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The C-terminal region of sulfate transporters from
plants and animals belonging to the SLC26 family mem-
bers shares a weak but significant similarity with the
Bacillus sp. anti-anti-sigma protein SpolIAA, thus defin-
ing the STAS domain (sulfate transporter and anti-
sigma antagonist). The present study is a structure/func-
tion analysis of the STAS domain of SULTRI1.2, an
Arabidopsis thaliana sulfate transporter. A three-di-
mensional model of the SULTR1.2 STAS domain was
built which indicated that it shares the SpolIAA folds.
Moreover, the phosphorylation site, which is necessary
for SpolIAA activity, is conserved in the SULTR1.2 STAS
domain. The model was used to direct mutagenesis stud-
ies using a yeast mutant defective for sulfate transport.
Truncation of the whole SULTR1.2 STAS domain re-
sulted in the loss of sulfate transport function. Analyses
of small deletions and mutations showed that the C-
terminal tail of the SULTR1.2 STAS domain and partic-
ularly two cysteine residues plays an important role in
sulfate transport by SULTRI1.2. All the substitutions
made at the putative phosphorylation site Thr-587 led to
a complete loss of the sulfate transport function of
SULTRI1.2. The reduction or suppression of sulfate
transport of the SULTR1.2 mutants in yeast was not due
to an incorrect targeting to the plasma membrane. Both
our three-dimensional modeling and mutational analy-
ses strengthen the hypothesis that the SULTR1.2 STAS
domain is involved in protein-protein interactions that
could control sulfate transport.

Sulfur (S) is an essential macro-nutrient for microorganism,
animal, and plant growth. In plants sulfate is the main sulfur
source acquired from the soil solution. After being absorbed
through the plasma membrane of epidermis and cortical root
cells, sulfate is transported within the plant through numerous
cell membranes under the control of a surfeit of sulfate trans-
porters (1). The variety of locations and sensitivities to sulfate
availability of the latter contribute to the plant sulfur homeo-
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stasis. Animal cells also transport sulfate through their mem-
branes, and in mammals some diseases or developmental ab-
normalities were shown to be caused by defective sulfate
transports (2). For example, mutations of the diastrophic dys-
plasia gene induce deficient intracellular sulfate pools in chon-
drocytes, leading to the production of undersulfated proteogly-
cans, which impair the synthesis of cartilage (3).

Sulfate transport in plants has been shown to be a H*-de-
pendent co-transport process (4—6). In contrast, animal sulfate
transport systems are described and characterized as being
either Na*-dependent or Na™-independent transporters (7).
When Na™ is not required, as for transporters belonging to the
SLC4 and SLC26 families, sulfate uptake is mediated by a
sulfate-anion antiporter system using bicarbonate, chloride,
organic acids, or esterified bile acids as the counter-anion. The
protein structure of the animal Na*-independent sulfate trans-
porters is quite similar to that of the plant sulfate transporters.
These transporters generally have 9-11 predicted membrane-
spanning helixes and possess a long hydrophilic region down-
stream the last transmembrane helix. This C-terminal region
shows an unexpected sequence similarity with a family of bac-
terial proteins called SpolIAA and known as anti-sigma factor
antagonists. Because of this sequence similarity, the C-termi-
nal region of the sulfate transporters has been defined as a
STAS! domain (for sulfate transporters anti-sigma antagonist
domain) (8). The bacterial SpoIIAA protein is a key component
of the regulation network involved in the induction of sporula-
tion in response to nutrient deficiency (9, 10). In normal grow-
ing conditions, SpolIAA is phosphorylated on its serine 58, and
SpolIAB is complexed with a sporulation-inducing sigma fac-
tor, which is thus inactive. Under nutrient deficiency SpollE, a
specific phosphatase for SpolIAA phosphate, becomes active;
the dephosphorylation of SpollAA allows it to interact with
SpolIAB. As a result, the sigma factor is released from SpolIAB
and induces sporulation (9, 11).

The functional role of the STAS domain with respect to
sulfate transport is completely unknown. Up to now structure-
function studies of plant and animal sulfate transporters have
mainly focused on the transmembrane domain regions (12, 13).
However, in animal cells it has been recently reported that the
STAS domain of the human chloride-bicarbonate exchanger
DRA is involved in protein-protein interaction with the cystic
fibrosis transmembrane conductance regulator (CFTR), thus

! The abbreviations used are: STAS, sulfate transporter and anti-
sigma antagonist; DRA, down-regulated in adenoma; MES, 2-(N-
morpholino)ethanesulfonic acid; Bis-Tris, bis(2-hydroxyethyl)imino-
tris(hydroxymethyl)methane.

This paper is available on line at http://www.jbc.org

6T0Z ‘TE A2\ U0 anbiwouolby ayoJeysey e|ap [eUoIRN 1NsU| WHN| e /1o gl mmmy/:diny wodj pepeojumoq


http://www.jbc.org/

Role of the STAS Domain of a Plant Sulfate Transporter

resulting in the mutual activation of both DRA and CFTR (14).
This result suggests that the STAS domain of transporters
from eukaryotes may play a regulatory role through protein-
protein interactions, as SpolIAA does in Bacillus subtilis.

Recently, a study demonstrated the importance of the STAS
domain as a whole for the function of Arabidopsis thaliana
sulfate transporters and showed that the STAS domain is not
interchangeable between 3 of the 12 A. thaliana sulfate trans-
porters that possess a STAS domain (15). We performed a
structure-function analysis of the STAS domain of the Arabi-
dopsis high affinity sulfate transporter SULTR1.2, which is
believed to be responsible for ~70% of sulfate uptake by roots
(16, 17). We first propose a three-dimensional modeling of the
SULTR1.2 STAS domain that highlights its structural similar-
ity with the well characterized SpolIAA protein structure, par-
ticularly at the putative phosphorylation site. Then, using a
yeast mutant defective in its sulfate transport capacity as a
functional expression system, we identified by serial deletions
and mutagenesis some key amino acids of the STAS domain
that are essential for the sulfate transport function
of SULTR1.2.

EXPERIMENTAL PROCEDURES

Computational Sequence Analysis—Structural predictions, fold recog-
nition, and sequence threading onto three-dimensional structures were
carried out using 3D-PSSM, FUGUE, and GenTHREADER through the
@TOME meta-server available at bioserv.cbs.cnrs.fr (18). TITO (Tool for
Incremental Threading Optimization) was applied automatically to eval-
uate the sequence-structure alignment provided by the meta-server. Edi-
tion and optimization of the alignment was performed using the program
ViTO.% Promising sequence-structure alignments were further submitted
to MODELLER 6.2 for comparative protein modeling by satisfaction of
spatial restraints (19). Resulting models were evaluated using the pro-
grams Verify3D (20) and PROSA (21).

Plasmid Constructions and Site-directed Mutagenesis—All the cons-
tructs were performed by PCR amplification with the high fidelity Pfu
DNA polymerase (Promega, Madison, WI) using the Arabidopsis full-
length SULTR1.2 c¢cDNA as template. The amplification products
corresponding to the wild-type SULTR1.2 transporter, to the mutant
SULTR1.2 transporters harboring deletions of the last 4, 7, 8, 12, or 131
amino acids, or to the mutant SULTR1.2 transporters harboring the
simple C645S, C646S, or double C645S/C646S substitutions were ob-
tained using the same forward primer, 5'-ATgTCgTCAAgAgCTCACC-
CTgTggAC-3', and the following reverse primers, 5'-TCAgACCTCgTT-
ggAgAgTTTTggACAg-3', 5'-TCATCAgAgTTTTggACAgCAAgCCTCgA-
Cg-3', 5'-CTATCAACAgCAAgCCTCgACggCATCA-3', 5'-TCATCAgCA-
AgCCTCgACggCATCAgCCACCg-3', 5'-CTACTAggCATCAgCCACCg-
TTAgATAgAT-3', 5'-TCATCACTgTTgAATATTTCTgTAAAC-3', 5'-TC-
AgACCTCgTTggAgAgTTTTggAgAgCAAgCC-3', 5'-TCAgACCTCgTTg-
gAgAgTTTTggACAggAAgCC-3', and 5'-TCAgACCTCgTTggAgAgTTT-
TggAgAggAAgCC-3', respectively. The PCR products were cloned into
the pCR-Script SK+ vector (Stratagene, La Jolla, CA) at the Srfl rest-
riction site in the appropriate orientation.

The site-directed mutageneses corresponding to the deletion of
threonine 587 (T587AT) and to the T587S, T587A, or T587D substitu-
tions were performed in two steps. In the first step and for every
mutagenesis experiment, two PCR products were generated using the
full-length SULTR1.2 ¢cDNA as template; one of the PCR constructs
consisted of the beginning of the SULTR1.2 coding sequence, from the
start codon to the mutagenized threonine 587 codon, and the other
consisted of the end of the SULTR1.2 coding sequence, from the mut-
agenized threonine 587 codon to the stop codon. Both PCR products
were separately cloned in the pCR-Script SK+ vector at the Srfl rest-
riction site and in the appropriate orientation. In the second step the
whole mutagenized coding sequence was reassembled by in-frame sub-
cloning of the 3’ end of the coding sequence downstream of the 5’ end.
For every site-directed mutagenesis, this two-step cloning procedure
required the use of appropriate PCR primers, which harbored the
desired mutation of the threonine 587 codon and which were partially
overlapping and contained a common restriction site enabling the in-
frame assembly of the whole coding sequence. For the different site-
directed mutageneses, the 5'-gCTCCggAATCgATgTCCgTAACAggTgA-

2V. Catherinot and G. Labesse, unpublished results.
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C-3' (T587AT-rev), 5'-ACgTCTAgAATCgATgTCCgTAACAggTgA-3’
(T587S-rev), 5'-CTAgCTAgCATCgATgTCCgTAACAggTgA-3' (T587A-
rev), 5'-gCTCCggAgTCATCgATgTCCgTAACAggT-3' (T587D-rev), re-
verse primers were used in combination with the forward 5'-ATgTCg-
TCAAgAgCTCACCCTgTggAC-3' primer to amplify the beginning of the
SULTRI1.2 coding sequence. The 5'-gCTCCggAATTCACgCATTAgAAg-
ACTTAT-3' (T587AT-fw), 5'-TTAgCTAgCggTATTCACgCATTAgAAgA-
C-3" (T587S-fw), 5'-TTAgCTAgCggTATTCACgCATTAgAAgAC-3’
(T587A-fw), or 5'-gCTCCggAATTCACgCATTAgAAgACTTAT-3" (T587-
D-fw) forward primers were used in combination with the 5’-TCAgAC-
CTCgTTgtgAgAgTTTTggACAg-3' reverse primer to amplify the end of
the SULTRI.2 coding sequence. The restriction sites used for the rea-
ssembly of the whole coding sequence corresponding to the deletion of
threonine 587 and to the T587S, T587A, or T587D substitutions were
BseAl, Xbal/Nhel, Nhel, and BseAl, respectively (underlined in the
primer sequences).

The DNA sequences of the constructs were checked (GenomeExpress,
Grenoble, France). Then, for every construct a HindIII-Notl fragment
comprising the whole coding sequence was subcloned at the correspond-
ing sites into the yeast expression vector pYES2 (Invitrogen) under the
control of the inducible GALI promoter.

Construction of Wild-type and Mutant SULTR1.2::FLAG Protein Fu-
sions—In a first step the wild-type coding sequence of SULTR1.2 was
fused at its 3’ end to the DNA sequence encoding the FLAG® epitope
tag DYKDDDDK in the yeast expression vector pESC-URA (Strat-
agene). For that, PCR amplification was performed with the high fidel-
ity Pfu DNA Polymerase (Promega) using the Arabidopsis full-length
SULTRI1.2 ¢cDNA as template and the forward 5'-AtgTCgTCAAgAgCT-
CACCCTgTggAC-3' and reverse 5'-CCTggACTAgTCCgACCTCgTTg-
gAggAgTTTTgg-3' primers. The latter primer was designed so that it
enabled the replacement of the SULTR1.2 stop codon by a new Spel
restriction site (underlined in the primer sequence) allowing in-frame
fusion with the FLAG® sequence. The PCR product was cloned into the
pCR-Script SK+ vector (Stratagene) at the Srfl site and in the appro-
priate orientation. The EcoRI-Spel fragment comprising the whole
SULTR]1.2 coding sequence was then subcloned into pESC-URA at the
EcoRI/Spel sites, giving the pESC-SULTRI12:FLAG vector. The
SULTR1.2::FLAG fusion was under the control of the inducible yeast
GAL10 promoter.

The mutant SULTR1.2::FLAG fusions were constructed in a second
step. The mutant SULTR1.2 clones described above were used as tem-
plate for PCR amplification using the high fidelity Pfu DNA Polymerase
(Promega). Only the STAS region of the mutant SULTR1.2 was amplified.
The forward 5-CCAAgAACTTCggTTTACAgAAATATTC-3' primer was
used in combination with the reverse 5'-CCTggACTAgTCCgACCTCgTTg-
gAgAgTTTTgg-3' primer for all the constructs except for the SULTR1.2 A12
construct for which the reverse primer was 5-CCggACTAgTCCggCAT-
CAgCCACCgTTAgATA-3'. The PCR products were digested with both the
AvrIl and Spel restriction enzymes, and the resulting fragments were in-
troduced in pESC-URA SULTR1.2::FLAG at the corresponding sites, re-
placing the wild-type fragment by the mutated ones. All the constructions
were verified by sequencing.

Yeast Transformation and Growth—The pYES2 plasmids harboring
the wild-type and mutant SULTR1.2 transporters were introduced in
the Saccharomyces cerevisiae strain YSD1 (MATa, his3, leu2, ura3,
sull) (22), which is unable to grow when sulfate is the sole sulfur source
in the medium but grows on medium supplied with a reduced sulfur
source such as homocysteine. Genetic transformation was performed
using the S.c. Easy Comp™ system (Invitrogen). YSD1 transformed
with the empty expression vector pYES2 was used as a negative control.
Recombinant yeast cells were grown for at least 6 generations to ~1
Agoo nm unit in a rich but uracil-free medium containing 0.7% (w/v)
yeast nitrogen base (Difco), 0.1% (w/v) casamino acids (Difco), 5% (w/v)
glucose, 0.75 mM leucine, and 1 mM histidine. Yeast cells were then
washed once with sterile deionized water and resuspended to a final
absorbance of 1 Ag ,,,,, unit in a selective synthetic minimal medium
called B medium containing 15 mm NH,CI, 6.6 mm KH,PO,, 0.5 mm
K,HPO,, 2 mm MgCl,, 1.7 mm NaCl, 0.68 mm CaCl,, 80 um H;BO,, 6 um
KI, 4 uMm ZnCl,, 2 um CuCl,, 1.8 um FeCl,, 1% (w/v) galactose, 0.75 mMm
leucine, and 1 mM histidine (23). For the drop tests 30 ul of the final
suspension and of 10 and 100 times dilutions of the final suspension
were dropped on the selective synthetic B medium containing either 0.1
mM Na,SO, or 0.1 mmM homocysteine as the sole sources of sulfur
solidified with 1% (w/v) low sulfate containing agarose (Invitrogen).
Yeast cells were grown for 3 days at 30 °C. For growth analyses in liquid
cultures, YSD1 cells expressing the various pYES2:SULTR1.2 con-
structs were grown in synthetic selective B medium containing 0.1 mm
Na,SO, under vigorous shaking (200 rpm) at 30 °C. The doubling times
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were calculated from linear regression of the log, values of the A, per
time in the exponential phase growth.

Sulfate Uptake Assays—Sulfate uptake assays were performed as
already described (24) with the following modifications. For the sulfate
influx measurement, yeast cells were rinsed and resuspended in a
sulfate-free solution (1% (w/v) galactose, 0.1 mM homocysteine, 0.75 mm
leucine, and 1 mM histidine), the pH of which was adjusted to 5.0 by the
addition of MES. Every sulfate uptake measurement was started by
adding simultaneously K,SO, at the final concentration of 0.1 mM and
3.7 X 10* Bq of [**S]sulfate (Amersham Biosciences).

Protein Extraction and Analysis—Yeast cells were grown up to 0.2—
0.4 Agpo unit in synthetic selective B medium supplemented with 0.1 mm
homocysteine, washed once in cold TE buffer (10 mm Tris HCI, pH 7.6, 1
mM EDTA), and resuspended in cold extraction buffer containing 50 mm
Bis-Tris propane, pH 7.6, 0.3 M mannitol, 5 mM Na,EDTA, 5 mm MgCL,,
1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 0.2% (v/v) of
a yeast protease inhibitor mixture (Sigma). Yeast cells were disrupted at
120 megapascals at 4 °C using the Z PLUS 1.1 KW Benchtop Cell Dis-
rupter (Constant Systems, Warwick, UK). The homogenate was clarified
by centrifugation at 2000 X g for 5 min at 4 °C, and the resulting super-
natant was centrifuged at 80,000 X g for 1 h at 4 °C. The soluble proteins
present in the supernatant were precipitated in 10% (w/v) trichloroacetic
acid, kept on ice overnight, pelleted at 45,000 X g for 30 min at 4 °C, and
resuspended in a storage TE buffer containing 1 mm dithiothreitol and
0.2% (v/v) of the yeast protease inhibitor mixture. The 80,000 X g pellet
containing the crude membrane fraction was resuspended in cold storage
TE buffer containing 10% (w/w) sucrose and deposited on a discontinuous
25-37-53% (w/w) sucrose gradient prepared in a TE buffer. After centrif-
ugation in the SW41Ti rotor (Beckman Coulter, Fullerton, CA) at
150,000 X g for 19 h at 4 °C, the plasma membrane-enriched fraction
corresponding to the 37-53% interface (25) was collected, diluted 10 times
in cold storage buffer, pelleted at 80,000 X g for 1 h at 4 °C, and resus-
pended in cold storage buffer. Protein concentrations were determined
according to the Schaffner procedure (26) using bovine serum albumin as
a standard. For electrophoresis, 10 pg of proteins were mixed with %5
volume of 4X loading buffer (200 mm Tris-HCL, pH 6.5, 8% (w/v) SDS, 8%
(v/v) B-mercaptoethanol, 40% (v/v) glycerol, and 0.04% (w/v) bromophenol
blue) and heated at 37 °C for 20 min. Protein samples were resolved on a
12% (w/v) polyacrylamide gel by SDS-PAGE and then electrotransferred
(100 V, 1 h) onto polyvinylidene difluoride Immobilon-P membranes (Mil-
lipore, Bedford, MA). The blotted membrane was treated with methanol
95% (v/v) for 15 s, dried at 37 °C for 15 min, incubated in phosphate-
buffered saline buffer containing 0.01% (v/v) Tween, 2% (w/v) bovine
serum albumin and the appropriate antibody for 1 h, then washed in
phosphate-buffered saline buffer containing 0.01% (v/v) Tween for 30 min.
A 1:30,000 dilution of the alkaline phosphatase-conjugated monoclonal
anti-FLAG® antibody (Sigma) was used to immuno-detect the
SULTR1.2:FLAG fusion proteins. A 1:100,000 dilution of the polyclonal
antibody raised against the Nicotiana plumbaginifolia H*-ATPase PMA2
(27) was used to reveal the yeast H"-ATPase, a marker of the plasma
membrane. This antibody was detected by an alkaline phosphatase-con-
jugated goat anti-Rabbit IgG secondary antibody (Promega). Alkaline
phosphatase activity was detected using the CDP Star enhanced chemi-
luminescence substrate (Roche Applied Science).

RESULTS

Three-dimensional Modeling of the STAS Domain of the Ara-
bidopsis Sulfate Transporter SULTR1.2—The sequences of the
C-terminal regions of a set of sulfate transporters from plant,
animal, and yeast were compared with the prokaryotic se-
quences of the anti-anti-sigma factors SpollAA of B. subtilis
(1AUZ) and Bacillus sphaericus (1H4Z) (Fig. 1A). Significant
sequence similarities (35-80% of amino acid identity were
found in the C-terminal regions of the plant sulfate transport-
ers (SULTRI1.1, SULTR1.2, SULTR2.1, and SULTR2.2 from
Arabidopsis and ShST1 from Stylosanthes hamata). In con-
trast, the sequence similarities between the plant sulfate
transporter C-terminal regions and the human diastrophic dis-
plasia sulfate transporter, the S. cerevisiae sulfate transporter
SUL1, or the Bacillus anti-anti-sigma factors SpolIAA were
weaker (15-20% of amino acid identity. However, these low
sequence similarities occurred at very specific positions (Fig.
1A), which had already been shown to define the so-called
STAS domain.

We further characterized the Arabidopsis sulfate transporter

Role of the STAS Domain of a Plant Sulfate Transporter

STAS domains at the secondary and tertiary structure levels by
comparing these domains with the available NMR structure of
B. subtilis SpolIAA (28) and the crystal structure of B. spha-
ericus SpollAA (29). The dedicated meta-server @TOME avail-
able at bioserv.cbs.cnrs.fr (18) was used for the fold compati-
bility analyses. With most queries (including those in Fig. 1A),
mGenTHREADER, 3D-PSSM, and FUGUE showed highly sig-
nificant threading scores (e values of 0.008, 3e—5, and Z-score
of 15.9, respectively) with SpolIAA structures. The structural
analysis was further developed for the SULTR1.2 STAS do-
main. Various models were built using the programs TITO and
MODELLER (19). Assessment of these computed three-dimen-
sional models by molecular structure and amino acid environ-
ment evaluation tools such as Verify3D, ERRAT, and PROSA,
showed that the models were very good (scoring above 0.3 with
Verify3D and above 70% with ERRAT; pseudo-energy was be-
low —1.2 as computed by PROSA). These results validated the
structural alignment of the SULTR1.2 STAS domain with the
NMR and crystal structures of SpollAA, and thus, the result-
ing three-dimensional model specifically built for SULTR1.2
(Fig. 1).

The structural analysis revealed a compact hydrophobic core
at the interface of the a-helices and the B-sheets. This hydro-
phobic core appeared very well conserved between the
SULTR1.2 STAS domains and SpolIAA (Fig. 1B). The struc-
tural analysis also revealed that the phosphorylation site,
which is critical for SpolIAA function (9), is conserved in the
SULTR1.2 STAS domain and more generally in almost all the
other sulfate transporter STAS domains. This phosphorylation
site consists of an aspartate (strictly conserved in all the sulfate
transporter STAS domains and in SpolIAA) followed by one or
two hydroxyl-containing amino acids and a structurally pre-
ferred glycine (motif D(S/T)(2)G) (Fig. 1A4). Conservation of this
phosphorylation site suggests that phosphorylation is a key
determinant of SULTR1.2 activity as it is for SpolIAA.

The major difference between the modeled STAS domain and
the SpollIAA structure lies at the connection between the
SULTR1.2 al-helix and B3-sheet (Fig. 1A). At this position all
the sulfate transporter STAS domains display variable lengths
of amino acid insertions. This variable region lies at the pe-
riphery of the domain and is far away from the common phos-
phorylation region (Fig. 1B). The modeled STAS domain also
differed from the SpollIAA structure at the very C terminus.
This region is highly variable in length and sequence even
between the various sulfate transporters. At the end of the
C-terminal a4-helix of its STAS domain, SULTR1.2 possesses a
pair of cysteines (Cys-645, Cys-646) that is not strictly con-
served in the paralogs and which is not present in SpolIAA
(Fig. 1A). The first cysteine (Cys-645) is fairly conserved be-
tween the Arabidopsis sulfate transporters, and it is substi-
tuted by a hydrophobic residue in the other sulfate transport-
ers. The second cysteine (Cys-646) is specific for SULTR1.2,
and it is substituted by polar amino acids in the other sulfate
transporters. The putative role of these cysteines was analyzed
in view of the current three-dimensional model.

In conclusion, the structural analysis and modeling strongly
suggest that the SULTR1.2 C-terminal STAS domain shares
the SpolIAA fold, although it shows low overall sequence iden-
tity with SpolIAA (~17% over 130 residues). The structural
similarity is particularly high in the vicinity of the phosphoryl-
ation site despite the change from a conserved serine in Spol-
TAA to the similar amino acid threonine in SULTR1.2.

The STAS Domain Is Necessary for Sulfate Transport by
SULTRI1.2 in Yeast—The functional importance of the STAS
domain for sulfate transport by SULTR1.2 was first checked. A
SULTR1.2 mutant transporter with a large deletion of the last

6T0Z ‘TE AN uo anbiwouolby aydJeyaay el ap euoieN Nnsu| YN | ' /6.1079q mmwy/:dny wody papeojumoq


http://www.jbc.org/

Role of the STAS Domain of a Plant Sulfate Transporter 15979
A
{3 pa
SULTR1.2 —_—
5 6? 57 (EI 58 l.)
SULTR1.2 HEEEEKVK. ..... AASLPRIQFLIIEMSPVTD
SULTR1.1 REEQENAK. ..... EYGMPAIIRFVIIEMS[PVITD
SULTR2.2 QEIEGEENEQE. . .VLKENGLOVVILDMSCVMG
SULTR2.1 DEEEEEEN.TK. . . SNAKRKILFVVLDMSSLIN
Sh8Tl = ANRNIQQYPXAAQ..IPGMUIIRVDS.AI|YFSNSNYIKRERILRWLIDEGAQRTES. .. ... ELPELQHLITEMSPVPD
ScsULl  .[DRPWND[PGEWKM. . PDSLKSLFKFKRHSATTNSDLP ISNGSSNIGETY . + o o v oo v v e EKPLLKVVCLDFSOVAQ
HsDTDST LHTIVIDCSAIQF

lauz (B.sub.)

................ IﬁHFVLNL% SF

ihd4z (B.sph.) .[}...[ .AFQLEMV.TRETVIVIRLFG. ELDHHAVEQIRAKISTAIFOG. .. .. .o u.an 'TTIIWKFE SF
l1h4z (B.sph.) el

B3

4 as
SULTR1.2 2 fLaga
ke
650
SULTR1.2 QERD. .. EACCPKLSNEV. ..
SULTR1.1 EKQE. .. VCSTEVAEQQT. .
SULTR2.2 ASND. .. DIYVRARSTSHELC
SULTR2.1 IKTG. . .VELVIVNP VI DACFGLEV......
ShsT1 QKRE. . .VOLILANP VVI ] TYGPKTAAF. ...
Sc8ULl NRYADRQVEFHFAGTI PJ;I'II ] FHVAKVLEDD. . ..
HsDTDST FAEVSKNQKGVC.
lauz (B.sub.) ; TLOVAR i« ss isas
lh4z (B.sph.) : PRVRAL i ii isaa
QQP,PQQQ

1h4z (B.sph.)

o5 C-ter

Fic. 1. Modeling of the three-dimensional structure of the C-terminal SULTR1.2 STAS domain. A, multiple protein sequence alignment
of the STAS domains of different sulfate transporters including SULTR1.2 and of two SpoIlIAA proteins. The alignment was refined manually from
pairwise alignment obtained from our meta-server (18). The SpoIIAA proteins from B. subtilis (B. sub.) and from B. sphaericus (B. sph.) are
represented by their PDB (www.rcsb.org/pdb) structure codes 1AUZ and 1H4Z, respectively. SWISSPROT accession numbers of the A. thaliana
SULTRI1.1, SULTR1.2, SULTR2.1, SULTR2.2, S. hamata ShST1, Homo sapiens DTDST, and S. cerevisiae SUL1 sulfate transporters are Q9SAY1,
QIMAXS, 004722, P92946, P53391, P50443, and P38359, respectively. Sequence alignment, drawing, and secondary structure assignment for the
crystal structure PDB 1AUZ (21) and PDB 1H4Z (22) were performed using ESPRIPT (41). The numbers above the sequence alignments relate to
the position of the corresponding amino acids in the Arabidopsis SULTR1.2 sequence. The stars indicate the amino acids that were changed in the
site-directed mutagenesis experiments. B, three-dimensional model of the SULTR1.2 STAS domain. The crystal structure PDB 1H4Z and the
deduced model of the SULTR1.2 STAS domain are shown in red and blue ribbons, respectively. The side chains of Thr-587 (Ser-58 in PDB 1H47)
are represented in green and of the two cysteines (Cys-645 and Cys-646) of the SULTR1.2 STAS domain are in yellow. «-Helices are numbered and
labeled sequentially. B-Strands are not labeled for clarity. The C terminus of the peptide is labeled, whereas its N terminus is hidden (behind helix

a2) by the core of the structure.

131 amino acids of the protein corresponding to the entire
STAS domain was constructed. This mutant transporter was
expressed in the S. cerevisiae YSD1 mutant (19), which is
defective in its sulfate transport capacity and, thus, unable to
grow in the presence of 100 um sulfate as the sole sulfur source.
Although expressing the SULTR1.2 wild-type transporter in
YSD1 restored growth of YSD1 in the presence of 100 um
sulfate as the sole sulfur source, expressing the mutant trans-
porter in YSD1 did not induce any visible growth of YSD1 (Fig.
2A). Measurements of [3°S]sulfate influx showed that the mu-
tant transporter was also unable to transport sulfate (Fig. 2B).
These data show that the STAS domain is necessary for sulfate
uptake by SULTR1.2 in yeast.

Functional Importance of the Very C Terminus of the
SULTR1.2 STAS Domain—Sequence comparison of the STAS
domains of the A. thaliana sulfate transporters showed that 9
(of 12) of the STAS domains possess one cysteine residue at the
position corresponding to SULTR1.2 Cys-645 (Fig. 1A and data
not shown). Depending on the transporter considered, the com-
mon cysteine residue is located 6—49 amino acids from the
C-terminal end of the protein. The sequence analysis showed
that this cysteine differentiated the Arabidopsis sulfate trans-
porters from other sulfate transporters as well as from the
bacterial SpolIAA proteins. The importance of the very C ter-
minus of SULTR1.2 for the functionality of this transporter
was thus assessed. Mutant SULTR1.2 transporters displaying
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Fic. 2. Growth phenotype and sulfate uptake capacity of the
yeast YSD1 mutant expressing SULTR1.2 constructs displaying
C-terminal deletions. A, drop test analyses of the pYES2 vector
empty (a) or containing serial deletions (b—g) of the C-terminal region of
SULTR1.2 (as specified) were used to transform the yeast YSD1 mutant
defective in its sulfate transport capacity. Yeast cells were grown in
liquid synthetic media and adjusted to 1.0, 0.1, or 0.01 A4y, unit. 30 ul
of yeast suspensions were spotted onto agarose-selective synthetic min-
imal media supplemented with 0.1 mM homocysteine (HCys; left panel)
or 0.1 mm sulfate (right panel) as the sole sulfur source. The picture was
taken after 48 h of yeast growth at 30 °C. The numbers above the
sequence relate to the position of the corresponding amino acids in the
SULTR1.2 sequence. B, relationship between [**S]sulfate short term
influx measurements and the doubling time of the corresponding YSD1
yeast mutant transformed with the constructs (a—g) described in panel
A. The dotted lines correspond to a least square adjustment. Sulfate
uptake measurements are the means of two independent experiments.

serial C-terminal deletions were constructed and expressed in
the YSD1 yeast mutant. As shown by [2°S]SO?" influx meas-
urements, deleting the last 4, 7, 8, or 12 amino acids of the
SULTR1.2 C-terminal extension resulted in a corresponding
20, 50, 70, or 100% reduction in the ability of SULTR1.2 to
transport sulfate (Fig. 2B). Therefore, the whole C terminus of
SULTR1.2 is necessary to maintain the full transport capacity
of this transporter. It is, however, noteworthy that the reduc-
tion of the transport capacity of SULTR1.2 did not always
result in an alteration of the ability of SULTR1.2 to function-
ally complement the YSD1 mutant. Indeed, YSD1-expressing
SULTR1.2 constructs bearing deletions of up to the last seven
amino acids displayed comparable doubling time in liquid cul-
ture (Fig. 2B) and comparable growth in drop tests (Fig. 2A) to
YSD1 expressing the wild-type SULTR1.2 transporter. In con-
trast, deleting the last 8 or 12 amino acids of SULTR1.2 se-
verely reduced or blocked, respectively, the ability of SULTR1.2
to functionally complement the YSD1 mutant both in drop tests
and in liquid culture. Thus, the ability of SULTR1.2 to comple-
ment the YSD1 mutant was altered when the capacity of
SULTR1.2 to transport sulfate was lowered by more than 50%
(Fig. 2B). This critical threshold was reached when eight or
more amino acids were deleted from the end of SULTR1.2.
Amazingly, the eighth and ninth amino acids from the end of
the protein are the two cysteine residues that are specific to
SULTR12. Altogether, the results of our deletion analysis
show that the whole C terminus of SULTR1.2 is important to
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Fic. 3. Growth and sulfate uptake capacity of the yeast YSD1
mutant expressing SULTR1.2 constructs obtained by site-di-
rected mutagenesis of the C-terminal cysteine residues. The
yeast YSD1 mutant, which is defective in its sulfate transport capac-
ity, contained the pYES2 empty vector (e ), expressed the SULTR1.2
wild-type transporter (O), or expressed a mutant SULTR1.2 harbor-
ing the single C645S (V) or C646S (V) substitutions or the double
C645S/C646S (M) substitution. A, drop test analysis was performed as
described in Fig. 2A. B, yeast growth curves and [*°S]sulfate uptake
capacity measurements (numbers on curves). Sulfate uptake results
are expressed in pmol of SOZ -h~ (108 cells) ' and are the means of
two independent experiments.

maintain the full capacity of SULTR1.2 to transport sulfate
and that within this C terminus, the Cys-645 and Cys-646 seem
to play a critical role to maintain the full functionality of
SULTR1.2 in yeast.

Functional Role of Cysteine 645 and Cysteine 646 in Sulfate
Transport by SULTRI1.2—The implication of each of the two
Cys-645 and Cys-646 residues in the functionality of SULTR1.2
was further investigated. Three mutant SULTR1.2 transport-
ers were constructed by site-directed mutagenesis of the Cys-
645 and Cys-646 residues. Two of these mutant transporters
harbored the simple C645S and C646S substitutions, respec-
tively, and the third one harbored the double C645S/C646S
substitution. The C645S and C646S substitutions resulted in a
50 and 35% reduction of sulfate uptake, respectively, compared
with the sulfate uptake by the wild-type SULTR1.2 (Fig. 3B).
However, none of these substitutions induced an increase of the
yeast doubling time in liquid culture (Fig. 3B). The double
C6455/C646S substitution resulted in an additive effect of the
two simple substitutions with respect to sulfate uptake (Fig.
3B). It also induced a ~60% increase in the yeast doubling time
in liquid culture (Fig. 3B). These results show that each of the
two Cys-645 and Cys-646 residues is important for optimum
sulfate uptake by SULTR1.2. It is, however, noticeable that
none of these residues is essential for the activity of SULTR1.2
since neither the simple C645S and C646S nor the double
C645S/C646S substitutions completely abolished the ability of
SULTR1.2 to complement the YSD1 mutant (Fig. 3A).

Functional Role of Thr-587 within the STAS Putative Phos-
phorylation Site—The three-dimensional modeling revealed
that the DSSG phosphorylation site of SpolIAA and its struc-
tural environment were well conserved in the SULTR1.2 STAS
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Fic. 4. Growth phenotype of the yeast YSD1 mutant express-
ing SULTRI1.2 constructs obtained by site-directed mutagenesis
of Thr-587. Drop test analysis was performed as described in Fig. 2A.
The yeast YSD1 mutant, which is defective in its sulfate transport
capacity, contained the pYES2 empty vector or expressed the
SULTR1.2 wild-type transporter or SULTR1.2 mutants with either a
deletion of the Thr-587 residue (T587AT) or harboring one of the sub-
stitutions, T587S, T587D, or T587A.

domain (Fig. 1B). In SpolIAA, phosphorylation occurs on the
first serine of the DSSG motif (9). The putative phosphoryla-
tion site of the SULTR1.2 STAS domain is DTSG; Thr-587 of
SULTR1.2 corresponds to Ser-58 of SpolIAA (Fig. 1A). Using
site-directed mutagenesis, we constructed mutant SULTR1.2
transporters in which Thr-587 was deleted (T587AT) or was
substituted either by serine (T587S), by alanine (T587A), or by
aspartic acid (T587D). All the mutated transporters failed to
restore growth of the YSD1 mutant in the presence of 100 um
sulfate as the sole sulfur source (Fig. 4). These results show
that Thr-587 is critical for the function of SULTR1.2.

The Mutant SULTR1.2 Proteins Are Targeted to the Yeast
Plasma Membrane—As shown above, all the SULTR1.2 trans-
porters harboring a mutation in their STAS domain displayed
a reduction, or even a lack of sulfate transport activity in yeast.
This altered phenotype might have been the result of an erro-
neous targeting of the mutant transporters to the yeast plasma
membrane, as has been suggested by Shibagaki and Grossman
(15). We thus checked whether the presence of site-directed
mutations could alter the targeting of the SULTR1.2 trans-
porter to the yeast plasma membrane. To enable detection of
the wild-type and mutant SULTR1.2 transporters by Western
analysis, a FLAG® epitope was fused to the C termini of the
wild-type transporter, of the mutant transporter displaying
deletion of its last 12 amino acids, and of every mutant trans-
porter displaying amino acid substitutions. When expressed in
yeast, the flagged transporters induced the same phenotypes as
the un-flagged ones (data not shown). Every truncated or mu-
tated SULTR1.2 transporter appeared to be present in the
plasma membrane-enriched fraction (Fig. 5). The mutant
transporters were less abundant than the wild-type trans-
porter in this fraction, suggesting that SULTR1.2 proteins
altered in their capacity to transport sulfate are less stable and
could be degraded more easily than the wild-type protein. A
similar result has been observed for deletions of the whole
STAS domain of SULTR1.2 (15). However, no significant dif-
ference was recorded in the targeting to the plasma membrane
between constructions that only reduced (C645S, C646S,
C645S5/C646S) or completely abolished sulfate transport
(A641STOP, T587A, T587S, T587AT, T587D). The lack of func-
tionality of these latter mutant transporters could then be
ascribed to the loss of the transporters ability to transport
sulfate and not to an incorrect targeting to the plasma
membrane.

DISCUSSION

The presence of a STAS domain in the C-terminal region of
the SLC26 sulfate transporter family in all organisms, pro-
karyotes and eukaryotes (8), prompted us to investigate the
functional importance of the STAS domain for sulfate transport
in plants. We showed that deleting the whole STAS domain
resulted in a complete loss of function of the A. thaliana
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Fic. 5. Mutant SULTR1.2 is addressed to the yeast plasma
membrane. Yeast strains containing the empty vector or expressing
the FLAG-tagged wild-type SULTR1.2 protein or the different FLAG-
tagged mutant transporters, as indicated on the top, were grown in
synthetic B medium up to 0.2-0.4 A4y, unit. The plasma membrane-
enriched fraction was collected at the 37-53% interface of a sucrose
gradient (25). Proteins (10 pg) from either the plasma membrane-
enriched fraction (P) or the soluble fraction (S) were submitted to
Western blot analysis. The anti-FLAG antibody and the anti-PMA2
antibody was used to reveal the SULTRI1.2 protein and the yeast
plasma membrane H"-ATPase, respectively. Masses (in kDa) of the
molecular markers are indicated on the right.

SULTR1.2 sulfate transporter and, thus, that the STAS do-
main is necessary for sulfate transport by SULTR1.2 as already
recently found (15). Chernova et al. (30) similarly reported that
the transport function of the human SLC26A3 Cl"-HCOj3 ex-
changer requires the presence of its STAS domain. More gen-
erally, the crucial importance of the STAS domain for anion
transport capacity is demonstrated by the fact that several
point mutations in the STAS domain result in more or less
severe alterations of the function of plant (this study) or animal
transporters (12, 31-34). Although the STAS domain appears
to be of crucial importance for the transport activity of the
transporters, the precise role of this domain for sulfate trans-
port is yet poorly understood.

Reviewing the characteristics of the transporters that pos-
sess a STAS domain is of little help to give an idea of the role
of this domain. Indeed, the STAS domain is present in eukary-
otic or prokaryotic sulfate transporters but not in all of them. It
is also present in the 10 anion exchangers constituting the
animal SLC26A family; these transporters exchange chloride
for bicarbonate, hydroxyl, sulfate, formate, iodide, and/or oxa-
late (2). It is, however, remarkable that none of the sulfate or
anion transporters that have been experimentally character-
ized as Na*-dependent possess a STAS domain. It is also no-
ticeable that the transport activity of most of the transporters
that have a STAS domain (but not all of them) is regulated by
pH (6, 30, 35). This raises the question of whether the STAS
domain is associated with a particular mode of sulfate or
anion transport.

Because the STAS domain is reminiscent of the bacterial Spol-
IAA protein, clues to identify the functional role of the STAS
domain could come from the current knowledge the Bacillus
protein, the biochemical function of which has been fairly well
described (11, 36). However, one should proceed with great cau-
tion since the amino acid identity between the STAS domain and
the SpolIAA proteins is lower than 20%. A remarkable result of
our analysis of the structural similarity between the SULTR1.2
STAS domain and the bacterial SpoIIAA protein is that although
these two proteins show only 17% of amino acid identity, their
three-dimensional structures are similar (Fig. 1). Great confi-
dence can be placed in this modeling result since the threading
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scores are very high. Our comparative modeling showed that the
highest identity between the STAS domain and SpolIAA lies in
the core domain of these peptides and also in the two regions that
are crucial for SpolIAA activity (37), the phosphorylation site and
the protein-protein interaction region. This marked three-dimen-
sional similarity strongly suggests that the study of the role of
the STAS domain has to benefit from the knowledge available on
SpolIAA. We exploited the modeling work to guide our experi-
mental mutagenesis work.

The deletion of the whole STAS domain abolished the trans-
port of sulfate in the yeast mutant, which is in agreement with
the recent study of Shibagaki and Grossman (15). We then set
up a more detailed analysis of the effect of small deletions or
site-directed mutagenesis within the STAS domain that alter
or suppress the activity of this sulfate transporter. Serial de-
letions of the 12 C-terminal amino acids of SULTR1.2 de-
creased the sulfate transport capacity of the protein (Fig. 2B)
without impairing its ability to be addressed to the plasma
membrane (Fig. 5). Within this terminus region, the Cys-645
that is conserved in almost all A. thaliana sulfate transporters
seemed to play, in conjunction with its adjacent Cys-646, a
significant role in sulfate transport. However, we showed that
these cysteines are not essential since a SULTR1.2 transporter
mutant displaying a double substitution of these cysteines by
serines is still able to transport sulfate (Fig. 3B). A functional
assignment for these cysteines could be the formation of disul-
fide bonds. Because there are no other cysteine residues within
the STAS domain, the disulfide bond would cross-link the
STAS domain either to another domain of the transporter,
maybe leading to di- or multimerization of the transporter, or
to a partner protein. This latter hypothesis is in agreement
with the role played by SpolIAA (11) and the STAS domain of
the human DRA sulfate transporter (14), which are both in-
volved in protein-protein interaction with other partners. Such
interpretations are compatible with our modeling since the
cysteines are present in the a4-helix lying at the periphery of
the STAS domain (Fig. 1B).

An alternative explanation of the role of this SULTR1.2 C
terminus STAS domain is suggested by the presence of 6 hy-
drophobic residues between the last 10 amino acids (ACCPKL-
SNEYV). The amphiphilic character of this C terminus, in con-
junction with the fact that this region lies at the periphery of
the STAS domain, suggests that this C terminus domain could
dip into the membrane. Recently, the amphiphilic N and C
termini of the yeast glycerol channel Fpslp, which were sup-
posed to fold back into the membrane bilayer, were reported to
restrict transport by this channel, thus regulating its activity
(38, 39). The presence of a Cys-Cys sequence motif embedded in
the amphiphilic C terminus sequence of SULTR1.2 reinforces
the hypothesis that the C terminus of SULTR1.2 could dip into
the membrane since these two cysteines might be post-trans-
lationally modified by prenylation, a mechanism assumed to
enhance the abilities to associate with membranes by hydro-
phobic interactions (40).

In B. subtilis, SpolIAA, which possesses the STAS signature,
is a constituent of a regulatory network controlling the induc-
tion of sporulation (10). As already mentioned, the release of
the sigma factor inducing sporulation is dependent from the
phosphorylation status of SpolIAA (9). Because of the three-
dimensional folding identity at the phosphorylation site in both
SpolTAA and the STAS domain of SULTR1.2 (Fig. 1B), it seems
reasonable to hypothesize that phosphorylation of the STAS
domain is a key component of the activity of SULTR1.2. In
plants, post-translational phosphorylation of plasma mem-
brane proteins has been demonstrated for the H"-ATPase (41)
and an aquaporine (42) and recently for the low abundant

Role of the STAS Domain of a Plant Sulfate Transporter

nitrate transporter CHL1 (43). Between the STAS domains of
the 12 A. thaliana sulfate transporters, 9 have a threonine, and
2 have a serine at the position corresponding to the phospho-
rylatable Ser-58 of SpolIAA (Fig. 1 and data not shown). In
SULTR1.2, Thr-587 is the residue that can be considered as the
functional equivalent of the SpoIIAA Ser-58. The substitution
of Thr-587 by a serine, a phosphorylatable residue in
SULTR1.2 resulted in a loss of function of SULTR1.2 (Fig. 4). A
comparable result was obtained for SpollAA; as a result of
substitution of Ser-58 to threonine, sporulation was blocked,
although the mutant S58T SpolIAA was still able to interact
with SpolIAB (44). The phosphorylated serine and threonine
residues have in some instances been functionally mimicked by
the negatively charged amino acid aspartic acid (43, 45, 46).
For SpolIAA, a recent NMR study showed that the substitution
of Ser-58 by aspartic acid induced structural perturbations of
SpolIAA (11), but the biochemical properties of the mutant
protein were similar to those of SpoI[AA-phosphate (46). In the
case of SULTR1.2, sulfate transport activity is not preserved
when Thr-587 is changed for an aspartic acid residue (Fig. 4).
This suggests either that aspartic acid could not mimic the
putative phosphorylated Thr-587 or that Thr-587 is not phos-
phorylated. Finally, since deletion of Thr-587 (T587AT) or sub-
stitution of this residue by an aliphatic residue (alanine,
T587A) did prevent SULTR1.2 from complementing the yeast
mutant (Fig. 4), we concluded that a threonine is required at
position 587 to sustain SULTR1.2 sulfate transport function
when expressed in yeast.

The different mutated SULTR1.2 proteins were all correctly
targeted to the plasma membrane, as revealed by their co-
localization with the plasma membrane fraction marker H*-
ATPase (Fig. 5). This was equally true whatever the mutations
resulted in a decrease in (C645S, C646S, C645S/C646S) or even
a suppression of (A641STOP, T587A, T587S, T587D, T587AT)
the sulfate transport capacity of SULTR1.2. This rules out the
possibility that either the C-tail or the putative phosphoryla-
tion site (Thr-587) is directly or indirectly implied in the traf-
ficking of SULTR1.2 in yeast. Our data are consistent with the
fact that mutations within the linker region connecting the
transmembrane region to the cytosolic STAS region more se-
verely affect the association of SULTR1.2 with the plasma
membrane than the deletion of the STAS domain itself (15).
Our results clearly show that the differences observed in sul-
fate uptake capacity between yeast cells harboring constructs
that can rescue or not rescue the mutant YSD1 phenotype are
more likely explained by structural modifications that impair
their ability to transport sulfate than by an improper cellular
localization of the transporter.

In conclusion, the very high three-dimensional structural
similarities between the STAS domain of SULTR1.2 and Spol-
TAA and the results of our functional analysis revealed that the
SULTR1.2 STAS domain could have, like SpollAA, a regula-
tory function. The recent finding that the STAS domain of the
human chloride-bicarbonate exchanger DRA and the R domain
of the cystic fibrosis transmembrane conductance regulator
protein interact in epithelial cells (14) strengthen the idea that
STAS domain could regulate anion transport via protein-pro-
tein interactions. Such interactions could depend on the phos-
phorylation status of the STAS domain and control plant sul-
fate transport activities.
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