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ABSTRACT: Rat brain and kidney cDNA libraries were constructed and screened with a cDNA insert
corresponding to the mRNA for the sheep kidney Nat,K*-ATPase catalytic subunit. The a-subunit cDNAs
isolated from the kidney library were derived from a single class of messenger RNA, and the brain cDNAs
were derived from three classes of messenger RNA. The most abundant brain cDNA, which spans 5.1
kilobases, encodes the a(+) form of the enzyme. The second most abundant brain cDNA, which spans
3.65 kilobases, is identical with that of the kidney form and therefore encodes the « isoform. The third
class of cDNA, which spans 3.55 kilobases, was present at low abundance and encodes an isoform of the
a-subunit, designated «llII, which has not been identified previously. The complete nucleotide sequence
and deduced amino acid sequence for each of the brain and kidney cDNAs have been determined. In addition,
we have identified a lysine-rich sequence that may function as a movable, ion-selective gate during cation
binding and occlusion and have also identified several amino acid sequence variations that appear to explain

some of the well-known species and tissue differences in cardiac glycoside sensitivity.

’Ee Na*,K*-ATPase is an integral membrane protein that
catalyzes the active transport of Na* and K* across the plasma
membrane of animal cells [for reviews see Stahl (1986) and
Schwartz et al. (1975)]. The enzyme consists of two subunits,
a catalytic subunit («) of M, 112000 and a glycoprotein
subunit (3) of unknown function with an M, of 35000 for the
protein component. The complete amino acid sequences for
the a and 8 subunits from sheep kidney (Shull et al., 1985,
1986), pig kidney (Ovchinnikov et al., 1986), and Torpedo
californica electric organ (Kawakami et al., 1985; Noguchi
et al.,, 1986) have been determined from their cDNAs.
However, in mammals there are at least two isoforms of the
catalytic subunit. Besides the well-characterized renal form,
which is designated «, there is an additional form, termed
a(+), which has been identified in several tissues. For ex-
ample, brain tissue contains a form that appears to be identical
with the renal form (a) as well as the a(+) form, which has
a higher apparent molecular weight on SDS!-polyacrylamide
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gels (Sweadner, 1979). The two forms also differ in cardiac
glycoside sensitivity (Sweadner, 1979), N-terminal amino acid
sequence (Lytton, 1985a), and Na* affinity (Lytton, 1985b).
There is evidence that the a(+) form in adipocytes, which may
be identical with the brain a(+), is responsive to insulin
whereas the a form is not (Lytton, 1985b; Lytton et al., 1985).

The present study was conducted in order to determine the
complete primary structure of the rat « and a(+) forms of
the catalytic subunit and to identify amino acid sequence
differences between these isoforms, which might provide in-
formation regarding functional differences such as cardiac
glycoside sensitivity. Therefore, we prepared and screened
¢DNA libraries from rat kidney, which contains the oua-
bain-resistant « form, and rat brain in which the predominant
form is the oubain-sensitive a(+) isoform. As the full se-
quences of the ouabain-sensitive sheep and pig kidney enzymes

! Abbreviations: SDS, sodium dodecyl sulfate; cDNA, complementary
deoxyribonucleic acid; mRNA, messenger ribonucleic acid; SET, 0.15
M NaCl, 20 mM Tris-HCI, pH 7.8, and 1 mM ethylenediaminetetra-
acetic acid; Denhardt’s solution, 0.02% (w/v) bovine serum albumin,
0.02% (w/v) poly(vinylpyrrolidone), and 0.02% (w/v) Ficoll; nt(s), nu-
cleotide(s); Tris, tris(hydroxymethyl)aminomethane; kb, kilobase(s).

© 1986 American Chemical Society
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FIGURE 1: Restriction map and sequencing strategy for the Na*t,K*-ATPase a-subunit isoforms of rat kidney and brain. Open areas represent
the open reading frame and darkened areas represent untranslated regions. Restriction sites relevant to the sequencing strategy are shown.
The direction and extent of sequencing are shown by arrows (lower arrows, coding strand; upper arrows, noncoding strand). The brain (clone
B1-4) and kidney (clone K3-2) a-form cDNAs were virtually identical (see Figure 2 legend), and therefore the kidney cDNA sequence (K)
was determined in only one strand. The sequence of a(+) was determined from clone B4-4, which ended at a polyadenylation signal indicated
by the vertical arrow; the remaining a(+) sequence was determined from clone B9-5, which ended at a different polyadenylation site. The

sequence of brain allIl was determined from clone B3-S.

are known from their cDNAs, the isolation of these rat cDNAs
also allows an investigation of species differences in cardiac
glycoside sensitivity.

EXPERIMENTAL PROCEDURES

Preparation of Brain and Kidney cDNA Libraries. Poly-
(A+) RNA was isolated from male rat (CD strain, Charles
River Breeding Laboratory) brain and kidney as described
previously (Snider et al., 1985). First- and second-strand
c¢DNA syntheses, size fractionation of double-stranded cDNA,
tailing of the 3.3-5.5-kb fraction with deoxycytidine 5’-tri-
phosphate, annealing of cDNA to G-tailed PstI-cut pBR322,
plating of the libraries, and preparation of replica filters were
performed as described previously (Shull et al., 1985). Each
library consisted of 50000 colonies on ten 150-mm plates.

Screening of cDNA Library. The 20 replica filters of each
library were prehybridized overnight at 68 °C in 6 X SET,
5 X Denhardt’s solution, 0.1% SDS, and 100 ug of denatured
salmon sperm DNA /mL and then hybridized with a 32P-la-
beled (Maniatis et al., 1982) 2.7-kb Xhol-Bg/II fragment from
a sheep kidney Na*,K*-ATPase a-subunit cDNA (Shull et
al., 1985). Hybridization was performed at 58 °C for 24 h
in 60 mL of the same solution containing 5 X 10% dpm/mL.
The filters were washed 4 times for 30 min each at 58 °C in
6 X SET and 0.1% SDS and then washed for 1 h at 58 °C
in 3 X SET and 0.1% SDS. Following autoradiography the
filters were washed for 1 h at 63 °Cin 1.5 X SET and 0.1%
SDS and then subjected to autoradiography a second time.
Colonies that gave signals on both replicas were isolated, and
plasmid DNA was extracted by the alkaline lysis procedure
(Maniatis et al., 1982).

Characterization of cDNAs. Brain and kidney cDNAs were
analyzed by restriction mapping according to standard pro-
tocols (Maniatis et al., 1982). DNA sequence analysis was
performed by the method of Maxam and Gilbert (1980). The
nucleotide sequence was determined at least once in both
strands for each of the brain isoforms except for nts 1-47 and
4866-5107 of (), which were determined from only one
strand. The kidney o form cDNA sequence was analyzed in
only one strand because it was virtually identical with the brain
a form (see Figure 2 legend).

RESULTS

Isolation of Brain and Kidney a-Subunit cDNAs. Screening
of rat brain and kidney cDNA libraries with a sheep kidney
Na*,K*-ATPase a-subunit hybridization probe resulted in 78
positive signals in the brain library and 117 positive signals
in the kidney library. Eight kidney and 25 brain cDNAs were
colony purified and analyzed by restriction mapping. The
kidney cDNAs exhibited a single restriction pattern whereas
the brain cDNAs had three distinct patterns (diagramed in
Figure 1). The medium-abundance (six isolates) brain class
had a 3.65-kb insert, and its restriction pattern was identical
with that of the kidney form. The relative abundance of this
class and its similarity to the kidney class (Sweadner, 1979,
Schmitt & McDonough, 1986) suggested that it was derived
from the a-form mRNA. The most abundant class of brain
¢cDNA (16 isolates) was 5.1 kb in length and had a very
different restriction pattern from the kidney form. Its relative
abundance indicated that it was derived from the a(+)
mRNA. The third class of cDNA (three isolates) had a
3.55-kb insert. This class of cDNA is apparently derived from



ACCELERATED PUBLICATIONS VOL. 25, NO. 25, 1986

GGAGCCTCGGCGGGAGGAGGCGGACACGTGGCAGCGGCGGCGECAGCGGCAGCAGCAGCGGCGGCAGCAGCGECGGCCTCGETCCAGGGRCGCCEECCATCCTCCCTCTTTCCTCCGGCGGCAGCCCTAGTTCCCGCCTCTCGGCTCCCCC

GGCTCCACTCTCCCAGCCGGGAGCTGCTCTCTCCTCTTTCTAGTCTCCAGCCACAGGACCCGGCGCGGEGCCCGCAGCGCCGCCACCATGGRGAAGGGGGTTGGACGAGACAAGTATGAGCCCGCAGCTGTATCAGAACATGGGGACAAG
MetGIyLysGlyVa1G1yArgAspLysTyrG1uProA1aAlaValSerG]uHisGlyAspLys

AAGAGCAAGAAGGCGAAGAAGGAAAGGGACATGGACGAACTCAAGAAGGAAGTGTCTATGGACGACCATAAACTCAGCCTGGATGAACTCCATChTAAATACGGAACAGATTTGAGCCGAGGCCTAACACCCGCAAGGGCCGCTGAGATC
LysSerLysLysAlaLysLysG1uArgAspMetAspG‘uLeuLysLysGIuVaTSerMetAspAspH1sLysLeuSerLeuAspGluLeuH1sArgLysTyrG1yThrAspLeuSerArgG1yLeuThrProA1aArgA]aAlaGluI1e
20

30 40 50 60
CTGGCTCGGGATGGCCCCAACGCCCTCACGCCCCCTCCCACTACTCCCGAGTGGGTCARATTCTGTCGGCAGCTGTTCGGTGGCTTCTCCATGTTACTGTGGATTGGAGCCATTCTTTGTTTCTTGGCTTATGGCATCCGAAGTGCTACA
LeuA]aArgAspG1yProAsnA1aLeuThrProProProThrThrProG1uTrpVa]LysPheCysArgG1n euPheGlyGlyPheSerMetLeuleuTrplleGlyAlalleleuCysPheleuAlaTyrGlylleArgSerAlaThr

100 H1 110
GAAGAGGAACCACCAAATGATGATCTGTACCTCGGGGTCGTGCTGTCTGCTGTCGTCATCATAACTGGCTGTTTCTCCTATTATCAAGAAGCAAAAAGCTCCAAGATCATGGAATCCTTCAAGAACATGGTCCCTCAGCAAGCCCTCGTG
G]uGWuG]uProProAsnAspAsp euTereuG]yValValLeuSerA]aVaIValI]eI1eThrG1yCysPheSerTeryrG1nG1uA1aLysSerSerLysIleMetG1uSerPheLysAsnMetValProGInG]nA]aLeuVa]

130 H2 150
ATTCGAAATGGAGAGAAGATGAGCATCAACGCAGAGGATGTCGTCGTTGGTGATCTGGTGGAGGTGAAGGGCGGAGACCGAATCCCTGCTGATCTCAGAATCATATCTGCAAATGGCTGCAAGGTGGATAACTCCTCACTCACTGGTGAA
I1eArgAsnG1yG1uLysMetSerI1eAsnA?aG7uAspVa1Va]Va1G1yAspLeuVa1G1uVa1LysGlyG1yAspArgI1eProA]aAspLeuArgI1eI1eSerA1uAsnG]yCysLysVa1AspAsnSerSerLeuThrGTyG1u

TCAGAACCCCAGACTCGGTCCCCGGATTTCACAAACGAGAACCCCTTGGAGACAAGGAACATTGCCTTCTTCTCAACCAACTGTGTTGAAGGAACTGCACGTGGCATCGTTGTGTACACTGGGGATCGCACCGTGATGGGCAGGATCGCC
SerG1uProGlnThrArgSerProAspPheThrAsnG1uAsnProLeuG1uThrArgAsnIleAlaPhePheSerThrAanysVa]G1uG1yThrA1aArgGlyI1eVa1Va1TerhrG1yAspArgThrValMetG1yArgI1eA1a
240
ACCCTTGCTTCTGGGCTGGAAGGCGGCCAGACCCCCATTGCTGAAGAAATCGAGCACTTCATCCACCTCATCACGGGTGTGGCCGTGTTCCTGGGGGTGTCTTTCTTCATTCTCTCTCTGATCCTTGAGTACACCTGGCTCGAGGCTGTC
ThrieuAlaSerGlylLeuGluG1yGlyGinThrProlleAlaGluGlulleGTuHisPhelleHisleulleThrGlyvalAlavalPheleuGlyValSerPhePhelteLeuSerLeulleLeuGtuTyrThrTrpleuGluAlaval
270 280 290 H3 300 310
ATCTTCCTCATTGGTATCATCGTAGCCAACGTGCCGGAAGGTTTGCTGGCCACCGTCACGGTATGTCTGACGCTCACTGCCAAGCGCATGGCGAGGAAGAACTGCCTGGTGAAGAACCTGGAAGCTGTGGAGACCTTGGGGTCCACATCC
1ePheLeuI1eG12I1eI1eVa1A1aAana1ProG]uG]xLeuLeuA1aThrValThrVa]CysLeuThrLeuThrA] LysArgMetA1aArgLysAanysLeuVelLysAsnLeuG]uA]eVa1G1uThrLeuGlySerThrSer

ACCATCTGCTCCGACAAGACTGGAACTCTGACTCAGAACCGGATGACAGTGGCTCACATGTGGTTTGACAATCAAATCCATGAAGCTGACACCACAGAGAATCAGAGTGGGGTCTCCTTTGACAAGACGTCAGCCACCTGGTTCGCTCTG
ThrI1eCysSerAspLysThrG\yThrLeuThrGlnAsnArgMetThrVa1A1aH1sMetTerheAspAsnG1n11eH1sGluA1aAspThrThrG1uAsnG1nSerG]yVa]SerPheAspLysThrSerA]aThrTerheA1aLeu
0P 390

TCCAGAATTGCTGGTCTCTGTAACAGGGCAGTGTTTCAGGCTAACCAAGAAAACCTGCCTATCCTTAAGCGTGCAGTAGCGGGAGATGCTTCCGAGTCGGCGCTCTTAAAGTGCATCGAGGTCTGCTGTGGCTCCGTGATGGAGATGAGG

SerArgI1eA1aGlyLeuCysAsnArgA]aVa1PheG]nAlaAsnG1nG1uAsnLeuProI1eLeuLysArgA1eVa1A1eG]yAspAlaSerG1uSerA1aLeuLeuLysCysI1eGluVa1CysCysG]ySerVe1MetGluMetArg
450

GAGAAGTACACCAAGATAGTGGAGATTCCTTTCAACTCCACCAACAAGTACCAGCTCTCCATTCACAAGAACCCAAACGCATCGGAGCCTAAGCACCTGCTAGTGATGAAGGGCGCCCCAGAAAGGATCCTGGACCGATGCAGTTCTATC

G]uLysTerhrLysI1eVa1G1uITeProPheAsnSerThrAsnLysTyrG1nLeuSerI]eH1sLysAsnProAsnA1aSerG]uProLysHisLeuLeuVa1MetLysG]yAlaProGluArgIleLeuAspArgCysSerSerIle
00

CTCCTCCACGGCAAGGAGCAGCCCCTGGACGAAGAGCTGAAGGACGCCTTTCAGAATGCCTACCTAGAGCTGGGGGGCCTTGGAGAGCGTGTGCTAGGTTTCTGCCACCTCCTTCTGCCTGACGAACAGTTTCCCGAAGGCTTCCAGTTT
LeuLeuH1sGlyLysGWuG1nProLeuAspG1uGluLeuLysAspAlaPheG1nAsnA1eTereuG1uLeuG1yG1yLeuG1yGluArgVe]LeuG1yPheCysH1sLeuLeuLeuProAspGluGlnPheProG]uG1yPheG1nPhe

GACACTGATGAAGTCAATTTCCCCGTGGATAACCTCTGCTTCGTGGGTCTTATCTCCATGATTGACCCTCCTCGAGCTGCTGTCCCCGATGCTGTGGGCAAATGCLGCAGCGCTGGGATTAAGGTCATCATGGTCACAGGAGACCATCCA
AspThrAspG?uVa]AsnPheProVa1AspAsnLeuCysPheVa1G1yLeuI]eSerMetIleAspProProArgAlaAlaVa]ProAspA1eVa]G]yLysCysArgSerA1aGlyI1eLysVa1I]eMetValThrG1yAspH1sPro

ATCACAGCCAAAGCCATTGCTAAGGGGGTGGGCATTATCTCAGAAGGTAACGAGACCGTGGAAGACATTGCTGCCCGCCTCAACATTCCAGTGAACCAGGTGAACCCCAGAGATGCCAAGGCCTGTGTAGTACATGGCAGTGACTTGAAG
I1eThrA\aLysA]aI1eAlaLysG1yVa161yI1eI1eSerG1uG]yAsnG1uThrVa1G]uAspI1eA1aAlaArgLeuAsnI1eProVa1AsnG]nVa1AsnProArgAspAlaLysA1aCysVa]Va1H1sG]ySerAspLeuLys
640
GACATGACCTCTGAGGAGCTGGATGACATTTTGCGGTACCACACGGAGATTGTCTTTGCTAGGACCTCTCCTCAACAGAAGCTCATCATTGTGGAGGGCTGCCAGCGGCAGGGTGCCATCGTGGCTGTCACAGGGGATGGTGTCAATGAC
AspMetThrSerGluG]uLeuAspAspI1eLeuArgTyrH1sThrG]uI1eVa]PheA]aArgThrSerProG]nG1nLysLeuI1eI1eVe1G1uG1yCysGlnArgGlnG1yA1aI1eVe1A1aVa1ThrGlyAspG1yValAsnAsp
680 690
TCTCCAGCTTTGAAAAAGGCAGATATTGGGGTTGCCATGGGGATTGTTGGCTCGGATGTGTCCAAGCAAGCTGCTGACATGATTCTTCTGGATGACAACTTTGCCTCCATCGTGACTGGAGTAGAAGAAGGTCGTCTGATATTTGATAAC
SerProA1aLeuLysLysA]eAspITeGTyVa]A]aMetG1yI1eVa1GlySerAspVa1SerLysG1nA1aA1aAspMetI1eLeuLeuAspAspAsnPheA1aSerI1eVa1ThrG]yVa1GluGluG1yArgLeuI1ePheAspAsn
740 750
TTGAAGAAATCCATTGCTTACACCCTAACAAGTAACATTCCGGAAATCACCCCCTTCTTGATATTTATTATTGCAAACATTCCACTGCCCCTGGGCACCGTGACCATCCTCTGCATTGACTTGGGCACTGACATGGTTCCCGCCATCTCT
LeuLysLysSerIleAlaTyrThrLeuThrSerAsnlleProGlulleThrProPheleullePhellelleAlaAsn]leProLeyProLeuGlyThrvalThrlleleuCyslleAspLeuGlyThrAspMetvalProAlalleSer

770 780 790 H5 800 810
CTGGCCTATGAACAGGCTGAAAGTGACATCATGAAGAGGCAGCCCAGAAATCCCAAAACGGACAAACTTGTGAACGAGCGTCTGATCAGCATGGCCTATGGACAGATCGGTATGATCCAGGCCCTGGGAGGCTTCTTCACTTATTTTGTG
LeuAlaTyrGluGInAlaGluSerAsplleMetLysArgGinProArgAsnProLysThrAspLysLeuValAsnGluArgLeulleSerMetAlaTyrGlyGInlleGlyMetIleGinAtlaleuGlyGlyPhePheThrTyrPheval

H6

820 830 840 . 850 860
ATTCTGGCTGAGAACGGTTTCCTGCCCTTTCACCTGTTGGGCATCCGAGAGACCTGGGATGACCGCTGGATCAATGATGTGGAGGACAGCTACGGGCAGCAGTGGACCTACGAGCAGAGGAAGATTGTGGAGTTCACCTGCCACACGGLC
IleleuAlaGluAsnGlyPheleuProPheHisteuleuGlylleArgGluThrTrpAspAspArgTrplleAsnAspValGluAspSerTyrGlyGInGInTrpThrTyrGiuGinArgLysIleValGluPheThrCysHisThrAla

870 880 8%0 900 910
TTCTTTGTCAGTATCGTGGTAGTGCAGTGGGCTGACTTGGTCATCTGCAAGACCAGAAGGAATTCTGTCT TCCAGCAGGGAATGAAGAACAAGATCTTAATATTTGGCCTCTTTGAAGAGACAGCTCTTGCTGCTTTCCTGTCCTACTGC
PhePhevalSerIleValvalvalGinTrpAlaAspleuvallleCysLysThrArgArgAsnSerValPheGInGInGlyMetLysAsnLys]lleLeullePheGiyleuPheGluGluThrAlaleuAlaAlaPheleuSerTyrCys

g20 H7 930 940 950 960 HB
CCTGGGATGGGTGCAGCCCTTAGGATGTATCCCCTCAAACCTACTTGGTGGTTCTGTGCCTTCCCCTACTCCCTTCTCATCTTCGTGTATGACGAGG TGCGGAAGCTCATCATCAGGCGACGCCCTGGCGGCTGGGTGGAGAAGGAAACC
ProGlyMetGlyAlaAlaleuArgMetTyrProLeulysProThrTrpTrpPheCysAlaPheProTyrSerLeuLeul 1ePheValTyrAspGluvalArglysLeullelleArgArgArgProGlyGlyTrpValGlulysGluThr
0

870 980 990 1000 101
TACTACTAGCCCACTGCCCTGCACGCCGTGGAACATTGTGCCACACACTGCACCTACCCCTACCCCCCCTTTGTGTACTTCAAGTCTTGGAGCTCGGAACTCTACCCTGGTAGGAAAGCACCAAAGCATGTGGGGATCCAGACGTCCTGG
TyrTyr

AATGAAGCATGTAGCTGTAATGGGGGGCGOGGGGAGGGC TGCCCEAAAAACACCGTGGACGGGGACGACAGCGGGEAAGGTTTATATGTGCCTTTTTGTTTTTGTAAAAAAGGAAAACCTGGAAAGACTGAAAGATTACGTTTTATATCT
GGATTTTTACAAATAAAGATGGCTATTATAACGGAA
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FIGURE 2: Nucleotide sequence of the cDNA for the Na*,K*-ATPase « isoform of rat kidney and brain. The sequence shown is for brain
c¢DNA B1-4. Kidney cDNA K3-2 was identical except that it was missing the first three nts of the sequence and had Cs, rather than Ts, at
positions 97 and 1680. The deduced amino acid sequence is numbered starting with the N-terminus of the mature protein (Lytton, 1985a)
and is preceded by five amino acids occurring in the primary translation product. The phosphorylation site (Asp-371) is indicated by P and

the major hydrophobic domains (H1-H8) are underlined.

an mRNA that encodes a low-abundance a-subunit isoform

(aIIT), which has not been identified previously.

Characterization of cDNAs for Three a-Subunit Isoforms.
The restriction map and sequencing strategy for the
Na* K*-ATPase a-subunit cDNAs are shown in Figure 1; the
nucleotide sequence and deduced amino acid sequence for the
a (brain and kidney), a(+), and alIII isoforms are shown in
Figures 2, 3, and 4, respectively.

The brain and kidney a-form cDNAs are identical except
for several nt differences (see Figure 2 legend), which did not
result in amino acid substitutions. They have a 237-nt 5'-
untranslated sequence, a 1023 codon open reading frame, and
328 nts of 3’-untranslated sequence. The initiation codon is
the first ATG triplet encountered in the sequence and lies in
a perfect 9-nt consensus sequence for initiation of translation
(Kozak, 1984). Residues 1-14 of the deduced amino acid
sequence are identical with those of the N-terminal sequence
of the rat brain « form determined previously (Lytton, 1985a);
five amino acids, which are apparently removed by post-

translational processing, precede the N-terminus of the mature
a-subunit. The mature protein consists of 1018 amino acids
and has an M, of 112573,

The identity of the a(+) form (Figure 3) was confirmed by
comparison of the deduced N-terminal amino acid sequence
(GREYSPAATTAENG) with that determined by analysis
of the rat brain a(+) protein (GREYSPAAEVAEVG)
(Lytton, 1985a). Although mismatches occurred at residues
9, 10, and 13, it seems possible that this was due to errors in
the original amino acid sequence analysis; in the study cited
the problem of a rapidly rising background during each cycle
of amino acid analysis was noted. In addition, a hybridization
probe consisting of mixed oligonucleotides derived from the
sequence AEVAEV, which contained the residues in question,
failed to hybridize with any of the 25 brain cDNAs (data not
shown). The a(+) cDNA contains a 96-nt 5’-untranslated
region, a 1020 codon open reading frame that begins with the
first ATG triplet, and 1851 nts of 3’-untranslated sequence.
There are three potential polyadenylation signals (beginning
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TGCCAGGGTCTCCAGCTGCCCCAGACAGGCGGTGTOGTCTTGGGATCCTCCTGGTRACCTTTCCAGCCTAGGTCCCCTCAGCCACTCTGCCCCAAGATGRGACGTGGGGCAGGGCGTGAGTACTCGCCTGCCGCCACCACTGCGGAGAAT
MetGUArgGlyMaGlyArgmuTyrSerProAlaMaThrThrMamuAsn
1

GGGGGTGGCAAGAAGAAACAGAAAGAGAAGGAGCTCGATGAGCTGAAGAAGGAGGTTGCCATGGATGACCACAAGCTGTCCTTGGATGAGCTGGGCCGAAAATACCAAGTGGATCTGTCCAAGGGCCTCACCAACCAGCGAGCTCAGGAT
GlyG]yGlyLysLysLysGlnLysGluLysG1uLeuAspG1uLeuLysLysGluVa1A1aMetAspAspH1sLysLeuSerLeuAspG1uLeuG1yArgLysTyrG]nValAspLeuSerLysG1yLeuThrAsn61nArgAlaGlnAsp

ATTcTGGcTAGAGACGGACCCAACGCCCTCACTCCACCCCCTACAACTCCTGAGTGGGTCAAGTTCTGCCGTCAGCTTTTTGGGGGCTTCTcTATcCTGCTGTGGATTGGGGCGCTTCTCTGCTTCTTAGCCTATGGTATCCTGGCCGCC
[1eLeuAlaArgAspGTyProAsnAlaLeuThrProProProThrThrProG1uTrpVa1LysPheCysArgGln euPheGle1yPheSerI1eLeuLeuTrgIleG11A1aLeuLequsPheLeuAlaTerlyIl LeuAlaAla
H1 100
ATGGAGGACGAACCATCCAATGACAATTTATATCTAGGTATCGTGCTAGCAGCTGTAGTTATCGTCACTGGCTGCTTCTCCTACTACCAGGAAGCCAAAAGCTCCAAGATTATGGACTCCTTCAAGAACATGGTGCCTCAGCAAGCTCTG
MetG]uAspG1uProSerAsnAspAsn euTereuﬁ1yIleVa1LeuA\aAlaValVa1I1e!§1ThrG1yCvsPheSerTeryrGlnGluAlaLysSerSerLys[1eMetAspSerPheLysAsnMetValProG1nG1nA1aLeu
130 H2 140 150
GTCATCCGAGAGGGAGAGAAGATGCAGATCAATGCAGAGGAGGTGGTCGTGGGAGACCTGGTGGAAGTGAAGGGTGGAGACCGTGTCCCCGCTGACCTCCGGATCATCTCCTCCCACGGTTGCAAGGTGGATAACTCATCCCTGACAGGG
VaYIleArgG]uG1yG1uLysMetGlnI1eAsnA1aGluG]uValValVa1G1yAspLeuVe1G1uVa1LysGlyG1yAspArgVa1ProAlaAspLeuArgI1eIleSerSerH1sGlyCysLysVa1AspAsn$er$erLeuThrGly
180 190 200 210
GAGTCGGAGCCCCAGACCCGGTCCCCTGAGTTCACCCATGAGAATCCCTTGGAGACCCGCAATATCTGTTTCTTCTCTACCAACTGTGTGGAAGGCACTGCCAGGGGCATTGTGATCGCCACAGGTGACCGGACGGTGATGGGCCGCATA
G1uSerG1uProG1nThrArgSerProGluPheThrH1sGluAsnProLeusluThrArgAsnI]eCysPhePheSerThrAanysValG1uG]yThrA1aArgGlyI]eVa1I1eAlaThrG1yAspArgThrVa1MetG1yArgIle
230 240 250 260
GCCACTCTTGCCTCTGGcCTAGAGGTGGGACAGACGCCGATAGCCATGGAGATCGAGCATTTCATCCAGCTGATCACGGGGGTGGCCGTGTTCCTGGGGGTCTCCTTcTTTGTTCTGTCGCTCATCCTGGGCTACAGCTGGCTGGAGGCT
A1aThrLeuA\aSerGlyLeuG1uVaIGIyG1nThrProI1eA1aMetG1uI1eGluH15 heI1eG1nLeu11eThrG11Va1A1aVaIPheLeuGlxVa1SerPhePheVg]LguSgrLeuI1eLe GlyTyrSerTrpLeuGluAla
270 310
GTCATCTTCCTCATCGGCATCATCGTAGCCAACGTCCCCGAAGGGCTCTTGGCCACTGTTACTGTGTGCCTGACGCTGACAGCCAAGCGCATGGCTCGCAAGAACTGCCTGGTGAAGAACCTGGAGGCGGTGGAGACGCTGGGCTCCACG
alIlePheLeuIleG1111eI1eVa]A1aAanalProGluG11LeuLeuA1aThrVa1ThrVe1C1sLeuThrLeuThrA1 LysArgMetA1aArgLysAanysLeuVaILysAsnLeuGluA1aVe1G1uThrLeuGlySerThr
330 340 360
TCCACCATCTGCTCGGACAAGACAGGCACCCTCACCCAGAACCGCATGACGGTGGCTCACATGTGGTTTGACAACCAGATCCATGAGGCTGACACCACTGAAGATCAGTCTGGGGCCACTTTTGACAAGCGGTCCCCGACGTGGACAGCC
SerThrlleCysSerAspLysThrGlyThrLeuThrG1nAsnArgMetThrvalAlaHisMet TrpPheAspAsnGInlieHisG1uAlaAspThrThrGluAspGInSerGlyAlaThrPheAspLysArgSerProThrTrpThrAla
P 370 380 390 400 410
CTGTCTCGGATCGCTGGTCTCTGCAATCGTGCCGTCTTCAAGGC TGGGCAGGAGAACATCTCCGTGTC TAAGCGGGACACAGCTGGTGACGCCTCTGAGTCAGCTCTGCTCAAGTGCATCGAGTTGTCCTGTGGCTCAGTGAGGAAGATG
LeuSerArgI1eAlaG]yLeuCysAsnArgAIaVa1PheLysAlaG]yGlnGluAsnI1eSerValSerLysArgAspThrAlaGlyAspA1qSerG1uSerA1aLeuLeuLysCysIleGluLeuSerCysGlySerValArgLysMet
420
AGGGACAGGAATCCCAAGGTGGCAGAAATTCCCTTCAACTCTACCAACAAATATCAGCTTTCCATcCATGAGAGGGAAGACAGCCCCCAGAGCCATGTGCTGGTGATGAAAGGTGCCCCGGAGCGCATCCTGGACCGATGCTCTACCATC
ArgAspArgAsnProLysVa1A1aG1u11eProPheAsnSerThrAsnLysTyrG1nLeuSerI1eH1sG]uArgG]uAspSerProGInSerH1sVa1LeuValMetLysGlyAlaProGluArglleLeuAspArgCysSerThrI1e
480
CTGGTACAGGGCAAGGAGATCCCTCTTGACAAGGAGATGCAAGATGCcTTTCAAAACGCCTACATGGAGcTGGGAGGACTCGGGGAGCGAGTGCTGGGCTTCTGTCAGCTGAACCTGCcTTCTGGAAAGTTTCCTCGGGGCTTCAAATTT
LeuvValGInGlylysGlulleProLeuAsplysGluMetGinAspAlaPheG1nAsnAlaTyrMetGluLeuGlyGlyLeuGlyGluArgValleuGlyPheCysGinLeuAsnLeuProSerGlyLysPheProArgGlyPheLysPhe

520 530 540 550 560
GACACGGATGAGCTGAACTTTCCCACAGAGAAGCTCTGCTTTGTGGGGCTCATGTCTATGATTGATCCCCCCAGAGCAGCTGTGCCAGATGCTGTGGGCAAGTGCAGAAGTGCAGGCATCAAGGTGATCATGGTGACTGGGGATCACCCT
AspThrAspG1uLeuAsnPheProThrG1uLysLeuCysPheVa1G1yLeuMet$erMetI1eAspProProArgA1aA1aVa1ProAspAlaVa]G]yLysCysArgSerAlaGIyI1eLysVa1I1eMetVa1ThrG1yAspHisPro

570
ATCACAGCCAAGGCCATTGCCAAAGGTGTGGGCATCATATCAGAGGGTAACGAGACTGTGGAAGACATTGCAGCCAGGCTCAACATTCCTGTGAGTCAAGTCAATCCCAGAGAAGCCAAGGCATGTGTAGTGCACGGCTCAGACCTGAAG
I1eThrA\aLysAXaI1eA1aLysGlyVa]G1yI1eX1eSerG]uG!yAsnG]uThrVa]GluAspI]eA1aA]aArgLeuAsnI1eProVa1SerG1nVa1AsnProArgGluA1aLysA]eCysVa]Va1H1sG1y$erAspLeuLys

620 660
GACATGACTTCAGAGCAGCTGGATGAGATCCTCAGGGACCACACGGAGATCGTGTTTGCCCGGACCTCCCCTCAGCAGAAGCTCATCATTGTGGAGGGCTGTCAGAGGCAGGGAGCCATCGTGGCAGTGACTGGTGACGGGGTGAACGAC
AspMetThrSerGKuGlnLeuAspGluI1eLeuArgAspH1sThrG1uI1eValPheA\aArgThrSerProGlnG1nLysLeuI1eI1eVa1GluGlyCysG1nArgGlnG1yAla]leValA1aVa]ThrG1yAspGlyValAsnAsp

690 700 710
TCCCCCGCGCTGAAGAAGGCTGACATTGGCATTGCCATGGGCATCTCTGGCTCTGATGTCTCTAAGCAGGCAGCTGACATGATCCTTCTCGACGACAACTTTGCCTCCATTGTGACGGGCGTGGAGGAGGGGCGCCTGATCTTTGACAAC
SerProAlaleulysLysAlaAspIleGlylleAlaMetGlylleSerGlySerAspvalSerLysGinAlaAlaAspMet I1eLeuLeuAspAspAsnPheAtaSerIlevalThrGlyvalGIluGluGlyArgLeullePheAspAsn

720 730 740 750 760
CTGAAGAAGTCCATCGCGTACACCCTGACCAGCAACATCCCTGAGATCACCCCCTTCCTGCTGTTCATCATTGCCAACATCCCCCTTCCCCTGGGCACCGTGACCATCCTGTGCATCGACCTGGGCACAGACATGGTTCCTGCCATCTCA
LeulysLysSerlleAtaTyrThrleuThrSerAsnlieProGlu] 1eThrPruPheLeuLegPheI1eI1eAIaAsn11eProLeuProLeuG1zThrValThrIleLeuCzsI1 AspLeuGlyThrAspMetValProAlalleSer

770 790 HS 810
TTAGCATACGAAGCGGCTGAGAGCGACATCATGAAGAGGCAGCCACGGAACTCCCAGACGGACAAGCTGGTGAACGAGAGGCTTATCAGCATGGCTTACGGACAGATCGGCATGATCCAGGCTCTGGGCGGCTTCTTCACCTACTTTGTA
LeuA1aTyrG]uAlaA1aGluSerAspI1eMetLysArgG1nProArgAsnSerGWnThrAspLysLeuValAsnG1uArg euIle§erMetA1aT1rGlzGlnIleGlxMetl1eGlnAlaLeuG1zG11PhePhgThrTerheVa

860
ATACTGGCAGAGAACGGCTTCCTGCCATCGAGGCTGCTTGGGATCCGCCTTGACTGGGATGATCGGACTACCAACGACCTGGAGGACAGCTATGGACAAGAGTGGACCTATGAGCAGCGGAAGGTGGTGGAGTTCACATGCCACACGGCC
IIeLeuATaG7uAsnG1yPheLeuProSerArgLeuLeuG1yI1eArgLeuAspTrpAspAspArgThrThrAsnAspLeuGIuAspSerTyrGlyG1nG1uTrpThrTyrG7uG?nArgLysVa1VaIG?uPheThrCstisThrAl

890 910
TTcTTTGCCAGCATCGTGGTTGTGCAGTGGGCTGACCTCATCATTTGCAAGACCCGGCGCAACTCGGTGTTCCAGCAGGGCATGAAGAACAAGATCCTGATTTTTGGGCTGCTAGAAGAGACGGCTCTGGCTGCCTTCCTGTCTTACTGC
hePheA1aSerI1eVa1Va1Va1G1nTrgA1aAsgLeuI1eI1 CysLysThrArgArgAsnSerVu1PheG1nG]nG1yMetLysAsnLysIleLeuI1ePheG1zLeuLeuG1uG1uThrA]aLeuAlaA]aPheLeuSerTerz
940 950 960
CCGGGTATGGGGGTGGCCCTCCGAATGTACCCACTCAAGGTCACGTGGTGGTTCTGTGCCTTTCCCTACAGTCTCCTCATCTTCATCTATGATGAAGTCCGAAAGCTCATCCTGCGGCGGTACCCTGGGGGCTGGGTGGAGAAGGAGACG
roG]1MetG11Va1A1aLeuArgNetTerroLeuLysVa7ThrTrpTerheCysA]aPheProTyrSerLeuLeuI1ePhel1eTyrAspGluValArgLysLeuI1eLeuArgArgTerroG]yG1yTrpVaIG1uLysG1uThr

100
TACTACTGAGCTCACCGACAAAAGGAAGAACAGGGGAGATGGGGTGCTCCAGAGGGGCTGGTGGGTGTTGTGGTGAAGGGAAGGGCTGGGGAGACACAAGGAAGCGATGGTGGCGTGAACTCAGTGGGTAGGCTTGGGTAAATAAACTTG
TyrTyr

AGGAGACTGCTCCAACTGCTCCATAGGTCCCGCTGTGAACCCTAAGACAGTGCATGTTGGGGTCGCCTCCTCAGATCCTTCCCGTCCCACTCTCCCACATTGTCTACATTTTCTGAAGAACCGGGGGTCGCCCTAGCCCTCCCTGTGTCC
CAGTCCTTCACCCTCACCTGCATTATTCCATTATTCAAACAGATCAACACCCAAAGGTTAATCCTGTCTAACCCTGGAGGAAAGCCTGTCAGACCACCAGTACCCACCACTACCACCACCACCACCACCACCACCACCACCACCACCACC
ACCACCACCACCCCCTGTTCACTCCTCTTCCCATTCTTGCCTTCCTCACCTTCCTGCCTGAGTCTTCCCTTGLTCCTCCCCTTACACCTTGARAACACAAAATTCTGCTTCTGTGAGTGCAAGAGCCTAGGGCCAGAAAAGGAAGCCAGT
TGGAGAGATGGGGCCTGTCTCCCAGCCAAGACCAGT CAGGAACCAGAGGGGAGCTGGGC TGGCAAGTGGAGG TTGGGGTGCACTGGCTGAGAAAGAAAGAAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGAAAGGAAGGAAGGAA
GTGACCACAGGTGTGTCATCTCCAGCCTTCAGGTATATGGGACAGGCTCTGGATCTGTGAGAGACT TAAGAGACTAGCACACCAGCAGACCARATTCCCATCTCATCAGACTAGCAGTAAGTGCCACCCAGTGCCCCTCTGACCCTTGGG
TAGTGGTCCTCTCTGTCCACAAGGCTCAGATTTCACAGAAGGTTCAGCTATCTCAACCACATACTCTTGGGAACACCCCCCTTCTTTAGAATAATTAGTTCTCTGGGGCCTCGTGCTGTTCTGAGAGCCCCATTAGCTGCCACTTCTCCT
CGTGCTCTCTCACTGCCTTCTGCTTCCTACCCACCTGCTGAACCCACGTTATGTCCAGTATCGCCTTGCTTGTCCTGARAAAGGATCTCTTGGCCATTGGCAGGAATCAGTGTAGAAATGT TTCCAGGACATCCCTGACTTTCGGGAACA
TGCAGAATCAGTGTAGCTCATGACACAGTCAGAAACTTTAGACACAAGAGAAATTCTTAAGAGACCTATGCACCTTTGACCTCTCAGATTGAGACAGGAAGCTGGCTTCAGGTTCCTATGGCATAGAGTTATCTTTCCTTACTCTCTTCT
CAACCTAACGTATTCGCTCTTCAGACAGCTGCCTGTTCTCTAATCCTGGCCTAGAAAGCATAGCATAGATGCACCTGGATCAATGAGGGAAGCAAGAGAGAATCAGCAAGGAAACTGGAAGGCT TGAGGTGGGAATATGAAAGTCAAGAC
AAGCATCAAGCCAGGCCCAAGGGCCTCCCAAAGGCTACTGTCTCATCGTGGTGGATGGAGTTTTGCCTTACCCTARATACCTTGAAATTTGTCAGTCATGCATAGCCTTCAGTCGGAAGTCAAAATGGGACACCGTATTTATTTGGGCCT
GACTAATT TGAGATCACTGACTTTGAACAAAAGTTTACCTTTGCACAAT CAATAAAATCATCTGCTAGG TAAT TCAAGAGCATAAACGATACTGC TAGGAGCAGCATAGTTAGTTTCAAAGTATGCTTTCCGAGCACTTTAGCAATCTCC
CTTTAGAATCAGGAAGTGCATAGGCTAATTACTATCAGTCCCGATATATTTGTTAAAGGAACACCTACAAGATCCT TACTGGTGACCTT CTGTGAGACACTAGTTTGAGGCACTACATGTGTACTTGAARATAATAAAGTTGCATTTCTT
TATGAAT
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FIGURE 3: Nucleotide sequence of the cDNA for the Na*,K*-ATPase a(+) isoform of rat brain. Nts 1—4866 are from clone B4-4 and nts
4530-5107 from clone B9-5. The deduced amino acid sequence is numbered starting with the N-terminus of the mature protein (Lytton, 1985a)
and is preceded by five amino acids that occur in the primary translation product. The phosphorylation site (Asp-369) is indicated by P and

the major hydrophobic domains (H1-H8) are underlined.

at nts 3293, 4853, and 5085) (Proudfoot & Brownlee, 1976).
The primary translation product of a(+), like that of a, has
five additional amino acids at its N-terminus. The mature
brain a(+) protein consists of 1015 amino acids and has an
M, of 111736. Although molecular weight determination by
SDS gel electrophoresis suggests that a(+) is slightly larger
than a (Sweadner, 1979), this would appear to be due to the
anomalous migration rates of hydrophobic proteins on SDS
gels (de Jong et al., 1978).

The aIIl cDNA (Figure 4) has a 141-nt 5’-untranslated
sequence, a 1013 codon open reading frame, and a 378-nt
3’-untranslated sequence. The position of the initiation codon
is clear because it is the first ATG triplet, it is preceded by
an in-frame stop codon at nts 79-81, and it lies within a good
consensus sequence for initiation of translation (Kozak, 1984).

As the allI protein has not been identified previously, there
are no data available concerning the N-terminus of the mature
protein. The primary translation product has 1013 amino acids
and an M, of 111727. The extensive amino acid homology
with a and «(+), discussed below, clearly demonstrates that
allIl is an Na* K*-ATPase a-subunit isoform.
Organization of the a-Subunit Isoforms. The general or-
ganization of all three isoforms appears to be identical with
that of the sheep (Shull et al., 1985), pig (Ovchinnikov et al.,
1986), and T. californica enzymes (Kawakami et al., 1985)
described previously. Four major hydrophobic domains
(H1-H4), determined by hydropathy analysis (Kyte &
Doolittle, 1982), occur in the N-terminal third of the protein,
and each domain appears to represent a single transmembrane
pass. The phosphorylation site (Bastide et al., 1973) occurs
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GTGGGACCCACGGACCGACAGACGCACGCTCCCAACGCGGCGCGGGCGCTGCAGAGGCCCCCAGCCCGAGCCCGCGCCTGAGCCCGTCCTGCGGCCACCGCTCACCAGCCTGTCCGCCGCTCTTCCCGCGGAGCCGCCAAGATGGGGGAC
MetGlyAsp

AAAAAAGATGACAAGAGCTCGCCCAAGAAGAGCAAGGCCAAAGAGCGCCGGGACCTGGATGACCTCAAGAAGGAAGTGGCTATGACAGAGCACAAGATGTuAGTAGAAGAGGTCTGCCGGAAATACAATACCGACTGCGTGCAGGGTCTG
LysLysAspAspLysSerSerProLysLysSerLysAlaLysGIuArgArgAspLeuAspAspLeuLysLysGluVa\A1aMetThrGluH1sLysMetSerValGluGIuVaICysArgLysTyrAsnThrAsprsVaIGlnG]yLeu
10

ACACACAGTAAAGCCCAGGAGATCCTAGCCCGGGATGGGCCTAACGCCCTCACACCACCGCCCACCACCCCAGAATGGGTCAAGTTCTGCCGACAGCTATTTGGTGGCTTCTCCATCCTGCTGTGGATCGGGGCGATCCTTTGCTTCCTG
ThrH1sSerLysA1aG1nG\u!1eLeuA1aArgAspGlyProAsnA1aLeuThrProProProThrThrProG1uTrpValLysPheCysArgGIn euPh§G1¥G1!PheSerl1eLeuLeuTrQI1g611A1511nguCysPthgy

GCCTATGGCATCCAGGCAGGGACTGAGGATGACCCTTCCGGTGACAATCTGTACCTGGGCATAGTGCTGGCCGCTGTGGTGATCATCACCGGCTGCTTCTCCTACTACCAAGAAGCCAAGAGCTCTAAGATTATGGAGTCCTTCAAGAAC
AlaTyrGlyllel G1nAlaG1yThrG1uAspAspProSerG1yAspAsn euT rleuGlyllevValLeuAlaAtlaValvValllelleThrGlyC PheSerTeryrGlnG1uA]aLysSerSerLysl]eMetGluSerPheLysAsn
110 H2 130 140 150
ATGGTTCCCCAGCAAGCCCTTGTGATCCGGGAAGGTGAAAAGATGCAGGTGAATGCGGAGGAGGTGGTGGTCGGGGACCTGGTGGAGATCAAGGGTGGCGACCGGGTGCCCGCTGACCTGCGCATCATCTCGGCCCATGGCTGCAAGGTG
MetvalProGinGInAtaleuvallleArgGluGlyGluLysMetGInvalAsnAlaGluGluvalvalvalGlyAspLeuvalGlulleLysGlyGlyAspArgvalProAtaAspleuArgllelleSerAlaHisGlyCysLysval

160 170 180 190 200
GACAACTCTTCCCTGACTGGCGAATCTGAGCCTCAGACCCGCTCCCCGGACTGCACACACGACAACCCACTGGAGACCCGGAACATCACCTTCTTTTCCACCAACTGTGTGGAAGGCACCGCTCGTGATGTGGTGGTAGCCACAGGTGAC
AspAsnSerSerLeuThrG1yGluSerGluProGInThrArgSerProAspCysThrHisAspAsnProLeuGluThrArgAsnleThrPhePheSerThrAsnCysYalGluGlyThrAtaArgGlyYalVaivalAlaThrGlyAsp

210 220 230 240 250
CGCACCGTCATGGGCCGCATTGCCACCCTGGCCTCAGGCCTGGAGG TGGGCAAGACGCCCATCGCCATTGAGATCGAGCACTTCATCCAGCTCATCACTGGCGTGGCCGTGTTCCTGRGCGTCTCCTTCTTCATCCTCTCCCTCATTCTG
ArgThrValMetGlyArglieAlaThrLeuAlaSerGlyLeuGluvalGlyLysThrProlleAlalleGiulleGluHisPhelleGInLeulleThrGlyValAlavalPheLeuGlyValSerPhePhelleLeuSerLeulleLeu

260 270 280 290 H3 300
GGCTACACCTGGCTGGAGGCTGTCATCTTCCTCATCGGTATCATTGTGGCCAATGTCCCAGAGGGGCTGCTGGCTACTGTCACGGTGTGTCTGACGCTGACCGCCAAGCGCATGGC TCGRAAGAACTGTCTGGTAAAGAACCTGGAGGCE
GlyTyrThrTrpLeuGiuA 14Va1IlePheLeuI1eG1111eI1eVa1A1aAanalProGluG11LeuLeuA1aThrVa1ThrValCysLeuThrLeuThrA]aLysArgMetA\aArgLysAanysLeuValLysAsnLeuGluA]a

GTGGAGACGCTAGGCTCCACATCCACCATCTGCTCCGACAAGACCGGCACCCTCACCCAGAACCGCATGACCGTCGCCCACATGTGGTTTGACAACCAGATCCACGAGGCCGACACTACTGAGGATCAGTCAGGGACCTCTTTCGACAAG
ValGluThrLeuGlySerThrSerThrIleCysSerAspLysThrGlyThrleuThrGInAsnArgMetThrvalAlaHisMetTrpPheAspAsnGInI 1eHisG1uATaAspThrThrGTuASpGInSerGlyThrSerPheAspLys
P

360 370 380 ) . 390 400
AGCTCACACACCTGGGTGGCCCTGTCCCACATCGCCGGTCTCTGCAACCGGGCTGTCTTCAAGGGCGGGCAGGATAACATCCCTGTACTCAAGAGGGACGTGGCGGGTGATGCCTCAGAGTCCGCCCTGCTTAAGTGCATCGAGCTGTCC
SerHisThrTrpVa1SerA1aLeuSerH1sI1eA1:G1yLeuCysAsnArgA1aVa1PheLysG?yG]yG\nAspAsnI1eProVa1LeuLysArgAspVaYA1aGlyAspA1aSerGIuSerA1aLeuLeuLysCysI1eG1uLeuSer

430 450
TCGGGTTCCGTAAAGCTGATGCGCGAACGAAACAAGAAAGTGGCCGAGATTCCCTTCAACTCCACTAACAAATACCAGCTATCCATCCATGAGACTGAGGACCCCAATGACAACCGATACCTGTTAGTGATGAAGGGCGCCCCTGAACGC
SerGlySerVa1LysLeuNetArgG]uArgAsnLysLysVa1A1aGluI1eProPheAsnSerThrAsnLysTyrG1nLeuSerI1eHisG1uThrG]uAspProAsnAspAsnArgTereuLeuVa]MetLysGlyAlaProG1uArg

480 500
ATTCTGGACCGCTGTGCGACCATCCTCCTGCAGGGCAAGGAGCAGCCTCTGGATGAGGAGATGAAGGAGGCCTTCCAGAACGCCTACCTGGAGCTTGGTGGCCTGGGCGAGCGTGTGCTGGGTTTCTGCCATTACTACCTGCCGGAGGAA
11eLeuAspArgCysAlaThrI1eLeuLeuG1nGlyLysGluGlnProLeuAspG]uGluMetLysG]uAlaPheG]nAsnA]aTereuG]uLeuG1yG1yLeuG1yG1uArgVa1LeuGlyPheCysHisTerereuProGluGIu

550
CAGTTCCCCAAGGGCTTTGCCTTTGACTGTGATGACGTGAACTTCACCACAGACAACCTTTGCTTCGTGGGTCTCATGTCCATGATCGACCCTCCCCGGGCAGCTGTCCCTGATGCTGTGGGCAAATGCCGCAGTGCAGGCATCAAGGTC
G1nPheProLysG1yPheA1aPheAsprsAspAspVa]AsnPheThrThrAspAsnLeuCysPheVa1G1yLeuMetSerMet11eAspProProArgA]aA]aVa1ProAspA]aVa]GlyLysCysArgSerAlaGlyI1eLysVa1
590 600
ATCATGGTCACCGGCGATCACCCCATCACTGCGAAGGCCATCGCCAAAGGTGTAGGCATCATCTCCGAGGGTAACGAGACTGTGGAGGACATCGCTGCCCGGCTCAACATCCCTGTCAGCCAGGTCAACCCCAGGGATGCCAAAGCCTGT
I1eMetVa1ThrG1yAspH1sProI1eThrA1aLysA1aI1eA1aLysGlqu1G1yIleI1eSerG1uG1yAsnG1uThrVa1G1uAspI1eA]aA]aArgLeuAsnI1eProVa1SerGlnVa1AsnProArgAspA1aLysA1aCys
630 640
GTGATTCATGGCACCGACCTCAAGGACTTCACCTCTGAGCAGATTGACGAGATCCTACAGAACCACACTGAGATCGTCTTTGCCCGAACCTCCCCTCAGCAGAAGCTCATCATCGTGGAGGGCTGTCAGAGACAGGGAGCAATTGTGGCT
Va]I1eHisG]yThrAspLeuLysAspPheThrSerG1uG1nIleAspG]uI1eLeuG1nAanisThrG1uIleVa1PheA]aArgThrSerProG1nG1nLysLeuI]eI1eVa161uG1yCysG1nArgG1nG1yA]aIleVa1A15
670 680 630
GTGACTGGCGATGGTGTGAATGACTCCCCTGCTCTGAAGAAGGCTGATATTGGGGTGGCCATGGGCATTGCTGGCTCTGATGTCTCTAAGCAGGCTGCCGACATGATTCTGCTGGATGACAATTTTGCTTCCATTGTCACTGGTGTGGAG
ValThrGlyAspGlyvalAsnAspSerProAlaleulyslysAlaAsplleGlyvalAlaMetGlyIleAlaGlySerAspValSerLysGInAlaAlaAspMet]leLeuleuAspAspAsnPheAlaSerIleValThrGlyVaiGiu

710 720 730 740 750
GAAGGCCGCCTGATCTTTGACAACCTGAAGAAATCCATCGCCTACACTCTGACCAGCAACATCCCTGAGATCACACCCTTCCTTCTCTTCATCATGGCCAACATCCCACTGCCCCTTGGCACCATCACCATCCTCTGCATTGACCTGGGC
G1uG1yArgLeuI1ePheAspAsnLeuLysLysSer[1eA1aTerhrLeuThrSerAsnI1eProG1u 1eThrProPheLeuLguPth1eMgtA1gA;nI1ePrnguProLeuG11ThrlleThrI1eLeuCysI1 AspLeuG1y

780 HE 790
ACCGACATGGTCCCTGCAATCTCCTTGGCCTACGAGGCTGCAGAGAGTGACATCATGAAGAGGCAGCCCAGGAACCCACGCACAGACAAACTGGTCAACGAAAGGCTCATCAGCATGGCCTATGGGCAGATCGGGATGATCCAGGCCCTC
ThrAspMetvalProAlalleSerLeuAlaTyrGluATaATlaGluSerAsplleMet LysArgGInProArgAsnProArgThrAsplysleuvValAsnGluArgleulleSerMetAlaTyrGlyGinlleGlyMet I1eGInAlaley

8lo 820 830 840 850 H6
GGTGGTTTCTTCTCCTACTTTGTCATCCTGGCAGAAAATGGTTTCTTGCCCGGTAACCTGGTGGGCATCCGGCTCAACTGGGATGACCGCACTGTCAACGACC TGGAAGACAGC TACGGGCAGCAGTGGACTTATGAGCAGAGGAAGGTG
G1yGlyPhePheSerTyrPheVallleleuAlaGluAsnGlyPheleuProGlyAsnLeuValGlylleArgleuAsnTrpAspAspArgThrvalAsnAspLeuGluAspSerTyrGlyGInGInTrpThrTyrGluGinArgLysval

860 870 880 890 900

GTTGAGTTCACGTTCCACACAGCCTTCTTCGTGAGCATAGTGGTGGTCCAGTGGGCTGACCTGATCATTTGCAAGACCAGGAGGAATTCCGTCTTCCAGCAGGGCATGAAGAATAAGATCTTGATCTTCGGACTGT TTGAGGAAACGGCC

ValGluPheThrPheHisThrAlaPhePheValSerlievalvalvalGinTrpAlaAspleullelleCysLysThrArgArgAsnServalPheGinG1nGlyMetLysAsnLysIleLeullePheGlyLeuPheGluGluThrAla
H?

910 920 930 940 950
CTCGCTGCCTTCCTGTCCTACTGCCCAGGCATGGATGTGGCCCTTCGCATGTACCCGCTCAAGCCCAGCTGGTGGTTCTGTGCCTTCCCCTACAGTTTCCTCATCTTCATCTATGATGAGATTCGCAAACTCATCCTGCGCAGGAACCCC
euA1aAlaPheLeuSerTerstroG11MetAsgVa1A1aLeuArgNetTerroLeuLysProSerTrpTerheCysA1aPheProTyrSerPheLeuIlePheValTyrAspsluI1eArgLysLeuIleLeuArgArgAsnPro
960
GGGGGTTGGGTGGAGAAAGAGACCTACTATTGACCTCAGCCACCACGTCGCCCATGTCTTCCCTGCCCCCCAGCCCAGGACAGCCCTCTCCGGTCCCCCATTTTGTACTCTGGGGGGAGGGGCCTTCTCTCCCCATGGCCCCCCTCTCTC
GlyGlyTrpValGluLysGluThrTyrTyr ~

CTTGTGGCCCAGTCTCCTCTCCCACACCTCGGTTACCTCTCACTTTCCCTCATTTCTCCCTCTGGCTGGCTTCTCTCCCCCCACAGCCCCTGCCTCTCTTCTCCTTCCCTTTTCTRTGTCTCTCCCCCTCTCTCCCTTGCAGCCCTGECC
CTCATTTTCTCCCTGGGCTCTTTTTTACACCCCTGGGCCCTGTCTCCTGGCTAATGCCATCTCCGGTTCTAAATCTGAACAAT TATCAAATATATCAGTGGGGAGAG
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FIGURE 4: Nucleotide sequence of the cDNA (B3-5) for the Na*,K*-ATPase alll isoform of rat brain. The deduced amino acid sequence
is numbered by starting with the initiating methionine. The phosphorylation site (Asp-366) is indicated by P and the major hydrophobic domains

(H1-HB) are underlined.

around amino acid 370 in each protein and is followed by a
cytoplasic domain of over 400 amino acids. There are four
major hydrophobic domains (H5-H8) in the C-terminal re-
gions of the protein, and each may represent a single tran-
smembrane pass. However, HS could be a double pass, as
suggested for the Ca?*-ATPase (MacLennan et al., 1985), and
a short hydrophobic sequence following H8 might also cross
the membrane. A possible clue regarding the transmembrane
organization of the C-terminal region of the protein is the
presence of a potential phosphorylation site for a cAMP-de-
pendent protein kinase (Krebs & Beavo, 1979) in the H7-HS8
junction (Arg-Arg-Asn-Ser-Val; see Figure 6). There is ev-
idence that the Na*,K*-ATPase is regulated by cAMP
(Lingham & Sen, 1982), and if this site is involved, then it
should be on the cytoplasmic side.

Amino Acid and Nucleotide Sequence Similarities. Pair-
wise amino acid homology comparisons between the different
isoforms gave the following values for percent identity: « vs.
a(+), 86.3%; «a vs. alll, 85.3%; a(+) vs. alll, 86.3%. A
comparison of the three rat isoforms with the a-subunit of 7.
californica electric organ (Kawakami et al., 1985) gave the
following values: a, 86.6%; a(+), 83.3%; «lll, 83.0%. The

most substantial differences in amino acid sequence between
the three rat a-subunit isoforms occur in the N-terminal region
and in the region between the phosphorylation site and the
peptide that binds fluorescein isothiocyanate (amino acids
498-508 in «; Kirley et al., 1984; Farley et al., 1984). The
greatest similarities occur around the phosphorylation site
(perfect identity for 85 amino acids or more), in the major
hydrophobic domains (94-95% are identical), and in the 200
residues that precede HS (94-96% are identical). The latter
region includes two peptides, which bind 5’-[p-(fluoro-
sulfonyl)benzoyl]adenosine that may form part of the ATP
binding site (amino acids 650-666 and 704-722 in «; Ohta
et al., 1986). Pairwise nucleotide homology comparisons of
the protein coding regions gave the following values for percent
identity: a vs. a(+), 76.5%; a vs. alll, 76.2%; a(+) vs. alll,
79.0%. Comparisons of the 5’ and 3’-untranslated sequences
revealed no extended regions of similarity.

Presence of a Lysine-Rich Sequence in the N-Terminal
Region. A comparison of the N-terminal sequences of the
three rat a-subunit isoforms and the a-subunits of sheep (Shull
et al., 1985) and pig (Ovchinnikov et al., 1986) kidney, T.
californica electric organ (Kawakami et al., 1985), and the
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R - -+t
Ralll MGDKKDDKSSP - - RRDLDDLKKEVAMTEHEK
Ra(+) MGRGAGRE-YSPAATTAENGGG EKELDELKKEVAMDDHK
Ra MGKGVGRDKYEPAAVSEHGD - - ERDMDELKKEVSMDDHEK
Sa MGKGVGRDKYEPAAVSEHGD - - ERDMDELKKEVSMDDHEK
Pa MGKGVGRDKYEPAAVSEHGD - - ERDMDELKKEVSMDDHEK
Ta MGKGAASEKYQPAATSENA-- - TTDLDELKKEVSLDDHK
Aa A GKDLNELKKELDIDFHK

FIGURE 5: Comparison of the N-terminal amino acid sequences of the Na*,K*-ATPase a-subunit isoforms from several species. The sequences
shown are for the rat isoforms [Ralll, Ra(+), and Ra), sheep kidney a [Sa; data from Shull et al. (1985)], pig kidney a [Pa; data from
Ovchinnikov et al. (1986)], Torpedo californica electric organ a [Ta; data from Kawakami et al. (1985)], and the a-subunit of the brine shrimp
Artemia salina [Aqa; data from Morohashi and Kawamura (1984)). T2 indicates the possible location of trypsin site 2, which is rapidly cleaved
when the enzyme is in the E;Na conformation (Jorgensen et al., 1982b). The box encloses a lysine-rich sequence that may serve as a movable,
positively charged gate during cation binding and occlusion (see Discussion). The consensus charge on the residues following the lysine-rich
sequence is indicated.

___ H1-H2 H3-H4 H5 -H6
Ra QROATEEEP®ONDD® EYTWLE DLGTOMVPAISLAYEQAESDIMKRQPRNPKTDKLVNER
Sa QAATEEEPQNDN EYTWLE DLGTDMVPAISLAYEQAESDIMKRQPRNPQTDKLVNER
Pa AATEEEPQNDN YIWLE DLGTOMVPAISLAYEQAESDIMKRQPRNPKTDKLVNEQ
Ra(+) @A@E@EP NO® Q@YOWLE DLGTOMVPAISLAVYE AESDIMKRQPRN@@TDKLVNER
Ralll AGTEDDPSGON GYTWLE DLGTOMVPAISLAYEAAESDIMKRQPRNPRTDKLVNER

HE -H7 H7-H8
Ra ENGFLPOHLLGIROTWNDDRWINDVEDSYGQQWTYEQRKIVE CKTRRNSVFQQGMEKNK
Sa ENGFLPNHLLGIRVTWDDRWINDVEDSYGQQWTYEQRKIVE CKTRRNSVFQQGMKNEK
Pa ENGFLPJHLLGLRYNWDDRWINDYEDSYGQQWTYEQRKIVE CKTRRNSVFQQGMKNEK
Ra(+) ENGFLP ®LLGIR©®NDDR® NDQEDSYGQEOWTYEQRKWVE CKTRRNSVFQQGMKNK
Ralll ENGFLPGNLVGIRLNWDDRTVNDLEDSYGQQWTYEQRKVVE CKTRRNSVFQQGMEKNK
HB-END

Ra RMYPLKPTWWFCAFPYSLLIFVYDEVRKLITRRRPGGWVEKETYY
Sa RMYPLKPTWWFCAFPYSLLIFVYDEVRKLITRRRPGGWVEKETYY
Pa RMYPLK TNNFCAFPYSLLIFVYDEVRKLIIRR&PGGNVEKETYY
Ra(+) RMYPLKMDTWWFCAFPYSLLIFOYDEVRKLIQRRYPGGHWVEKETYY
RAIIl RMYPLKPSWWFCAFPYSFLIFVYDEIRKLILRRNPGGWVEKETYY

FIGURE 6: Comparison of potential extracellular sequences of the Na*,K*-ATPase a-subunit isoforms from several mammalian species. H1-H2
etc. refer to the junction between the major hydrophobic domains H1 and H2 etc. (see Figures 2-4). The sequences shown are for the rat
isoforms [Ra, Ra(+), and Ralll], sheep kidney a [Sa; data from Shull et al. (1985)], and pig kidney «a [Pa; data from Ovchinnikov et al.
(1986)]. The H1-H2 and H3-H4 junctions are known to be on the extracellular side; the location of the remaining sequences are not known.
Two comparisons are illustrated: (1) The circled R« residues differ from both the S and Pa residues; some of these amino acid variations
may account for the species differences in cardiac glycoside sensitivity of the renal enzyme. (2) The circled Ra(+) residues differ from the
Ra residues; some of these variations may account for the tissue differences in cardiac glycoside sensitivity.

brine shrimp Artemia salina (Morohashi & Kawamura, 1984) 1983; Sweadner, 1979). As the ouabain binding site is known

is shown in Figure 5. The first five amino acids of rat, sheep, to be located on the extracellular side of the membrane, we
and pig a and rat a(+) are known to be removed by post- have compared the potential extracellular sequences for these
translational processing (Lytton, 1985a; Shull et al., 1985; enzymes and the rat «III isoform (Figure 6). Because there
Ovchinnikov et al., 1986), and judging by the amino acid is no conclusive evidence regarding the transmembrane or-
homology, it is likely that this is also true for the Torpedo ganization in the C-terminal regions of the protein, the C-
enzyme. The first 11 amino acids of alII are not homologous terminus and all of the junctions between the major hydro-
to the other forms, and the brine shrimp enzyme is missing phobic domains in this part of the catalytic subunit have been
approximately 15 amino acids of the initial sequence. Ly- included in the comparisons.
sine-16 of the mature rat, sheep, and pig « form is the first There are 24 amino acids in rat « that differ from both
residue of a sequence (boxed in Figure 5) that is highly variable sheep and pig «, and only 6 of these residues (circled in the
in the different forms and species yet retains the distinctive rat « sequence in Figure 6) are in potential extracellular do-
feature of richness in lysine residues. Interestingly, the mains. Four of them are in the H1-H2 junction and the
H* K*-ATPase from rat stomach (Shull and Lingrel, in press) remaining two are in the H6-H?7 junction. If the species
has a similar lysine-rich sequence (KKKAGGGGGKKEK) differences in cardiac glycoside sensitivity are due to sequence
near its N-terminus. The boundary of this domain on the changes at the ouabain binding site [as suggested by the work
N-terminal side is apparent from the amino acid homology of Periyasamy et al. (1983)] rather than at some site that
but may extend beyond the boxed residues on the C-terminal affects binding from a distance, then one or more of these six
side. The sequence following the lysine-rich sequence is highly amino acids would appear to be involved. There are 140 amino
conserved. A consensus charge is apparent in a number of acids in rat a(+) that differ from rat «, and 24 [circled in the
positions, and there are three additional lysine residues that a(+) sequence in Figure 6] are in potential extracellular do-
are conserved in all of the forms. mains. The variations in the C-terminal regions are unlikely
Identification of Amino Acid Residues That May Affect to account for the sensitivity differences between the two
Cardiac Glycoside Sensitivity. The availability of full sequence isoforms. In almost all of the positions in this region that differ
for ouabain-sensitive and -insensitive forms of the Na* K*- between rat « and a(+), the resistant o form has the same
ATPase allows an investigation of the residues that may be amino acid as the sheep and pig enzymes, which are sensitive.
involved in the well-known species and tissue differences in The same is true for the two amino acid differences in the
ouabain sensitivity. The rat kidney enzyme is resistant to H3-H4 junction. However, in the H1-H2 junction rat «
cardiac glycosides; the sheep and pig kidney enzymes and the differs from a(+) at all of the positions at which it differed
rat brain a(+) isoform are sensitive to cardiac glycosides from sheep and pig «. Although a(+) differs from sheep and

(Periyasamy et al., 1983; Wallick et al., 1980; Ahmed et al., pig a at four positions, it is similar in that it has uncharged
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amino acids adjacent to the transmembrane domains.

DISCUSSION

The existence of multiple forms of the Nat,K*-ATPase has
been known for many years, but questions have remained
concerning the number of isoforms, their genetic basis, and
their functional and structural differences. In order to address
these questions, we isolated and characterized Na*K*-ATPase
a-subunit cDNAs from rat kidney and brain. In addition to
c¢DNAs for the well-known a and a(+) forms we isolated
c¢DNAs for a third brain form, designated aIII, that had not
been identified previously. The oIII mRNA is clearly not the
product of a pseudogene as the sequence shows that it has the
translation start and stop signals and open reading frame of
over 1000 codons expected for a functional e-subunit mRNA.
The existence of alIl, which was not predicted by the available
biochemical data, raises the possibility that there may be
additional isoforms besides the three presented here. A def-
initive answer regarding the genetic basis for the multiple
a-subunit isoforms will require the isolation and characteri-
zation of their genomic sequences. However, on the basis of
the data presented here it seems clear that they are the
products of separate genes. If they were the result of dif-
ferential processing of a single gene, then there should be some
coding regions in common. This is not the case. Although
amino acid sequence comparisons reveal extensive regions of
perfect identity, the codon usage within these regions differs.
The nucleotide homology in the protein coding region is less
than 80%, and there is little detectable homology in the un-
translated regions. As the amino acid homology between the
three rat isoforms is about the same as that with the Torpedo
enzyme, it seems likely that divergence of the genes encoding
the three isoforms was an ancient evolutionary event.

It is known that Na* and K* are occluded within the
Na*,K*-ATPase during each turnover of the pump and that
occlusion requires conformational changes in the enzyme
(Beaugé & Glynn, 1979; Glynn et al., 1984). One of the lysine
residues that lies within the lysine-rich sequence appears to
correspond to trypsin site 2 (see Figure 5), which is highly
accessible in the E;Na conformation but much less accessible
in the E,K form [for a review see Jorgensen et al. (1982a,b)].
Proteolytic cleavage at this site alters the equilibrium between
the E; and E, conformations (Jorgensen & Karlish, 1980).
Thus, it appears that the conformational shift that results in
cation occlusion involves movement of the lysine-rich sequence.
A possible function of this domain is to serve as a movable,
ion-selective gate, which controls the passage of Na* and K*
to and from the binding sites occupied during certain stages
of the transport process. Positively charged amino acid side
chains would be a logical feature of a gate controlling passage
of cations.

Species and isoform differences in cardiac glycoside sen-
sitivity are known to be due to large differences in the disso-
cation rate rather than in the association rate (Tobin & Brody,
1972). For the sensitive enzymes, but not for the resistant
forms, binding of the drug is apparently followed by a con-
formational change that results in a stable, enzymatically
inactive complex. Akera et al. (1979a) proposed that the
resistant species lack a “lipid barrier” that regulates the release
of cardiac glycosides. This hypothesis was based on the ob-
servation that, for the sensitive enzymes, K* lowers the rate
of release of the more hydrophilic drugs but has little effect
on the rate of release of the more hydrophobic compounds
(Akera & Brody, 1971; Akera et al., 1974, 1978, 1979b). This
proposal is consistent with the observed amino acid differences
between rat « and the sensitive forms (Figure 6). It is possible
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" that conformational changes occurring after ouabain binding

to the sensitive forms involve alterations in the relationship
of the H1-H2 junction with the lipid bilayer and that these
alterations allow the formation of a stable complex. In the
case of rat o the presence of the charged amino acids Arg and
Asp at the boundaries of the H1-H2 junction might interfere
with such an alteration. Hence, the lipid barrier that prevents
dissociation from a sensitive enzyme does not form in the
resistant enzyme. It is possible that one or more of the other
changes in rat a, such as the Pro in the H1-H2 junction, are
compensatory changes that allow the necessary range of
conformations that must occur during the catalytic cycle.

Previous studies using photoaffinity and other types of de-
rivatives of ouabain (Fortes, 1977; Goeldner et al., 1983;
Jorgensen et al., 1982a) and examination of the amino acid
sequence derived from a cDNA (Shull et al., 1985) indicate
that the ouabain binding site may be composed of several
regions distantly separated in the primary sequence. From
these previous studies it appears that ouabain binds to se-
quences in the C-terminal regions and to the H3-H4 junction.
The results of the present study suggest that the H1-H2
junction is also involved. It could conceivably interact with
the lactone ring. Thomas et al. (1974) have suggested that
the lactone ring may fit into a cleft on the surface of the
enzyme that contains one or more anionic sites. With the
availability of cDNAs containing the entire coding regions of
the sensitive and insensitive forms of the enzyme, it is now
possible to test these and other hypotheses concerning the
molecular basis of cardiac glycoside binding and sensitivity
by using site-directed mutagenesis techniques.
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