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Abstract Using the signal sequence trap method, we have 
cloned a novel 12-membrane-spanning transporter-like protein, 
termed renal-specific transporter (RST), from the mouse kidney. 
RST is a 553-amino-acid protein highly homologous to recently 
cloned organic cation transporters, e.g. it is 30% identical to rat 
organic cation transporter 1 at the amino acid level. Northern 
blot analysis has revealed that the RST gene is expressed 
abundantly and specifically in the kidney. In situ hybridization 
analysis has shown that RST gene expression is restricted to the 
renal proximal tubule, where various organic cations such as 
endogenous catecholamines and choline or clinically used 
cationic drugs are known to be actively excreted. 

© 1997 Federation of European Biochemical Societies. 
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1. Introduction 

The eukaryotic and bacterial nutrient transporters include a 
diverse group of proteins such as the mammalian glucose 
transporters (GLUT1 to GLUT7) , the yeast transporters for 
maltose, lactose, and glucose, and the proton-driven bacterial 
transporters for arabinose, xylose, and citrates [1,2]. Recently, 
organic cation transporter 1 (OCT1) was cloned, which has a 
12-membrane-spanning structure similar to those of nutrient 
transporters [3]. This protein is presumed to be responsible for 
the elimination of cationic drugs such as antibiotics, antihis-
taminics, antiarrhythmics, and opiates from the kidney and 
liver [3]. Subsequently, several proteins highly homologous to 
OCT1 (OCT2, NLT, and N K T ) have been cloned [4-6]; they 
are called the organic cation transporter family [6]. The genes 
are all expressed in the kidney, but their distributions in other 
tissues differ, implying functional differences. 

To identify novel soluble and membrane-bound proteins 
which are involved in the physiologic functions of the kidney, 
we have screened a mouse kidney c D N A library by the signal 
sequence t rap method [7-9]. We here report the molecular 
cloning of a c D N A encoding a novel organic cation trans-
porter-like protein, and its complete primary structure, tissue 
distribution, and intra-renal localization. 
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Abbreviations: cDNA, complementary DNA; cRNA, complementary 
RNA; RACE, rapid amplification of cDNA ends 

2. Materials and methods 

2.1. Tissue preparation and RNA extraction 
The whole kidney and other tissues were obtained from 8-week-old 

male BALB/c mice. Total RNA extraction was carried out as de-
scribed [10], and poly(A)+ RNA was purified using PolyATtract 
(Promega). 

2.2. Signal sequence trap 
Signal sequence trap was performed as described [8,9]. 2 ug of 

poly(A)+ RNA from the mouse kidney was reverse transcribed using 
80 ng random hexamer and Superscript II reverse transcriptase (Gib-
co BRL). The 5'-enriched cDNA was unidirectionally cloned into the 
expression vector, pcDL-SRcc-Tac(3') [11,12]. The plasmid library was 
transfected to COS-7 cells with Transfectam (Sepracor), and screened 
with immunostaining with anti-Tac antibody [13]. 

2.3. Rapid amplification of 5'- and 3'-cDNA ends (5'- and 3'-RACE) 
A cDNA library was constructed using poly(A)+ RNA from the 

mouse kidney and Marathon cDNA amplification kit (Clontech). 
Gene-specific primers used were 5'-agcagcaggctgcctgtcttcacc-3' (nu-
cleotides 1173-1196) for 5'-RACE, and 5'-gcgccttcacctgcatcaccatc-3' 
(nucleotides 1340-1362) for 3'-RACE (Fig. 1). A 1.5-kbp and a 0.6-
kbp fragment were obtained by 5'- and 3'-RACE, respectively, sub-
cloned into pGEM-T Easy Vector (Promega), and sequenced. 

2.4. DNA sequencing 
Nucleotide sequences were determined on both strands by Dye 

Terminator Cycle Sequencing Kit, FS and 373B DNA sequencer (Ap-
plied Biosystems). 

2.5. Northern blot analysis 
Northern blot analysis was performed as described [9]. A 

[32P]dCTP-labeled cDNA fragment (insert of clone K14D2, nucleo-
tides 1119-1377) was used as a probe. 50 ug of total RNA was loaded 
in each lane. The blot was used to expose BAS-III imaging plate 
(Fuji) for 18 h. 

2.6. In situ hybridization analysis 
The subcloned 5'-RACE product (see above) was used as a tem-

plate for antisense and sense [35S]CTP-labeled complementary RNA 
(cRNA) probes. In situ hybridization analysis was performed as de-
scribed [9]. In brief, 5 urn cryosections from 13-week-old male BALB/ 
c mouse kidneys were fixed with 4% paraformaldehyde, and incubated 
at 57°C for 8 h with 1.2 X 108 cpm/ml of cRNA probe in the solution 
previously described [9]. After treatment with RNase A, slides were 
washed in 0.1 XSSC at 60°C, dehydrated, and apposed to Hyperfilm 
(3-max (Amersham) for 16 h, or dipped into NTB-2 (Kodak) for 24 
days and counterstained with hematoxylin and eosin. 

3. Results and discussion 

3.1. Isolation and sequence analysis of a full-length mouse 
RST cDNA 

Five thousand plasmid clones were screened by the signal 
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-99 GTCAGAGCCAAGGGGAAAGCAGGCTCATCACAAAGACCCCATGGTCCTGGGCCAGCCTCTGTGAAGTGGAAGCTGCGTGGTGGTACCCAGGAGAAACCC -1 
ATGGCCTTTCCTGAACTCCTGGACGGAGTGGGGGGGCTGGGCAGGTTGCAGCTCTTCCAGACGGTGGCTCTGGTGACCCCCATTTTGTGGGTCACCACCCAGAACATGCTGGAGAACTTG 12 0 
M A F P E L L D R V G G L G R F Q L F Q T V A L V T P I L W V T T Q N M L E N F 4 0 
TCAGCCGCAGTTCCCCACCACCGCTGTTGGGTGCCTCTCCTGGACAATAGCACCTCCCAGGCGAGTATCCCTGGGGACCTTGGACCCGATGTTCTTCTGGCCGTCTCCATCCCACCTGGT 24 0 
S A A V P H H R C W V P L L D N S T S Q A S I P G D L G F D V L L A V S I P P G 80 

A 
CCTGACCAGCAACCCCACCAGTGCCTCCGCTTCCGACAACCTCAATGGCAGCTTACAGAGTCCAACGCCACGGCCACCAAGTGGAGTGACGCTGCCACTGAGCCATGCGAGGATGGCTGG 360 
P D Q Q P H Q C L R F R Q F Q W Q L T E S N A T A T N W S D A A T E P C E D G W 120 

A A 
GTTTACGACCACAGCACCTTCAGGTCCACAATCGTGACCACGTGGGACCTGGTATGTAACTCCCAGGCTCTGAGACCCATGGCCCAGTCCATCTTCCTGGCTGGAATCCTGGTAGGAGCC 480 
V Y D H S T F R S T I V T T W D L V C N S Q A L R P M A Q S I F L A G I L V G A 160 

GCAGTGTGTGGCCATGCCTCAGATAGGTTTGGGCGCAGAAGGGTGCTGACCTGGAGCTATCTTCTGGTGTCCGTGTCCGGCACAGCAGCTGCCTTCATGCCCACCTTCCCCCTCTACTGC 600 
A V C G H A S D R F G R R R V L T W S..__Y L L V_ S V S G T A A A F H P T F P L Y C 200 
CTGTTTCGTTTCCTGCTGGCCTCTGCAGTGGCAGGTGTGATGATGAACACAGCCAGTCTCTTGATGGAGTGGAGATCAGCGCAGGGTAGGGGTTTGGTGATGACCTTGAACGCCTTGGGC 720 

L F R F L L A S A V A G V M M N T A S L L M E W T S A Q G S P L V M T L N A L G 240 
TTCAGCTTTGGGCAGGTCCTGACAGGTTCTGTGGCCTATGGTGTGCGCAGCTGGAGGATGCTACAGCTGGCTGTCTCTGCCCCCTTCTTCCTCTTCTTTGTTTATTCATGGTGGCTACCA 840 
F S F G O V L T G S V A Y G V R S W R M L O L A V S A P F F L F F V Y S W W L P 280 

TM5 TM6 
GAATCGGCACGCTGGCTCATCACGGTAGGCAAGCTGGACCAGGGCCTGCAGGAACTACAGAGGGTAGCTGCTGTCAACAGGAGGAAGGCAGAGGGAGACACGTTGACCATGGAGGTGCTG 960 
E S A R W L I T V G K L D Q G L Q E L Q R V A A V N R R K A E G D T L T M E V L 320 

A A 
CGGTCAGCTATGGAGGAGGAACCAAGCAGGGACAAAGCTGGTGCCAGTCTGGGCACTCTACTCCACACACCTGGGCTGCGCCACCGAACCATCATCTCCATGCTGTGGTGGTTTGCCTTT 1080 
R S A M E E E P S R D K A G A S L G T L L H T P G L R H R T I I S M L C W F A F 360 

GGCTTCACCTTCTACGGCCTGGCCCTTGACCTGCAAGdCCTAGGAAGCAATATCTTCCTGCTCCAGGCACTCATCGGGATTGTGGACTTCCCGGTGAAGACAGGCAGCCTGCTGCTGATCl 1200 
G F T F Y G L A L D L Q A L G S N I F L L p A L I G I V D F P V K T G S L L L I 4 00 

TM7 I ' TMS 
AGCCGCTTGGGCCGGCGCCTCTGCCAGGTCAGCTTCCTGGTGCTCCCCGGACTCTGCATCCTGTCCAACATACTGGTGCCCCATGGGATGGGGGTCCTTCGCTCGGCCCTGGCTGTGCTG 132 0 
S R L G R R L C Q V S _ F L V L P G L C I L S H I L V P H G M G V L R S A L A V L 440 

TM9 _. „ . „ „__ 
GGGCTGGGGTGCCTGGGGGGCGCCTTCACCTGCATCACCATCTTCTCCAGTGAGCTCfrTCCCCACTGTGATCAGGATGACTGCAGTGGGCCTCTGCCAGGTGGCAGCCCGAGGGGGAGCC 1 4 4 0 
G L G C L G G A F T C I T I F S S E L l F P T V I R M T A V G L C Q V A A R G G A 4 8 0 

TMIO I A LJ TM11 
ATGCTAGGGCCTTTGGTACGGCTGCTGGGTGTCTATGGCTCCTGGATGCCCCTGCTGGTGTATGGAGTGGTGCCAGTGTTAAGTGGCCTAGCTGCACTGCTGCTGCCTGAGACCAAGAAC 1560 
M L G P L V R L L G V Y G S W M P L L V Y G V V P V L S G L A A L L L P E T K N 52 0 

IM12 
TTACCACTGCCTGACACCATCCAAGACATCCAGAAACAGTCAGTGAAGAAGGTAACACATGACACACCAGATGGCTCCATCCTGATGTCTACCCGGCTGTAGTTGCCTGGAGAAGGAACA 1680 
L P L P D T I Q D I Q K Q S V K K V T H D T P D G S I L M S T R L * 553 

At I I ] A 

Fig. 1. Nucleotide and deduced amino acid sequences of mouse RST cDNA. The cDNA fragment (clone K14D2) obtained by signal sequence 
trap is boxed. Putative transmembrane domains (TM1-TM12) are underlined. ▲, potential ./V-glycosylation sites; A/n, potential phosphoryla-
tion sites by protein kinase C/protein kinase A. 

sequence trap method, 25 positive clones were isolated, and 
the nucleotide sequences of their inserts were determined. A 
positive clone (K14D2) encoded an 86-amino-acid polypeptide 
containing three clusters of hydrophobic amino acids (Fig. 1, 
TM8-TM10). To determine the full-length cDNA nucleotide 
sequence, 5'- and 3'-RACE were performed. The longest open 
reading frame predicted a novel 553-amino-acid protein, 
termed renal-specific transporter (RST) (Fig. 1). The transla-
tion initiation codon at position 1 was reasonably consistent 
with Kozak's rule [14]. The hydropathy analysis of RST by 
the method of Kyte and Doolittle predicted the presence of 12 
transmembrane domains (TM1-TM12) [15]. 

3.2. Sequence comparison among organic cation transporters 
Fig. 2 shows the amino acid sequence comparison of RST 

with previously cloned organic cation transporters. RST was 
44%, 36%, 30%, and 28% identical to NKT, NLT, OCT1, and 
OCT2, respectively [3-6]. Based upon the analogy with known 
organic cation transporters, both the amino- and carboxy-ter-
mini of RST were predicted to be located intracellularly. RST 
exhibited several structural features shared among organic 
cation transporters and nutrient transporters as follows. Be-
tween putative TM6 and TM7, RST possessed a large intra-

cellular loop with several potential phosphorylation sites by 
protein kinase C and protein kinase A (Fig. 1) [16]. In intra-
cellular portions, RST also contained two sets of three 
stretches of conserved amino acid sequences. They fulfil, 
though not completely, three kinds of motifs: D/E-R-X-G-
R-R/K at amino acid positions 168-173 and 401^106, E-X-
X-X-X-X-X-R at positions 223-230 and 458^65, and P-E-S/ 
T at positions 280-282 and 516-518 [2,6,17]. Furthermore, 
between putative TM1 and TM2, RST had a characteristic 
region unique to organic cation transporters, which is a large 
extracellular loop with several A^glycosylation motifs and 
four conserved cysteine residues [6]. These observations, taken 
together, suggest that RST belongs to the organic cation 
transporter family. 

3.3. Northern blot analysis 
Northern blot analysis with the RST cDNA probe revealed 

a 2.3-kbp single transcript expressed intensely in the kidney 
(Fig. 3). The expression level of RST in the kidney seems 
comparable to those of OCTl, OCT2, and NKT, and much 
higher than that of NLT [3-6]. No detectable amounts of RST 
gene expression were observed in the brain, heart, lung, liver, 
spleen, and intestine. This tissue distribution is apparently 

RST H-AFPELLDRVGGLGRFQLFQTVALVTPILWVTTQNMLEKFSAAVPHHRCWVPLLDNSTSQASIPGDLGPDVLLAVSIP-PGPDQQP HQCLRFRQFQWQLTESNATATNWSDA 
NKT M-AFNDLLKQVGGVGRFQLIQVTMWAPLLLMASHNTLQNFTAAIPAHHCRPPANANLS KDGGLEARLP-LDKQGRP ESCLRFPFP-HNGTEANGTG 
NLT M-GFEDLLDKVGGFGPFQLRNLVLMALPRMLLPMHFLLPVFMAAVPAHHCALPGAPANLS HQDLWLEAHLP—RETDGS—FSSCLRFAYPQTVPNVTLGTEVSNSGEPEGE 
OCTl MPTVDDVLEQVGEFGWFQKQAFLLLCLISASLAPIYVGIVFLGFTPGHYCQNPGVAELSQRCG WSQAEELNYTVPGLGPSDEASFLSQCMRYEVDWNQSTLDCVDPLSSLVANRSQ 
OCT2 MSTVDPILEHIGEFHLFOKOTFFLLALLSGAFTPIYVGIVFLGFTPDHHCWSPGAAKLSQRCG WSQAEELNYTVPGLGPSDEASFLSQCMRYEVDWNQSTLDCVDPLSSLAADRNQ 

* * * ** TMl * * * ® * * * ® * | 

R S T - A T E P C E D G W V Y D H S T F R S T I V T T W D L V C N S Q A L R P M A Q S I F L A G I L V G A A V C G H A S D R F G R R k v L T W S Y L L V S V S G T A A A F M P T F P L Y C L F R F L L A S A V f l G V M M N T A S L L H E W T S A Q G S 
NKT - V T E P C L D G W V Y D N S T F P S T I V T E W N L V C S H R A F R Q L A Q S L F M V G V L L G A M H F G Y L A ' D R L G R R K V L I L N Y L Q T A V S G T C A A Y A P N Y T V Y C I F R L L S G M S L A S I A I N C M T L N H t e W M P I H T K 
NLT P L T V P C S Q G W E Y D R S E F S S T I A T E W D L V C Q Q R G L N K I T S T C F F I G V L V G A W Y G Y L S D R F G R R R L L L V A Y V S S L V L G L M S A A S I N Y I H F W T R T L T G S A L A G F T I I V L P L E L E W L D V E H B 
O C T l L P L G P C E H G W V Y D — T P G S S I V T E F N L V C G D A W K V D L F Q S C V N L G F F L G S L W G Y I f l D R F G R K L C L L V T T L V T S V S G V L T A V A P D Y T S M L L F R L L Q G M V S K G S W V S G Y T L I T E F V G S G Y P 
O C T 2 L P L G P C E H G W V Y N — T P G S S I V T E F N L V C A H S W M L D L F Q S V V N V G F F I G A M H I G Y L A D R F G R K F C L L V T I L I K A I S G A L H A I S P y i Y A W M L V F R F L Q G L y S K A G W L I G Y I L I T E F V G L G Y R 

*@ * * * * * * * * © TM2 * * *" I*-*- * * I ~~* TM3 * * * * TM4 * I* 1 
R S T P L V M T L N A L G F S F G Q V L T G S V A Y G V R S W R M L Q L A V S A P F F L F F V Y S W W L ^ E d A R W L I T V G K L D Q G L Q E L Q R V A A V N R R K A E G D T L T M E V L R S A H E E E P S R D K A G A S L G T L L H T P G L R H R T 
NKT A Y V G T L I G Y V Y S L G Q F L L A G l A Y A V P H W R H L Q L A V S V P F F V A F I Y S W F F I E d A R W Y S S S G R L D L T L R A L Q R V A R I N G K Q E E G A K L S I E V L Q T S L Q K E L T L N K G Q A S A M E L L R C P T L R R L F 
NLT T V A G V I S T V F W S G G V L L L A L V G Y L I R S W R V J L L L A A T L P C V P G I I S I W W V P E S A R W L L T Q G R V E E A K K Y L L S C A K L N G R P V G E G S L S Q E A L N N V V T M E R A L Q R — P S Y L D L F R T S Q L R H I S 
O C T l R T T A I L Y Q M A F T V G L V G L A G V A Y A I P D W R W L Q L A V S L P T F L F L L Y Y W F V P E S P R W L L S Q K R T T R A V R I H E Q I A Q K N G K V P P A D L K H L C L E E D A S - E K R S P S F A D L F R T P N L R K H T 
O C T 2 R H V G I C Y Q I A F T V G L I . I L A G V A Y V I P N W R W L Q F A V T L P N F C F L L Y F W C I P E S P R W L I S Q N K I V K A H K I I K H I A K K N G K S V P V S L Q N L T P D E D A G - K K L K P S I L D L V R T P Q I R K H T 

T H 5 * * * * * * * T H 6 *~ * * * * * * * *. * 
R S T I I S M L C W F A F G F T F Y G L A L D L Q A L G S N I F L L Q A L I G I V D F P V K T G S L L L l S R L G R R t C Q V S F L V L P G L C I L S N I L V P H G M G V L R S A I J i V L G L G C L G G A F T C I T I F S S J E L F P T V I R M T A V G 
NKT L C L S M L W F A T S F A Y Y G L V M D L Q G F G V S M Y L I Q V I F G A V D L P A K F V C F L V i N S M G R R P A Q L A S L L L A G I C I L V N G I I P R G H T I I R T S L A V L G K G C L A S S F N C I F L Y T G E L Y P T M I R Q T G L G 
N L T L C C M H V W F G V N F S Y Y G L T L D V S G L G L N V Y Q T Q L L F G A V E L P S K I M V Y F L V R R L G R R L T E A G M L L G A A L T F G T S L L V S L E T K S W I T A L V V V G K A F S E A A F T T A Y L F T S E L Y P T V L R Q T G L G 
O C T l V I L M Y L W F S C A V L Y Q G L I M H V G A T G A N L Y L D F F Y S S L V E F P A A F I I L V T I j D R I G R I K ' P I A A S N L V T G A A C L L M I F I P H E L H W L N V T L A C L G R H G A T I V L Q M V C L V N f l E L Y P T F I R N L G M M 
OCT2 L I L M Y N V ^ T S S V L Y Q G L I M H M G r A G D N I Y L D F F Y S A L V E F P A A F I I I L T l i D R V G R R | Y P W A V S N M V A G A A C L A S V F I P D D L Q W I . K I T I A C L G R M G I T M A Y E M V C L V N f l E L Y P T Y I R N L G V L 

- T I TM7 * * ~~*" TM8 * * ' * * r TM9 * TMlO [*_*_**_._ * 

R S T L C Q V A A R G G A M L G P - L V R L L G V Y G S W M P L L V Y G W P V L S G L A A L L l J P E T k N L P L P D T I Q D I Q K Q S V K K V T H D T P D G S I L M S T R L 
NKT H G S T H A R V G S I V S P - L I S H T A E F Y P S I P L F I F G A V P V A A S A V T A L L P E T L G Q P L P D T V Q D L K S R S R G K Q K Q Q Q L E Q Q K Q M I P L Q V S T Q E K N G L 
NLT L T A L M G R L G A S L A R - L A A L L D G V W L L L P K V A Y G G I A L V A A C T A L L L P E T K K A Q L P E T I Q D V E R K S T Q E E D V 
O C T l V C S A L C D L G G I F T P F H V F R L M E V W Q A L P L I L F G V L G L T A G A M T L L L P E T K G V A L P E T I E E A E N L G R - R K S K A K E N T I Y L Q V Q T G K S S S T 
OCT2 V C S S M C D I G G I I T P F L V Y R L T D I W M E F P L W F A W G L y A G A L V L L I P E T K G K A L P E T I E D A E N M Q R P R K K E R K E N L P P S Q A S R P S A K L K R K G I I A A G A D F A L S E A R D G A S L S P P P K P T Q T N L T Y P 

T M l T * * TM12 * * ! * * * * * * 

Fig. 2. Amino acid sequence comparison among organic cation transporters. RST and NKT have been cloned from mouse, and NLT, OCTl, 
and OCT2 from rat. Gaps are introduced for maximal alignment. Putative transmembrane domains (TM1-TM12) are underlined. Identical 
amino acids are indicated by asterisks. N, potential VV-glycosylation sites; circle, four conserved cysteine residues unique to organic cation trans-
porters; box, six motifs of amino acid sequences in intracellular portions conserved among organic cation transporters and nutrient transport-
ers. 
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Fig. 3. Northern blot analysis of mouse RST gene expression. In 
the lower part, 28S ribosomal RNA bands visualized with ethidium 
bromide are shown. 

localization of RST gene expression is consistent with pre-
vious studies which showed that organic cation transport is 
performed selectively in the renal proximal tubule [19,20]. 

3.5. Conclusion 
We have succeeded in isolating and characterizing a novel 

member of the organic cation transporter family. The struc-
tural and distributional varieties in the family may imply sub-
strate specificities for each transporter, and further studies are 
required to distinguish their proper functions. Organic cati-
ons, not only cationic drugs but also endogenous amines such 
as catecholamines and choline, are actively excreted through 
the renal proximal tubule [19,20]. The malfunctions in organic 
cation transporters may cause dysregulated circulating levels 
of amines or may affect individual sensitivity for cationic 
drugs. This study will lead to a better understanding of the 
molecular mechanisms underlying the physiologic function of 
the kidney. 
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