptake has been obtained in
bacteria (9), yeasts (10), plants (11), and mammalian cells (12).
Despite these various reports describing glutathione transport
into the cell and into the different organelles, and the impor-
tance of this process in maintaining glutathione homeostasis,
no gene encoding a glutathione transporter has been cloned so
far from any organism. The initial report of the cloning of the
rat sinusoidal (13) and canalicular glutathione hepatic trans-
porters (14) now appears to be artifactual as the nucleotide
sequences of these genes are almost identical to Escherichia
coli open reading frames, and the results could not be repro-
duced in other laboratories (15, 16). The mammalian multidrug
resistance associated protein (MRPI1) and its yeast homologue,
YCF1, which belong to the ABC transporter family are able to
transport glutathione out of the cytoplasm. However, they do so
with very low affinity, having a K, , for glutathione in the range
of about 15 mm (17, 18), and their primary function is really in
the efflux of glutathione conjugates.

In the present report we describe, for the first time, the
identification, cloning, and characterization of a high affinity
plasma membrane transporter mediating glutathione uptake
in the yeast Saccharomyces cerevisiae. This identification re-
veals a novel family of transport proteins that have homologues
in other yeasts and plants, but no homologues as yet discovered
in either prokaryotes or other higher eukaryotes.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—All chemicals used were of analytical re-
agent grade. Media components were either purchased from Hi Media
(India), from Sigma or from Difco. Bacteriological agar used in France
was from Biokar Diagnostics, Beauvais (France). Vent DNA polymerase
was from New England Biolabs while Tag Polymerase was from Pro-
mega. Oligonucleotides were purchased from Ransom Hill Biosciences
and Gemini Biotech. Radioactivity was from NEN Life Science
Products.

Yeast Strains and Growth—The list of yeast strains used in this
study is shown in Table I. Yeasts were routinely maintained on YPD
medium. The minimal medium contained YNB, glucose, and ammo-
nium sulfate supplemented with the required amino acids and bases.
Glutathione was added wherever necessary at concentrations of 250
M. Sulfur-limited medium was made by substituting ammonium sul-
fate with ammonium chloride. Sporulation plates were prepared as
described by Kaiser et al. (19).

Yeast DNA Isolation and Yeast Transformation—Yeast chromosomal
DNA was isolated by the glass bead lysis method and yeast transfor-
mations were carried out using the lithium acetate method (19).
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TABLE I
List of strains used in this study
Strain Genotype Source
YPH 499 MATa ura3-52 leu2-A1 lys2-801 his3-A200 trp1-A63 ade2-101 K. Kuchler
(ABC 154)
ABC 579 MATa ura3-52 leu2-A1 lys2-801 his3-A200 trpl-A63 ade2-101 Lab Strain
ABC 738 MATa ura3-52 leu2-A1 lys2-801 his3-A200 trpl-A63 ade2-101 pir2A:: KanMX2 This study
ABC 733 MATa his3A1 leu2A0 met15A0 ura3A0 J. Boeke
(BY 4741)
ABC 797 MATa his3A1 leu2A0 met15A0 ura3A0 ypr194A::URA3 This study
ABC 817 MATa his3A1 leu2A0 met15A0 ura3A0 hgtlA::LEU2 This study
ABC 818 MATa ura3-52 leu2-A1 lys2-801 his3-A200 trp1-A63 ade2-101 ypri94A::URA3 This study
ABC 819 MATa ura3-52 leu2-Al lys2-801 his3-A200 trpI1-A63 ade2-101 pir2A:: KanMX2 This study
ypr194A::URA3
ABC 822 MATa ura3-52 leu2-A1 lys2-801 his3-A200 trp1-A63 ade2-101 hgt1A::LEU2 This study
ABC 823 MATa ura3-52 leu2-A1 lys2-801 his3-A200 trp1-A63 ade2-101 ypr194A::URA3 This study
hgt1A::LEU2
ABC 835 MATa ura3-52 leu2-Al1 lys2-801 his3-A200 trp1-A63 ade2-101 pir2A:: KanMX2 This study
hgt1A::LEU
ABC 842 MATa ura3-52 leu2-Al1 lys2-801 his3-A200 trpI1-A63 ade2-101 pir2A:: KanMX2 This study
ypr194A::URA3 hgt1A::LEU2
ABC 869 MAT« ura3-52 leu2-Al lys2-80 his3-A200 trp1-A63 ade2-101 gsh1A::LEU2 This study

Cloning of HGT1—HGT1 was cloned by PCR.* The following primers
were used for amplifying HGT'1 from chromosomal DNA of a wild type
strain (YPH499); YJL-Bam, 5'-CCGCGAATTCATGATTACCACCATT-
TATCATAACC-3' and YJL-Eco, 5'-CACAGGATCCATGAGTACCATT-
TATAGGGAGAGC-3'. The 2.4-kilobase PCR product obtained was di-
gested with EcoRI and BamHI and cloned into a single copy, URAS3-
based yeast expression vector downstream of the TEF promoter (20).

Tetrad Analysis—To check the viability of gsh1A and hgtIA double
deletes, a diploid heterozygous for both markers was constructed by
crossing ABC869 (gshIA::LEU2) with ABC822 (hgt1A::LEU2). The dip-
loid was sporulated on minimal sporulation plates (19) and tetrads were
dissected. The spores were dropped on either YPD or YPD supple-
mented with excess glutathione (1 mm). After initial patching on YPD
plates, spores were replica plated on SD minus uracile, minus GSH,
minus leucine, and minus tryptophane plates.

Diploids heterozygous for ptr2A and gshIA, and diploids heterozy-
gous for ypr194A and gshlA were constructed in a similar way. The
diploids were sporulated and dissected as described above. The disrup-
tion at the GSH1 locus was followed by glutathione auxotrophy, while
disruption at either the YPR194c locus or the PTR2 locus was followed
either by uracile prototrophy or resistance to G418, respectively.

Construction of Strains—The genotypes of the strains used in all the
experiments are listed in Table I and their construction is described
below.

YPH 499 was used as wild type strain in all these experiments.
Disruption of the different genes was carried out by one-step PCR-
mediated gene disruption (21). Strains triply disrupted in the different
peptide and putative peptide transporters were constructed by using
the KanMX2 marker for PTR2 disruption, the URA3 marker for
YPR194c disruption, and the LEU2 marker for HGT'I disruption. These
disruptions were to be eventually constructed in YPH 499. However, as
this strain is not completely disrupted in either the URA3 allele or the
LEU2 allele, PCR-mediated gene disruption using the URA3/LEU2
alleles would not occur efficiently. Therefore, YPR194c and HGT1 were
first disrupted through PCR-mediated gene disruption in the strain BY
4741 which carries null alleles of both URA3 and LEU2 (22). The hgt1
A::LEU2 and the ypr194cA::URA3 disruptions in BY 4741 were then
PCR amplified to yield larger flanking regions and introduced into YPH
499. The disruptions were confirmed by PCR.

The primers used for the disruption of YPR194c were: 194-URA-F,
5-AGTCAAAGATAAAGTTATAATTGATGAGAAGGTATCCACAGCT-
TTTCAATTCAAT-3' and 194-URA-R, 5'-GGGCTCATATTAAGCAT-
TCCACCTACAAATAACATTGGGTAATAACTGATATAATTA-3'.

The primers used to confirm YPR194c¢ disruption were: 194-FOR,
5'-ATTAGAAATTATGAGTGAAAC-3' and 194-REV, 5'-GTTCTAGT-
CATGGATAGTGTC-3'.

The primers used to disrupt HGT1 were: 212-LEU-F, 5'-CCAT-
TTATAGGGAGAGCGACTCGTTGGAGTCGGAGCCCTCGACTACGTC

! The abbreviations used are: PCR, polymerase chain reaction; CCCP,
carbonyl cyanide m-chlorophenylhydrazone; GSH, reduced glutathione;
GSSG, oxidized glutathione, GS-NEM, N-ethylmaleimide S-conjugate
of GSH; NEM, N-ethylmaleimide; HGT, high affinity glutathione trans-
porter; DTT, dithiothreitol; MES, 4-morpholineethanesulfonic acid.

GTAAGGCCG-3, and 212-LEU-R, 5'-CAAGCCTTGTCTCATGACA-
ATAAATCCGTATAGCTTGAATGGAATCCCAACAATTACA-3'.

The primers used for the confirmation of HGT'1 disruptions were:
212-FOR, 5'-GATTACCACCATTTATCATAACC-3’ and 212-REV,
5'-CGTCACAGAACACATGAGTACC-3'.

For the disruption of PTR2, the KanMX2 selection marker was used
and the transformants were selected on G418 containing plates (23).
The primers used for PTR2 disruption were: PTR-DEL1, 5'-ATCCCA-
GCCAAGGCTCAGATGCTCAGGACGAAAAGCAGCTGAAGCTTCGT-
ACGC-3' and PTR-DEL2, 5-CTGGTCGGCAATCAACACGGAAAGG-
TTAGCTTTAATCATAGGCCACTAGTGGATCTG-3'.

The primers used to confirm PTR2 disruption were: PTR2-FOR, 5'-
ATAAACGGATCCAATGCTCAACCATCCCAGCC-3' and PTR2-REV, 5'-
ATGCACAAAAGCTTGCAGAACCAAAGGCGTCGTTAGTC-3'. Each of
the disruptions was made in an YPH 499 background. The double and triple
disruptions were carried out sequentially. Disruptions in GSH1 were con-
structed using a GSH1:LEU2 plasmid (24).

Transport Experiments—Cells were grown on minimal liquid me-
dium YNB complemented with ammonium sulfate and 2% glucose.
When several strains differing in auxotrophy were compared, the sub-
stances required by the most deleted yeast were added to the growth
medium of all strains. Cells were incubated at 28 °C for growth for 12 h,
rotary shaken at 200 rpm. The cells were harvested at A4, 0.6, washed
with a large volume of sterile water (4 °C), and 20 mm MES/KOH, 5 mm
CaCl,, 2.5 mm MgCl,, 2% glucose (pH 5.5) (unless otherwise stated).
They were finally resuspended in the buffered medium (culture medium
volume/25), aliquoted in 100-ul samples, and kept on ice.

After a 10-min incubation of the cells at 28 °C, [PH]GSH (1657.6 GBq
mmol ') was added to the buffered medium to a final concentration of
0.5 mM (final specific activity 12.33 Mbq mmol~!). At selected times,
uptake was stopped by diluting the medium with a 20-fold volume of
water (4 °C) and filtering the cells through a glass fiber filter (Sartorius
AG, 37070 Goettingen, Germany). The cells trapped on the filter were
washed twice with the same volume of cold water. The filter was dried
and placed in a scintillation vial containing 4 ml of Ecolite (ICN, Orsay,
France). The radioactivity was counted after correction for background
and quenching (Packard Instruments, Les Ulis, France).

Synthesis of GS-NEM—The N-ethylmaleimide S-conjugate of gluta-
thione was synthesized by mixing NEM dissolved in 20 mm Tris-HCI
with the same amount of GSH dissolved in the same buffer. After 1 h a
room temperature, dithiothreitol was added to neutralize NEM in ex-
cess (25). The purity of the conjugate was checked by mass
spectrometry.

Measurement of Protein—Protein content was measured by the
method of Lowry et al. (26) using bovine serum albumin as a control.

RESULTS

The Yeast Plasma Membrane Peptide Transporter, Ptr2p, Is
Unable to Transport Glutathione—S. cerevisiae has been re-
ported to have a single peptide transporter, Ptr2p, that can
transport dipeptides and tripeptides (27). Due to the wide
substrate specificity reported for this transporter, the possibil-
ity that Ptr2p might be the transporter for the tripeptide glu-
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Fic. 1. GSH uptake in wild type YPH499 and various yeast
strains disrupted in different putative transporters. The strains
used were YPH499 (o), ptr2A ypri94A hgt1A (O0), ypr194A hgtIA (@),
yprl194A (A), and hgtIA (+). The cells were incubated in 0.5 mm [*H]glu-
tathione. Data are the mean = S.E. of 8 samples from two independent
experiments.

tathione was initially examined. Yeast strains defective in glu-
tathione biosynthesis (gshIA) depend on exogenous glutathione
for growth (28, 29). Should Ptr2p be the transporter mediating
glutathione uptake, then ptr2AgshIA spores would not be via-
ble. Tetrad dissections of diploids heterozygous for pir2A and
gsh1A were carried out. However, among the several tetrads
that were dissected, all 4 spores were viable and several ptr2A
gshIA spores were isolated that did not appear to have any
visible growth defect. This suggested that even if Ptr2p medi-
ated glutathione transport, it was not the sole transporter.
Potential glutathione transport activity of Ptr2p was deter-
mined by comparing glutathione uptake in a wild type and
ptr2A strains. The data clearly indicate that Ptr2p does not
mediate GSH transport (data not shown).

HGT1 Encodes a Yeast Plasma Membrane Glutathione
Transporter—Studies with the yeast Candida albicans earlier
have revealed a new peptide transporter family that was able
to transport tetra- and pentapeptides (30). The gene OPT1 has
homologues in Schizosaccharomyces pombe (Isp4™) and S. cer-
evisiae (open reading frame YJL212¢ and YPR194c). Disrup-
tion of YPR194c in S. cerevisiae did not cause any difference in
sensitivity to toxic oligopeptides. Overexpression revealed a
very mild phenotype. However, no phenotype was found after
either disruption or overexpression of YJL212¢ (31). A possible
role of these proteins in glutathione transport was tested.
Strains disrupted in both YJL212¢ and YPR194c genes were
constructed. When the double disrupted strains were examined
for transport activity, virtually no GSH transport could be
observed (Fig. 1). Examination of the transport capacity of
single disruptants showed a total lack of transport in the
yjl212A strain, whereas the ypr194A strain took up GSH at the
same rate as the wild type (Fig. 1). The transport activity of the
triple disruptant of yjI212A ypri194A ptr2A was comparable to
the transport activity of yjl212A single disruptants (Fig. 1).
Altogether, the data strongly suggest that the protein encoded
by YJL212¢ (from now on referred to as HGT1, high affinity
glutathione transporter 1) is probably the glutathione trans-
porter in the plasma membrane of these cells. To further con-
firm the function of HGT1, the transport activity of hgtIA
disruptants complemented by the HGT'1 gene was studied. The
HGT1 gene was cloned and expressed in a single copy expres-
sion vector downstream of the TEF promoter. Transformation
of the hgtIA disruptants with this construct restored GSH
transport (data not shown), which definitively established that
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Hgtlp is a glutathione transporter. The deduced amino acid
sequence indicates that HGT'1 gene encodes a 799-amino acid
polypeptide with a predicted molecular mass of 91627 Da and a
pI of 9.00. Analysis of the hydropathy profile (32) suggests the
presence of 12-14 putative transmembrane domains (31),
which is typical for many transporter proteins. The N and C
termini are hydrophilic, and the N terminus is particularly
long, with a stretch of about 100 amino acids (Fig. 2).

Functional Characterization of Hgtlp—Transport activity of
HGT1 was further characterized with the wild type as well as
with the hgtIA/TEF-HGT1 strain. pH dependence studies in-
dicated that the initial rate of GSH uptake into the wild type
and hgtIA/TEF-HGT1 strain was maximal between pH 5.0 and
5.5 (data not shown). Further studies were run at pH 5.5.
Hardly any transport activity was detected at 4 °C, indicating
that uptake was an active process (Fig. 3). The transport of
GSH was also significantly inhibited by the protonophore
CCCP (Fig. 3), suggesting that transport activity depended on
the transmembrane pH gradient. Kinetic studies yielded a K,
of 53.9 = 5.5 uM (mean of four measurements) and a V. of
10.0 = 0.6 nmol of GSH-mg protein ' min ! (Fig. 4). Substrate
specificity was studied by measuring uptake of labeled GSH in
the presence of a 100-fold excess of various unlabeled potential
competitors. A 100-fold excess of unlabeled GSH was used as a
control to compare the different potential competitors. Amino
acids like 1-Pro, Gly, and L-Glu had little effect on GSH trans-
port (Fig. 3). In addition, the Agt1A strain was able to transport
L-Pro at rates similar to the wild type strain (data not shown),
which suggests that amino acid transport is not the primary
function of Hgtlp. Marginal inhibition was observed with both
L- and D-Cys, as well as with glutamine. However, various di- or
tripeptides such as Gly-Gly, Gly-Gly-Gly, and Gly-Glu as well
as the dipeptides y-Glu-Cys and Cys-Gly were poor inhibitors
(Fig. 3). In contrast, oxidized glutathione (GSSG) and the glu-
tathione conjugate GS-NEM were almost as inhibitory as GSH
itself. Because the synthesis of the GS-NEM conjugate requires
the use of small amounts of DTT to neutralize excess NEM,
additional controls were run to test the effects of DTT on the
uptake of GSH in the presence and absence of GS-NEM. These
controls showed that DTT does not affect the results, and
therefore that GS-NEM does indeed inhibit GSH uptake (Fig.
3). That glutathione S-conjugates may be transported by Hgt1p
was further checked by uptake studies with labeled GS-NEM
(Fig. 5). Labeled GS-NEM could indeed be taken up by the
hgtIA/TEF-HGT1 strain, but not by the hgtIA mutant, which
clearly shows that Hgtlp transports both GSH as well as GS
conjugates.

Hgtlp Is the Primary Glutathione Transporter in the Plasma
Membrane of S. cerevisiae—Although virtually no GSH trans-
port was observed in strains disrupted solely in HGT'1, the gene
has been predicted to belong to an oligopeptide permease trans-
porter family (31). The presence of other glutathione transport-
ers that would be induced under some conditions, therefore,
could not be ruled out. This possibility was also suggested by an
earlier report characterizing glutathione transport in S. cerevi-
siae, which concerned strains defective in sulfur metabolism
(10). This report indicated the existence of two saturable glu-
tathione uptake systems with K,, values of 0.45 um and 2 mw,
respectively. The low affinity system was due to the activity of
a constitutive transporter, and the high affinity system corre-
sponded to a sulfur repressible transporter. The high affinity
transport activity was inducible and maximally induced by the
absence of sulfur in the medium. The transport activity of the
wild type and of hgtIA strains cultivated in the presence or
absence of sulfur, as well as in the presence or absence of
glutathione was studied. The data (Fig. 6) clearly indicated
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Fic. 3. Effect of low temperature and of various compounds on
GSH uptake in hgt1A, TEF-HGT1 yeast. The initial rates of uptake
from a 0.5 mm GSH solution were determined at 4 °C, or in the presence
of various compounds as indicated. Data were plotted as % of control
(net initial rate of GSH uptake). The control initial rate of GSH uptake
was 12.3 = 0.3 nmol mg protein™! min~!. CCCP was used at 10 um,
amino acids, dipeptides, tripeptides, GSH, GSSG, and GS-NEM were
all present at 5 mM. When preparing the GS-NEM conjugate solution,
excess NEM was neutralized with DTT (final concentration 1.67 mm).
Corresponding controls were carried out in the same conditions. Results
are the mean += S.E. of 8 to 12 samples from two or three independent
experiments.

that the absence of glutathione was a strong inducer (or dere-
pressor) of GSH transport activity in the wild type strain,
whereas sulfur deficiency per se had no effect. The specific
repression of the transport activity by glutathione argues
strongly for Hgtlp being primarily a glutathione transporter.

The possible existence of other glutathione transporters was
also examined by a genetic approach. A diploid heterozygous
for hgtIA and gshlIA was constructed. The hgtIA/HGT1
gsh1A/GSH]1 diploid was sporulated and dissected. Among 15
analyzed tetrads, one was 4-spore, 8 were 3-spore, and 6 were
2-spore. The presence of a wild type or of a disrupted HGT1
gene was confirmed by PCR. All the gsh 1A spores were subse-
quently analyzed to see if any of the gshIA spores carried the
hgtIA disrupted gene. This analysis was done by PCR since

06

o
4]

o
-9

1V{(nmol.mg"'.min")")
=} =]
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0 1 1 1 L 1
-20 0 20 40 60 80 100
1/S (mi)
Fic. 4. Double reciprocal plots of GSH uptake kinetics in in
hgtlA strains transformed with TEF-HGT1. Initial rates of uptake
were measured at GSH concentrations ranging from 10 uM to 1 mm,

between 1 and 3 min. Data are representative from three experiments
(4 replicates per experiment).

both gshIA and the hgt1A deletions were marked by the LEU2
marker. All the gshIA spores were analyzed and none of the
gsh1A spores were found to carry the hgtIA disrupted gene.
Furthermore, the missing spores in the 2-spore and 3-spore
tetrad corresponded to the gshIA hgtIA double deletes. No
spore appeared even after prolonged incubation of the plates.
Tetrad dissections were also carried out by dropping the spores
on media containing higher (1 mm) concentrations of glutathi-
one to determine if there may still be a low affinity transporter.
Again, no gshIA hgtIA spore could be isolated under these
conditions. The non-viability of the gshIA hgtIA spores further
confirmed that the HGT1 gene encoded the primary glutathi-
one transporter in the plasma membrane of this yeast. Yeast
strains bearing a deletion in the MET15 (MET17) gene are
unable to utilize inorganic sources of sulfur for growth but can
use organic sulfur sources such as methionine, cysteine, and
glutathione (10, 33). We therefore constructed a met15A hgt1A
double deletion and examined its growth on different sources of
organic sulfur. These strains could grow on methionine as a
source of organic sulfur but were specifically unable to utilize
glutathione as a source of organic sulfur (Fig. 7). The results
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Fic. 5. Hgtlp-mediated uptake of [*H]glutathione-N-ethylma-
leimide conjugate (GS-NEM). hgt1A, (O), hgt1IA, TEF (A), and hgtIA,
TEF-HGT1 (0) strains were incubated in 0.1 mM [PH]GS-NEM for
various times. To ensure the total elimination of GSH in the GS-NEM
solution, NEM was added in excess before conjugation and afterward
neutralized with DTT (final concentration of 5 uM). Competitive inhi-
bition of GS-NEM uptake was carried out with added GSH at a final
concentration of 1 mm (V). For comparison, GSH uptake was also
measured in hgt1A, TEF-HGT'1 (e ) yeasts from a 0.1 mMm solution. Each
point is the mean * S.E. of four samples.

8t [ +sulphur +GSH * -
+sulphur -GSH
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6 [ -sulphur-GSH

GSH uptake (nmol.mg prot'.min")

0 pn B B
hgtt A hgt1 A, hgt1 A,
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Fic. 6. Inductibility of GSH uptake. Various yeasts (hgt1A; hgt1A,
TEF; hgt1A, TEF- HGT1; wild type YPH499) were grown either in
minimum medium YNB supplemented with amino acids/bases (+ sul-
fur), or in sulfur-limited medium (minimum medium YNB supple-
mented with amino acids/bases where ammonium sulfate was replaced
by ammonium chloride; — sulfur) for 12 h. Each set was separately
grown in its respective medium supplemented (+ 250 um GSH) or not
(— GSH) for about 12 h till A, = 0.6. GSH uptake time course was run
as described earlier. The initial rate of GSH uptake was then calculated
from the time course data. Results are the mean = S.E. of 8 samples
from two independent experiments.

wild type

are in agreement with the function of Hgt1p being described as
a glutathione transporter, and are also in agreement with
Hgt1p being the primary glutathione transporter in the plasma
membrane of this yeast.

Homologues of Hgtlp in Other Organisms—Data base
searches for Hgtlp homologues in other organisms using dif-
ferent BLAST/BLAST-PSI programs (34, 35) yielded several
homologues in yeasts and plants. The proteins displayed be-
tween 38 and 51% identity and between 57 and 68% similarity
over the entire stretch to Hgtlp. The genome of the yeast C.
albicans contains a single homologue identified so far, Optlp,
while three homologues were found in S. pombe (Isp4p and
accession numbers AL023590.1 and Z99164.1) (Fig. 8). The
Isp4p and Optlp proteins have been putatively identified as
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metl3n metl 34 met] 3ahgtl

metl3nhgt! &

+Met +GSH

Fic. 7. Growth of met15A and met15AhgtlA strains on minimal
medium containing either methionine (+ Met) or glutathione
(+GSH) as a source of organic sulfur.

oligopeptide permeases in these yeasts (31), but in the light of
our findings and the close homology to Hgt1p, it is possible that
their primary function may be as glutathione transporters. The
genome of S. cerevisiae also contains an homologue to Hgtlp
(Ypr194cp). Although the function of Ypr194cp is unclear, stud-
ies with strains carrying a deletion in YPR194c did not contrib-
ute in any way to plasma membrane glutathione transport
(Fig. 1). One possibility is that it might be localized to a differ-
ent organelle. Several homologues were also found in plants
(Arabidopsis thaliana) and ESTs in cotton and in Neurospora
crassa. Surprisingly, no homologue was found in either E. coli
or any other prokaryote or in any other multicellular eu-
karyotes other than plants. A BLAST search using different
domains of this protein also failed to pick up any homologue in
systems apart from plants and yeasts.

DISCUSSION

The present paper describes the cloning and characterization
of Hgtlp, a high affinity plasma membrane glutathione trans-
porter from the yeast S. cerevisiae. Hgtlp is the first high
affinity glutathione transporter described from any system so
far. The strategy employed involved the identification of can-
didate glutathione transporters from the yeast genome se-
quence, followed by a combination of genetic and physiological
(growth properties, uptake studies) approaches. Evidence that
HGT1 encodes a glutathione transporter was obtained by loss
of GSH transport activity upon gene disruption, and by resto-
ration of transport activity by complementation of a hgtIA
mutant with a plasmid bearing the HGT'I gene. Several lines of
evidence suggest that glutathione uptake is the primary func-
tion of the protein encoded by HGT1. The HGT1 product me-
diates a specific uptake of GSH, GSSG, and GS-NEM. Neither
an excess of L-amino acids nor various di- and tripeptides
affects this uptake to any significant extent, and the hgtIA
strain takes up amino acids such as proline at a normal rate.
Derepression of GSH transport activity by glutathione defi-
ciency is a further indication that Hgtlp is primarily a gluta-
thione transporter and not a nonspecific oligopeptide permease
as it was thought previously (31). Although Hgt1p clearly func-
tions at the plasma membrane, the possibility that it might
also be localized to a different membrane has not been
examined.

The 40% inhibition by CCCP was similar to the CCCP inhi-
bition levels seen in proton-coupled glutathione transport ob-
served in plant protoplasts (11). Inhibition by CCCP is never
complete in proton-coupled systems, because there is a residual
passive electrical component of the proton-motive force, even if
the pH gradient would be completely collapsed.

Hgtlp represents a novel class of transporter proteins. Se-
quence analysis revealed virtually no homology of the Hgtlp
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HGT1 .5PYPEVRSAVSIEDDPTIRLNHWR. .KEH.
YPR194 ..SPYQEVRAVVDPEDDPTIPVETFR. .KEQ.

ISP4 . . SPYPEVEAAVPFTDDPSMPCNTIR. .KEH.

LPFLIVLIGSFIWYWVPGEFLFTGLS-YFNVILW.
LFFFLTEFFIMEFIYNWEPTYIINILN-TFNWMTW.
LFFLYVFIASFIWNWFPSYIFQALS-LFAWVTIW.
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.GLGALP—-ITFDYTQVSQAMSGSVFATP. .
.GLGINP-ISSFDWNVIS---FNSPLVYP..
.GISILP--MTFDWNQIS-AYILSPLMAP. .

OPT1 . . SPYPEVRAAVPSTDDPTLPONTIR. .KEH. .FFVIVEVASFVWYWFPGYIFQALS-YFSWITW. .GLGMIPNNIALDWNQIA-GYIGSPLIPP..
A.th-1 ..SPIRQVALTVPTTDDPSLPVLTFR. .KEH. .FFVIAFVCSFAYYVFPGYLFQIMT-SLSWVCW. .GLGVGA--IGLDWSTIS-SYLGSPLASP..
A.th-2 ..S5PVEQVRLTVSNHDDPSLPVWIFR. .KEH. .FFVIAFVCSFAWYIFPAYLFLTLS-SISWVCW. .GLGIGA--FALDWSVIA-SYLGSPLVTP..
A.th-3 ..SPIEEVRLTVPITDDPSLPVLTFR. .KEH. .FFLIVFFLSFTYYIVPGYLFPSIS-YLSFVCW. .GLGIGS--FGLDWSTVA-GFLGSPLAVP..
A.th-4 . .CPVEEVALVVPETDDPFSLPVMTFR. .KEH. .FFLVALGASFIYYALPGYLFPILT-FSSWVCW. .GLGVGA--FTLDWAGIS-AYHGSPLVAP..
A.th-5 . .CVVPEVELTVPKETDDSTLPVLTFR. .KEH. .FFLIVLVASFAYYIFPGYLFTMLT-SISWVCW. .GLGIGS--IGFDWVTIS-AYLGSPLASP..
S.p.-2 .ITVRDIDAIVEVTDDVDIPASTFR. .KEH. .YFFIVEVASFIWYWFPDLIFPALSSLGAWISW. .GLGLFP--LTLDWAQIS—-SLSNPLITP..
S.p.-3 L SVYPEVEAAVNPTDDVNLEVHNTWR LKEH. .FFAYVMIGSEVEYWFPGFIFKGLS-YFTVLCW. .GLGILP--LTFDWQQV—VYNSNPLASP. .
\' DD R KE: H I F : P H HE ) G:. . :D: H . P
HGT1 L MPVIS. CNEKYNVTEILN-EDYSINLEKYKEYSPVEVPESYLL. LDIHME. (YK, .IPQGIL. .TNQHVGLNIITELICGYMLPLEPMA. .
YPR194 ,.LPIFT. .HSFEVTEVLDSD-NELDVEKYQSYSPPYYSAGNLV. .DPHSN. .YK. .IPTTIL. .TGYSFGLNLLIEMVMGYALPGNPIA..
I5p4 ..LPISS. .NSYNVTRILT-KDATFDLDAYQNYSPIFMSTTYAL. .DIHEK. .¥D. .IPIGIV. .TNIQLGLNVFTEFIVGYMYPGRPLA..
OPT1 .. LPISS. LOTYNVSKIIDHKTLSEFNEAEYKKYSPLEFLSTTFAT. LDVHNR. .YK. .LPVAII. .TNIAVGLNVVTEFIVGYVLGGRPLC..
A.th-1 . .FPIFS. LSKYNITSIIDSN-FHLDLPAYERQGPLYLCTEFFAT. LDVHAR. .YK. .LPIGII. .TNQAPGLNIITEYIIGYIYPGYPVA..
A.th-2 ..FPIFS. LOLYNISTIVNNE-FELDMENYQQOGRVYLSTFFAT. .DIHTR. .YK. .VPVSII. .TNQTPGLNIITEYILMGVLLPGRPIA..
A.th-3 . .FPFYT. LORYNTTRILNQKTENIDLPAYESYSKLYLSILFAL. LDVHTR. .YK. .LPIGVI. .TNQRMGLNVISELIIGFLYPGKPLA..
B.th-4 ..FPISS5. .QKYDTTKILTPQ-FDLDIGAYNNYGKLYLSPLFAL. .DIHGK. .YK. .LPIGVI. .TNQQPGYDIIGQFIIGYILPGKPIA..
A.th-5 ..FPIFS5. .SRYDVLSIIDSK-FHLDRVVYSRTGSINMSTFFAV. .DIHTR. .YR. .PLIGVI. .TNQAPGLNIITEYVIGYIYPERPVA..
S.p.-2 .. FPIMT. LESYDAQEVVDSE-WELVTOKYQEYSPVMLPIAFIT . .DIHTK. .¥YK. .IPLSLI. .SSFTISMQAFFEIVAAFWENGOPMA. .
S.p.-3 LLPMLS.  LVSYNSSRVLN-SDYSFNHTEYESYSPLYMPMSYSM. .CIHRE. .YK. .IPQGVL. .TNQHVGLNIITELIGGYILPGKPLA..
P o H HH . H Y. H H Y. HH i R P:.
HGT1 .GFIVMRQGLNLSRDLKLAMYMKVSP. .VNVGVQEWMMHNIDGLC. .FTCANGRTVFNASIIWS. .LFSS5GRIYNPLMWFFLIG. .WWG..
YPR194 . .GYNIDGQADNYVSNLKIAHYCKIFPP. LVHNLGVLNWQISNIKDEC. LFTCPDAVTYYNASVVWG. LIFN—-YI¥YPIFKWCWLIG. LWWG. .
I5Pp4d L GYITMTQGLAFAADLKFGHYMKLPP. LWVOIGVLDWALGNIDNVC. VYTCPNATVEFNSSVIWG. LMESGENTYTGLOYFWLAG. LHWWG. .
OPT1 . .GYITNNQAVTFVQODMKLGHYMKIDP., .VQIAVLEWAYGAIDNLC. .YTCPNGEVFFNASIIWG. .QFSHGQIYYGLLFFFIIG. WG, .
A.th-1 ..GYISMQQAITFLODFKLGHYMKIFP. .VYLTTAWWLMETIPNIC. .WTCPSDEVEYDASVIWG. .IFGDLGLYKSVNWFFLVG. WG, .
A.th-2 ..GYISMSQAISFLNDFELGHYMKIFP. .VNISVAWYLLTSVENIC. .WTCESDREVFFDASVIWG. .IFGRLGNYPALNWFFLGG. WG, .
B.th-3 ..GSVSIAQALYFVGDFKLGHYMKIPP. .VSFGTTWWLLSSVENIC. .WTCEGDVVEYNASIIWG. .MFTSKEGIYPGMNWFFLIG. WG, .
A.th-4 . .GRISTVHALSFLADLKLGHYMKIFPP. CWVNLGVAWWMLESIQDIC. WTCPEYRVTFDASVIWG. . LFGPGGMYRNLVGFFLIG. =G, .
A.th-5 . GYISMTQALTFISDFKLGHYMKIPP. WYTGTAWWLMEEIPHLC. .WTCPMDRVEFDASVIWG. LVEGDLGEYSNVNWFFLVG. WG, .
S.p.-2 .GFGTLOHAMHMTQSAKIGHYMKVEP. .VNSAVTGWIMYHVRDVC. .MTCRSPETQFNSHLIWG. .IFSSDGRYSFVMWFELVG. WG, .
S.p.-3 .GFIPMROGLEFSRDLKLAQYMKIPP. LTOQVAVQEWMNYHIPGIC. LFTCPNGRSIYNASLIWG. MFSKEGKPYYPLIFFFLIG. WG, .
G H . K:. YK: P : : .C TC HEE A F Y . 1t G G

Fic. 8. Multiple sequence alignment of the different yeast and plant homologues of Hgtlp. The alignment indicates the more conserved
regions and the amino acid residues that display complete identity among all 10 proteins of the family. The alignment was carried out using Clustal
W with default parameters (39). A.th-1, accession number AAC35527; A.th-2, accession number AC000132; A.th-3, accession number S45495;
A.th-4, accession number, z97341; A.th-5, accession number Al03062; S. pom-2, accession number Al023590.1; S.pom-3, accession number

799164.1.

with the glutathione-conjugate pumps, YCF1 or MRP, that are
able to mediate transport of glutathione with low affinity (17,
18). Hgt1p also appeared to be distinct from the yeast peptide
transporters, Ptr2p, as well as other amino acid, dicarboxylic
acid, and tricarboxylic transporters.

Our attempts to identify other secondary plasma membrane
glutathione transporters in S. cerevisiae were unsuccessful.
The hgtlA strain did not display any detectable glutathione
uptake activity, and transport activity in this strain could not
be induced by deficiency of glutathione or other sulfur com-
pounds. Furthermore, double mutants in hgtIA and gshIA
were non-viable and could not be rescued even in the presence
of high glutathione concentrations. Ptr2p which displays a
wide substrate specificity to number of di- and tripeptides was
also completely unable to mediate uptake of external glutathi-
one. Even if a second glutathione transporter exists, its contri-
bution to glutathione uptake must, for these reasons, be con-
sidered very minimal.

The S. cerevisiae genome contains a close homologue of
Hgtlp, Ypr194cp, but disruption of this gene did not affect
glutathione uptake to any discernable extent. In addition, the
lethality of the hgt1A gshIA spores and the inability of hgt1A
met15A spores to grow on glutathione further suggest that
Ypr194cp makes no significant contribution to plasma mem-
brane glutathione uptake. Overexpression of Ypr194cp, but not

Hgt1p, results in mild toxicity of certain tetra- and pentapep-
tides (31). Therefore, either YPR194c¢ indeed encodes an oli-
gopeptide transporter protein that is very closely related to
HGT1, or, more likely, it encodes a glutathione transporter
localized into a different organelle.

The S. pombe Isp4p gene is a close homologue of Hgt1p (38%
identity and 57% similarity over the entire stretch). This gene
was initially identified as a gene induced during sporulation
(37) and its product displays oligopeptide transport activity for
tetra- and pentapeptides (31). S. pombe diploids homozygous
for defects in glutathione biosynthesis fail to sporulate, indi-
cating an increased glutathione requirement during the spor-
ulation process (28). A similar observation has been made
earlier with S. cerevisiae diploids homozygous for gsh 1A (38). It
is possible, therefore, that genes such as isp4™ are induced
during sporulation to meet the increased requirement for glu-
tathione. The strong homology to HGT'1 does indeed suggest
that the primary function of the protein encoded by isp4™ is
glutathione uptake, but this remains to be demonstrated. Two
other homologues of S. pombe as well as five homologues from
the A. thaliana genome have been revealed. The functional
characterization of each of these putative glutathione trans-
porters needs further investigations.

It is surprising that HGT'1 did not display any homologues in
eukaryotes other than yeasts and plants. This includes Cae-
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norhabditis elegans for which the complete genome sequence is
now available. However, extensive studies have been carried
out on glutathione transport in mammalian liver cells, where
glutathione plays a particularly important role. In these cells,
the transporters have a much lower affinity for glutathione (X,
= 0.3 mMm; Ref. 8) than that measured for Hgtlp. However,
other studies with human small intestinal epithelial cells (12)
have indicated the presence of high affinity glutathione trans-
porters (K, = 90 um), an affinity comparable to that of Hgt1p.
Therefore, high affinity glutathione transporters for glutathi-
one also probably exist in mammalian systems, but they have
yet to be identified. It is also possible that there may be a
second class of glutathione transporters in these systems. If
indeed glutathione uptake is mediated by different proteins in
plants and animals, then the plant protein, easily accessible
from the free space, and absent in animals would be a good
target for herbicides not toxic to animals. The description of
HGT1 and the existence of several yeast and plant homologues
should greatly facilitate the cloning, analysis, and our under-
standing of these transporters.
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iers) for help in mass spectrometry analysis.

REFERENCES

. Meister, A., and Anderson, M. E. (1983) Annu. Rev. Biochem. 52, 711-760
2. May, M. J., Vernoux, T., Leaver, T., Van Montagu, M., and Inze, D. (1998) J.
Exp. Bot. 49, 649-667
3. Smith, C. V., Jones, D. P., Guenthner, T. M., Lash, L. H., and Lauterburg,
B. H. (1996) Toxicol. Pharmacol. 140, 1-12
4. Herzenberg, L. A, De Rosa, S. C., Dubs, J. G., Roederer, M., Anderson, M. T.,
Ela, S. W., Deresinski, S. C., and Herzenberg, L. A. (1997) Proc. Natl. Acad.
Sci. U. S. A. 94, 1967-1972
. Hwang, C., Sinskey, A. J., and Lodish, H. F. (1992) Science 257, 1496-1502
. Banhegyi, G., Lusini, L., Puskas, F., Rossi, R., Fulceri, R., Braun, L., Miles, V.,
di Simplicio, P., Mandl, J., and Benedetti, A. (1999) J. Biol. Chem. 274,
12213-12216
7. Garcia-Ruiz, C., Morales, A., Colell, A., Rodes, J., Yi, J. R., Kaplowitz, N., and
Fernandez-Checca, J. C. (1995) J. Biol. Chem. 270, 1594615949
. Ballatori, N., and Dutczak, W. J. (1994) J. Biol. Chem. 269, 19731-19737
. Sherrill, C., and Fahey, R. C. (1998) J. Bacteriol. 180, 1454-1459
. Miyake, T., Hazu, T., Yoshida, S., Kanayama, M., Tomochika, K., Shinoda, S.,
and Ono, B. (1998) Biosci. Biotech. Biochem. 62, 18581864

=

(o2l

S ©

13265

11. Jamai, A., Tommasini, R., Martinoia, E., and Delrot, S. (1996) Plant Physiol.
111, 1145-1152

12. Iantomasi, T., Favilli, F., Marriani, P., Magaldi, T., Bruni, P., and Vincenzini,
M. T. (1997) Biochim. Biophys. Acta 1330, 274—-283

13. Yi, J-R., Lu, S., Fernandez-Checca, J., and Kaplowitz, N. (1995) Proc. Natl.
Acad. Sci. U. S. A. 92, 1495-1499

14. Lu, S. C., Sun, W.-M,, Yi, J., Ookhtens, M., Sze, G., and Kaplowitz, N. (1996)
J. Clin. Invest. 97, 1488-1496

15. Lee, T. K., Li, L., and Ballatori, N. (1997) Yale <J. Biol. Med. 70, 287-300

16. Li, L., Lee, T. K., and Ballatori, N. (1997) Yale J. Biol. Med. 70, 301-310

17. Rappa, G., Lorico, A., Flavell, R. A., and Sartorelli, A. C. (1997) Cancer Res. 57,
52325237

18. Rebbeor, J. F., Connolly, G. C., Dumont, M. E., and Ballatori, N. (1998) «J. Biol.
Chem. 273, 33449-33454

19. Kaiser, C., Michaelis, S., and Mitchell, A. (1994) Methods in Yeast Genetics: A
Laboratory Manual, Cold Spring Harbor Press, Cold Spring Harbor, NY

20. Mumberg, D., Muller, R., and Funk, M. (1995) Gene (Amst.) 156, 119-122

21. Baudin, A., Ozier-Kalogeropoulos, O., Denouel, A., Lacroute, F., and Cullin, C.
(1993) Nucleic Acids Res. 21, 3329-3330

22. Brachmann, C. B., Davies, A., Cost, G. C., Caputo, E., Li, J., Hieter, P., and
Boeke, J. (1998) Yeast 14, 115-132

23. Wach, A., Brachat, A., Pohlmann, R., and Philippsen, P. (1994) Yeast 10,
1793-1808

24. Liskowsky, T. (1993) Curr. Gen. 23, 408—-413

25. Martinoia, E., Grill, E., Tommasini, R., Kreuz, K., and Amrhein, N. (1993)
Nature 364, 247-249

26. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951) J. Biol.
Chem. 193, 265-275

27. Perry, J. R., Basrai, M. A,, Steiner, H-Y., Naider, F., and Becker, H. M. (1994)
Mol. Cell. Biol. 14, 104-115

28. Chaudhuri, B., Ingavale, S., and Bachhawat, A. K. (1997) Genetics 145, 75-83

29. Wu, A. L., and Moye-Rowley, W. S. (1994) Mol. Cell. Biol. 14, 58325839

30. Lubkowitz, M. A., Hauser, L., Breslav, M., Naider, F., and Becker, J. M. (1997)
Microbiology 143, 387-396

31. Lubkowitz, M. A., Barnes, D., Breslav, M., Burchfield, A., Naider, F., and
Becker, J. M. (1998) Mol. Microbiol. 28, 729-741

32. Kyte, J., and Doolittle, R. F. (1982) J. Mol. Biol. 157, 105-132

33. Thomas, D., Barbey, R., Henry, D., and Surdin-Kerjan, Y. (1992) <J. Gen.
Microbiol. 138, 2021-2028

34. Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman D. J. (1990) .
Mol. Biol. 215, 403-410

35. Altschul, S. F., Madden, T. L., Schaffer, A. A, Zhang, J., Zhang, Z., Miller, W.,
and Lipman, D. J. (1997) Nucleic Acids Res. 25, 3389- 3402

36. Deleted in proof

37. Sato, S., Suzuki, H., Widyastuti, U., Hotta, Y., and Tabata, S. (1994) Curr.
Genet. 26, 31-37

38. Ohtake, Y., Satou, A., and Yabuuchi, S. (1990) Agric. Biol. Chem. 54,
3145-3150

39. Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994) Nucleic Acids Res. 22,
4673-4680

0T0Z ‘Zg 1aqwada uo ‘1sanb Ag 610°oqlmmm woly papeojumoq


http://www.jbc.org/

