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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. 

A,,y words: Arabadopsis thaliana; c D N A  cloning; Expressed 
sequence tag; Sulfate transporter 

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- 
sable step in the maintenance of  their viability. This crucial 
sl,~p to acquire the essential nutrient source is carried out by 
the proton/sulfate co-transporters in the plasma membranes 

[11. 
Recently, c D N A  clones encoding sulfate transporter pro- 

t ens  have been isolated from a tropical leguminous plant 
S,ylosanthes hamata. Characterization of  sulfate transport ac- 
ti,,ities in a gene-disrupted yeast mutant  [2] demonstrated the 
p~esence of  two different transporters, the high- and low-af- 
fi;fity types toward sulfate, according to kinetic characteristics 
[3 I. Changes in m R N A  levels, induced by sulfate starvation, 
ct,rresponded with changes of  the transportat ion activities de- 
termined physiologically [4-7]. In the filamentous fungus, 
A eurospora crassa, expression of  the cys14 gene encoding sul- 
f~ te permease II was activated by sulfur limitation [8,9]. The 
p, ~sitive acting regulatory protein, Cys3, which binds to spe- 
ci iic sites of  the 5'-untranslated region of  cys14, was required 
fi,r its expression [9,10]. It is possible that higher plants also 
a, tapt to fluctuation in environmental  sulfur availability, by 
n odulating the expression of  genes encoding sulfate transpor- 
ts. ~'S. 

To investigate the regulation of  sulfur uptake and subse- 
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At,breviations: AST, Arabidopsis thaliana sulfate transporter; EST, 
expressed sequence tag; MSD, membrane-spanning domain 

The sequence reported in this paper has been deposited in the DDBJ/ 
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 c D N A  clone encoding the sul- 
fate transporter from A. thaliana. 

2. Materials and methods 

2.1. cDNA cloning 
A cDNA library was constructed from poly(A) ÷ RNA of 3-week- 

old whole plants of A. thaliana Columbia in the Lgtl 1 vector. Approx. 
5.0x l0 s 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 5 x SSPE (0.9 M NaCI, 0.05 M sodium phos- 
phate pH 7.7, 5 mM EDTA), 0.5% SDS, 5 x Denhardt's solution and 
25 mg m1-1 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 S K -  (Stratagene). The full length 
DNA sequence was determined from both strands using a series of 
overlapping exonuclease III 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 ~tg) 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 LiC1 as described elsewhere [12]. 
For Northern hybridization analysis, total RNA (20 I.tg) 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 32P-labeled 
cDNA insert fragment of the isolated clone. To verify equivalent 
loadings of RNA on blots, membranes were probed with a 32p-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. Identification 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. hamata [3], Saccharo- 
myces cerevisiae [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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v~SFAK~IL~S~R~IETLGRM~GTDTFTDTNQYPMTvKT~G~L~FR~KSALLCFANAS~IEERIMG~DEEEEEENTKSNAKRKILF~ 106 

AST56 VI LDMSCVMGVDTSGVFAL EEL HQE LASNDIR LVIASPRWRVLHKLKRAKLDEKIKTENIYMTVGEAVDIYVRARSTSHELC 658 
Shstl LITEMSPVPDIDTSGIHAFE EL YKTLQKREVQLI LANPGPVVIEKLHASKLTEL IGEDKIFLTVADAV-ATYGPKTAAF 667 
5hst3 IIIDMTDLTNVDTSGILAL E EL HKKL L SRGVELAMVNPEWEVIHKLKVANFVDKIGKERVFLI'VAEAVDACISSRFANSA 644 
76EZT7 MSAVGNIDTSGISMMVE IKKVIDRRAL KLVL SNPKGEVVKKLTRSKFIGDHL GKEWMFLTVGEAVEACSYMI HTFKTEPASKNEPWNNV 304 

14ZFZOT7 VL DMSSL INVDTSGITAL l ELHNKL IKTGVELVIVNPKWQVIHKLNQAKFVDRIGGKVYLTIGEALDACFGLKV 180 

Fig. 1. Amino acid sequence alignment of .4. thaliana AST56 with S. hamata sulfate transporters, Shstl 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 
and the deduced amino acid sequences were aligned with the 
reported sequences of sulfate transporters [2,3,9]. As shown in 
Fig. 1, the Arabidopsis EST clones exhibited around 50-60% 
homology with the carboxyl-terminal region of the sulfate 
transporters, Shstl, Shst2 and Shst3, of S, hamata [3]. Several 
highly conserved motifs identical with them were also identi- 
fied in these sequences. 

3.2. Isolation and sequencing of  a cDNA encoding the sulfate 
transporter, AST56, from Arabidopsis 

A 32P-labeled cDNA insert of 130L5T7 was used for screen- 
ing an Arabidopsis ~,gtl 1 cDNA library. The final washing of 
the membranes was carried out under high stringency condi- 
tions (65°C in 0.l × SSPE and 0.1% SDS). Five positive clones 
were isolated from 5.0 x l0 s amplified plaques. With respect to 
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, AST56 containing a cDNA insert of ap- 
pox .  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 
~as 72 342 Da, which was in good agreement with those of 
t ie sulfate transporter proteins of S. hamata [3]. 
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F~g. 3. Southern blot analysis of genomic DNA of A. thaliana. 
Genomic DNAs (5 lag) digested with BamHI, BglII, EeoRI, EcoRV, 
Sad and XbaI were separated by agarose gel electrophoresis, trans- 
ferred to a nylon membrane and hybridized with the 32p-labeled 
cl)NA insert of AST56. The membrane was washed under high 
stringency conditions and exposed to the imaging plate of the image 
apalyzer BAS-2000 for 12 h. 
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Fig. 4. Northern blot analysis of total RNA of A. thaliana. Total 
RNAs (20 lag) of leaves (L) and roots (R) were separated by agar- 
ose-formaldehyde gel electrophoresis, transferred to nylon mem- 
branes and hybridized with 32p-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 
(AST56), 2 h (76E7T7, 142F20T7) and 0.5 h (rDNA). 

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

The deduced amino acid sequence of AST56 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 TopPredII program [16] were also 
conserved in the deduced amino acid sequence of AST56. 
These results indicated that AST56 is a member of the mem- 
brane-bound sulfate transporters of A. 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-l, 26% (accession no. L23413) [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 AST56. (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 AST56 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 AST56 were assumed to 
represent the three different members of the sulfate transpor- 
ter family in A. thaliana. 

The AST56 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 AST56 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 AST56 is presumably a member of the low- 
affinity sulfate transporter in A. 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 AST56 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 TopPredlI 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. 1 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 
SOl- binding and channeling through the membranes as pro- 
posed by Clarkson et al. [22]. According to their prediction 
[3], Arg-395 of AST56 identical with Arg-385 of Shst3 be- 
tween the MSDs 9 and 10, was assumed to be the probable 
extracellular basic residue for SOl-  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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