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Abstract 

A 2 kb cDNA, RK-D, was isolated from a rabbit renal library by hybridization with the Na+/glucose cotransporter (SGLT1) 
cDNA. The mRNA for RK-D is also approximately 2 kb and is found predominantly in kidney. The RK-D cDNA encodes a 
protein of 597 amino acids related in sequence to the SGLT family of sodium-coupled transporters, all of which are related to 
the Na+/glucose cotransporter, SGLT1. Because of the high sequence similarity and conservation of 'signature' family features, 
it is very likely that RK-D encodes a Na +-dependent cotransporter. 
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The sodium-coupled transport of sugars and nutri- 
ents is mediated by plasma membrane-bound proteins. 
In recent years, the cDNAs of a number of these 
transporters have been isolated, and comparison of the 
deduced amino acid sequences has shown that several 
families of related transport proteins exist. The SGLT 
family consists of sodium-coupled transporters that are 
structurally related to the Na+/glucose cotransporter, 
SGLT1, of the small intestine and kidney. All of the 
members of this family utilize the inwardly-directed 
electrochemical gradient for sodium to drive the uphill 
transport of substrates, such as glucose [1], myo-in- 
ositol [2], nucleosides [3] and neutral amino acids [4], 
across the plasma membrane. 

The proximal tubule of the mammalian kidney con- 
tains a number of different sodium-coupled transport 
systems which function to reabsorb filtered nutrients 
[5]. In a previous study, a rabbit renal library was 
screened for cDNAs related to SGLT1, and the cDNA 
encoding a Na+/nucleoside  cotransporter, SNST1, as 
well as six related cDNAs were isolated [3]. In this 
study, the sequence and tissue distribution of one of 

* The nucleotide sequence data reported in this paper have been 
submitted to the GenBank Data Library under the accession number 
U08813. 

* Corresponding author. Fax: + 1 (602) 6213709. 

0005-2736/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved 
SSDI 0005 -2736(94)00163 -J 

the SGLT-related cDNAs, RK-D (rabbit kidney clone 
D) is reported. 

The cDNA and deduced amino acid sequence of 
RK-D are shown in Fig. 1. The cDNA is 1959 nu- 
cleotides in length and contains a single open reading 
frame between nucleotides 28 and 1818. The first ATG 
lies within a consensus sequence for translation initia- 
tion [6], containing A in position - 3  and G in position 
+ 4. The protein encoded by RK-D cDNA is 597 
amino acids, with a molecular mass of 64 649 Da. 

There is considerable sequence conservation be- 
tween RK-D and the other members of the SGLT 
family. The amino acid sequence of RK-D is 54% 
identical and 73% similar to the rabbit renal 
Na+/nucleoside cotransporter, SNST1 [3], and 53% 
identical and 73% similar to the rabbit renal and 
intestinal Na + /  glucose cotransporter, SGLT1 [1,7] 
(GCG program, GAP). There is approximately 50% 
identity and 70% similarity between RK-D and the 
other mammalian members of the SGLT family: hu- 
man intestinal SGLT1 [8], pig renal SGLT1 [9], rat 
intestinal SGLT1 (GenBank D16101), pig renal N a + /  
neutral amino acid transporter (SAAT1) [4], human 
renal SGLTl-re la ted  sequence ( K 1 5 / h u l 4 )  [10], dog 
renal Na+/myo-inositol  cotransporter (SMIT) [2], and 
rabbit renal SGLTl-re la ted  sequence (rkST1) [11]. Se- 
quence alignments of SGLT family members (not 
shown) indicate that the greatest number of conserved 
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residues is found in two regions, located around trans- 
membrane domains 2 (26 out of 49 amino acids) and 8 
(31 out of 51 amino acids). Several bacterial proteins, 
including the N a ÷ / p r o l i n e  [12,13] and N a ÷ /  
pantothenate [14] cotransporters, are distantly related 
members of the SGLT family. In addition, a search of 
the database has revealed two new bacterial sequences 
related to RK-D and other SGLT family members. 
YIDK is a putative 62.1 kDa protein from Eschenchia 
coli [15], and ipa-31r is a gene product of Bacillus 
subtil~ [16], neither of which has a known function yet. 
Both proteins contain at least twelve hydrophobic dO- 

H V A D N S T S D P H  I I  
1 CGGCTCAGAGCCGGCACC~CGGCAGG&TGGTGGCCGACAACTCCACCAGCGACCCCCAC 

A P G P O L S V T D I V V I T V Y F A L  31  
61 GCCCCTGGGC~CAGCTTAG~TGACAG~CATCG~GTCATCACCGTATATTTTGCCCTG 

N V A V G I W S S C R A S R N T V S G ¥  51 
121 AA~TGGCCGTGGGCAT~CGTCATC~GC~AGCCAGC~GAAaCACGGTGAG~GCTAC 

F L A G R D M T W W P I G A S L F G S S  71 
181 TTCCTGGCAGGCCGGGACA~ACG~G~GCCGAT~GAGCCTCCCTCTTT~CAGCAGT 

E G S G L F I G L A G S G A & G G L A V  91 
241 GAGGG~C~GCCT~TCAT~G&CTGGCAGGCTC~GG~CTGCTGGAGGCCTGGCTGTG 

A G F D W N & T Y V L L A L A W V F G ~  111 
301 GCTGG~TTGAT~GAACGCCACATACGTGC~CTGGCGCTGGCC~GGTGTTTGGTGCC 

I y I s S E I V T L A E Y I Q K R F G G  131 
361 ATCTACRTCTCCTCAGAGATCGTCACCTTGGCTGAGTACATCCAG~GCGCTTCGGAGGC 

Q R I R M Y L S V L S L L L S V F T K I  251 
421 CAGCGCATCCGCATGTACCTGT~GTCCTGTCTC~CTGCTGTCTGTCTTCACC~GATA 

S L D L Y A G A L F V H I C L G W N F Y  171  
481 T~GGACCTGTACGC~GGGCTCTCTTTG~CACRTC~CC~GGCTGG~TTTCTAC 

L S T I L T L T I T A L Y T I T G G L V  191  
541 CTGTCCACCATCCTCACGCTCACCATCRCAGCCCTGTACACCATCACGGGGGGCCTGGTG 

A V I Y T D A L Q T L I M V V G A V I L  2 1 1  
601 GCTGTGATCTACACGGATGCCCTGCAGACGCTCATCATGGTGGTGGGGGCTGTCATCCTG 

A I K A F H Q I D G Y G Q M E R A Y A R  231 
661 GCCATC~AGCCTTCCACCAGATCGACGGTTACGGACAGATGGAGGCAGCCTACGCCCGG 

A I P S R T V A N T T C R L P R A D A H  2 5 1  
721 GCCATCCCGTCCAG~CCGTCGCC~TACCRCCTGCCACCTGCCTCGTGCCGA~CCATG 

H M F R D P Y T G D L P W T G H T F G L  271 
781 CACATGTTCCGGGACCCCTRCAC~G~ACCTCC~TGGACCGGGATGAC~T~GCCTG 

T I M A T W Y W C T D Q V I V Q R S L S  2 9 1  
841 ACCATCATGGCCACCT~TA~GGTGCACTGACCA~TCAT~TGCAGCGGTCCCTGTCC 

A R N L N H A K A G $ 1 L A S Y L K M L  3 1 1  
901 GCCCGGAACCTG~CCA~CC~GGCGGG~CCATCCTCGCCAGCTACCTCAAGATGCTG 

P M G L M I M P G M I S R A L F P D E V  33I  
961 CCCATGGGTCTTATGATTATGC~GGCATGATCAGCCGTGCGCTCTTCCCAGATGRGG~ 

G C V V P S E C L R A C G A E I G C S N  351 
1021 GGCTGCG~GTGCCGTCCGAGTGCCTGCCCGCCTGC~GG~GAGATTGGCTGCTCCAAC 

I A Y P K L V M E L M P V G L R G L M I  371 
1081 ATCGCCTACCCC~GC~GTGATGGAGCTUA~CCCGTAGGTCTG~TGGACTCATGATC 

A V H M P A L M S S L S S I F N S S S T  3 9 1  
1141 GCCGTGATGATGCC~CG~CATGTCCTCGCTGAGCTCCATCTTC~CAGCAGCAGCA~ 

L F T M D I W R R L R P C A S E R E L L  4 1 1  
120] CTCTTCACCATGGRCATC~GCGGCGGC~CGGCCC~CGCCAGCGAGCGCGAGCTGCTC 

L V G R L V I V V L I G V S V A W I P V  431 
1261 CTGGTGGGRCGGCTGGTCAT~TGGTGCTCATCGG~TGRGCGTGGCCTGGATCCC~TG 

L Q G S N G G Q L F I Y M Q S V T S S L  4 5 1  
1321 CTGCAGGGCTCC~TGGCG~CAGCTCTTTATCTACATGCAGTCGGT~CCRGCTCCCTG 

A P P V T A V F T L G I F W Q R A N E Q  #71 
1381 GCACCCCCAGTGACCGCGGTGTTCACGCTGGGCATCTTCTGGCAGCGTGCCARTGAGCAG 

G A F W G L L A G L R V G A T R L V L E  491 
1441 GGGGCTTTCTGGGGCCTGCTTGCGGGGCTGGCAGTGGGTGCCACGCGGTTGGTCCTGGAG 

F L H P A P P C G A ~ D T R P A V L S Q  5 1 1  
1501 TTCCTGCACCC~CCCCACCC~CGGGGC~CAGACACGCGGCCGGC~TGCTGAGCCAG 

L H Y L H F A V A L F V L T G A V A V G  5 3 1  
156] ~GCACTACC~CACTTCGCTGTGGCCCTCTTTGTGCTC&CCGGTGCTGT~CCGTGGGC 

G S L L T P P p R R H Q I E N L T W W T  551 
1621 GGGAGCCTGCTG&CCCCACCCCCTCGGCGCCATCAGATCGA~CCTCACCTGGTGGACC 

L T R D L S L G A K A G D G Q T P Q R Y  5 7 !  
1681CTGACTC~GACCTCTCCTTGGGAGCCAAAGCAGGTGA~GCCA~ACGCCACAGAGATRC 

T F W A R V C G F N A I L L H C V N I F  591 
1741 ACTTTCTGGGCT~CGTCTG~GCTTCAACGCCATCC~CTCATGTG~TCAACATCTTC 

? Y ~ F ^ *  5 9 7  
1801 TTCTATGCCTACTTTGC~GRGGTCACCACCGGG~CTCCTAGAGGCCCCTGGGAGGGGA 

1861 CCAGGGTCTCCTCTGGCTCAGCC~GC~TGRTRGCCAGAGCCCTCAGCACTTAGGCAGGG 

1921 ~CTGGGTAGGGAGA/t%AGGAAAACAAAAACA~CCC 

Fig. 1. Nucleotide and deduced amino acid sequence of RK-D. The 
numbers corresponding to nucleotides are listed in the left margin, 
the numbers corresponding to amino acids are listed in the right 
margin. RK-D was sequenced on both strands by a thermal cycler 
based protocol (CircumVent, New England Biolabs). Sequence anal- 
ysis was done using the Genetics Computer Group (GCG) programs. 

Intracellular 
Fig. 2. Predicted secondary structure of RK-D based on hydropathy 
analysis [17]. There are twelve potential transmembrane domains, 
and two consensus sites for N-linked glycosylation (shown by Y 
symbols). 

mains that could form transmembrane a-helices. YIDK 
is more closely related to the mammalian transporters 
than the other bacterial proteins, and also contains 
more of the conserved amino acids. YIDK is 24% 
identical and 55% similar in sequence to RK-D. 

The predicted secondary structure model of RK-D 
protein (Fig. 2) based on hydropathy analysis [17] con- 
tains twelve putative transmembrane domains, and in- 
tracellular amino and carboxy termini. There are two 
consensus sequences for N-linked glycosylation located 
in the third and sixth extracellular loops (Asn 24° and 
Asn546). This predicted secondary structure of RK-D is 
very similar to the secondary structures of other mem- 
bers of the SGLT family, although the size of RK-D 
(597 amino acids) is considerably smaller than that of 
the other SGLT family members, which vary from 660 
to 718 amino acids. The decrease in size of RK-D is 
evident primarily in the reduced extracellular loop 
between transmembrane helices 11 and 12, which con- 
tains a consensus sequence for a second N-linked 
glycosylation site. Aside from this difference, other 
features seen in SGLT family members are also found 
in RK-D. There are a number of conserved amino 
acids that form the 'SGLT family signature'. The as- 
pattie acid at the beginning of the first transmembrane 
domain appears to be required for function of SGLT1, 
since a mutation to asparagine is seen in the human 
disease glucose/galactose malabsorption syndrome 
[18]. This aspartic acid is found in RK-D in position 21 
and is conserved among all mammalian members of 
the SGLT family. Several mutagenesis studies of the 
bacterial Na+/proline transporter have implicated 
G l y  22 and Arg 257 in Na + binding or translocation 
[19,20]. These residues are found in all SGLT family 
members, including RK-D (Gly 36 and Arg288). Finally, 
RK-D also contains a sequence of five amino acids 
present in many Na+/coupled transporters, including 
those not related to SGLT1 [21]. 
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family. Substrates were tested in both Xenopus oocytes 
and COS-7 cells expressing RK-D (results not shown), 
and included: a-methylglucose, glucose, mannose, 
myo-inositol, leucine, phenylalanine, serine, proline, 
succinate, uridine and uracil. There was no difference 
between control and RK-D expressing cells in the 
transport of these substrates. 

In conclusion, this report describes the sequence 
and tissue distribution of a new member of the SGLT 
family of transporters, RK-D. Its sequence and sec- 
ondary structure resembles that of the other family 
members, suggesting that RK-D is likely to be a 
sodium-coupled transporter. However, RK-D probably 
does not transport substrates carried by the other 
members of the SGLT family. 

This study was supported by the University of Ari- 
zona and the NIH (DK 46269). 

"~2.4  kb  

• 1 .4  kb  

Fig. 3. Tissue distribution of RK-D mRNA. Northern blot of rabbit 
mRNA (5/zg/lane); the last two lanes contained total RNA (adrenal 
25/~g and testis 15 p,g). The blot was probed at high stringency with 
32p-labelled RK-D cDNA as described [3]. Positions of size stand- 
ards are shown at right. Overnight exposure (top panel), 1 week 
exposure (bottom). 

The tissue distribution of the message coding for 
RK-D is shown in Fig. 3. In an overnight exposure of 
the Northern blot a hybridization signal was found only 
in kidney. The predominant signal in kidney was ap- 
proximately 2 kb, and there was a less intense signal at 
about 3 kb. Additional hybridization signals were seen 
in stomach, jejunum, and adrenal after a longer expo- 
sure of the Northern blot (1 week), suggesting that 
either a less abundant message or a closely related 
message is found in those organs. A previous study 
showed that RK-D message was more abundant in 
outer cortex than medulla, implying a proximal tubule 
distribution [3]. There are a number of sodium-coupled 
transporters located in the renal proximal tubule, which 
makes the number of potential substrates for RK-D 
quite large. 

Preliminary studies to determine the function of 
RK-D suggest that RK-D does not transport substrates 
carried by the other known members of the SGLT 
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