Copyright © 1997 by the Genetics Society of America

Molecular Characterization of Two High Affinity Sulfate
Transporters in Saccharomyces cerevisiae

Héléne Cherest,* Jean-Claude Davidian,' Dominique Thomas,* Vladimir Benes,* Wilhelm AnsorgeI and
Yolande Surdin-Kerjan*

*Centre de Génétique Moléculaire, Centre National de la Recherche Scientifique, 91198 Gif-sur-Yvette Cedex, France, T Laboratoire de
Biochimie et Physiologie Moléculaire des Plantes, Ecole Nationale Supérieure Agronomique, INRA, CNRS (URA 2133), 34060
Montpellier Cédex I, France and Y EMBL Biochemical Instrumentation Programm, D-69117 Heidelberg, Germany

Manuscript received July 26, 1996
Accepted for publication November 19, 1996

ABSTRACT

Strains resistant to the toxic analogues of sulfate, selenate and chromate have been isolated. Their
genetic analysis allowed us to identify four genes. One, called MET28, encodes a transcriptional factor.
The three other genes, called SULI, SUL2 and SUL3, encode proteins involved in sulfate transport. The
sequence of Sullp and Sul2p indicate that they are integral membrane proteins exhibiting, respectively,
11 and 10 transmembrane domains. Moreover, Sullp and Sul2p share a high degree of similarity. Sulfate
transport kinetic studies made with parental and mutant strains show that, as expected from genetic
results, Saccharomyces cerevisiae has two high affinity sulfate transport systems. Sul3p has been shown to
be involved in the transcriptional regulation of the SULZ2 gene.

ULFATE is among the most abundant anion macro-
nutrients found after phosphate in cells, and it is
the major sulfur source in many organisms. Like all the
inorganic nutrients, sulfate is taken up and accumu-
lated in cells through highly specific membrane trans-
port systems. After it is accumulated as an inorganic
anjon, sulfate is enzymatically reduced to sulfide and
then incorporated into organic compounds by the sul-
fate assimilation pathway.

Sulfate transport has been studied in whole plants
(LEE 1982; CLARKSON et al. 1983; Lass and ULLRICH-
EBERIUS 1984), in excised organs (CRAM 1983; CLARKSON
et al. 1992) and in isolated cells (SMITH 1976; RENNEN-
BERG ¢t al. 1989). More recently, kinetic studies of sulfate
transport into plant right-side-out purified plasma mem-
brane vesicles have shown that it occurs by sulfate/pro-
ton cotransport (HAWKESFORD et al. 1993), which agrees
with the work on the sulfate uptake system of Penicillium
notatum (CUPPOLETTI and SEGEL 1975) and of Saccharo-
myces cerevisiae (ROOMANS et al. 1979). These results dif-
fer, however, from what is observed in animal plasma
membrane vesicules in which sulfate transport has been
shown to be mediated via an anion-exchange process
(MEIER ¢t al. 1987) or a sodium/sulfate cotransporter
(BUSCH ¢t al. 1994).

The recent cloning of plant potassium transporters
by heterologous complementation of yeast mutants
(ANDERSON et al. 1992; SENTENAC et al. 1992) has shown
that this technique may offer possibilities to isolate the
plant genes implicated in sulfate transport. Several
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c¢DNAs coding for sulfate transport systems have been
cloned in lower eukaryotes (KETTER ef al. 1991), animals
(MARKOVICH et al. 1993; BISSIG ¢ al. 1994) and man
(HASTBACKA et al. 1994). Aiming to clone the plant sul-
fate transporters, we initiated the screening of yeast
mutants impaired in sulfate transport. A preliminary
genetic work on sulfate transport in yeast had shown
that it could be mediated by two enzymatic species,
although the biochemical results obtained at that time
were not easily explained by this simple hypothesis
(BRETON and SURDIN-KERJAN 1977) and clearly, only a
molecular study would shed light on sulfate transport
in 8. cerevisiae. While our work was in progress, cloning
and analysis of cDNAs from the tropical forage legume
Stylosanthes hamata encoding sulfate transporters has
been performed (SMITH et al. 1995a) by complementa-
tion of a high affinity sulfate transporter mutant of S.
cerevisiae (SMITH et al. 1995b). However, although the
yeast mutant used by these authors has proven to be
useful, no genetic analysis of sulfate transport in yeast
was performed in this case.

We report here genetic and molecular analysis of
sulfate transport in S. cerevisiae showing that sulfate up-
take is mediated by two high affinity transporters. We
have cloned these two genes and analysis of their se-
quences shows that they encode proteins sharing a high
degree of similarity to a growing family of proteins ac-
tive in sulfate uptake. In addition, our screening
method allowed us to isolate strains impaired in a factor
regulating the expression of the gene encoding one of
these transporters.

MATERIALS AND METHODS

Strains, plasmids and media: The strains of S. cerevisiae and
plasmids used in this work are listed in Table 1. YPG, YNB
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and the sulfurless B media were as described in CHEREST and
SURDIN-KERJAN (1992). Minimal medium was YNB medium
supplemented according to the auxotrophic requirements of
the strains, with adenine (40 pug/ml), uracil (20 pg/mi), hist-
dine (200 pg/ml), leucine (100 pg/ml) and tryptophan (20
ug/ml). $6 medium was YNB medium in which the glucose
concentration has been raised to 3% and containing 0.1%
of casamino acids. This medium contains neither uracil nor
adenine, and tryptophan must be added when needed. Ge-
netic crosses, sporulation, dissection and scoring of nutri-
tional markers were done as described in SHERMAN e al.
(1979).

Mutagenesis and isolation of mutants: Strain W303-1A was
transformed with the multicopy plasmid pM3-32 that was con-
structed by inserting the BamHI-Sall fragment of pM3-4 in
plasmid pEMBLYe23 (CHEREST et al. 1985). Stationary phase
cells of transformed W303-1A grown on S6 medium were
washed once with water and suspended in 100 mM sodium
phosphate buffer pH 8.0 at a density of 10® cells/ml. Cells
were exposed to 10 ul/ml EMS at 30° for 70 min (FINK 1970).
In these conditions 30% of cells survived the treatment. Selec-
tion of mutants was made by plating on B medium containing
0.2 mMm pr-homocysteine as a sulfur source and 2 mM sodium
selenate, 0.1 mMm potassium chromate or both 0.1 mm chro-
mate and 2 mM selenate. After incubation for 3 days at 30°,
the resistant colonies were picked for further analysis.

Sulfate uptake assay: Sulfate uptake was measured on
whole celis. They were grown at a cell density of 107 cells/ml
in sulfur-less B medium containing 0.2 mM DI-homocysteine
as sulfur source. Such growth conditions were made necessary
by the impairment of sulfate uptake activity after growth in
sulfate-containing media. The uptake assay was performed on
two cell concentrations. For 1 ml final volume, 2.5 x 10°
and 5 X 10° growing cells were added to 500 ul of twofold
concentrated B medium containing 0.1 mMm Na®SO, (~5000
cpm/nmol). Uptake was started by the addition of the cell
suspension and the mixture was incubated at 20° for different
times (1, 2, 3 and 4 min). For each time and cell density, the
reaction was stopped by the addition of 10 ml of ice cold 0.1
mM Na,SO, and cells were filtered on a GF/C filter, washed
with 3 X 10 ml of cold 0.1 mM Na,SO,, and each filter was
transferred in a counting vial. For kinetic analysis of sulfate
transport, the concentration range of sulfate was 0.001-0.05
mM. It appears that the Michaelis-Menten equation can give
an adequate description of transport processes. However, the
uptake being measured on whole cells, the K,, value cannot
have the same meaning as in the case of an enzymatic reac-
tion. We have thus referred to the apparent K, values calcu-
lated from double reciprocal plots as K.

Derepression kinetics: Strains CP36-7C (sul3) and W303-
1A (parental) were grown in 100 ml of sulfur-less B medium
in the presence of a repressing amount of methionine (0.1
mM). When the cells reached a density of ~107 cells/m, they
were quickly filtered, washed and transferred into B medium
without methionine. Cells were harvested at different time
intervals after the shift and total RNAs were extracted. For
each time point 10 pg of total RNA was electrophoresed on
a 1% agarose gel and then transferred to a nylon membrane.
The transferred RNAs were hybridized to probes specific to
the SULI and the SULZ2 genes.

Recombinant DNA methods: Plasmid pEMBLYe23 (BAL-
DARI and CESARINI 1985) was used as a shuttle vector between
S. cerevisiae and Escherichia coli. The S. cerevisiae genomic library
used for the cloning of the SULI and SULZ genes was con-
structed by inserting the product of a partial HindIIl digest
from the wild-type strain X2180-1A in the HindIIl site of pEM-
BLYe23. Plasmid purification was performed as described in
Isn-Horowicz and BURKE (1981).

The sequencing of the SUL2 gene was as described in
SCHOLLER et al. (1996). The construction of disrupted alleles
followed the strategy of ROTHSTEIN (1983). To disrupt SULI,
the HindIII-Xkol fragment of the SULI region was inserted in
plasmid pUC19 digested by HindlIl-Sall. The EcoRV fragment
of the SULI insert was removed and replaced by the BamHI-
BamHI fragment of plasmid pYD-LEU bearing the LEU2 gene.
The resulting plasmid was cut by Xbal and was used to trans-
form W303-1A to leucine prototrophy yielding strain CD131
(suli::LEUZ2). The disruption was verified by Southern blot-
ting (not shown). To disrupt SULZ2, plasmid pSUL2-1 was di-
gested by Smal and religated, thus eliminating the URA3 gene
and the 2u sequences. In the resulting plasmid, the BamHI-
EcoRI fragment of the SUL2 gene was replaced by a Bglll-
Bgllll fragment bearing the URA3 gene. The resulting plasmid
was cut by Psfl and Bglll and used to transform strain W303-
1A to uracil prototrophy yielding strain CD141 (sul2::URA3).
The disruption was verified by Southern blotting (not shown).

RESULTS

Characterization of the mutants: Previous results
(BRETON and SURDIN-KERJAN 1977) had shown that se-
lection of strains resistant to toxic analogues of sulfate
(selenate or chromate) led mainly to strains mutated
in the MET?3 gene encoding ATP sulfurylase, catalyzing
the first step of sulfate reduction. To avoid this issue,
we mutagenized strain W303-1A harboring additional
copies of the MET3 gene on the multicopy plasmid
pM3-32 (see MATERIALS AND METHODS). Mutagenesis
was performed as described in MATERIALS AND METH-
oDs, and 39 strains resistant to chromate, to selenate
or to selenate and chromate were further studied. As
mutants impaired in sulfate uptake are likely to be auxo-
trophic for methionine, selenate- and chromate-resis-
tant strains were tested on minimal medium with or
without methionine. This allowed us to classify the re-
sistant strains into two classes, one comprising strains
requiring methionine for growth, the other one con-
taining prototrophic strains. Twenty-nine strains auxo-
trophic for methionine and 10 prototrophic strains
were cured of the pM3-32 plasmid by growth for 25
generations on nonselective medium and selection for
colonies requiring uracil for growth.

As previously shown, cells from strains bearing met4,
met14 or met]6 mutations are capable of growing in the
presence of selenate or chromate, as sulfate uptake is
absent in these mutants (BRETON and SURDIN-KERJAN
1977; THOMAS ¢t al. 1990; THOMAS ¢t al. 1992). To deter-
mine if the isolated methionine auxotrophic strains
could be impaired in MET4, METI4 or MET16 genes,
the 30 auxotrophic mutants were transformed with plas-
mids pYe(MET14)-2, pM16-2 and pM4-4 (Table 1), and
the transformants were tested for methionine require-
ment. This analysis showed that 23 mutants were com-
plemented by one of the three plasmids bearing the
MET4, MET14 or MET16 genes, indicating that these
mutants were impaired in one of these three genes.
The six remaining auxotrophic strains (CrSe922, 91,
752, 503, 412 and Cr602) that were not complemented
by one of the plasmids were thus further analyzed.
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TABLE 1

Yeast strains and plasmids

Origin

Genotype
Strains

W303-1A MATa his3 leu2 ura3 ade2 trpl
W303-1B MATa his3 leu ura ade trpl
CP60-4A MATa his3 leu2 ade2 trp sul2-1
CP60-4C MATa his3 leu2 ura ade trpl sull-1
CP60-1C MATa his3 leu2 ura3 trplsull-1 sul2-1
CP36-7C MATw leu2 ura3 lys2 sul3-1

MATa his3 leu2 ura3 ade2 trpl
CD131 sull::LEU2

MATa his3 leu2 ura3 adel trpl
CD141 sul2::URA3

MATa his3 leu2 ura3 ade2 trpl
CP156-10B sul2::URA3 sul3-2

MATa his3 leu2 ura3 ade2 trpl
CP157-13B sull::LEU2 sul3-2

MATa his3 leu2 ura3 ade2 trpl
CP154-7A sull ::LEU2 sul2::URA3

Plasmids

pM3-32 Expresses URA3 and MET3
pYe(MET14)2 Expresses TRPI and MET14
pM16-2 Expresses URA3 and METI16
pM4-4 Expresses URAZ and MET4

R. ROTHSTEIN
R. ROTHSTEIN
This work
This work
This work
This work

This work

This work

This work

This work

This work

CHEREST et al. (1985)
FITzGERALD-HAYES et al. (1982)

THOMAS et al. (1989)
THOMAS et al. (1992)
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Genetic analysis of the methionine-requiring mutants:
The six methionine-requiring strains were crossed to the
wild-type strain (W303-1B); the resulting diploids were
sporulated and their progeny analyzed. In most cases,
germination was very poor. A spore from each cross ex-
hibiting the same phenotype as the resistant parental
strain (methionine auxotrophy and resistance to chro-
mate and/or selenate) was backcrossed to the wild-type
strain. For four original mutants (CrSe91, 922, 752, and
503), the auxotrophy for methionine and the resistance
to the sulfate analogues cosegregated 2+:2— in 12 tet-
rads examined. In one mutant (Cr602), the auxotrophy
for methionine segregated 2+:2—, but the resistance was
lost and for another mutant (CrSe412) the resistance to
selenate and the methionine auxotrophy were the result
of the mutation of two different genes.

Complementation tests classified the mutants into
three groups. In the first one were strains CrSe91, 922,
752 and 503 defining a new gene, MET28. The cloning
and sequencing of the MET28 gene has shown that it
encodes a transcription factor involved in sulfur metab-
olism (KuRras et al. 1996). The second group comprised
strain Cr602, which was eventually shown to bear a mu-
tation in the METI gene (THOMAS et al. 1992). The
mutation leading to methionine auxotrophy found in
strain CrSe412 was shown to be a met22 mutation
(THOMAS et al. 1992; GLASER ef al. 1993). The other
mutation harbored by strain CrSe412 and leading to
selenate resistance defined a yet unknown gene that we
called SUL3.

Analysis of the methionine prototrophs: The 10 mu-

tants that did not require methionine for growth were
tested again for their resistance to selenate. Four mu-
tants were selected for their easily scored resistance to
selenate and further studied. These strains (CrSe702,
661, 431 and 121) were backcrossed to the wild-type
strain (W303-1B) and the resulting diploids were sub-
jected to tetrad analysis. Diploids involving mutants
CrSe702 and CrSe661 display a 2+:2— segregation for
the resistance to selenate in 18 tetrads examined for
each diploid. Strain CrSe702 was shown to bear a muta-
tion in the SUL3 gene already defined and strain
CrSe661 carried a mutation in a new gene that we called
SUL2. For the other two mutants (CrSel21 and
CrSe431) the resistance to analogues was the result of
two different mutations in two independent genes.
Strain CrSel21 was shown to bear a mutation in the
SULZ2 gene already defined and in another gene that
we called SULI. Strain CrSe431 was shown to bear also
a mutation in the SULI gene and in a gene that we
called CHRI as its mutation leads to an easily scored
resistance to chromate. The CHRI gene was shown to
be identical to the METI14 gene encoding APS kinase,
the enzyme catalyzing the second step of sulfate reduc-
tion. As already stated, a mutation in the metl14 gene
leads to a loss of sulfate uptake activity. The chr! muta-
tion isolated here does not lead to methionine auxotro-
phy. However, this mutation impairs sulfate uptake as
other mutations in the METI4 gene and thus results
in a chromate-resistant strain. The genotypes of the
different studied mutants are summarized in Table 2.
It is noteworthy that the different mutated alleles in



630 H. Cherest et al.

TABLE 2

Mutated alleles in the mutants resistant
to chromate -+ selenate

Strain Mutated allele

I-methionine auxotrophs
CrSe 141, 223, 352, 444, 563, 871,

883, 903 metd
Se 2111, 1515, 1615, 1625, 2614, 2131,

1126, 1141, 11110 metl4
CrSe 71, 211, 794, 993 metl4
Cr691, Se2017, Se394 metl6
CrSe91, 922, 752, 503 met28
Cr602 metl
CrSe412 met22 sul3

2-methionine prototrophs
CrSel?21 sull sul2
CrSe702 sul3
rSe661 sul2
CrSe431 chrl sull

the SUL3Z gene are dominant with respect to selenate
resistance.

Sulfate uptake in the different mutants: The genetic
analysis of selenate-resistant mutants had defined three
new genes SULI, SUL2 and SUL3 that encode proteins
that could be involved in sulfate transport. We thus
measured the sulfate transport in the different mutant
cells. Results (Table 3) showed that cells from single
mutants exhibited only a small decrease in sulfate up-
take as compared to cells of the parental strain. Strain
CP60-1C bearing a mutation in each gene, SULI and
SUL2, had no sulfate transport activity. We then exam-
ined the kinetics of sulfate uptake in strains CP36-7C
(sul3), CP60-4A (sui2), CP60-4C (sull) and W303-1A
(parental strain), in response to different sulfate con-
centrations. The double reciprocal plot of sulfate up-

TABLE 3

Sulfate uptake activity and Kr for sulfate
in different mutants

Sulfate

Strain Relevant genotype transport” K,
W303-1A 5.9 4.6
CP36-7C sul3 2.9 4.5
C60-4A sul2 3.4 4.6
CP60-4C sull 4.4 10
CP60-1C sull sul2 <0.1 ND
CD131 sull::LEU2 44 10
CD141 sul2::URA3 4.1 4.5
CP156-10B sul2::URA3 sul3 2.3 4.1
CP157-13B sull::LEU2 sul3 <0.1 ND
CP154-7A sull::LEU2 sul2::URA3 <0.1 ND

The figures are mean values of at least three experiments
with a deviation <10%.

“Sulfate transport is expressed in nmol of sulfate trans-
ported per min per mg of dry weight.

"K; is expressed in uM. ND, not determined.

1/V (cpm-1) x 104

T

T T T T T ]
-300 -200 -100 O 100 200 300 400
1/SmM-

FIGURE 1.—Kinetic analysis of sulfate uptake in different
mutants. Sulfate uptake was measured as described in MATERI-
ALS AND METHODS. The incubations were for 3 min. Uptake
rates were determined at sulfate concentrations ranging from
0.05 to 0.001 mmMm. M, strain W303-1B (SUL1I SUL2); @, strain
CP36-7C (sul3); A, strain CP60-4A (sul2); ¥, strain CP60-4C
(sull).

—
500

take data for the different strains are shown in Figure
1. For all strains, the plot is linear. The calculated Ky
for sulfate was 4.5 uM for the parental strain and strains
bearing sul2and sul{3 mutations. However, for the strain
bearing the sull mutation the K; was reproducibly
found to be 10 puM. These kinetics results and the lack
of sulfate uptake activity in the double mutant CP60-
1C (sull sul2) were an indication that sulfate uptake in
S. cerevisiae is mediated by two transport systems both
exhibiting a high affinity for sulfate. The double recip-
rocal plot of sulfate uptake in the parental strain shows
only the higher affinity transport (4.5 uM). The inactiva-
tion of one of these transporters by the sull mutation
(strains CD131 and CP60-1C) uncovers the system ex-
hibiting the lowest affinity for sulfate (10 uMm).
Cloning of the SULI and SUL2 genes: Although cells
from strain CP60-1C (sull sul2) are resistant to selenate
and express no sulfate transport activity, they are able
to grow on YNB-based medium that contains a high
concentration of sulfate (~30 mm). However, on B me-
dium complemented with 1 mM sulfate, this strain grows
very slowly. To clone the SULI and SULZ2 genes we ex-
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FIGURE 2.—Physical map of the SULI (A) and SUL2 (B)
regions. The fragments subcloned in plasmid pEMBLYe23
and their ability to confer to strain CP60-1C (sull sul2) the
ability to grow on sulfate 1 mm as a sulfur source are shown.

ploited this property and complemented the strain
CP60-1C with the pEMBLYe23-based genomic library
described in MATERIALS AND METHODS. About 36000
Ura” transformants were selected on 24 plates. These
transformants could not be replica plated due to the
number of transformants on each plate (~1500). They
were thus recovered by washing the plates and the re-
sulting cell suspensions were plated after appropriate
dilution onto B medium containing 1 mM ammonium
sulfate. Cells that grew quickly in these conditions were
derived from six original plates. Plasmid DNA was recov-
ered from 12 colonies and used to retransform CP60-
1C. Eleven DNA preparations led to transformants able
to grow on 1 mMm sulfate. Ten clones were found to
harbor identical plasmids with a 6.5-kbp insert. The
other transformant was found to harbor another plas-
mid with a 10.2-kbp insert (Figure 2). The determina-
tion of the apparent K; for sulfate of strain CP60-1C
(sull sul2) transformed with one or the other plasmid
allowed us to identify the plasmid complementing re-
spectively the sull or sul2 mutations. Indeed, when
transformed by the plasmid bearing the 10.2-kbp insert
(putative SUL2), the measured Ky is 10 uM as in a sull
mutant, and when transformed by the plasmid bearing
the 6.5-kbp insert (putative SULI), the apparent K is
4.5 pM, as expected in a sul2 mutant.

We verified that the inserts directed the integration
to the SULI or the SUL2 region of the yeast genome.
Plasmids missing an autonomous replicating sequence
but bearing the URA3 gene and the complementing
inserts were constructed. For SULI, integration was di-
rected by cleaving the plasmid within the insert with

Xbal (Figure 2). Strain W303-1B was transformed with
the cleaved plasmid, and one Ura™ transformant was
crossed to strain CP60-4C (sull), the diploid was sporu-
lated and 42 tetrads analyzed. The 84 spores showing
a Ura" phenotype were all sensitive to selenate, indicat-
ing that the insert directed integration at the chromo-
somal SULI locus. For SUL2, integration was directed
by cleaving the plasmid within the insert by BamHI (Fig-
ure 2). Cross of one Ura” transformant with CP60-4A
(sul2) showed that the insert directed integration at
the SUL2 locus.

The position of the SUL genes within the cloned DNA
of pSULI and pSULZ2 was determined by subcloning
(Figure 2). The different subclones were tested for their
ability to restore growth on 1 mM sulfate and the sensi-
tivity to selenate of strain CP60-1C (sullsul2).

Sequence of the SULI and SUL2 genes: Partial se-
quencing of the cloned SULI region showed that gene
SUL1 was identical to an open reading frame (ORF) of
chromosome /I, YBR294, sequenced as part of the yeast
genome sequencing project (FELDMAN ¢t al. 1994) and
to the SULI gene described by SMITH et al. (1995b). It
contains an ORF with the potential to encode a protein
comprising 859 amino acid residues. Analysis of the
protein sequence has shown that it comprises 11 poten-
tial helical transmembrane domains. Moreover, the se-
quence shows significant homology to the polypeptide
derived from the cys-14 gene of Newrospora crassa encod-
ing the mycelial sulfate transporter of this organism
(KETTER et al. 1991). The SUL2 gene, mapping to chro-
mosome X/I (YLR092) was sequenced on both strands.
It has the potential to encode a protein comprising 893
amino acids with a molecular mass of 94,944 and a
calculated isoelectric point of 6.16. The hydropathy
profile of the Sul2 protein suggests that it contains 10
transmembrane spanning regions. Searches in data-
bases by using the BLAST program (ALTSCHUL el al.
1990) reveals that Sul2p is strongly similar to Sullp
(YBR294). Alignments obtained with the Clustal V pro-
gram (HIGGINS 1994) show that the two proteins exhibit
563 identical residues (62%) and 95 conservative re-
placements (11%) (Figure 3). Figure 3 shows also that
10 putative transmembrane domains of Sullp and
Sul2p are superimposable, Sullp having one additional
transmembrane domain in the N-terminal part of the
protein.

Phenotypic study of sull and sul2 disrupted strains
and of different double mutants: Gene disruption al-
leles were constructed as described in MATERIALS AND
METHODS. The specific activity of sulfate transport was
measured in the su/l and sul2 disrupted strains as well
as in different double mutants (Table 3). The strains
bearing disruptions in the SULI (CDI131) or in the
SUL2 (CD141) genes exhibit a sulfate transport activity
comparable to the parental strain W303-1A. The spe-
cific activity measured in strain CP156-10B (sul3 su-
[2::URA3) is comparable to that found in strain CP36-



632 H. Cherest et al.

MSREGY; PNFEEVEIPDEQETNNTVPDIDDLELE!DQYMENNDTENDN)IESNSVAIGN

Y L.k Rk R,
MSRK~=-~-- SSTEYVHNQED——-—ADIEVE'ESEYRTYRESE---AAENRDGIJ-NGDEENW
AVNSSKGVKGSKIDYENPSDV SLYDNSV SQFEETTVSLKEYYDHSIRSHLTVKGACSYLK
hkkdk . dde dek kddedkkkddk kk Kk k khk
KVNS SK—---Q!G'GVTKN‘ELSDVLYDSIPAYEESTVTIJCEYYDHSI!N@“RSAGSYLV
SVFPIINWLP! YAQVATLP: YSSFIGAYSY
R A R I RN T
SLFPII. 'ADLVAGITVGCVLVEQ 'YAQIASLS! YSSFIGAFIY

SKDVCIGPVAVMSLOTAKVIADVTAKY! PD@SAITGPme
PR T e L T T O T I ® fedkkdk kkdkk %
S. S!GJVCIGPVAVMSIQTAKVIAEVL!G{YPEDQTMAPI TTICLLCGIVATGLG

FL! ALMGYNSLVNTRAATYKVVIETLKHLP
kddekkddihhkdhh ke hdhkhdbhh [hhk Ahrkhhhdhhhdhr dhkdhdr dhhhdn
GFL SLNAVAGFMTGSAFNI TPALMGYNSLVNTREATYKVVINTLKHLP

*

\AA

KSERPISILGSVPSGLKEVGVFHVPPGLMSKLGPNLPASIIVLL
R R ER I AN T R L T Rt
IVVFTAISWSITRNKSSKDRPISILGTVPSGLNEVGVMKIPDGLLSNMSSEIPASIIVLY

LEHIAISKSFGRIND! SF'! TP
LR L e L L L B T L e T e

LEHIAISKSFGRIND' IAIGVINLIGTFFESYPATGSFSRSALKAKCNVRTP

LSGLFSGSCVLLALYCLTGAFF Y I PKATLSAVIIHAVSDLLASY!
dde k ke kkkdehkhhhk Khk ek Ak RkAkdhkkhkkhdk kk kkk khd ARk &
FSGVFTGGCVILALYCLTDAFFNIPKATLSAVITHAVSDLLTS ]

YVRPDSDVV
sk **** LU T T R T L R S L I E S T )
YFMWSCAMI.‘LLKQAFP TVQEDIDAV

SYVSENNNGISTLEDGGEDDKESSTKYVTNSSKKIETNVQTKGEDSPSSSISQPRIKYHT
* k ok

ISSNELPN EINKQVK-——STVEVLPAPEYIG’SV
KWIPFDHKYTRELNPDVQILPPPDGVILVYRLSESYTYLNCSRHYNII

Wk ik & hkdk Lo dkE kk kkddk b kk kkkkdd dk |k kkddkkw
KWVPFDHGY SRELNINTTVRPPPPGVIVYRLGDSFTYVNCSRHYDIIFDRIKEETRRGQL

IRMDWPGWEAPWWWDPEWSTSVDVERDDWIL

* hkwkkkkkhhkh k h Wk k k| L kkkh
ITLRM(SDRPWNDPGEWMDSU(SMSATTNSDLPISNGSSNGETYEKPILKVV
CLDF! TALOSLVDLRKAINQYADROQVEFHFVGIISPWVKRGLISRGFGTLNEE
AR ERRE kA kAR RARR Kk AR ARkdhkdk RkkAdk Ak %k Ak kkek
CLDFSQVAQVDSTAVQSLVDLRKAVNRYADROVEFHFAGI I SPWIKRSLLSVKEGTTNEE
YSDESIVAGHTSYHVARVPQGEENPEK-————~-~ YSVYT----ASGTNLPFFHIDIPDF
dkh ko khk ok kkk % *h * Lhkkkk Rk kR Rk
YSDDSITAGHSSFHVAKVLKDDVDY TDEDSRISTSY SNYETLCAVIGTNLPFFHIDIPDF

S Sui2p]

dekk

Sullp

FIGURE 3.—Alignment of the Sull and Sul2 proteins. The
two proteins were aligned using the CLUSTAL V program
(H1GGINS 1994). # indicate identities and - indicate conserva-
tive replacements. The putative membrane spanning domains
are boxed.

7C (sul3). In strains CP157-13B (sull::LEU2 sul3) and
CP154-7A (sull ::LEU2 sul2::URA3) no sulfate trans-
port activity was found. These results are in accord with
the growth studies (Figure 4) that show that the strains
bearing single disruptions or the double mutation
sul2::URA3 sul3 are able to use sulfate 1 mM as a sole
sulfur source, while strains bearing the double muta-
tions sull::LEU2 sul2::URA3 or sull :: LEU2 sul3 are un-
able to do so. The kinetic parameters of the disrupted
strains CD131 (sull::URA3) and CD141 (sul2::URA3)
were determined. The Ky for sulfate of strains bearing
disrupted alleles was the same as that of strains bearing
mutated alleles (Table 3).

Sul3p is involved in the regulation of expression of
the SUL2 gene: The results presented above show that
yeast cells contain two high affinity sulfate transporters
encoded by the SULI and the SUL2 genes. However,
the role of the SUL3encoded product was still unclear.

1200

]

0.D. (650 nm)

time (hours)

FIGURE 4.—Growth on 1 mM sulfate of the parental and differ-
ent mutant strains. The optical density was measured at 650 nm
(10 mm light path) in a Hitachi 2000 spectrophotometer. W,
strain W303-1B (SULI SUL2); @, strain CD131 (sull::LEU2);
A, strain CD141 (sul2:: URA3); ¥, strain CP154-7A (sull :: LEU2
sul2::URA3); #, strain CP156-10B (sul2::URA3 sul3); +, strain
CP157-13B (sull ::LEU2 sui3).

Results reported in Table 3 and in Figure 4 show that
strains CP157-13B (sull ::LEU2 sul3) and CP154-7A
(sull - LEU2 sul2::URA3) exhibit the same phenotype
(no sulfate uptake activity and no growth on B medium
complemented with 1 mM sulfate). This was an indica-
tion that Sul3p could be involved in the regulation of
the expression of the SUL2 gene or of the activity of
Sul2p. Previous results had shown that sulfate uptake
is negatively coregulated with the other enzymes of the
sulfate assimilation pathway in response to an increase
in the intracellular concentration of S-adenosylmethio-
nine obtained by growth in the presence of methionine
(BRETON and SURDIN-KERJAN 1977). However, in con-
trast to the genes of the sulfate assimilation pathway,
the expression of which is completely repressed by
growth in the presence of 1 mM methionine (KURAS
and THOMAS 1995), sulfate uptake was shown to be
completely repressed in the parental strain by growth
of the cells in the presence of 0.1 mM methionine. This
was an indication that the regulation of the expression
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of the SULI and SUL2 genes could show some differ-
ences with that of the other genes of the sulfate assimila-
tion pathway.

We thus analyzed the derepression kinetics of the
transcription of the SULI and SUL2 genes in the paren-
tal strain and in a su/3 mutant. This was done by shifting
the two strains W303-1A (wild type) and CP36-7C (sul3)
from a medium containing 0.1 mM methionine to a
medium without methionine and extracting the RNAs
at different times after the shift. The RNAs were then
analyzed by Northern blotting and hybridizing to
probes specific of the SULI and SUL2 genes. Results
(Figure 5) show that in strain W303-1A, SULI- and
SUL2-specific mRNAs are first detected 20 min after the
shift and attain their maximal abundance at 100 min,
which could be an indication that the expression of the
two genes is coordinately regulated. In cells of the sul3
mutant, the same derepression pattern is found for the
expression of the SULI gene. In contrast, although the
SUL2 mRNA is also first detected 20 min after the shift,
it reaches its maximal abundance 40 min after the shift.
This maximal level represents ~30% of that observed
in the wild-type strain. In addition, after 80 min, the
level of SUL2specific mRNA decreases. These results
show that when Sul3p is absent, only a transient low
level of SUL2-specific mRNA can be seen on derepres-
sion while the SUL I-specific mRNA expression pattern
is not modified. This indicates that Sul3p is involved in
the regulation of the transcription of the SUL2 gene.
The low level of transcription of SUL2 in a sul3 mutant
explains why the double mutants sul/l sul3 and sull sul2
exhibit the same phenotype.

DISCUSSION

Using toxic analogues of sulfate (selenate and chro-
mate) a specific genetic screen allowed us to identify
three genes involved in sulfate uptake, SULI, SUL2 and
SUL3. Our results show that the SULI and SUL2 genes
encode highly similar transmembrane proteins bearing,
respectively, 11 and 10 putative transmembrane do-

described in MATERIALS AND
METHODS.

mains. The findings reported here, and more particu-
larly the fact that the absence of sulfate uptake activity
and high selenate resistance occurs only in double mu-
tants, are in agreement with a model where two trans-
port systems for sulfate exist in S. cerevisiae. Our kinetic
results show moreover that both sulfate transport sys-
tems are high affinity systems (see Table 3 and Figure
4). However, it is still questionable if a low affinity sul-
fate transport system exists in yeast as a strain disrupted
in both SULI and SUL2 genes is still capable to grow
on YNB-based medium that contains a very high sulfate
concentration (30 mMm). Sulfate uptake was measured
in strain CP154-7A (sull :: LEU2 sul2:: URA3). Although
the determination of the K; for sulfate was imprecise,
it was calculated to be 6 mm. This indicates that sulfate
is transported in the double sull sul2 mutant with a
very low affinity and the specificity of this transport can
be questioned.

Molecular characterization of sulfate transport has
been reported for different microorganisms. The sul-
fate transport in E. coli and in a cyanobacterium (sy-
nechococcus sp) has been shown to be composed of five
polypeptides: the thiosulfate and the sulfate binding
proteins, two inner membrane transport proteins and
a hydrophilic membrane associated ATP binding pro-
tein, probably an energy-coupling component (GREEN
et al. 1989; SIRKO et al. 1990; LAUDENBACH and GROSS-
MAN 1991). In N. crassa, two sulfate transporters are
encoded by two unlinked genes. The Cys/4 gene encod-
ing permease II has been cloned and sequenced. The
analysis of the sequence of the Cys-14 gene has shown
that sulfate permease II is probably a carrier protein
with 12 putative helical membrane spanning domains
(KETTER et al. 1991). The two sulfate permeases from N.
crassa are expressed at different developmental stages of
the fungus and are under the control of a complex
regulatory system (MARZLUF 1994). In S. cerevisiae, we
have also found two different sulfate transporters.

Sullp and Sul2p belong to a family of related proteins
known to be sulfate transporters (SANDAL and MARCKER
1994). These comprise the Cysl4 gene from N. crassa
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(KETTER ¢f al. 1991), the sat-1 gene from rat hepatocytes
encoding a bicarbonate/sulfate anion exchanger (Bis-
SIG et al. 1994) and the human DTDST gene, the muta-
tion of which results in diastrophic dysplasia and which
has been shown to encode a sulfate transporter (HasT-
BACKA el al. 1994). Amino acid sequence similarities
were also found to sequences encoded by the human
DRA gene (SCHWEINFEST ¢t al. 1993) and a nodulin
gene from soybean (SANDAL and MARCKER 1994). The
alignments of these different sulfate transporters have
been recently updated (SANDAL and MARCKER 1994;
SMITH et al. 1995). They show moderate levels of homol-
ogy between the complete sequences of these proteins.
However, invariant residues and especially the YGLY
motif pointed out by SANDAL and MARCKER (1994)
could be the signature of sulfate transporters. In addi-
tion, it must be noted that a search against the sequence
data bases showed the presence on the yeast genome
of one sequence whose product exhibits moderate simi-
larities to Sullp and Sul2p (~20% of conserved resi-
dues) and that corresponds to the YPROO3c ORF from
the chromosome XVI. However, nothing is known
about the function of this gene.

While this work was in progress SMITH ef al. (1995)
isolated a cDNA from S. cerevisiae encoding a high affin-
ity sulfate transporter. As already stated, this SULI gene
and the SULI gene described here are identical. These
authors disrupted the SULI gene and their resulting
mutant was unable to use 1 mM sulfate as a sulfur
source, as if their parental strain was devoid of Sul2p
activity. In contrast with the results of these authors, we
found that the strain bearing the disrupted allele of the
SUL1 gene could still grow on sulfate even at 1 mM, as
expected from our finding that S. cerevisiae has two high
affinity sulfate transporters. We have no explanation for
these discrepancies,

The SUL3 gene encodes a factor involved in the tran-
scriptional regulation of the SULZ2 gene as shown by
derepression kinetics of the expression of SULZ in a
sul3 mutant. However, the fact that a sul3 mutant is
resistant to selenate while a sul/2 mutant exhibits lower
resistance to this analogue seems to indicate that Sul3p
could be involved in the regulation of the expression
of other genes of the sulfate assimilation pathway. More
work is needed to determine if SUL2 is the only target
of Sul3p.

We are indebted to DENISE HENRY for skilfull technical assistance.
This work was supported by the Centre National de la Recherche
Scientifique.
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