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Abstract 

A full length cDNA for rkST1, a novel member of the Na+/glucose cotransporter family, was cloned from rabbit kidney and 
sequenced. The coding sequence comprised 2022 base pairs and 674 amino acids, rkST1 beared 50-60% amino acid identity to 
the other cotransporters and was characteristic in respect of its expression in brain in addition to kidney among the 
cotransporters. 
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Many organic solutes are cotransported with Na + in 
mammalian cells against a concentration gradient. Sev- 
eral Na+-coupled transporters have been characterized 
from various sources and some of them appeared to 
have significantly similar structures. The cDNAs for 
Na+/glucose  cotransporters from both rabbit small 
intestine (SGLT1) [1] and other sources [2-5] have 
been isolated and sequenced. They exhibit no sequence 
homology with those of Na+-independent facilitative 
glucose transporters but do share a high homology with 
those of the rabbit kidney Na+/ur id ine  cotransporter 
(SNST1) [6], the canine Na+/myo-inositol cotrans- 
porter (SMIT) from MDCK cell line [7] and the porcine 
Na+/amino  acid cotransporter (SAAT1) from LLC- 
PK~ cell line [8]. Furthermore,  these transporters have 
several conserved amino acid sequences in common 
with the bacterial Na + cotransporters for proline [9], 
panthothenate [10] and glutamate [11], indicating they 
comprise a gene family related to SGLT1. 

To characterize genes other than previously cloned 
cotransporters, the reverse transcriptase-polymerase 
chain reaction (RT-PCR) have been used to clone 
novel cDNAs of the gene family using degenerated 
primers that could anneal to consensus sequences. 

* Corresponding author. Fax: + 81 52 7814447. 
1 The  nucleotide sequence reported in this paper has been submit- 
ted to the DDBJ data bank under  the accession number  of D16226. 
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Although the amino acid sequences are fairly homolo- 
gous among Na+/glucose cotransporters, there existed 
several highly conserved regions even at a nucleotide 
level. A pair of degenerated primers (sense; 5'- 
C C T C T C T G T T T G C C A G Y A A T A T Y G G R A G T G - 3 ' ,  
anti-sense; 5 ' - G T C T G T A G K G T R T C Y G T G T A S A -  
TCA-3') was designed and synthesized chemically based 
on the nucleotide sequences highly conserved among 
SGLT1, SNST1, and SMIT (nt 238-267 and nt 621-646 
in SGLT1). Total RNA was isolated by guanidium- 
thiocyanate method from rabbit kidney, since this or- 
gan has been shown to contain a number of Na+-de - 
pendent  cotransporters related to SGET1 [12]. 
Poly(A) + RNA purified using oligo (dT)-cellulose col- 
umn was reverse transcribed in an appropriate buffer 
by the addition of the anti-sense primer and reverse 
transcriptase. The resulting cDNAs were subjected to 
amplification by PCR with a pair of degenerated 
primers. The PCR products with the expected size 
(approx. 410 bp) were cloned into pUCl l8 ,  classified 
based on the fragments generated by restriction en- 
zyme digestion and sequenced. In addition to SGLT1 
and SNST1, two novel cDNA clones were isolated. 
One clone (ST-A) was highly homologous (90% amino 
acid identity) to SMIT, indicating the presence of the 
Na+/myo-inositol cotransporter in rabbit kidney. The 
other clone (ST-B) showed rather low similarity (50- 
60% amino acid identity) with SGLT1, SNST1 and 
SMIT. Therefore,  a full length cDNA for ST-B (rkST1) 
was then isolated by screening 2 . 1 0  ~' phages of a 
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rabbit kidney c D N A  library with the radiolabeled ST-B 
c D N A  insert as a probe and sequenced on both strands. 
The complete nucleotide sequence of 2157 bp and the 
deduced amino acid sequence are shown in Fig. 1. A 
single open reading frame (nt 28-nt  2049) encodes a 
polypeptide of 674 amino acid residues with the non- 
glycosylated molecular weight of 73 629. ATG at nt 28 
is considered as a start codon, since there is high 
homology between the putative coding region of rkST1 
downstream of this ATG and those of other members 
of Na +/cotransporter family. Furthermore, this is con- 

tained in the consensus initiation sequence, YN- 
N A U G G  [13]. A poly(A) tail is observed at the 3' end 
and a consensus polyadenylation sequence (AATAAA)  
is located 26 nt upstream from the poly(A) stretch. The 
length of the rkST1 cDNA was in good agreement with 
the m R N A  size of approximate 2.2 kb analyzed by 
Northern blotting as shown in Fig. 3. 

The deduced amino acid sequence of rkST1 was 
compared with previously cloned Na + cotransporters 
(Fig. 2). The sequences shows significant identity to 
those of SGLT1 (57%), SNST1 (51%), SMIT (51%) 

10 20 30 40 50 60 70 80 90 100 110 120 
AAGGAGTCGGAGCGCGTGTTCA~ACCATGGRGA~AGCACCAGC~GTCCTCAGCCCCCGCTGTCCGATCCCTT~ATCCTTTTCCCCAGAGG~CT~AGCC~GGTGRCATT~RGTG 

M E S S T S S P Q P P L S D P L D P F P Q R S L E P G D I A V  

130 140 150 160 170 180 190 200 210 220 230 240 
C T G G T C C T G T A C T T C C T C T T T G T C C T ~ C T G T T G G A T T A T ~ T C ~ G T G ~ G A C C A A A A G A G A C A C A G T G A A A G ~ T A C T T C C T ~ C T ~ A G ~ G A C A T G G T G T ~ T G ~ C G ~  
L V L Y F , L F V L A V G L W S T V K T K R D T V K G Y F L A G G D M V W W P V G  

250 260 270 280 290 300 310 320 330 340 350 360 

~CTCCTTGTTCGCCA~CGTTGGGAGT~ACTTCGTG~CCTG~G~TC~GCTGC~CAGG~TTTCTGTAGCT~TTACGAGT~CG~ATGTTTTCCGTGCTGATG 

A S L F A S N V G S G H F V G L A G S G A A T G I S V A A Y E F N G M F S V L M  

370 380 390 400 410 420 430 440 450 460 470 480 

TTGGCCTGGATCTTCCTCCCTATCTACATC~GG~CAGGTCACCACGATGCCGG~TACCT~AG~TTCG~C~AGGATC~CATCACCCTG~CGTC~ACCTGTTC 
L A W I F L P I Y I A G Q V T T M P E Y L R R R F G G S R I A I T L A V L Y L F  

490 500 510 520 530 540 550 560 570 580 590 600 
ATCTACATCTTCACCAAGATCTCGGT~ACATGTACACCG~CATCTTTATTCA~AGTCCCTGCACCTGGATCTGTACCTGTCCGTAGTCGGGCTGTTGGCCGTCACAGCGCTGTAC 
I Y I F T K I S V D H Y T G A I F I Q Q S L H L D L Y L S V V G L L A V T A L Y  

610 620 630 640 650 660 670 680 690 700 710 720 

ACTGTT~AGGTGGCCTG~CGCTGTGATCTACACCGATGCCTTGCAGACTCTGATCATG CTCGTC~AGCGCTCACCTTGATG~CTACAGTTTT~TGCAGTTG~CATGG~G~ 
T V A G G L A A V I Y T D A L Q T L I M L V G A L T L M G Y S F A A V G G M E G  

730 740 750 760 770 780 790 800 810 820 830 840 

CTGCAGGAGAAGTACTTCCTGGCCCT~CCAGCAACCGGAGTGAG~CAGCA~TGCG~CT~CCCG~GACGCCTTCCATCTCTTCCGTGATCC~TGACGTCTGATCTGCCGT~ 
L Q E K Y F L A L P S N R S E N S S C G L P R E D A F H L F R D P L T S D L P W  

850 860 870 880 890 900 910 920 930 940 950 960 

CCCGGGATCCTGTTCG~ATGTCCATCCCATCCCTGTGGTACTGGTGCACCGACCAGGTG ATCGTCCA~GGAGTCTGGCCGCC~G~CCTGTCTCACGCCAAAGGA~GTCTCT~TG 
P G I L F G H S I P S L W Y W C T D Q V I V Q R S L A A K N L S H A K G G S L M  

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080 

GCCGCCTACCTG~GGTGCTGCCCCTTTTCATCATGGTGTTCCCTG~AT~TCAGCC~ATCCTCTTCCCAGATC~GT~CTTGTGCAGACCCAGAAACCTGCCAGAG~TCTGC~C 

A A Y L K V L P L F I M V F P G M V S R I L F P D Q V A C A D P E T C Q R V C N  

1090 1100 I I I 0  1120 1130 1140 1150 1160 1170 1180 1190 1200 
~CC~TC~G~TG~T~GA~ATTG~CTAT~CC~GCT~TGCTGG~T~CTG~CACA~ACTCCGTG~T~ATGAT~TGTGATGGTTG~T~T~ATGT~T~CCTCACCTC~ 
N P S G C S D I A Y P K L V L E L L P T G L R G L M M A V M V A A L M S S L T S  

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1 3 2 0 ,  
A T C T T T ~ C ~ G T G C C A ~ A ~ C A T ~ T T C A ~ C A T G G A ~ C T ~ C C A C G T C ~ C C T ~ G C A T C T G A G ~ G G A G C T C A T G A T T G T G G ~ A G G G T A T T T G T G C T T C T G C T ~ T G T T ~ T C  
I F N S A S T I F T H D L W N H V R P R A S E K E L M I V G R V F V L L L V L V  

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440 
TCCGTGCTCTGGATCCCTGTGGTCCAGGCCAGCCAG~AG~C~CTGTTTGTCTATATCC~GCCATCA~TC~ACCT~AGCC~CTGT~CCAT~TCTTCGTCTT~TGTTTC 
S V L W I P V V Q A S Q G G Q L F V Y I Q A I S S Y L Q P P V A H V F V L G C F  

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560 
T~GA~CGGGCCAATG~GGG~GCCTTCTGGGGCCTGGTCTTGGGCCTGCTCCTGG~TTCATCAG~TGATCCTGGACTTCATTTACGTGGAGCCTGCCTGCCACCAGCCCGACGAG 
W K R A N E K G A F W G L V L G L L L G F I R L I L D F I Y V E P A C H Q P D E  

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680 
CGCCCCTCTGTGGTGAAAAACGTCCA~TACCTCTACTT~TCCAT~ATC~TGTCTTCGGTCACTGTGCTCACCGTGACGGTCATGAGCCTG~TCACAGA~AC~CTCC~AGATGATC 
R P S V V K N V H Y L Y F S M I L S S V T V L T V T V H S L L T E P P S K E M I  

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 
AGCCACCTGACCTGGTTCACTCGCCGCGACCCCGTGGTCCAG~GGCAcAGGTGccAGCAGCCACGCCCCTGCC~CT~CcTGTcTCAC~cGGGAcCGCGG~GCC~CA~GcCA~ 
S H L T W F T R R D P V V Q K A Q V P A A T P L P P A L S H N G T A E A N S A S  

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 
ATCCAGCTGG~GACGATTCAGG~CGCGTCCA~GCCCACAGCAGTGACGTGACCCCG~AGTCCAGAGT~TGCGAGCCCT~TGTG~TCTGTG~AT~G~C~GAGCACG 
I Q L E T I Q E G A S K A H S S D V T P K Q S R V V R A L L W L C G M E G K S T  

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 
GA~AGGCCCCGAGGCCAGCAGAGCCCGTCTTGGCTTCCATAG~GAA~CCCCGTCGTG~GACCCTCCTGGACGTC~CTGCCT~TGTGCATCTGCTGCGCCTTCTTCCTCTGGG~ 
E Q A P R P A E P V L A S I E E N P V V K T L L D V N C L L C I C C A F F L W G  

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 
TACTTCGCCTAGCGCCTGCGCTCAGCCC~CACTCCTTTCCCGT~CCTGTTGTTTTATA ATGAAAGA~GAT~T~T~TAAAGCTTTTGTTTGTTTACCGTGA~ 
Y F A  

Fig. 1. Complete nucleotide and deduced amino acid sequences of rkST1. Polyadenylation signal is underlined. 
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r k S T 1  1: ME SSTSSPQPPLSDPLDPFPQRSL-EPGD IAVLVLYI~VG~WST~KI~ TGISVA 

SGLTI I:. D... L..LT-T.TAAPLESYERIRRAA.. S. I. I... V. M ..... AMFS.N.G..G. F .... RS ..... I ........ I .......... T...s..ATG 

SRSTI 1:.. - E ~ - R L - G .  -GDIIC~DN. A .... IAA...L. IG ..... MCR.N.G..G ...... RS .............. I .......... T...N.IA.. 

S~IT I: ................... HRAV. -. TA...IVA,.. IL. HCI. FFRR~/.SN. S..S ...... RS. T. VAI ..... V..I,.E..I ........ S. FA.G 

SAATI 1: .-A..L..ST~.GP,EISERIQR~.. S. I. I..W.M ..... AMIR.N.G..G. F .... R.VT...M ........ I .......... T...S..AI. 
** ** • • • ** . **** • ***** ***** ** **** *** . 

r k S T l  

SGLTI  

SNSTI 

SMIT 

SAATI 

100 : A_YE FNGH F S V I ~  FLP I y I A G ~  E Y L R I ~ R I  AITLAVLYLFI ¥ I FrK I S V ~  F I Q Q S L H L D L Y I ~ V T A L ~  

I00 :GF.W.ALIM.W.G.V.V .... R~_~.V ...... OK .... K..O. ¥. SI. S. LL ....... A. IFS ...... LT.G.. I.VAIII..VI.G...IT ..... 

97 :GF.W.AL.V..L.G.L.A.V.LTAG. I...O...K .... H..RL¥. S..S..L .......... FS..V .... A.GWHI.A..IA..GI.MV...T ..... 

81: .W... ;~TI,LT~L. G. V. I .... RSG.Y ...... SK .... H..C~. A. S. IL ..... L...L.S..L...E..GWN..V.. IL. IC44...L..T...V. 

I00: .F.W.ALT.r,T..V.G.F.V .... KAG.N ....... K .... K.I~.Y.SI.S... CVALR.. S. IFS ..... KLA.G ..... AIFS...I..I..IT .... S 
* * * * * * * * * * *  * *  * * * *  * * * * * * *  * *  * * * * * * * *  

r k S T 1  200: VI YTDAIX/TLIMLVGALTIRGYS FAAVGGMEGLQEKY~ - - -S - -~S~-@~CGL-PRE II%FIILFRDPLTSD~I ~ S  ~ S ~  

SGLTI 200: ..... T... A.. M.. SVI. T. FA. RE... Y.APT... MR. I. SQI. YGN---T. IPQK.-YT ....... I...AI.G. I .... LV ..... LT ........ 

SRSTI 197 :LM.. ,TV.. FVIIA.. FI.T..A.HE...YS.. FD..MG.NTSLTVSEDPA%~-~NIS...-YR..P,SY..L...V.G ..... AL.L.LT.V.G .... S.. 

SMIT 181: ..... T..A.L.I ....... II. MMEI.. F.EVKRR. M.. S. I~/T. ILLTTRL. NTN.. I¢¢R. KK.. LKML. N. TDE. V .... FVL. CCFPA. V .... A.. 

SAATI 200: ..... T...I...I.SFI...FA.VE...Y.SPT...MR.I.TIVEGDN---LTISPK.-YT.QG.S..I...AV.G.I .... MI...TVVAA ....... 
*** * * * ** * * * * * * * *** * **** ** 

rkSTl 

SGLTI 

SNSTI 

SMIT 

SAATI 

291 : V: V Q ~ G G S I ~ 4 A A Y L K V L F L F I  MVF~SR I LFP D Q V A C A D P E T C ~ ~  DIAYPKLVLELLPTGLRGLMMAVMV~S SLT 

296: ..... C.S ...... V.A.CIIEG .... M. M.LI.MM ....... YT.K...W. SE. E.Y.GTRV..TN..F.T..V..M.N ...... LS..M.S ...... 

296: ..... C..GR..T.I.A.CILCG...LT.M.L..M...I .... Y..E...VA..V.K... GTEV...N .... R..VK.M.N ...... L...L ....... A 

281: ..... V ..... IA .... ST...GF..L..M..I.V...I ..... A.DI..IN.. H.MQ..GSRA...N .... R..MK.V.V .......... I ..... D.D 

296: ..... C. SG. DM..V.AACI.CG...L..M.L..M...I .... YTEK...W. SE.VKH.GTEV...RY...L..M..M.S ...... LS..L.S ...... 
***** . * * ** * * * ** **** ** . . . ** . * ** * * ****** ** . *** . 

rkSTl 

S~TI 

$I~I 

SMIT 

SAATI 

391 : S I FNSASTI Fi~ D L W N ~ E K E L M  IVGRVFVLLLVLVSVLWI PVVQAS~LFVYIQAI S S Y I ~ P P V ~ K ~ L ~  

396: ........ L .... IYTKI. KK ........ A.. L.M.F. IGI. IA.V.I..SA.S .... D...S.T...G..I.A..L.AI .... V..P ......... F.I 

396: ..... S..L .... IYT-L .... G.G..LL... LW.VFi.A...A.L ..... A ...... D...SV .... A...SA...VAL.VP.V ......... IG...M 

381: ........... L.V~I.RS..SR ....... I.. AFM.VI. IA.V. IIVEM .... MYL... EVAD..T .... AL. L.AI .... C..Q... Y.GMA. FV. 

396: .. ; ..... L ..... YTKI. KO ...... L.A..L. II.. IVI. IV.V.L..VA.N .... H..ES ..... G..I.A..L.AI.C..V..O ...... II. FVM 
***** ** ** * * * ** ** * * * * ** ** ** ** . . * ** *** . * 

rkSTl 491: GF I RLILDFIYVEP~flQPDERPS~¥FSM II~SYTVLT~SLLTEPPSKEMISRLT-W .... F-TR ..... RDPVVQKA~AATPLPPAL 

S(~TI 4 9 6  : .  I S .  M . ' I ~ .  A . G T C ~ . M E .  SNU. T I I C G  . . . . . .  A I . .  I~FISI  I . .  V.  V . .  F .  K. IPI~,~tLYR. C W S I I t I ~ - - l t ~ E I ~ D - L .  ~ E D I Q I ! A P E ~ ' t ~ r ~ q  

SRSTI 495: .IA., .PE.SFGTGS.VR.SAC.AFIER ...... AIV.FFCSG.LIIIV..C.A.IPRKHLRR.VFSI~--KEERED-L.A~LEAPASP~RGRPE 

SMIT 481: .AV..T.A.A.RA.E.D...N..GFI.DI..M.VATA.FW..G. ITVIV .... P..T..Q.R~T. F.S]~SLVVKESCSPK.EPYI~4QE~ILRCSENSE 

S ~ T 1  4 9 6  : .  L . .  M. ~d~. V .G ' rC~ .  L ~ / ~ I ~ .  Q I I C G  . . . . . .  A L . .  F F . S I . V . L A I  . . . .  K.  I P i~ I I~YR.  CWALRI~E - - .  I~!m~2H>-L. ~ K R I t I ~  ~ ) ~ W I I E  D I ~  
. . • . • * *  . • * *  . . . 

rkSTl 580: SR~EANSASIQIRTIQEGASKAHSSUVTPK~RV~C~KSTEQAPRPAEPVLASIEEHP~ I ~ A  

SGLTI 593: PKKKKGFFRRAYDLFCGLDQPKGPKMTKEE E A ~ T ~  HPLWRT~ 1~I LLAVAYFCYAYFA 

SN~I 592 : HAVEMEE PQAPGPGLFRQCLLWFCGMRR(~AGGPAPP'~ EARAARRLE D I ~ D P R W S R V V ~ V ~ A  

SRIT 581 : )d~ I IPRGESE PS IKGLQPE DYNLL~FL~EGNPVASLGHSEAETI~ S N C ~  RIUU~T~ D G G R ~  ~ G ~ K S ~ ~  

SAATI 593 : EETR L Q R K G I ~  E EEAQ/U~KLT~ KPLW IVrl vlqI I~%I LLLAVAVI~A 

~IT 681 : EAVC L ~  EPPQVKL I LNIGI/~AVC SLG I FM FVY FS L 

Fig. 2. Alignment of deduced amino acid sequences for rkST1 with SGLT1, SNST1 from rabbit kidney, SMIT from MDCK cell line, SAAT1 
from LLC-PK 1 cell line. Dashes indicate gaps introduced to obtain an optimal alignment. Amino acid identity to rkST1 is indicated with dots. 
The asterisks indicate the conserved amino acids among all Na ÷ cotransporters. The predicted N-glycosylation sites in rkSTl are boxed. 

and SAAT1 (52%). N-terminal portions are generally 
conserved and most of  the divergence in sequence is in 
C-terminal portions. This characteristic is commonly 
observed among all these transporters. The 'SOB mo- 
t i f  [11] (G375-A412-XXXX-L417-XXX-G421-R422; X de- 
notes any amino acids), which may play an important 
role in sodium ion binding, is also well conserved. 
Furthermore, there are five potential N-glycosylation 
sites, two (N243 and N246) of which are situated at 
similar positions of  all the other cotransporters (Fig. 2). 
The hydropathy profile (data not shown) is nearly 
identical to those of  the other Na'- cotransporters 
suggesting rkST1 has twelve membrane-spanning re- 
gions. All these data indicate rkST1 is a novel member 
of  N a + / g l u c o s e  cotransporter family. 

Tissue distribution of rkST1 was investigated by 
Northern blot analysis using a specific probe in order 

to prevent the cross-hybridization between rkST1 and 
the other Na" cotransporters. This probe was a 796-bp 
c D N A  fragment (nt 1331-nt  2126) which was the most 
divergent region in sequence among the Na ÷ cotrans- 
porters, m R N A  for the rkST1 gene was detected at a 
relatively low level in both kidney and brain, but was 
undetectable in lung, liver, intestine, heart and spleen 
(Fig. 3). All Na" cotransporters isolated so far were 
expressed in kidney. Furthermore, SGLT1, SNST1 and 
SAAT1 were expressed in intestine, heart and intes- 
t ine / sp leen ,  respectively [1,6,8]. Therefore, the tissue 
distribution of rkST1 was quite characteristic among 
Na ÷ cotransporters. Works are in progress to identify 
the substrate of  the transporter, rkST1. 

We are grateful to Dr. Ernest M. Wright for provid- 
ing valuable information for designing degenerated 
primers 
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28S--D- 
( 4718 nt ) 

18S--  I ( 1874 nt) 

Fig. 3. Tissue distribution of rkSTl mRNA. 5 /~g of poly(A) + RNA 
prepared from indicated rabbit tissues was fractionated by elec- 
trophoresis on formaldehyde gels, transferred to Nylon filter, hy- 
bridized with a rkST1 cDNA probe as described in the text. The 28S 
and 18S rRNA are indicated. 

1. References 

[1] Hediger, M.A. et al. (1987) Nature 330, 379-381. 
[2] Coady, M.J. et al. (1990) Am. J. Physiol. 259, C605-C610. 
[3] Hediger, M.A. et al. (1989) Proc. Natl. Acad. Sci. USA 86, 

5748-5752. 
[4] Ohta, T. et al. (1990) Mol. Cell. Biol. 10, 6491-6499. 
[5] Wells, R.G. et al. (1992) Am. J. Physiol. 263, F459-F465. 
[6] Pajor, A.M. et al. (1992) J. Biol. Chem. 267, 3557-3560. 
[7] Kwon, H.M. et al. (1992) J. Biol. Chem. 267, 6297-6301. 
[8] Kong, C.-T. et al. (1993) J. Biol. Chem. 268, 1509-1512. 
[9] Nakano, T. et al. (1987) Mol. Gen. Genet. 208, 70-75. 

[10] Jackowski, S. et al. (1990) J. Bacteriol. 172, 3842-3848. 
[11] Deguchi, Y. et al. (1990) J. Biol. Chem. 265, 21704-21708. 
[12] Coady, M. et al. (1990) Arch. Biochem. Biophys. 283, 130-134. 
[13] Kozack, (1987) Nucleic Acids Res. 15, 8125-8132. 


