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Abstract A cDNA encoding a sulfate transporter was isolated
from Arabidopsis thaliana. The isolated clone contained an open
reading frame encoding a polypeptide of 658 amino acids,
exhibiting the highest similarity (62%) with the sequence of the
low-affinity sulfate transporter of a tropical legume Stylosanthes
hamata. Northern blot analysis indicated the constitutive
accumulation of a 2.6 kb length transcript in leaves and roots
of seedlings. We also propose that A. thaliana contains three
sulfate transporter genes which are expressed as 3.0, 2.7 and 2.6
kb length transcripts, respectively, in an organ-specific manner.
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1. Introduction

Plants and microorganisms assimilate inorganic sulfate into
sulfur-containing amino acids for their own protein synthesis.
Therefore, uptake of sulfate is considered to be an indispen-
suble step in the maintenance of their viability. This crucial
step to acquire the essential nutrient source is carried out by
the proton/sulfate co-transporters in the plasma membranes
[1].

Recently, cDNA clones encoding sulfate transporter pro-
te.ns have been isolated from a tropical leguminous plant
Siylosanthes hamata. Characterization of sulfate transport ac-
tivities in a gene-disrupted yeast mutant [2] demonstrated the
presence of two different transporters, the high- and low-af-
finity types toward sulfate, according to kinetic characteristics
[3}. Changes in mRNA levels, induced by sulfate starvation,
corresponded with changes of the transportation activities de-
termined physiologically [4-7]. In the filamentous fungus,
N eurospora crassa, expression of the cysl4 gene encoding sul-
fute permease II was activated by sulfur limitation [8,9]. The
positive acting regulatory protein, Cys3, which binds to spe-
cific sites of the 5'-untranslated region of cysl4, was required
for its expression [9,10]. It is possible that higher plants also
adapt to fluctuation in environmental sulfur availability, by
modulating the expression of genes encoding sulfate transpor-
tecs.

To investigate the regulation of sulfur uptake and subse-
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EMBL/GenBank data base (accession no. D85416).

quent sulfur metabolism in higher plants, we have initiated
molecular cloning of sulfate transporter genes from Arabidop-
sis thaliana. The present study is the first report on the isola-
tion and characterization of a cDNA clone encoding the sul-
fate transporter from A. thaliana.

2. Materials and methods

2.1. ¢DNA cloning

A cDNA library was constructed from poly(A)t RNA of 3-week-
old whole plants of 4. thaliana Columbia in the Agtil vector. Approx.
5.0x 10° amplified plaques were screened with the 32P-labeled cDNA
insert of the Arabidopsis EST, No. 130L5T7 (accession no. T44718)
[11]. Hybridization of the membranes (Hybond N+, Amersham) was
carried out at 65°C in SXSSPE (0.9 M NacCl, 0.05 M sodium phos-
phate pH 7.7, S mM EDTA), 0.5% SDS, 5x Denhardt’s solution and
25 mg ml™! salmon sperm DNA. Final washing of the membranes
was conducted at 65°C in 0.1 XSSPE and 0.1% SDS [12].

2.2. DNA sequencing

The cDNA inserts of the isolated positive clones were subcloned in
the BamHI site of pBluescript II SK— (Stratagene). The full length
DNA sequence was determined from both strands using a series of
overlapping exonuclease IIl digested clones created by an Exo/Mung
deletion kit (Stratagene). Sequencing was carried out by dideoxy-chain
termination methods with Thermo Sequenase (Amersham) using a
Shimadzu DNA sequencer model DSQ1000.

2.3. DNA and RNA blot hybridization analyses

Arabidopsis plants for DNA and RNA preparation were grown on
GM agar plates {13] under continuous light at 23°C. Genomic DNA
was isolated from the leaves of 3-week-old seedlings as described in
[14]. For Southern hybridization analysis, genomic DNA (5 pg) was
digested with restriction enzymes, separated in a 0.8% agarose gel and
transferred to a Hybond N+ membrane (Amersham). Total RNA was
isolated from the leaves and roots of 3-week-old seedlings by a phe-
nol/SDS method and precipitated by LiCl as described elsewhere [12].
For Northern hybridization analysis, total RNA (20 pg) was sepa-
rated under denaturing conditions in a 1.2% agarose gel containing
formaldehyde and transferred to a Hybond N+ membrane (Amer-
sham). DNA and RNA blots were probed with the 3?P-labeled
cDNA insert fragment of the isolated clone. To verify equivalent
loadings of RNA on blots, membranes were probed with a 3?P-labeled
rice rDNA (pRR217) [15]. Hybridization and washing of the mem-
branes were carried out as described for library screening. Hybridiza-
tion signals were detected by a BAS-2000 image analyzer (Fuji Film).

3. Results and discussion

3.1. Hdentification of ESTs encoding Arabidopsis sulfate
transporters

In order to isolate cDNAs encoding the sulfate transporter
from Arabidopsis, we first searched for EST clones homolo-
gous with the sulfate transporters of S. Aamata [3], Saccharo-
myces cerevisige [2] and N. crassa [9]. EST clones 76E7T7
(accession no. T21459), 130L5T7 (accession no. T44718) and
142F20T7 (accession no. T76088) [11] were selected as candi-
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Arabidopsis thaliana ASTS6 MGIELQNHQSH-HEEASPAEEPMS -RWLINTPEPPSMWQEL IGYIRT 4s
Stylosanthes hamata Shstl MSQRVSDQVMADVIAETRSNSSSHRHGGGGGGDDTTSLPYMHKVGTPPKQTL FQEIKHSF 60
Stylosanthes hamata Shst3 MSSL--GTEQFSE-RS -QWVLNSPNPPPLTKKFLGPLKD 35
* * L2
@
ASTS6 NVLAKKKHKRNKTK~NSSSNLVYSCLKSAFPILSWGRQYKLNL FRKDTMAGLTLASLCIPQSIGYANLAGLOPEGLYTSVVPPLIVSTM] 134
Shst1 NETFFPDKPF GKFKDQSGFRKLELGLQYIFPILEWGRHYDLKKFRGDF IAGLTIASL CIPQDLAYRKLANLDPWYGLYSSFVAPLVYAFM| 150
Shst3 NKFF-TS—SSSK-K-ETRA-VSF-—LASLFPILSWIRTYSATKFKDDLLSGLTLASLSIPQSIGJANLAKLD 118
* * % * *hkk k % # * Ld k¥ bk K% *F 2k *k¢ Sk%kE * * * L]
©)
AST56 GTSRELATGPVAVVSLLLSSMVRDLQDPVTDPIAYRK[IVFTVTF FAGAFQALFGLFRLGFLVDFLSHAALVGFMAGAAIVIGLRQLKGLF 224
Shst1 GTSRE&AIGPVAVVSLLLGTLEENEI-SNTKSHDYLRLAFTATFFAGVTQMLLGVCRLQFLIDFLSHAAIVGFMAGAAITIGLQQLKGLL 239
Shst3 GSSRETAIGPYAVVSMLLSSLVPKVIDPDAHPNDYRNLVFTVTLFAGIFQTAFGVLRLGFLVOFLSHAALVGFMAGAATVIGLRQLKGLL 208
L 2 CEEEERRRE ¥ * % & Hk% * * SEEdk SRSt Rk hbkEkRE dRxbEshEnt
ASTS6 GLT--HFTNKTDVVSVLSSVFHSLHH- - - -P- -WQPLNFVIGSSFLIFILLARF IEKRNNKLFWIPAMAPLISVVLATLIVYLENAESRG 306
Shst1 GISNNNETKKTDITSVMRSVWTHVHH- - - GW-NWET]L - -LIGLSFLIFLLITKYTAKKNKKL FWVSAISPMISVIVSTFFVYITRADKRG 323
Shst3 GLT--HFTTKTDAVAVLKSVYTSLHQQITSSENWSPLNFVIGCSFLIFLLAARFIGRRNKKEFWLPATAPLLSVILSTLIVFLEKGDKHG 296
* *h Rk * R * * kb ke E ¥ * * % ¥ * * *e * * *
ASTS6 VKIVKHIKPGFNQLSVNQLQFKSPHLGQIAKTGLISATIALTEATAVERSFATIKGYRLOGNKEfMAMGFMNIAGSLSSCYVRTGSFSRT 396
Shst1 VSIVKHIKSGVNPSSANEIFFHGKYLGAGVRVGVVAGLVALTEATAIGRTFAAMKDYAL DGNKEMVAMGTMNIVGSLSSCYVITGSFSRS 413
Shst3 VNIIKHVQGGLNPSSVHKLQLNGPHVGQAAKTGL ISATTAL TEATAVIGR SFANIKGYHL DGNKEMLAMGCMNIAGSLTSCYVETGSFSRT 386
76E7T7 NYNIDGNKEMIAFGMMNIVGSFTSCYLTTGPFSRS 35
* ok Xk * * * * * FhkkkkE ¥k % * % EkkkkkE & ¥ dE¥ ¥ ey E dkh
@
ASTS6 AVNLEAGCETVVSNIVMAITVMISLEVLTRFLYFTPTAILASIILSALPGLIDVSGALHIEELDKLDFLVLIAAFFGVLFASVEIGLLLA 486
Shst1 AVNYMAGCKTAWSNIVMSIVVLLTLLVITPLFKY[TPNAVLASIIIAAVVNLVNIEAMVLLWKIDKFOFVACMGAFFGVIFKSVEIGLLIA 503
Shst3 AVNESAGCKTAVSNIVMAVTVLLCLELFTRLLYYTPMATLASTTL SALPGLIDTGEAYHIWKVOKFOFLACLGAFFGVLFVSTEIGLLIA 476
76E7T7 AVNYNAGCKTAMSNIVMATAVMFTLLFLTPLFHYTPLVVLSATITSAMLGLIDYQAATHLWKVDKFDFLVCMSAYVGVVFGSVEIGLWA 125
142F2077 FFGVLFASVEIGLLVA 16
kK kg ¥ LA 2223 * * * *k * *k * »* *% k% &% * & & & S62s *
ASTS6 VGISFARIMLSSIRPSIEAL GRLSKTDIFGDINQYPMANKTAGLLTLRISSPLLCFANANFIRDRILNSVQETEGEENEQEVLKENGLQY 576
Shst1 VAISFAKILLQVTRPRTAVLGKLPGTSVYRNIQQYPKAAQIPGMLIIRVDS-AIYFSNSNYIKERILRWL--IDEGAQRTE-SELPEIQH 589
Shst3 LSISFAKILLQATRPGVEVLGRIPTTEAYCDVAQYPMAVTTPGILVIRISSGSL CFANAGFVRERILKWVED-EEQDNIEEAAKGR-VQA 564
76E777 VAISIARLLLFVSRPKTAVKGNIPNSMIYRNTEQYPSSRTVPGILILEIDAPIYFANASYLRERIIRWIDEEEERVKQSGESSLQYIILD 215
142F20T7  VVISFAKIILISIRPGIETLGRMPGTDTFTDTNQYPMTVKTPGVLIFRVKSALLCFANASSIEERIMGWVDEEEEEENTKSNAKRKILFV 106
L L * *% * e * *
ASTS6 VILDMSCVMGVDTSGVFALEELHQELASNDIRLVIASPRWRVLHKLKRAKLDEKIKTENIYMTVGEAVDIYVRARSTSHELC 658
Shst1 LITEMSPVPDIDTSGIHAFEEL YKTLQKREVQLILANPGPVVIEKLHASKLTELIGEDKIFLTVADAV-ATYGPKTAAF 667
Shst3 ITIDMTDLTNVDTSGILALEELHKKLL SRGVELAMVNPRWEVIHKLKVANFVDKIGKERVFL TVAEAVDACL SSRFANSA 644
76E7T7 MSAVGNIDTSGI SMMVEIKKVIDRRALKLVLSNPKGEVVKKL TRSKF IGDHL GKEWMFLTVGEAVEACSYMLHTFKTEPASKNEPWNNV 304
142F2077 VLDMSSLINVDTSGITALLELHNKL IKTGVELVIVNPKWQYIHKLNQAKFVDRIGGKVYLTIGEALDACFGLKV 180

Fig. 1. Amino acid sequence alignment of A. thaliana ASTS56 with S. hamata sulfate transporters, Shst! and Shst3, and A. thaliana ESTs,
76E7T7 and 142F20T7. Asterisks indicate consensus amino acids. Boxes indicate the 12 putative membrane-spanning domains (MSD). Amino
acids doubly underlined indicate the putative N-glycosylation motifs.

dates for library screening. The EST clones were sequenced 3.2. Isolation and sequencing of a ¢cDNA encoding the sulfate
and the deduced amino acid sequences were aligned with the transporter, ASTS56, from Arabidopsis

reported sequences of sulfate transporters [2,3,9]. As shown in A 32P-labeled cDNA insert of 130L5T7 was used for screen-
Fig. 1, the Arabidopsis EST clones exhibited around 50-60% ing an Arabidopsis Agt11 ¢cDNA library. The final washing of
homology with the carboxyl-terminal region of the sulfate the membranes was carried out under high stringency condi-
transporters, Shstl, Shst2 and Shst3, of S. hamata [3). Several tions (65°C in 0.1 X SSPE and 0.1% SDS). Five positive clones
highly conserved motifs identical with them were also identi- were isolated from 5.0 X 10° amplified plaques. With respect to

fied in these sequences. these positive clones, no cross-hybridization with the ESTs,
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7¢E7T7 and 142F20T7, occurred under these washing condi-
tions. Among them, 4ST56 containing a cDNA insert of ap-
piox. 2.1 kb was chosen for further analyses. The nucleotide
sequence of AST56 was fully sequenced from both strands.
The AST56 insert was 2114 bp in length and contained an
open reading frame of 1974 bp encoding a polypeptide of 658
amino acids (Fig. 1). The calculated molecular mass of AST56
was 72342 Da, which was in good agreement with those of
the sulfate transporter proteins of S. hamata [3].

§59888
QUL Y 9X
_ (kb)
e -— 21.0
w ¥ | — s
- — 7.4
— 51
-
- -
- — 2.8
<P
— 20
- — 14

Fig. 3. Southern blot analysis of genomic DNA of A. thaliana.
Genomic DNAs (5 pg) digested with BamHI, Bglll, EcoRl, EcoRV,
Sucl and Xbal were separated by agarose gel electrophoresis, trans-
ferred to a nylon membrane and hybridized with the 3?P-labeled
cIDNA insert of AST56. The membrane was washed under high
stringency conditions and exposed to the imaging plate of the image
aralyzer BAS-2000 for 12 h.

97

Fig. 4. Northern blot analysis of total RNA of A. rhaliana. Total
RNAs (20 pg) of leaves (L) and roots (R) were separated by agar-
ose-formaldehyde gel electrophoresis, transferred to nylon mem-
branes and hybridized with 3?P-labeled probes. The membranes
were washed under the high stringency condition and exposed to
the imaging plate of the image analyzer BAS-2000 for 18 h
(ASTS56), 2 h (76E7T7, 142F20T7) and 0.5 h (rfDNA).

3.3. Comparison of the deduced amino acid sequence with the
eukaryotic sulfate transporter

The deduced amino acid sequence of AS756 showed strong
similarity to the sulfate transporters of the tropical legumi-
nous plant S. hamata (Shstl, Shst2 and Shst3) [3], as shown
in Fig. 1. The 12 putative membrane-spanning domains
(MSD) predicted by the TopPredIl program [16] were also
conserved in the deduced amino acid sequence of ASTS56.
These results indicated that 4S756 is a member of the mem-
brane-bound sulfate transporters of 4. thaliana. Two N-gly-
cosylation motifs (Asn-X-Ser, Asn-X-Thr) were found be-
tween the MSDs. The Asn-Phe-Ser motif between the MSDs
9 and 10 was identical with that of Shst3.

Similarities of the amino acid sequence with other eukaryo-
tic sulfate transporters were found as follows: S. hamata
Shstl, 50% (accession no. X82255) [3]; S. hamata Shst2,
48% (accession no. X82256) [3]; S. hamata Shst3, 62% (acces-
sion no. X82254) [3]; soybean nodule GmN#70, 52% (acces-
sion no. D13505) [17]; S. cerevisiae Sull, 27% (accession no.
X82013) [2]; N. crassa Cysl4, 37% (accession no. M59167)
[9]; rat Sat-1, 26% (accession no. L.23413) [18]; mouse, 26%
(accession no. D42049); human DTD, 28% (accession no.
U14528) [19]; human DRA, 27% (accession no. L02785)
[20]. Phylogenic relationships of these amino acid sequences
indicated the existence of three individual groups comprised
of the higher plant, mammalian, and yeast and fungal mem-
bers (Fig. 2). The isolated Arabidopsis clone, AST56, belonged
in the branch of the low-affinity members in the higher plant
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Fig. 5. Computer analysis of the protein structure of 4ST56. (A)
Hydropathy plot by the method of Kyte and Doolittle [21]. (B) Pre-
diction of the topology by the TopPred II program [16]. Conserved
positively charged amino acids (+) and the putative N-glycosylation
sites (NKT and NFS) are described between the MSDs. Numbers
indicate the 12 putative MSDs corresponding to Fig. 1.

group, whereas it was highly divergent from the mammalian
and fungal groups.

3.4. Hybridization analyses

Southern blot analysis indicated the presence of a single
copy of AST56 in the Arabidopsis genome (Fig. 3). Since
AST56 cDNA contains an EcoRI site and 3 EcoRV sites,
several distinct hybridization signals were obtained in the
case of digestion with these restriction enzymes.

Expression of AST36 in seedlings was analyzed by RNA
blot hybridization in comparison with the two homologous
ESTs (76E7T7 and 142F20T7) (Fig. 4). The length of the
detected hybridization signal for AST56 (2.6 kb) was in
good agreement with that of the isolated cDNA, considering
the attachment of an additional 5'-untranslated region and a
poly(A) tail. The transcript sizes of 76E7T7 and 142F20T7
were estimated to be 2.7 and 3.0 kb, respectively, closely
matching that of AST56 (2.6 kb). Taking account of the se-
quence similarities, the two ESTs and AS756 were assumed to
represent the three different members of the sulfate transpor-
ter family in A. thaliana.

The ASTS56 transcripts accumulated constitutively in both
leaves and roots of the light-grown green seedlings of A. thali-
ana. However, the transcript of 76E7T7 was accumulated al-
most exclusively in leaves; in contrast, the transcript of
142F20T7 was preferentially detected in roots. Furthermore,
the mRNA level of 45756 was roughly estimated to be 1/10—
1/20 of the other two homologues, resembling the relatively
lower expression level of Shst3 in S. hamata [3). These results
suggested that AS756 is presumably a member of the low-
affinity sulfate transporter in A4. thaliana. Although cloning
and sequencing of the full-length clones corresponding to
the other two ESTs are required, the present data strongly
suggested the existence of three different sulfate transporters
expressed in an organ-specific manner in A. thaliana.
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3.5. Structural features of the AST56 polypetide

The hydropathy profile of 4ST56 polypeptide by the meth-
od of Kyte and Doolittle [21] showed the presence of 12-16
hydrophobic clusters, indicating the typical characteristic of
membrane-bound proteins (Fig. 5A). Prediction of the topol-
ogy using the TopPredII program by Claros and Von Heijne
[16] also indicated the presence of 12-16 putative hydrophobic
segments for MSDs. Based on the calculation by this pro-
gram, the most probable predicted structure is shown in
Fig. 5B. This model showed a well-conserved location of 12
putative MSDs, resembling those of the known eukaryotic
sulfate transporters (Figs. I and 5B). According to this model,
the N-terminus and the C-terminus of the polypeptide were
assumed to be located in the cytoplasm, while the two puta-
tive N-glycosylation sites were identified on the extracellular
side, showing the characteristics for the membrane protein.
Positively charged amino acids (Lys, Arg) were assumed to
appear on both sides of the membranes. These basic amino
acid residues located externally may have some function for
SO2” binding and channeling through the membranes as pro-
posed by Clarkson et al. [22]. According to their prediction
[3], Arg-395 of ASTS56 identical with Arg-385 of Shst3 be-
tween the MSDs 9 and 10, was assumed to be the probable
extracellular basic residue for SO~ binding. Further investi-
gation should be performed in order to explain the individual
roles of these specific residues and functional motifs.
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