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ABSTRACT By mediating the coupled movement of Na,
K, and Cl ions across the plasma membrane of most animal
cells, the bumetanide-sensitive Na-K-Cl cotransporter (NKCC)
plays a vital role in the regulation of ionic balance and cell
volume. The transporter is a central element in the process of
vectorial salt transport in secretory and absorptive epithelia. A
c¢DNA encoding a Na-K-Cl cotransport protein was isolated
from a shark rectal gland library by screening with monoclonal
antibodies to the native shark cotransporter. The 1191-residue
protein predicted from the cDNA sequence has 12 putative
transmembrane domains flanked by large cytoplasmic N and C
termini. Regulatory phosphoacceptor residues in isolated pep-
tides are identified as Thr-189 and Thr-1114 in the predicted
sequence. Northern blot analysis identified a 7.4-kb mRNA in
rectal gland and most other shark tissues; a 5.2-kb mRNA was
restricted to shark kidney. Homology with an uncharacterized
gene from Caenorhabditis elegans and with the thiazide-
sensitive Na-Cl cotransporter of flounder urinary bladder was
found over most of the coding region; shorter stretches of
homology were found with a C. elegans cDNA and with an
uncharacterized gene of cyanobacterium. Human HEK-293
cells have been stably transfected with the shark ¢cDNA and
shown to express Na-K-Cl cotransport activity with the bu-
metanide sensitivity of the shark protein. The expressed trans-
porter is functionally quiescent in the host cells and can be
activated by depleting the cells of chloride.

The Na-K-Cl cotransporter (NKCC) operates in conjunction
with the Na pump, a K channel, and a Cl channel to carry out
transepithelial salt movement. In secretory epithelia, the im-
portance of this system has been recently underscored by the
discovery that mutations in the structure of the Cl-channel
protein (CFTR) comprise the defect in cystic fibrosis (1, 2). In
an absorptive epithelium, the thick ascending limb of the loop
of Henle in the mammalian kidney, the Na-K-Cl cotransporter
is the target of the potent ‘‘loop diuretic’’ drugs furosemide
and bumetanide (cf. ref. 3).

The rectal gland of the dogfish shark is a model salt-
secreting epithelium and is among the richest known sources
of the Na-K-Cl cotransport protein (4); it has also been the
subject of recent investigations of CFTR, K channels, and Na
pumps (5-8). In the secretory cell, cotransporter activity
appears to be regulated by the level of intracellular Cl1~ through
a process involving direct phosphorylation of the transport
protein (9, 10).

We have previously prepared monoclonal antibodies to the
shark rectal gland cotransporter, a 195-kDa glycosylated pro-
tein with a core molecular mass of =135 kDa (11). Here we
report the cloning of a cDNA encoding the secretory Na-K-Cl
cotransporter using these antibodies to screen a shark cDNA
expression library.$ A full-length cDNA has been used to
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direct the expression of the shark cotransporter in a mamma-
lian cell line—the expressed protein is found to retain the low
affinity for loop diuretics characteristic of the native shark
protein. It is also shown that the expressed cotransporter is
subject to regulation in response to ionic concentration
changes in the foreign cells.

MATERIALS AND METHODS

Isolation of cDNA and Sequence Analysis. A cDNA library
was prepared in AZAP II from 20 ug of poly(A)*-enriched
shark (Squalus acanthias) rectal gland RNA using oligo(dT)
and random primers (Stratagene custom library). Filter trans-
fers of the plated library were screened using a mixture of
antibodies J3 and J7, which recognize epitopes in the C-ter-
minal half of the transport protein (11). Three overlapping
clones (3B, 9C, 24A) were isolated in two rounds of plaque
purification. An additional clone (16-2) was obtained by re-
screening the library with the 1.4-kb EcoRI/EcoRI fragment of
the 5’ end of clone 24A.

Both strands of 24A were sequenced by manual dideoxy
sequencing (Sequenase; United States Biochemical) of double-
stranded EcoRlI restriction fragments and exonuclease III/S1
nuclease deletion fragments. Both strands of full-length 16-2
cDNA were sequenced using automated sequencing with syn-
thetic oligonucleotide primers and fluorescent dideoxy termi-
nators; the first 1.2 kb of 16-2 and 24A were also confirmed by
automated sequencing of single-stranded DNA. The sequence
of 24A is identical to that of 16-2 (Fig. 1) except that it extends
from base —298 to base 3935, and ATTTTTTTT replaces
AGTTTTTTTTAAATTACTAA at —240. TFASTA (12) (Ge-
netics Computer Group, Version 7) and TBLASTN (13) (National
Center for Biotechnology Information) were used to search the
European Molecular Biology Laboratory and GenBank data
bases updated to September, 1993.

RNA Analysis. RNA was prepared from frozen shark tissues
by homogenization in guanidinium isothiocyanate and
poly(A)*-selected using magnetic beads (Promega PolyAT-
tract). Samples were run on a 1% agarose/formaldehyde gel
and transferred to a nylon membrane. Blots were hybridized
at 42°C in 50% formamide/2x SSPE (1x SSPE = 0.18 M
NaCl/10 mM sodium phosphate, pH 7.4/1 mM EDTA)/5x
Denhardt’s solution/1% SDS/200 ug of yeast tRNA per
ml/100 ug of herring sperm DNA per ml for 24 hr with a
32p_labeled antisense cCRNA produced as a run-off transcript
from an EcoRI/Pvu II fragment of 16-2 cDNA (nt 1235-744),
and treated with a final 60-min wash at 65°C in 0.1x SSC/0.5%
SDS (1x SSC = 0.15 M NaCl/15 mM sodium citrate).

*Present address: Department of Immunobiology, Yale University
School of Medicine, New Haven, CT 06510.

tPresent address: Division of Biomedical Sciences, University of
California, Riverside, CA 92521.

*Present address: Department of Medicine, University of Pittsburgh,
Pittsburgh, PA 15261.

$The sequence reported in this paper has been deposited in the
GenBank database (NKCC1, accession no. U05958).
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CGGAGGGTAGGAGGTGCAGCGAGTGCGAGATATATTGAGAGCTGCGGCCA
GTGAGTGCCCGGCACACAGATACAGGCAGGCG'ICCAGCCGGC’K?CGGGGA‘IGCCAGAG’IGGC'ICGGACAGACATC‘I'I'ATTAATGCACGGGCGCCGGGGGCN‘ICCGGCCGGC'IY;GTCTAGCGC’IGCAGA
CACAGCGGCCAAGGCACGGCTGACGGTGCAACGGAGTGGGGTGCAAATAGGACCGAAACCAGCCCGCTGCAAAGTTT 'GGCCGGH GAGGGAGGGAGGAAGGAAGAAGATTGTTGCATCTGG
mNmmmﬂAcmm&CmmmMcmAGCCACGG'IG'IGTAGCAG’IGAG‘IG'IG'IG'IGAG’IG’IGCGMGGGAAGGAAGCGGCGGGGGAGAGAGAGAGAGAGAG
AMAGCCCGCC'H'K?CCGC‘I'!‘CC'ICGGCCGGCG'IGCAGTCCCAGNCGGCCCGGAGCC'I'GG'!CCCGGCCAACAGGAGCCGCCGCCGCCGGCCACGCCGC'!CCG'ICCCGTAGCGAGNAGAGCCGCTI"I‘
MetGluProAlaPheProAlaSerSerAlaGlyVal GlnSerGlns?(rGlyProcluProGIyA 1aGlyGlnGlnGluProProProProAlaThrProLeuArgProvalAlaSerGlnSerArgPhe

10 < 30
CAGGKGACC'IGGNACCGAGGG‘IGGAGG’!OGTGGAGACGGGCAGAAGGGACAGACCGCAGCCCAGCCmCCGCCGCCGCCMGGACAAGGACAGGGGGGACGGCGGNCAGCGGC'ICCGTC'I’CCAGCC
GlnValAspLeuValThrGluGlyGlyGlyGlyGlyAspGlyGlnLysGlyGlnThrAlaal aGlnProAlaAlaAlaAlaLysAspLysAspArgGlyAspGlyGlyAlaAlaAlaProSerProAla

S0 70
TCACCTGCCGCCGCCGCCGAGCCGCCCGCCGCAGCAGCAGAAGAGGCGAAAGGCAGATTCCGGGTGAATTTCGTCGACCCGGCTTCGGATGAGC CGCCGCTGTCCAGCCAGCAGCAGCCGCCGCCGCCC
SerProAlaAlaAlaAlaGluProProAlaAlaAlaAl aGluGluAlaLysGlyArgPheArgValAsnPheValAspProAlaSerAspGluProProLeuSerSerGlnG1lnGlnProProProPro
90 110
AGCTCGGCATCGTCGGCGCACGGCGGCCACCAGCCGCCCAGCGAGAGCATGAACGGCTAC CCGCAGAACGGCGATACCATGA TGAGCGAGGGCAGCCTGCACTCGTCCGGCACCGGGGCTCACCATTAC
SerSerAlaSerSerAlaHisGlyGlyHisGlnProProSerGluSerMetAsnGlyTyrProGlnAsnGlyAspThrMetMet SerGluGlySerLeuH isSerSerGlyThrGlyAlaHisHisTyr
130 150 170
TACGATACGCACACCAACACTTACTATCTCAGGACTTTCGGCCACAACACCATCGACGCGGTGCCCAGGATCGATCATTACAGGCACACGGTGGCC CAACTGGGCGAGAAGCTCATCAGACCCAGCCTG
TyrAspThrHisThrAsnThrTyrTyrLeuArgThrPheGlyHisAsnThrIleAspAlavValProArgl leAspHisTyrArgHisThrValAlaGlnLeuGlyGluLysLeulIl eArgProsaereu
* 190 210 ¢!
GC'IGAGCTACACGA‘ICAGCTCGACAAGGAGCC'I'I'I'ICAGGA’K;GCTANTAAA’R}GCGAAGAAAGCAGNCAGCTGMGAGGCNNTCGAAGCAWCTGACMTAMGGNTTGTMAGTMGGC
AlaGluLeuHisAspGluLeuAspLysGluProPheGluAspGlyTyrVa lhsnclycluGIuSerSekrProM aGluGluAlaValSerLysHisValAlaAspAsnLysGlyValvValLysPheGly
230 c 250

mﬂmGGMNGTACGANTATCCTmTATCTGGGGN’ICA'IGC'I'C'I'I‘CATCCG'I'I'ICTCA'IGGA’I'!GTTGGCCACGC'!CGGATAGGTCT‘IY;CTCT’ICTAGTCAt’[‘GGCACGGCGAC'l‘G'l‘l‘
TrpllelysGlyValLeuValArgCysMetLeuAsnIleTrpGlyValMetLeuPhelleArglenSerTrpllevalGlyHisAl aGlylleGlyLeuAlalLeuLeuVallleGlyThrAlaThrvVal
270 290 )
GTGACCACTATCACAGGACTATCAACGTCTGCTATAACTAC! CAATGGATTTGTTCGTGGAGGTGGAGCATATTACTTAATATCCAGAAGTTTGGGACCTGAATTTGGTGGTGCAATTGGTCTCATTTTT
ValThrThrIleThrGlyLeuSerThrSerAlalleThrThrAsnGlyPheValArgGlyGlyGlyAlaTyrTyrLeul leSerArgSerLeuGlyProGl:

310 0
GCCMCAA'I’GCAGTAGC'IGTAGCCANTA’IGNG‘PIGGCTPCGCGGAGACGGT'!\:GAGA‘N:'ICC'I"IG'IGGAACATAA'IUCACTCA'IGA’I'!GA’ICMA'K;AG'ICACATCCGGA‘I'I‘ATAGGA’ICCG‘H‘
AlaPheAlaAsnAlaValAlaValAlaMetTyrValvVa lGlyPheAlaGlu’l'hli(Va 1AargAspLeuLeuvalGluHisAsnAlaLeuMet I1eAspGluMet SerAsplleArgllelleGlyServal

cc 370
ACTA‘KCGTGGNC'KGT'I'I’GGCATA‘K:’KG’ICGCAGGGATGGAA‘ICGGAAGCTAAGGCNMAT’IC’!GCNHGGGMHCTGCTA'I'I‘AGCTATAG’K'I‘MC’I'I’CAC'!GTCGGAAC‘!‘TI’CA’ICCCAGCCMT
ThrllevalValleuPheGlylleSerValAlaGlyMetGluTrpGluAlaLysala eVallLeule eleuleuleuAlalleValAsnPhe PhalleProAlaAsn

390 410 . 430
GACAAACGAGCGAAAGGATI'I‘T’I‘I‘AATI‘ACCGAGGTGAAATAWNMMCWNCCGGAWGNAMAGMGAMNGG'IC'I‘I‘ICCTA’I'I'I'IC'I'I‘CCCNC'!GCTAC“}GTATC
AspLysArgAlalysGlyPhePheAsnTyrArgGlyGlul lePheSerGluAsnPheVal ProAspPheArgAspGlyGluAspPhePheServal PheAlallePhePheProAlaAlaThrGlylle
450 470
CTTGCTGGGGCAAACATC TCCGGTGATC TTGCAGATCCACAATTAGCCATACCTAAAGGCACACTC TTGGCTATTTTAATCACCACAATAGTCTATGCAGGAGCGGCTGTTTCTGTAGGTTCTTGT ATT
LeuAlaGlyAlaAsnlleSerGlyAspLeuAlaAspProGlnLeuAlalleProLysGlyThrLeuLeuAlalleLeulleThrThrlleValTyrAlaGlyAlaAlaValserValGlySerCysIle
- 490 510
GTACG'I’GAAGCTAC'ICGGAACC'I'I'AC'IGA'IGCTATCATCCC'I‘GGAACAGTGACTAAC'IGCACTAA'IC'I'IGCC'IGMTI'GGGC'I'PCAA'I'I'I‘C’I‘CC'I‘C‘I'I‘G’IGCCACAAA'I‘AAA’!GCTCC'I‘A'IGGTH‘A
ValArgGluAlaThrGlyAsnLeuThrAspAlallelleProGlyThrVa 1ThrAsnCysThrAsnValAlaCysLysLeuGlyPheAsnPheSerSerCysAlaThrAsnLysCysSerTyrGlyLeu
4 530 A . 550 c
ATGAA'PGAC'I"]CCAGG'!CATGAGCC'J.GG'IG'IC‘ICGATI"IGGACC’l'l‘tGA’I'I‘AC'I'GCAGGAATCT'I'I'ICAGCTACI\CTATC’I'N:TGCC'I'IGGCC'ICGTPAG'ICAGTCCTCCCAAAATA'I'K:CAGGCTN‘G
MetAsnAspPheGlnValMetSerLeuValSerGlyPheGlyProLeulleThrAlaGlyllePheSerAlaThrleuSerserAlaleuAlasSerleuvalSerAlaProlyst lePheGlnAlaLeu
570

TGTAAGGACAATATATATCCTGGTCTTCACGTTTTTTCAGTTGGTTATGGCAAGAACAATGAACCATTGCGTGGATATGTTC TCACATTC TTCATTGG TC TGGGATTCATATTAATTGCTGAGCTGAAT

CysLysAspAsnIleTyrProGlyLeuHisValPheSerValGlyTyrGlyLysAsnAsnGluProLeuArgGlyTyrValleuThrPhePhelleGlyLeuGlyPhelleLeulleAlaGluLeuAsn
610 630

TTGCTAAATCTCCAGGCTGGCgacct gCATTTAGATTC TATAACATGTGGATT

GTCATTGCGCCAATCATTTCC.
o aLysSerProGly:.

AATTTTTTCCTGGCTTCATACGC TTTCTCAGL!
AsnPhePheleuAlaSerTyIA el spPheSe a
650 -
TCATTGATTGGTGC TATCt TGTGCTGTGGAGTAATGTTTGTCATCAATTGGTGGGCAGCACTATTGAC, TACGTCACCTACAAGAAACCAGATGTTAATTGG
SerLeulleGlyAlalleLeuCysCysGlyValMetPheValIleAsnTrpTrpAl aAlaLeuleuThrAsn e SuTy yrValThrTy sLysProAspValAsnTrp
690 710 c 730
GGCTCCTCCACACAGGC’l"ﬂ‘GAC'l‘TA'!'P’IGAA’lCCC'I'IGCAGCA'IGCCA’I"ICGTCﬂACAGGAGTAGAGGACCACGNMGAAmAGGCCCCAA'ICCCTA'I‘PAA'ICACAGG'IGCTCCTACATCCCGT
GlySerSerThrGlnAlaLeuThrTyrLeuAsnAlaLleuGlnHisAlaIl eArgbeuT}l\(xGIyValcluAspH isValLysAsnPheArgProGlnCysLeuLeuMet ThrGlyAlaProThrSerArg
750 € 770 ¢
CCAGCTTTGCTCCATC TTGTTCATGCCTTCACCAAAAATGTTGGACTAGTGGTC TGTGGACATG TTCATACGGGGC! CTCGCAGACAAGCTTTGAAGGAAATCTCCACTGATCAGGCTAAATATCAACGG
ProAlaLeuLeuHisLeuValHisAlaPheThrLysAsnValGlyLeuValValCysGlyHisValHisThrGlyProArgArgGlnAlaLeuLysGlulleSerThrAspGlnAl aLysTyrGlnArg
790 810
TGGTTAATCAAAAACAAAATGAAAGCCTTCTATGCGCCTGTATATGCAGAAGATCTGCGTGAGGGAACACAGTTCTTGCTGCAGGC! TGTAGGACTTGGTCGAATGCGGCCCAACACACTTGTCTTTGGC
TrpLeulleLysAsnLysMetLysAlaPheTyrAlaProvValTyrAl aGluAspLeuArgGluGlyThrGlnPheLeuleuGlnAlavalGlyLeuGlyArgMetArgProAsnThrLeuvalPheGly
830 850
TTTAAAAAAGACTGGCGCCAGGCCCTTATGAAGGATGTGGAAAATTACATCAATGC TATTCATGATGCATTTGACTATCAGTATGGAGTAGTCGTCATTAGACTAAAGGAAGGTTTTAATATTTCTCAT
PheLysLysAspTrpArgGlnAlaLeuMet LysAspValGluAsnTyrIleAsnAlal leHisAspAlaPheAspTyrGlnTyrGlyValvalValIleArgLeuLlysGl uGlyPheAnt leSerHis
870 890
C'X"ICAAGCACAAGAAGAGCN'IGCACTPCTCAGGAGAAATC’IGC'IVATCCCAAGGACATAG'I\‘;G’!CAA’IC'IGGAACA’I‘I’C'ICA’[GCAGAC’XC'H‘CCAAGCCA'[CTPCTAAGTCAG’!CAG’ICAMCCAAC
LeuGlnAl aGlnGluGluLeucysTrln(rSetGIncluLysSerAl aHisProLysAsplleValValAsnLeuGluH isSekrAspAl aAspSerSerLysProSerSerLysSt-i\(rVa 1SerGluThrasn
910 ¢c. 929 ¢ < < c!
AGCCCAGCAG'IG'ICTCMGACCAAAAAGATGN\GAAGATGA'ICGCAAGGCGTCAACACAGCCAC'IC'I'PGAMAMGAGGTTAMGANCATCCG'ICCC'I‘PICAACA'IGAC'ICACCAGAAGC‘IGCTI‘CAG
SerProAlaVal CysGlnAspGlnLysAspGluGluAspAspGlyLysAlaSerThrGlnProLeuLeuLysLysGluva 1LysAspProSerValProLeuAsnMet ThrAspGlnLysLeuLeuGln
950 970 .
GCCAGC'I’CTCAGTTCCAGAAGAAACAGGGCMAGGGACTATI’GACGTCTCGNGC'I'I‘X'ICGA'IGACGGAGGTCTGACGCTACTPATCCCGTAN'I‘PCTCACTACCAAGMGAAG'ICGAAAGATI’GCMG
AlaSerSerGlnPheGlnLysLysGlnGlyLysGlyThrIleAspVal TrpTrpLeuPheAspAspGlyGlyLeuThrLeuLeull eProTyrLeuLeuThrThrLysLysLysTrpLysAspCysLys
990 1010 ¢ ¢ 1030
ATCAGAG'IG'I‘I’CATCGGTGGAAMATMACAGGATI\GA’ICACGACAGGAGGACAA'I’GGCCAC'I'I‘TAC‘I‘CAGCAAA’I‘!CAGGATAGA’I'I"I‘I"ICAGACATCACCG'I‘TCTCGGGGATATGAACACTAAGCCA
IleArgValPhelleGlyGlyLysIleAsnArglleAspHisAspArgArgThrMetAlaThrLeuleuSerLysPheArgl leAspPheSerAsplleThrValLeuGlyAspMetAsnThrLysPro
1050 1070
AGCAAAGACAATATTACAGCTTTTGAAGAAATGATTGAACCATTCAGACTTCACGAGGATGACAAAGAACAAGAAGCATC TGAGAAAATGAAGGAGGAGGAGCCATGGAGGATCACGGATAATGAGCTT
SerLysAspAsnIl e'l'}}(rAl aPheGluGluMetIleGluProPheArgLeuHisGluAspAspLysGluGlnGluAlaSerGluLysMet LysGluGluGluProTrpArgl 1e'mr.,'(AspAsnG1uLeu
- c 1090 c 1110 * C
GAGATCTACAGAATGAAGACATATCGACAGATCAGATTGAATGAATTGCTGCGGGAGAATTCAGGCACTGCTAACCTCATTG TCATGAGTCTGCCAGTGGCACGGAAAGGCGCTGTATCCAGTGCGTTG
GlulleTyrArgMetLysThrTyrArgGlnlleArgleuAsnGluLeuLeuArgGluAsnSerGlyThrAlaAsnLeulleValMetSerLeuProva 1AlaArgLysGlyAlavValSerSerAlaLeu
c 1130 1150
'I'ATA‘ICGCC'ICGA']'ICAAACACNTCGMGGA’I'I"ICCCACCCATC'I'I‘ACTCG'ICCGAGGCMCCACCAGAGTGT’ICTI‘AC'I'I"lYITACTCCTMA’IGC'I‘TAGCACAGGGCATCGCCC'IGATAACTCCACT
TyrMetAlaTrpIleGluThrLeuSerLysAspLeuProProlleLeuLeuValArgGlyAsnHisGlnSerValLeuThrPheTy rSerEnd
1170 1190
GCAGCAGCTGGAAGTAGGAAATAATGAGGAGTCCGAGGCTTTGGTGTGTTTCACCTATCCAATTGATCAAAAAAATAAGCACACAAAGGAAGAAATGC TTGTGTTTCAAGGATCACAAGAACTATTTGA
TPTTTACCCTGATGGTCTGTCGATTTTGCCTGAGTTTGATTTGAATGTAAGCATATTTTTCTGACTGTATACAGAAAG TTTTCTTTCTGC TACCGGAACAGCAGCAATAATG TG TTTGTTTTTC TTTTG
AAATAACTGAATTAAATTGCATTGATATGAAAAGCC TTTACAGCCTTACTGAGGTGCCTTCCAAAAAAAATTGC TTACCAAATTCCACTGATTCCCTATTTTATGTATGATGAATGATTGTTGTTAAAT
GAAGTGATTTGATATAAACTGTAGTTAGTGCTTTAGACTGAACACGAGTTCTCAAAGAGGGTGTATCTTCCACCTTCTGTCACAAAAAAGCTGC TTt CACTATTTTGGTCTTCCACaGGGCTATTATEA
TTtGAAAACGTGTTCTAAGTTTAGCACTCGGAGC TCTGATATTTAAATAGCCCAGTTTCTTGGGTAATACTTTTTTTTGTTGCCCTTTTAGTTTCCCCATTTCTGTGAAATGCACTGTGGGAGTAATTT
GGGGGTAATTTTCTAAAATTGATGCTGTACGCAGTAATGTGGTTGTTCAACAGGACAGGAGGTTTAAGCTTTAGGATTGAATATAGACGGGCATCAGCCAGGTTTGTGATGACTATCTTGTCAAGGCTA
TCATGCACACCCCAGTCCTCCTTCAGCCCACATTCAAGAATATC TGGGAATTTAACTTGC TTACATACACCCTGTGCAAATGTTTC TTACATGTTGTAACATAGCATTCAGGCTTAAGCAAGATCATAG
TTATGCTTGTCATATATTTTAACTGCAGGGTAATAC TTTGAAAAGGGAATATTAAGAAAAAATGTTAGCAGC TTTTTGGATTTTAAACTGGC TTTTTTTTCTATGCCTGTGGAAATGTAAAACTGAGCT
AAAATCTTGAAAATACACCTGC TCATCCCCACCTTTTGCTCCACAGGAGTTAGAGGCACC TTCATGGAAATGTTAGTCACATGATGTAATGTGAATTG TGCTGAAATGCACTGTTGCGTCATTTGC TTG
TAATATCTCAATAAAAAAATAACCCACATCTATCCTGGTTTCCTATCCAC 4823

TTTGATTAA’ GTTCCATGCTTCTC!

2UA

670
AAACGTCATTGTCCTTGCTTTATATATC
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1. Nucleotide sequence of cDNA (16-2) encoding the shark rectal gland Na-K-Cl cotransporter (NKCC1) and the inferred amino acid

sequence. Amino acid residues are r}umbered beginning with the initiation methionine. Predicted transmembrane segments are underlined.
Potential sites of N-linked glycosylation (a), consensus targets for protein kinase C (c) and casein kinase II (ck), and biochemically identified

phosphorylated residues (*) are labeled.

Transfection of HEK-293 Cells. The 16-2 insert was excised
from Bluescript at the Xba I and EcoRYV sites in the polylinker
and ligated into the Xba I and BamHI sites of the pCB6 vector
(14). HEK-293 cells were grown to 60% confluence in Dul-
becco’s modified Eagle medium containing 10% fetal calf

serum and transfected by calcium phosphate coprecipitation
with 0.06 ug of 16-2/pCB6 DNA per cm?. Stably transfected
cell lines were selected by growth in 900 ug of G-418 (GIBCO)
per ml for 30 days. Approximately 500 colonies were isolated
and 202 were tested by dot blot with J3 antibody; 113 were
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F1G. 2. Northern blot analysis of Na-K-Cl cotransporter expres-
sion in shark tissues. mRNA (rectal gland, 1 ug; other tissues, 3-5
pg) was probed with 16-2 cRNA (Upper). The exposure time for the
rectal gland lane (8 hr, —80°C) was one-fifth that for the rest of the
blot. (Lower) The blot was reprobed with a B-actin cDNA probe as
a control for RNA integrity.

immunoreactive, with a >10-fold range in the amount of
expressed protein in different lines. Two cell lines exhibiting
robust expression (nos. 8 and 15) were chosen for study. In
sectioned pellets of no. 15 cells, immunofluorescence micros-
copy revealed that shark cotransporter protein was restricted
to the plasma membrane (not shown).

Flux Assays. HEK-293 cells were subcultured onto 24-well
plates (1:5 split) and grown to confluency (5-8 days) in
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Dulbecco’s modified Eagle medium containing 10% fetal calf
serum. Before each flux assay, the cells were incubated in 135
mM sodium gluconate/5 mM potassium gluconate/0.75 mM
CaS0,4/0.75 mM MgSO,/5 mM glucose/15 mM Hepes, pH
7.4, for 150 min at room temperature, to deplete cells of Cl.
The initial rate at which the cells took up Rb (0.5 #Ci/ml; 1
Ci = 37 GBq) was measured with or without 200 M bumet-
anide in 135 mM NaCl/5 mM RbCl/0.75 mM CaSO,/0.75 mM
MgSO4/5 mM glucose/0.1 mM ouabain/15 mM Hepes, pH
7.4. Uptake was terminated after 60 sec by addition of, and
three rinses in, ice-cold phosphate-buffered saline. In exper-
iments to determine the time course of influx it was found that
the approach to isotopic equilibrium is exponential, with 5 s =
2.9 min under these conditions. Cellular extracts (in 500 ul of
1% SDS) were assayed for %Rb by counting Cerenkov radi-
ation and for protein by the Lowry method.

RESULTS AND DISCUSSION

To isolate cDNAs encoding the Na-K-Cl cotransporter
(NKCC), a shark rectal gland cDNA expression library was
screened using monoclonal antibodies to the 195-kDa cotrans-
port protein (11). The longest cDNA insert that was obtained
(16-2, 5260 bp) includes an open reading frame encoding a
protein of 1191 amino acids (Fig. 1). The assigned initiation
codon is the first in-frame ATG triplet downstream of a stop
codon, and the sequence surrounding it (GAGATGG) conforms
to the Kozak consensus for the initiation of eukaryotic trans-
lation (15). The 16-2 cDNA lacks a poly(A) tail but includes a
polyadenylylation signal (AATAAA) 36 nt upstream from the 3’
terminus. Analysis of the predicted protein sequence by a
weight matrix method (16) indicates <5% probability of the
presence of a cleavable signal sequence for membrane inser-
tion. The first 1100 bases of the 16-2 cDNA is (G +C)-rich (64%).
In addition to the 5’ untranslated region, this region encodes a
145-amino acid N-terminal domain enriched in proline, gluta-
mine, serine, and alanine residues (4.0, 2.2, 2.0, and 2.0 times
enriched over average eukaryotic proteins, respectively) and
distinguished by numerous amino acid repeats (Pros, Glys,
Gln3Pro4, and three examples of Alay).
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(A) Hydropathy profile of the rectal gland Na-K-Cl cotransporter. The hydropathic index was determined by the Kyte-Doolittle

algorithm using a 15-amino acid window. The hydropathy line is color-coded by the fractional identity of the Na-K-Cl cotransporter to the
thiazide-sensitive Na-Cl cotransporter averaged over a running 15-amino acid window after aligning the two sequences (there is a 124-residue
deletion at the N terminus of the thiazide-sensitive cotransporter and a 45-residue deletion at position 904). Horizontal bars above hydrophobic
regions indicate the proposed transmembrane segments. Lines at the bottom of the graph indicate regions of homology with C. elegans genomic
DNA (a), a C. elegans cDNA (b), and a gene from cyanobacterium (c), colored according to the fractional identity to the Na-K-Cl cotransporter.
Short lines at the bottom of the figure indicate the location of positive (above the line) and negative (below the line) charged residues. (B) Proposed
model of the shark Na-K-Cl cotransporter. Circles symbolize the amino acid residues. Potential sites for N-linked glycosylation are highlighted
in green; branched lines specify those presumed capable of anchoring oligosaccharide. Identified regulatory phosphoacceptors T-189 and T-1114

are highlighted in red.
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FiG. 4. Characterization of the shark rectal gland Na-K-Cl cotransporter stably expressed in HEK-293 cells. (A) Western blot analysis of
the native shark cotransporter and of the shark cotransporter expressed in HEK-293 cells. Cellular protein was separated by SDS/PAGE,
transferred to nitrocellulose, and probed with monoclonal antibody J3. Membranes are from native rectal gland (lanes 1 and 2), HEK cells stably
transfected with 16-2 cDNA (clone no. 15, lanes 3 and 4), and untransfected HEK-293 cells (lane 5). Samples in lanes 2 and 4 were treated with
N-glycanase prior to gel electrophoresis. Sizes are indicated in kDa. (B-E) 36Rb uptake by wild-type and transfected HEK-293 cells. Confluent
cultures of untransfected HEK-293 cells (0) and HEK-293-15 cells (8) were preincubated in medium lacking chloride (gluconate substitution)
for 150 min and the activity of the Na-K-Cl cotransporter was determined in a 1-min 86Rb influx assay in flux medium (see Materials and
Methods). Error bars indicate the range of duplicate samples. (B) 8Rb influx in six independent HEK-293 cell lines. Four lines (nos. 44, 56,
57, and 58) were selected that grew in G418 but did not express the shark cotransport protein as determined by J3 immunoblotting. Untransfected
HEK-293 cells are designated ‘‘u.t.”’. The initial rate of 36Rb influx was measured in the absence (open bars) and presence (shaded bars) of 200
#M bumetanide. (C-E) Untransfected HEK-293 cells (0) and HEK-293-15 cells (@) are compared. (C) Differential sensitivity of the endogenous
and expressed Na-K-Cl cotransporters to bumetanide. In this experiment, following the exposure to 0 Cl and prior to the flux assay, the cells
were exposed to the indicated concentrations of bumetanide for a 30-min period in 20 mM Cl to allow bumetanide binding to take place (cf. ref.
3). The results are fit by a model of bumetanide inhibition at a single site (Ko.s = 0.054 and 0.57 uM for untransfected and no. 15 cells,
respectively). (Inser) The same results as fractional inhibition vs. log [bumetanide], normalized to the maxima and minima of the least squares
solutions. (D) Ionic dependence of %Rb influx. Cations were replaced with N-methyl glucamine, and Cl with gluconate, with other ions
maintained at the concentrations of the standard flux assay. Curves represent best fits to a model of activation at single Na and K sites and at
two identical Cl sites, yielding the following parameters: for the endogenous HEK cotransporter, Kmns) = 22 mM, Kn®b) = 9 mM, Kmxcp =
46 mM; for the transfected shark cotransporter, Kmqna) = 98 mM, Kn®v) = 12 mM, Kmy(cy = 110 mM. Note that under standard conditions,
[Rb] = 5 mM and influx is not saturated with regard to [Rb]; thus maximum influx (at 20 mM Rb) in the right-hand panel exceeds influx in the
left two panels. (E) Effect of preincubation time in a Cl-free medium (Lower) or in control medium (Upper). Triangles indicate the flux in the
presence of 200 uM bumetanide. Lines are drawn by eye.

The molecular mass of the protein predicted from the cDNA terminal domains appear to reside within the cell since they
sequence is 129.8 kDa, close to that of the enzymatically harbor regulatory phosphoacceptors (see below) and the in-
deglycosylated rectal gland Na-K-Cl cotransport protein tracellular epitopes recognized by monoclonal antibodies J3
(=135 kDa). The predicted peptide concurs with five biochem- and J7 (11). The absence of a clear signal sequence within the
ically determined sequences from tryptic digests of the shark N-terminal domain is consistent with its cytoplasmic disposi-
cotransport protein (9-11). Together, these observations pro- tion. A tentative model of the protein’s topology based on
vide strong evidence that the 16-2 cDNA encodes the Na-K-Cl these considerations is illustrated in Fig. 3B. The polypeptide
cotransporter. sequence includes nine potential sites for N-linked glycosyla-

Northern blot analysis using an antisense RNA probe re- tion (green in Fig. 3B); in the proposed model, three of these
vealed an abundant 7.4-kb message in rectal gland (Fig. 2). The are found in an extracellular hydrophilic segment linking the

7.4-kb message is also seen in brain, gill, and intestine and at seventh and eighth membrane-spanning domains and are thus
lower levels in heart, kidney, liver, and testis of the shark (a the probable sites of glycan linkage.
longer exposure is not shown). Importantly, a second message The rectal gland cotransporter is known to acquire phos-

is observed in shark kidney at 5.2 kb; this may encode a second phate at serine and threonine residues when activated by
isoform of the cotransporter involved in absorption of salt cAMP-dependent (forskolin) and cAMP-independent (cell
across apical membranes of renal tubule cells (17), which we shrinkage) stimuli; available evidence is consistent with a
have localized using cotransporter antibodies (18). model in which the response to cAMP is an indirect result

Hydropathy analysis (Fig. 3A4) predicts a central hydropho- of changes in cell [Cl] and involves phosphorylation of the
bic region that could accommodate ~12 transmembrane hel- cotransporter by a kinase which is not dependent on cAMP (9,
ices flanked by large hydrophilic N and C termini. Both 10). Although no region of the predicted protein conforms
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closely to the consensus motif of cAMP-dependent protein
kinase, 10 regions do satisfy the requirements for phosphor-
ylation by protein kinase C and at least 10 others for casein
kinase II (19) (Fig. 1). We have found that Thr-189 (9) and
Thr-1114 (C.L. and B.F., unpublished) are phosphorylated in
the rectal gland cell during activation of the cotransporter (9,
10).

When optimally aligned, the Na-K-Cl cotransporter se-
quence is 47% identical to the recently reported sequence of
the thiazide-sensitive Na-Cl cotransporter of flounder urinary
bladder (ref. 20; Fig. 3A, color coding). Thus, these proteins
appear to represent a new class of membrane transport pro-
teins. Regions that are especially well-conserved are found in
the predicted 3rd, 6th, 8th, and 10th transmembrane helices,
as well as in the loop connecting helices 2 and 3, and in a short
hydrophobic region centered around residue 1013 (Fig. 3A). It
seems likely that residues involved in Na and Cl binding and
translocation are to be found within these regions.

Database searches also uncovered substantial homology
with an unassigned sequence reported by the C. elegans
genome sequencing project (ref. 21; GenBank accession no.
M77697). There is good alignment with the C. elegans gene
over most of the length of the cotransporter coding region (Fig.
3A, line c), and it seems likely that the C. elegans gene also
codes for a transport protein. A cDNA from a different C.
elegans gene was also found to be homologous to the cotrans-
porter sequence (ref. 22; GenBank accession no. M75878; Fig.
3A, line b) as was a gene from the cyanobacterium Synecho-
coccus sp. PCC 7002 (ref. 23; GenBank accession no. M18165;
Fig. 3A, line a). The latter finding clearly points to an early
evolutionary origin of this family of cotransport proteins.

To examine the function of the protein encoded by the 16-2
cDNA, we transfected HEK-293 cells and isolated stably trans-
fected cell lines. Using four monoclonal antibodies that selec-
tively recognize the shark Na-K-Cl cotransporter (J3, J4, J7,
and J25), immunoblot analysis revealed that the transfected
cells expressed a protein of =165 kDa foreign to untransfected
HEK cells; this is illustrated for J3 with cell line HEK-293-15 in
Fig. 4A, lane 3. The J3 antibody does not recognize the
endogenous cotransporter present in untransfected HEK-293
cells (lane 5). Removal of N-linked oligosaccharides with N-gly-
canase (lane 4) decreased the size of the expressed protein to
that of the native shark rectal gland cotransporter after degly-
cosylation (135 kDa, lane 2), indicating that the entire cotrans-
port peptide is synthesized and partially glycosylated.

The transfected cells exhibited up to 10-fold greater bumet-
anide-sensitive 8Rb influx than control cells (Fig. 4 B-E). As
illustrated in Fig. 4B, the cotransport activity seen in transfected
cells was not associated with the process of G418 selection,
since it was not seen in G418-resistant clones that failed to
express the shark cotransport protein. Like its counterpart in
the rectal gland (4, 24), the expressed shark cotransporter
exhibits low sensitivity to loop diuretics; Fig. 4C illustrates that
it is half-maximally inhibited by 0.57 uM bumetanide. This dose
is 10 times that which half-maximally inhibits the endogenous
HEK cell cotransporter (Ko s = 0.054 uM; Fig. 4C). Thus, the
expressed and endogenous cotransporters can be distinguished
by their inherently different sensitivity to loop diuretics, con-
sistent with a previously noted difference between secretory
and nonsecretory Na-K-Cl cotransporters (4).

As expected of a coupled Na-K-Cl transport process, the
expressed 3Rb influx mechanism requires external sodium and
chloride and the kinetics of transport are consistent with single
binding sites for Na and Rb and with two sites for Cl (Fig. 4D).
Finally, as illustrated in Fig. 4E, expressed Na-K-Cl cotransport
activity was only observed when cells were preincubated in a
zero chloride medium prior to the 3Rb influx assay (Fig. 4C).
This is consistent with recent evidence that decreased intracel-
lular Cl is an important stimulus for cotransporter phosphory-
lation (9, 10) and function (25); in secretory cells, it appears that
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changes in [Cl]; may serve as the signal through which the
opening of Cl channels in the apical membrane signals an
increase in cotransport activity in the basolateral membrane.

These results demonstrate that the protein encoded by the
16-2 cDNA manifests bumetanide-sensitive Na-K-Cl cotrans-
port activity when expressed in HEK-293 cells. The activity of
the expressed cotransporter is very similar to that of the native
shark rectal gland protein. In addition, it is shown that the
activity of the shark cotransporter can be regulated in the
foreign cell system and that the necessary Cl-sensing regula-
tory machinery is present in HEK-293 cells. We have recently
used the 16-2 cDNA to obtain homologous cDNAs for the
Na-K-Cl cotransporter in human colon (7.5-kb message)
(J.A.P., J.-C.X., and B.F., unpublished) and rabbit kidney
(ref. 26; NKCC2, 5.1-kb message), thus expanding this emerg-
ing family of Cl-dependent transporters.
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