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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 Na+,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 a isoform. The third 
class of cDNA, which spans 3.55 kilobases, was present a t  low abundance and encodes an isoform of the 
a-subunit, designated aIII, 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. 

%e 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 (1 986) and 
Schwartz et al. (1975)l. The enzyme consists of two subunits, 
a catalytic subunit (a) of MI 112000 and a glycoprotein 
subunit (p) of unknown function with an MI of 35 000 for the 
protein component. The complete amino acid sequences for 
the a and p 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 a, 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 SDSl-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, 1985k Lytton et al., 1985). 

The present study was conducted in order to determine the 
complete primary structure of the rat a 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 
cDNA libraries from rat kidney, which contains the oua- 
bain-resistant a 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 NaC1, 20 mM Tris-HC1, 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(hydroxymethy1)aminomethane; kb, kilobase(s). 
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FIGURE 1: Restriction map and sequencing strategy for the Na+,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 a111 was determined from clone B3-5. 

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

EXPERIMENTAL P R O C E ~ R E S  
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 
cDNA 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 OC in 6 X SET, 
5 X Denhardt's solution, 0.1% SDS, and 100 pug of denatured 
salmon sperm DNA/mL and then hybridized with a 32P-la- 
beled (Maniatis et al., 1982) 2.7-kb XhoI-BgnI fragment from 
a sheep kidney Na+,K+-ATPase a-subunit cDNA (Shull et 
al., 1985). Hybridization was performed at  58 OC for 24 h 
in 60 mL of the same solution containing 5 X lo6 dpm/mL. 
The filters were washed 4 times for 30 min each at 58 OC in 
6 X SET and 0.1% SDS and then washed for 1 h at  58 O C  

in 3 X SET and 0.1% SDS. Following autoradiography the 
filters were washed for 1 h at 63 OC in 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 a(+),  which were determined from only one 
strand. The kidney a 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 
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GGAGCCTCGGCGGGAGGAGGCGGACACGTGGCAGCGGCGGCGGCAGCGGCAGCAGCAGCGGCGGCAGCAGCGGCGGCCTCGGTCCGGGGCGCCGGCCGTCCTCCCTCTTTCCTCCGGCGGCAGCCCTAGTTCCCGCCTCTCGGCTCCCCC 

GGCTCCACTCTCCCAGCCGGGAGCTGCTCTCTCCTCTTTCTAGTCTCCAGCCACAGGACCCGGCGCGGGGCCCGCAGCGCCGCCACCATGGGGAAGGGGGTTGGACGAGACAAGTATGAGCCCGCAGCTGTATCAGAACATGGGGACAAG 
MetGlyLysGlyValGlyArgAspLysTyrGluProAlaAlaValSerGluHisGlyAspLys 
- 5  -1 1 10 

AAGAGCAAGAAGGCGAAGAAGGAAAGGGACATGGACGAACTCAAGAAGGAAGTGTCTATGGACGACCATAAACTCAGCCTGGATGAACTCCATC~T~TACGGAACAGATTTGAGCCGAGGCCTAACACCCGCAAGGGCCGCTGAGATC 
LysSerLysLysAlaLysLysGluArgAspMetAspGluLeuLysLysGluValSerMetAspAspHi sLysLeuSerLeuAspGluLeuHisArgLysTyrGlyThrAspLeuSerArgGlyLeuThrProAl~rgAlaAlaGlulle 

CTGGCTCGGGATGGCCCCAACGCCCTCACGCCCCCTCCCACTACTCCCGAGTGGGTC~TTCTGTCGGCAGCTGTTCGGTGGCTTCTCCATGTTACTGTGGATTGGAGCCATTCTTTGTTTCTTGGCTTATGGCATCCGAAGTGCTACA 
LeuA1aArgAspGlyProAsnAlaLeuThrProProProThrThrProGluTrpValLysPheCysArgGlnLeuPheGlvGlvPheSerMe LeuLeuTrDtleGlvAlaIleLeuCvsPheLeuAlaTvrGlvlleArgSerAlaThr 

GAAGAGGAACCACCAAATGATGATCTGTACCTCGGGGTCGTGCTGTCTGCTGTCGTCATCATAACTGGCTGTTTCTCCTATTATCAAGAAGC~AAGCTCC~GATCATGGAATCCTTCAAGAACATGGTCCCTCAGC~GCCCTCGTG 
GluGluGluProProAsnAspAspLeuTvrLeuGlvValValLeuSerAlaValValIlelleThrGlvCvsPheSerTyrTyrGlnGluAlaLysSerSerLyslleMetGluSerPheLysAs~etValProGlnGlnAlaLeuVal 

ATTCGAAATGGAGAGAAGATGAGCATCAACGCAGAGGATGTCGTCGTTGGTGATCTGGTGGAGGTGAAGGGCGGAGACCGAATCCCTGCTGATCTCAGAATCATATCTGC~TGGCTGCAAGGTGGATAACTCCTCACTCACTGGTGAA 
IleArgAsnGlyGluLysMetSerIleAsnAlaGluAspValValValGlyAspLeuValGluValLysGlyGlyAspArglleProAlaAspLeuArgtlelleSerAlaAsnGlyCysLysValAspAsnSerSerLeuThrGlyGlu 

TCAGAACCCCAGACTCGGTCCCCGGATTTCACAAACGAGAACCCCTTGGAGACAAGGAACATTGCCTTCTTCTCAACCAACTGTGTTGAAGGAACTGCACGTGGCATCGTTGTGTACACTGGGGATCGCACCGTGATGGGCAGGATCGCC 
SerGluProGlnThrArgSerProAspPheThrAsnGluAsnProLeuGluThrArgAsnlleAlaPh~PheSerThrAsnCysValGluGlyThrAl~rgGlytleValValTyrThrGlyAspArgThrValMetGlyArgIleAla 

ACCCTTGCTTCTGGGCTGGAAGGCGGCCAGACCCCCATTGCTGAAGAAATCGAGCACTTCATCCACCTCATCACGGGTGTGGCCGTGTTCCTGGGGGTGTCTTTCTTCATTCTCTCTCTGATCCTTGAGTACACCTGGCTCGAGGCTGTC 
ThrLeuAlaSerGlyLeuGluGlyGlyGlnThrProIleAlaGluGluIleGluHisPhelleHisLeutleThrGl~ValAlaValPheLeuGlvValSerPhePhetleLeuSerLeulleLeuGluTyrThrTrpLeuGluA~ 

ATCTTCCTCATTGGTATCATCGTAGCCAACGTGCCGG~GGTTTGCTGGCCACCGTCACGGTATGTCTGACGCTCACTGCCAAGCGCATGGCGAGGAAGAACTGCCTGGTG~GAACCTGGAAGCTGTGGAGACCTTGGGGTCCACATCC 
IlePheLeuIleGlvIleIleValAlaAsnValProGluGlvLeuLeuAlaThrValThrValCvsLeuThrLeuThrAlaLysArgMetAlaArgLysAsnCysLeuValLysAsnLeuGluAlaValGluThrLeuGlySerThrSer 

ACCATCTGCTCCGACAAGACTGGAACTCTGACTCAGAACCGGATGACAGTGGCTCACATGTGGTTTGACAATCAAATCCATGAAGCTGACACCACAGAG~TCAGAGTGGGGTCTCCTTTGACAAGACGTCAGCCACCTGGTTCGCTCTG 
ThrIleCysSerAspLysThrGlyThrLeuThrGlnAsnArgMetThrValAlaHisMetTrpPheAspAsnGlnlleHisGluAlaAspThrThrGluAsnGlnSerGlyValSerPheAspLysThrSerAlaThrTrpPheAlaLeu 

TCCAGAATTGCTGGTCTCTGTAACAGGGCAGTGTTTCAGGCTAACCAAGAAAACCTGCCTATCCTTAAGCGTGCAGTAGCGGGAGATGCTTCCGAGTCGGCGCTCTT~GTGCATCGAGGTCTGCTGTGGCTCCGTGATGGAGATGAGG 
SerArgIleAlaGlyLeuCysAsnArgAlaValPheGlnAlaAsnGlnGluAsnLeuProIleLeuLysArgAlaValAlaGlyAspAlaSerGluSerAlaLeuLeuLysCyslleGluValCysCysGlySerValMetGluMetArg 

GAGAAGTACACCAAGATAGTGGAGATTCCTTTCAACTCCACCAACAAGTACCAGCTCTCCATTCACAAGAACCCAAACGCATCGGAGCCTAAGCACCTGCTAGTGATGAAGGGCGCCCCAGAAAGGATCCTGGACCGATGCAGTTCTATC 
GluLysTyrThrLysIleValGluIleProPheAsnSerThrAsnLysTyrGlnLeuSerlleHisLysAsnProAsnAlaSerGluProLysHisLeuLeuValMetLysGlyAlaProGluArglleLeuAspArgCysSerSerlle 

CTCCTCCACGGCAAGGAGCAGCCCCTGGACGAAGAGCTGAAGGACGCCTTTCAGAATGCCTACCTAGAGCTGGGGGGCCTTGGAGAGCGTGTGCTAGGTTTCTGCCACCTCCTTCTGCCTGACGAACAGTTTCCCGAAGGCTTCCAGTTT 
LeuLeuHi sGlyLysGl uGlnProLeuAspGiuGluLeuLysAspA1 aPheGl nAsnAlaTyrLeuGluLeuGlyGlyLeuGlyGluArgVa1 LeuGlyPheCysHi SLeuLeuLeuProAspGluGlnPheProGluGlyPheGlnPhe 

GACACTGATGAAGTCAATTTCCCCGTGGATAACCTCTGCTTCGTGGGTCTTATCTCCATGATTGACCCTCCTCGAGCTGCTGTCCCCGATGCTGTGGGC~TGCCGCAGCGCTGGGATTAAGGTCATCATGGTCACAGGAGACCATCCA 
AspThrAspGluValAsnPheProValAspAsnLeuCysPheValGlyLeuIleSerMettleAspProProArgAlaAlaValProAspAlaValGlyLysCysArgSerAlaGlylleLysValIleMetValThrGlyAspHisPro 

ATCACAGCCAAAGCCATTGCTAAGGGGGTGGGCATTATCTCAGAAGGTAACGAGACCGTGGAAGACATTGCTGCCCGCCTCAACATTCCAGTGAACCAGGTGAACCCCAGAGATGCCAAGGCCTGTGTAGTACATGGCAGTGACTTGAAG 
IleThrAlaLysA1aIleAlaLysGlyValGlyIleIleSerGluGlyAsnGluThrValGluAsplleAl~laArgLeuAsnlleProValAsnGlnValAsnProArgAspAlaLysAlaCysValValHisGlySerAspLeuLys 

GACATGACCTCTGAGGAGCTGGATGACATTTTGCGGTACCACACGGAGATTGTCTTTGCTAGGACCTCTCCTCAACAGAAGCTCATCATTGTGGAGGGCTGCCAGCGGCAGGGTGCCATCGTGGCTGTCACAGGGGATGGTGTCAATGAC 
AspMetThrSerGluGluLeuAspAspIleLeuArgTyrHisThrGluIleValPheAlaArgThrSerProGlnGlnLysLeutlelleValGluGlyCysGlnArgGlnGlyAlalleValAlaValThrGlyAspGlyValAsnAsp 

T C T C C A G C T T T G A A A A A G G C A G A T A T T G G G G T T G C C A T G G G C T G C T G A C A T G A T T C T T C T G G A T G A C A A C T T T G C C T C C A T C G T G A C T G G A G T A G A A G A A G G T C G T C T G A T A T T T G A T A A C  
SerProAlaLeuLysLysAlaAspIleGlyValAlaMetGlyIleValGlySerAspValSerLysGl~laAlaAspMetlleLeuLeuAspAspAsnPheAlaSerlleValThrGlyValGluGluGlyArgLeuIlePheAspAsn 

TTGAAGAAATCCATTGCTTACACCCTAACAAGTAACATTCCGGAAATCACCCCCTTCTTGATATTTATTATTGCAAACATTCCACTGCCCCTGGGCACCGTG~CCATCCTCTGCATTGACTTGGGCACTGACATGGTTCCCGCCATCTCT 
LeuLysLysSerIleAlaTyrThrLeuThrSerAsnIleProGluIleThrProPheLeullePheIleIleAlaAsnIleProLeuProLeuGlvThrValThrlleLeuC~slleAspLeuGlyThrAspMetValProAlaIleSer 

CTGGCCTATGAACAGGCTGAAAGTGACATCATGAAGAGGCAGCCCAG~TCCCAAAACGGACAAACTTGTGAACGAGCGTCTGATCAGCATGGCCTATGGACAGATCGGTATGATCCAGGCCCTGGGAGGCTTCTTCACTTATTTTGTG 
LeuAlaTyrGluGlnAlaGluSerAspIleMetLysArgGlnProArgAsnProLysThrAspLysLeuValAsnGluArgLeuIleSerMetAlaTvrGlvGlntleGl~MetlleGlnAlaLeuGlvGlvPhePheThrTvrPheVal 

ATTCTGGCTGAGAACGGTTTCCTGCCCTTTCACCTGTTGGGCATCCGAGAGACCTGGGATGACCGCTGGATCAATGATGTGGAGGACAGCTACGGGCAGCAGTGGACCTACGAGCAGAGGAAGATTGTGGAGTTCACCTGCCACACGGCC 
IleLeuAlaG1uAsnGlyPheLeuProPheHisLeuLeuGlyIleArgGluThrTrpAspAspArgTrpIleAsnAspValGluAspSerTyrGlyGlnGlnTrpThrTyrGluGlnArgLyslleValGluPheThrCvsHisThrAla 

TTCTTTGTCAGTATCGTGGTAGTGCAGTGGGCTGACTTGGTCATCTGCAAGACCAG~GGAATTCTGTCTTCCAGCAGGGAATGAAGAACAAGATCTTAATATTTGGCCTCTTTGAAGAGACAGCTCTTGCTGCTTTCCTGTCCTACTGC 
PhePheValSerIleValValValGlnTrpAlaAsDLeuVal IleCysLysThrArgArgAsnSerValPheGlnGlnGlyMetLysAsnLyslleLeutlePheGlvLeuPheGluGluThrAlaLeuAlaAlaPheLeuSerTvrCvs 

CCTGGGATGGGTGCAGCCCTTAGGATGTATCCCCTCAAACCTACTTGGTGGTTCTGTGCCTTCCCCTACTCCCTTCTCATCTTCGTGTATGACGAGGTGCGGAAGCTCATCATCAGGCGACGCCCTGGCGGCTGGGTGGAGAAGGAAACC 
ProGlvMetGlvAlaAlaLeuArgMetTyrProLeuLysProThrTrpTrpPheCysAlaPheProTyrSerLeuLeullePheValTyrAspGluValArgLysLeullelleArgArgArgPrnGlyGlyTrpValGluLysGluThr 

TACTACTAGCCCACTGCCCTGCACGCCGTGGAACATTGTGCCACACACTGCACCTACCCCTACCCCCCCTTTGTGTACTTCAAGTCTTGGAGCTCGGAACTCTACCCTGGTAGGAAAGCACCAAAGCATGTGGGGATCCAGACGTCCTGG 
TyrTyr 

AATGAAGCATGTAGCTGTAATGGGGGGCGGGGGGAGGGCTGCCCGAAAAACACCGTGGACGGGGACGACAGCGGGGAAGGTTTATATGTGCCTTTTTGTTTTTGT~GGAAAACCTGGAAAGACTG~GAlTACGTTTTATATCT 
GGATTTTTACAAATAAAGATGGCTATTATAACGGAA 

2 0  30 4 0  50 60 

70 8 0  9 0  c 110 

1 2 0  1 3 0  H2 1 4 0  1 5 0  160 

110  1 8 0  1 9 0  200 2 1 0  
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4 7 0  4 8 0  4 9 0  500 510 
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FIGURE 2: Nucleotide sequence of the cDNA for the Na+,K+-ATPase a isoform of rat kidney and brain. The sequence shown is for brain 
cDNA 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 bv five amino acids occurring in the Drimarv translation product. The phosphorylation site (Asp-371) is indicated by P and 
the major hydrophobic domains (Hl-H8) are underhned. 

an mRNA that encodes a low-abundance a-subunit isoform 
(aIII), 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 a111 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 a 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 112 573. 

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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T G C C A G G G T C T C C A G C T G C C C C A G A C A G G C G G T G T G G T C T T G G G A T C C T C C T G G T G A t C G G C G T G A G T A C T C G C C T G C C G C C A C C A C T G C G G A G A A T  
MetGlyArgGlyAlaGlyArgGluTyrSerProAlaAlaThrThrAlaGluAsn 
-5 -1 I 10 

GGGGGTGGCAAGAAGAAACAGAAAGAGAAGGAGCTCGATGAGCTGAAGAAGGAGGTTGCCATGGATGACCACAAGCTGTCCTTGGATGAGCTGGGCCG~TACCAAGTGGATCTGTCCAAGGGCCTCACCAACCAGCGAGCTCAGGAT 
GlyGlyGlyLysLysLysGlnLysGluLysGluLeuAspGluLeuLysLysGluValAlaMetAspAspHisLysLeuSerLeuAspGluLeuGlyArgLysTyrGlnValAspLeuSerLysGlyLeuThrAsnGl~rgAlaGlnAsp 

ATTCTGGCTAGAGACGGACCCAACGCCCTCACTCCACCCCCTACAACTCCTGAGTGGGTCAAGTTCTGCCGTCAGCTTTTTGGGGGCTTCTCTATCCTGCTGTGGATTGGGGCGCTTCTCTGCTTCTTAGCCTATGGTATCCTGGCCGCC 
IleLeuAlaArgAspGlyProAsnAlaLeuThrProProProThrThrProGluTrpValLysPheCysArgGlnLeuPheGlvGlvPheSerlleLeuLeuTr~lleGlvAlaLeuLeuCvsPheLeuAlaTvrGlvlleLeuAlaAla 

ATGGAGGACGAACCATCCAATGACAATTTATATCTAGGTATCGTGCTAGCAGCTGTAGTTATCGTCACTGGCTGCTTCTCCTACTACCAGGAAGCC~GC~CCAAGATTATGGACTCCTTCAAGAACATGGTGCCTCAGCAAGCTCTG 
MetGl uAspG 1 u P r o S e r A s n A s p A s n L e u T v r L e u G l r I l e Y a l S e r T y r l y f f i l n G 1  uAlaLysSerSerLys I leMetAspSerPheLysAsnMetVa1 ProGl nG1 nAl aLeu 

GTCATCCGAGAGGGAGAGAAGATGCAGATCAATGCAGAGGAGGTGGTCGTGGGAGACCT~TGGAAGTGAAGGGTGGAGACCGTGTCCCCGCTGACCTCCGGATCATCTCCTCCCACGGTTGCAAGGTGGATAACTCATCCCTGACAGGG 
ValIleArgGluGlyGluLysMetGlnIleAsnAlaGluGluValValValGlyAspLeuValGluValLysGlyGlyAspArgValProAlaAspLeuArgllelleSerSerHisGlyCysLysValAspAsnSerSerLeuThrGly 

GAGTCGGAGCCCCAGACCCGGTCCCCTGAGTTCACCCATGAGAATCCCTTGGAGACCCGCAATATCTGTTTCTTCTCTACCAACTGTGTGGAAGGCACTGCCAGGGGCATTGTGATCGCCACAGGTGACCGGACGGTGATGGGCCGCATA 
GluSerGluProGl nThrArgSerProGluPheThrHi sGluAsnProLeuGluThrArgAsnIleCysPhePheSerThrAsnCysValGluGlyThrAlaArgGlylleVal IleAlaThrGlyAspArgThrValMetGlyArg I l e  

GCCACTCTTGCCTCTGGCCTAGAGGTGGGACAGACGCCGATAGCCATGGAGATCGAGCATTTCATCCAGCTGATCACGGGGGTGGCCGTGTTCCTGGGGGTCTCCTTCTTTGTTCTGTCGCTCATCCTGGGCTACAGCTGGCTGGAGGCT 
AlaThrLeuAlaSerGlyLeuGluValGlyGlnThrProIleAlaMetGluIleGluHisPheIleGlnLeulleThffi1vValAlaValPheLeuGlvValSerPhePheValLeuSerLeulleLeuGlyTyrSerTrpLeuGlu~ 

GTCATCTTCCTCATCGGCATCATCGTAGCCAACGTCCCCG~GGGCTCTTGGCCACTGTTACTGTGTGCCT~CGCT~CAGCCAAGCGCATGGCTCGCAAGAACTGCCTGGTGAAGAACCTGGAGGC~TGGAGACGCTGGGCTCCACG 
Val I 1  ePheLeu I I e G l r I  le1 leValAl  aAsnVal ProGl uGlrLeuLeuAl aThrValThrValCysLeuThrLeuThrA1 aLysArgMetAlaArgLysAsnCysLeuVa1 LysAtnLeuGluAl aValGl uThrLeuGlySerThr 

20 30 4 0  50 60 

70 80 90 H1 loo 110 

120 130 H2 140 150 160 

170 I 8 0  190 200 210 

220 230 240 250 260 

270 280 2 9 0  H9 300 310 

320 H4 330 340 350 360 
TCCACCATCTGCTCGGACAAGACAGGCACCCTCACCCAGAACCGCATGACGGTGGCTCACATGTGGTTTGACAACCA~TCCATGAGGCTGACACCACTGAAGATCAGTCTGGGGCCACTTTTGACAAGCGGTCCCCGACGTGGACAGCC 
SerThrIleCysSerAspLysThrGlyThrLeuThrGlnAsnArgMetThrValAlaHisMetTrpPheAspAsnGlnlleHisGluAl~spThrThrGluAspGlnSeffilyAlaThrPheAspLysArgSerProThrTrpThrAla 

P 370 380 390 400 410 
C TGTCTCGGATCGCTGGTCTCTGCATCGTGCCGTCTTCAAGGCTGGGCAGGAGAACATCTCCGTGTCTAAGCGGGACACAGCTGGTGACGCCTCTGAGTCAGCTCTGCTCAAGTGCATCGAGTTGTCCTGTGGCTCAGTGAGGAAGATG 
.e,SerArglleAlaGlyLe~CysAsnArgAlaValPne~ysAlaGlyGlnGl~AsnlleSerValSer~ysArgAspThrAlaGlyAspAlaSerGl~SerAlaLeuLe~LysCyslleGl~Le~SerCysGlySerValArg~ysMet 

AGGGACAGGAATCCCAAGGTGGCAGAAATTCCCTTCAACTCTACCAACAAATATCAGCTTTCCATCCATGAGAGGGAAGACAGCCCCCAGAGCCATGTGCTGGTGATWWLGGTGCCCCGGAGCGCATCCTGGACCGATGCTCTACCATC 
ArgAspArgAsnPro,ysVaIAlaGl~ IleProPheAsnSerTnrAsnLysTyrGln-e~SerI IeHlsGl~ArgGluAspSerProGlnSerri lsVal -eLvalMetLysGlyAlaProGluArglleLeLAspArgCysSerTnrI le 

CTGGTACAGGGCAAGGAGATCCCTCTTGACAAGGAGATGCAAGATGCCTTTC~CGCCTACAT~AGCTGGGAGGACTCGGGGAGCGAGTGCTGGGCTTCTGTCAGCTGAACCTGCCTTCTGGAAAGTTTCCTCGGGGCTTCAAATTT 
.e~ValGlnGly-ysGI J I  leProLe~AspLysG1~HetGlnASpAlaPheGlnASnAlaTy~etGl~LeuGlyGly~e~GlyGluArgval LeuGlyPneCysGl nLeJAsnLedProSerGlyLysPheProArgGlyPneLysPhe 

GACACGGATGAGCTGAACTTTCCCACAGAGAAGCTCTGCTTTGTGGGGCTCATGTCTATGATTGATCCCCCCAGAGCAGCTGTGCCAGATGCTGTGGGCAAGTGCAGAAGTGCAGGCATCAAGGTGATCATGGTGACTGGGGATCACCCT 
AspTnrASpGl~~e~AsnPheProTnrG1~Lys~eJCySPneva lGlyLeJMet~erMet  IleAspProProArgAlaAlaVal ProAspAlaValGlyLysCysArgSerAlaGlyI 1eLysVal I leMetValThrGlyAspd1sPro 

ATCACAGCCAAGGCCATTGCCAAAGGTGTGGGCATCATATCAGAGGGTAACGAGACTGTGGAAGACATTGCAGCCAGGCTCAACATTCCTGTGAGTCAAGTCAATCCCAGAGAAGCCAAGGCATGTGTAGTGCACGGCTCAGACCTGAAG 
I l e T i r A l a L j s A l a I  leAIaLy~Glj~a1GlyI~eIleSerGl~GlyA~ffil~ThrvalGl~AsplleAlaAlaArgLeuAsnlleProValSerGln~alAsnProArgGl~Ala~~sAlaCysValValHisGlySerAspLeuLys 

GACATGACTTCAGAGCAGCTGGATGAGATCCTCAGGGACCACACGGAGATCGTGTTTGCCCGGACCTCCCCTCAGCAGAAGCTCATCATTGTGGAGGGCTGTCAGAGGCAGGGAGCCATCGTGGCAGTGACTGGTGACGGGGTGAACGAC 
AspMe:ThrSerG!~Gln~e~AspGl~lle.e.ArgAspnisTnrG1.lle\'alPneA1aArgTnrSerProGlnGlnLys~e~Ilelle~alGl~GlyCysGlnArgGlnGlyAlalleValAlavalThrGlyAspGljValAsnAsp 

ICCCCCGCGCTGAAGAAGGCTGACATTGGCATTGCCATGGGCATCTCTGGCTCTGATGTCTCT~GCAGGCAGCTGACATGATCCTTCTCGACGACAACTTTGCCTCCATTGTGACGGGCGTGGAGGAGGGGCGCCTGATCTTTGACAAC 
SerProAla~e~.~s.ysAlaAsplleGlylleAlaketG~yfleSerGlySerAspValSerLysGlnAl~Al~AspMetlleLe~LeuAspAspAsnPheAlaSerlleValThrGly~alGluGl~GlyArg~e~llePneAspAsn 

CTSAAGAAGTCC4TCGCGTACACCCTGACCAGCAACATCCCTGAGATCACCCCCTTCCTGCTGTTCATCATTGCCAACATCCCCCTTCCCCTGGGCACCGTGACCATCCTGTGCATCGACCTGGGCACAGACATGGTTCCTGCCATCTCA 
?e~.,s~~sSerlleA'aTyrTnr~e~ThrSerAsnl'eProGl~fleTnrProPhe~e~Le~PhellelleAldAsnlleProLeuPro~euGlvThrValTnrIle~e~CvslleAsp~e~Gl,ThrAspMetvalProAlafleSer 

'TAGCATACGAAGCGGC TGAGAGCGACATCATGAAGAGGCAGCCACGGAACTCCCAGACGGACAAGCTGGTGAACGAGAGGCTTATCAGCATGGCTTACGGACAGATCGGCATGATCCAGGCTCTGGGCGGCTTCT TCACCTACT T TGTA 
.e.AlaT,~G1~A'aA'aGl~SerAspIleMet~ysArgGlnProArgAsnSerG1nTnrAsp~ys~e~ValAsnGl~ArgLeulleSerMetAlaTvrGlvGlnlleGl~MetfleGlnAla~e~Gl~GlvPnePneThrT~rPneval 

ATACTGGCAGAGAACGGCTTCCTGCCATCGAGGCTGCTTGGGATCCGCCTTGACTGGGATGATCGGACTACCAACGACCTGGAGGACAGCTATGGACAAGAGTGGACCTATGAGCAGCGGAAGGTGGTGGAGT TCACATGCCACACGGCC 
1le.e.AlaG~.AsnGlyPhe.e~ProSerArgLe~~e~Gly~leArgLeuAspTrpA~~AspArgTnr~hr~snAsp~e~Gl~AspSerTyffilyGlnGl~TrpTnrTyrGl~GlnArg~ys~alvalGl~PneTnrC~shisThr~ld 

TTCTTTGCCAGCATCGTGGTTGTGCAGTGGGCTGACCTCATCATTTGCAAGACCCGGCGCAACTCGGTGTTCCAGCAGGGCATGAAGAACAAGATCCTGATTTITGGGCTGCTAGAAGAGACGGCTCTGGCTGCCTICCTGTCTTACTGC 
PiePneAlaSerI'e~alVal~alGlnTroAlaAs~~e~llelleCysLysThrArgArghsnSerValPneGlnGlnGlyMet~ysAsnLyslleLe~IlePheGlv.e~.e~G1~Gl~~nrAlate~AlaAlaPne~e~SerT~rCvs 

CCGGGTATGGGGGTGGCCCTCCGAATGTACCCACTCAAGGTCACGTGGTGGTTCTGTGCCTT~CCCTACAGTCTCCTCATCTTCATCTATGATGAAGTCCGAAAGCTCATCCTGCGGCGGTACCCTGGGGGCTGGGTGGAGAAGGAGACG 
~ r o : l ~ M e t S l ~ ~ a l A : a ~ e ~ A r g H e t T y r P r o . e L L y s V a ' T h r T r p T r p P n e C y s A l a P h e P r o T y r S e r ~ e ~ ~ e ~ f ~ e P h e ~ l e T y r A s p G l ~ ~ a l A r g ~ y s ~ e L f l e ~ e u A r g A r g T ~ r P r o G l ~ G l y T r p ~ a l G l ~ L j s ~ l . T ~ ~  

TAC~ACTGAGCT~ACC;ACAAAAGGAAGAACAGGGGAGATGGGGTGCTCCAGAGGGGCTGGTGGGTGTTGTGGTGAAGGGAAG~CTGGGGAGACACAAGGAAGCGATGGTGGCGTGMCTCAGTGGGTAGGCTTGGGTAAATAAACTTG 
T,r-,? 

4 1 0  430  4 4 0  4 5 0  460 

4 7 0  4 8 0  4 9 0  500 510 

520 5 3 0  540 5 5 0  560 

5 7 0  580 5 9 0  600 610 

620  630 6 4 0  6 5 0  660 

670 680 690 7 0 0  7 1 0  

720 730 7 4 0  750 760 

770 180 7 9 0  h5 800 810 

820 830 a40 a50 H6 860 

870 a80 890 900 9 1 0  

H 7  920 9 3 0  940 950 H8 9 6 0  

970 980 9 9 0  1000 1010 

- - - . - - - - - - - - 
A C C A C C A C C A C C C C C T G T T C A C T C C T C ~ ~ C C C A T T C T T G E C ~ T C C T C A C C ~ ~ C C T G C C T G A G T C T ~ C C C T T G C T C C T C C C C T T A C A C C T T G A A A A C A C ~ T T C T G C T T C T G T G A G T G C A A G A G C C T A G G G C C A G ~ G G A A G C C A G T  
TGGAGAGATGGGGCCTGTCTCCCAGCCAAGACCAGTCAGGAACCAGAGGGGAGCTGGGCTGGCAAGTGGAGGTTGGGGTGCACTGGCTGAGAAAGAAAGAAAGGAAGGAAGGAAGGAAGGAGGAAGGAAGGAAGAAAGGAAGGAAGGA~ 
GTGACCACAGGTGTGTCATCTCCAGCCTTCAGGTATATGGGACAGGCTCTGGATCTGTGAGAGACTTAAGAGACTAGCACACCAGCAGACCAAATTCCCATCTCATCAGACTAGCAGTAAGTGCCACCCAGTGCCCCTCTGACCCTTGGG 
TAGTGGTCCTCTCTGTCCACAAGGCTCAGATTTCACAGAAGGTTCAGCTATCTCAACCACATACTCTTGGGAACACCCCCCTTCTTTAGAATAATTAGTTCTCTGGGGCCTCGTGCTGTTCTGAGAGCCCCATTAGCTGCCACTTCTCCT 
CGTGCTCTCTCACTGCCTTCTGCTTCCTACCCACCTGCTGAACCCACGTTATGTCCAGTATCGCCTTGCTTGTCCTGAAAAAGGATCTCTTGGCCATTGGCAGGAATCAGTGTAGAAATGTTTCCAGGACATCCCTGACTTTCGGGAACA 
TGCAGAATCAGTGTAGCTCATGACACAGTCAGAAACTTTAGACACAAGAGAAATTCTTAAGAGACCTATGCACCTTTGACCTCTCAGATTGAGACAGGAAGCTGGCTTCAGGTTCCTATGGCAT~GAGTTATCTTTCCTTACTCTCTTCT 
CAACCTAACGTATTCGCTCTTCAGACAGCTGCCTGTTCTCTAATCCTGGCCTAGAAAGCATAGCATAGATGCACCTGGATCAATGAGGGPAGCAGAGAGAATCAGCAAGGA~CTGGAAGGCTTGAGGTGGGAATATGAAAGTCAAGAC 
AAGCATCAAGCCAGGCCCAAGGGCCTCCCAAAGGCTACTGTCTCATCGTGGTGGATGGAGTTTTGCCTTACCCTAAATACCTTG~TTTGTCAGTCATGCATAGCCTTCAGTCGGAAGTC~TGGGACACCGT~TTTATTTGGGCCT 
GACTAATTTGAGATCACTGACTTTGAACAAAAGTTTACCTTTGCACAATCAATAAAATCATCTGCTAGGTAATTCAAGAGCATACGATACTGCTAGGAGCAGCATAGTTAGTTTCAAAGTATGCTTTCCGAGCACTTTAGCAATCTCC 
c TTTAGAATCAGGAAGTGCATAGGCTAATTACTATCAGTCCCGATATATTTGTTAAAGGAACACCTACAAGATCCTTACTGGTGACCTTCTGTGAGACACTAGTTTGAGGCACTACATGTGTACTTGAAAATAATAAAGTTGCATTTCT~ 
TATCAAT 
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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 (H 1-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 101 5 amino acids and has an 
M, of 11 1 736. 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 a111 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 d o n  
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 a111 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 11 1 727. The extensive amino acid homology 
with a and a(+), discussed below, clearly demonstrates that 
a111 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.  cafifornica enzymes (Kawakami et al., 1985) 
described previously. Four major hydrophobic domains 
(Hl-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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GTGGGACCCACGGACCGACAGACGCACGCTCCCAACGCGGCGCGGGCGCTGCAGAGGCCCCCAGCCCGAGCCCGCGCCTGAGCCCGTCCTGCGGCCACCGCTCACCAGCCTGTCCGCCGCTCTTCCCGCGGAGCCGCCAAGATGG~GAC 
MetGlyAsp 
1 

AAAAAAGATGACAAGAGCTCGCCCAAGAAGAGCAAGGCCAAAGAGCGCCGGGACCTGGATGACCTCAAGAAGGAAGTGGCTATGACA~CACAAGATGT~ffiTAG~GAGGTCTGCCGG~TACAATACCGACTGCGTGCAGGGTCTG 
~ys~ysAspAsp.ysSerSerPro~ys~ysSer~ysAlaLysGluArgArgAsp~euAspAspLeuLys~ysGluWalA1 aMetThffi1uHi sLysMetSerYalGluGluVa1 CysArgLysTyrAsnThrAspCysValG lffil y Leu 

ACACACAGTAAAGCCCAGGAGATCCTAGCCCGGGATGGGCCTAACGCCCTCACACCACCGCCCACCACCCCAGAATGGGTCAAGTTCTGCCGACAGCTATTTGGTGGCTTCTCCATCCTGCTGTGGATCGGGGCGATCCTTTGCTTCCTG 
ThrnlsSerLysAlaGlnGl~IleLeuAlaArgAspGlyProAs~la~euThrProProProThrThrProGluTrpW~lLysPheCysArgGlnLeuPheGlvGl~PheSer~le~e~LeuTr~lleGlvAlalleLeuCvsPhe~e~ 

GCCTATGGCATCCAGGCAGGGACTGAGGATGACCCTTCCGGTGACAATCTGTACCTGGGCATAGTGCTGGCCGCTGTGGTGATCATCACCGGCTGCTTCTCCTACTACCAAGAAGCCAAGAGCTCTAAGATTATGGAGTCCTTCAAGAAC 
AlaTvrGl~IleGlnAlaG1yThffiluAspAspProSerGlyAspAsnLeuTvrLeuGlv~leWalLe~AlaAlaValWalllelleThrGlvC~~PheSerTyrTyffilnGluAla~ysSerSer~yslleMetGl~SerPhe~ysAsn 

ATGGTTCCCCAGCAAGCCCTTGTGATCCGGGAAGGTG~GATGCAGGTGAATGCGGAGGAGGTGGTGGTCGGGGACCTGGTGGAGATCAAGGGTGGCGACCGGGTGCCCGCTGACCTGCGCATCATCTC~CCCAT~CTGCAAGGTG 
MetvalProGlnGlnAla-eLVal IleArgG1~GlyG1~.ysMetGlnValAs~laGluGl~WalValValGlyAspLeuValGluIle~ysGlyGlyAspArgValProAlaAspLeuArgllelleSerAlahisGlyCysLysVal 

GACAACTCTTCCCTGACTGGCGAATCTGAGCCTCAGACCCGCTCCCCGGACTGCACACACGACAACCCACTG~GACCCGGAACATCACCTTCTTTTCCACCAACTGTGT~AAGGCACCGCTCGTGGTGTGGTGGTAGCCAC~TGAC 
AspAsnSerSerLe~TnrGlyGluSerGluProGlnTnrArgSerProAspCysThrrlisAspAsnProLeuGluTnrArgAsnlleThrPhePneSerThrAsnCysValGl~GlyThrAl~rgGlyValValValAlaThffilyAsp 

CGCACCGTCATGGGCCGCATTGCCACCCTGGCCTCAGGCCTGGAGGTGGGCAAGACGCCCATCGCCATTGAGATCGAGCACTTCATCCAGCTCATCACTGGCGTGGCCGTGTTCCTGGGCGTCTCCTTCTTCATCCTCTCCCTCATTCTG 
ArgTnrValMetGlyArgIleAlaTnr.euAlaSerGlyLeuGluValGlyLysTnrProlleAlalleGl~lleGluHisPheIl~lnLeulleThffilvValA1aVa1Phe~euGlvValSerPnePheIleLeuSerLeuIleLeu 

GGCTACACCTGGCTGGAGGCTGTCATCTTCCTCATCGGTATCATTGTGGCCAATGTCCCAGAGGGGCTGCTGGCTACTGTCACGGTGTGTCTGACGCTGACCGCCAAGCGCATGGCTCGGAAGAACTGTCTGGTAAA~CCTG~GGCG 
G1~TyrThrTrp~euG1~AlaValIlePheLeuIleGlvIlelleValAlaAsnValProGluGlvLe~LeuAlaThrValThrWalCvs~e~ThrLeuThrAlaLysArg~etAlaArgLysAsnCysLeuVal~ysAsnLeuGluAla 

GTGGAGACGCTAGGCTCCACATCCACCATCTGCTCCGACAAGACCGGCACCCTCACCCAGAACCGCATGACCGTCGCCCACATGTGGTTTGACAACCAGATCCACGAGGCCGACACTACTGAGGATCAGTCAGGGACCTCTTTCGACAAG 
va~GluTnrLe~GlySerTnrSerTnrIleCysSerAspLysThrGlyThrLeuTnffilnAsnArgMetThrValAlaHisMetTrpP~eAspAsffilnIlerlisGluAl~spThrTnffiluAspGlnSeffilylnrSerPheAspLys 

AGCTCACACACCTGGGTGGCCCTGTCCCACATCGCCGGTCTCTGCAACCGGGCTGTCTTCAAGGGCG~CA~AT~CATCCCTGTACTCAAGAGGGACGTGGCGGGTGATGCCTCAGAGTCCGCCCTGCTTAAGTGCATCGAGCTGTCC 
SerrlisTnrTrpValSerAlaLe~SerlllsIleAlaGlyLeuCysAs~rgAla~alPheLysGlyGl~lnAspAsnlleProValLeu~ysArgAspValAlaGlyAspAlaSeffil~SerAlaLeu~e~LysCys~leGlJ~e~Ser 

TCGGGTTCCGTAAAGCTGATGCGCGAACGAAACAAGAAAGTGGCCGAGATTCCCTTCAACTCCACTAACATACCAGCTATCCATCCATGAGACTGAGGACCCCAATGACAACCGATACCTGTTAGTGATGAAGGGCGCCCCTGAACGC 
SerGlySerWalLys.euMe~ArgGl~ArgAsnLys.ysValAlaGlulleProP~eAsnSerThrAsnLysTyrGln~euSer~lerlisGluThrGluAspProAsnAspAsnArgTyr~e~~euValMetLysGlyAlaProGluArg 

ATTCTGGACCGCTGTGCGACCATCCTCCTGCAGGGCAAGGAGCAGCCTCTGGATGAGGAGATGAAGGAGGCCTTCCAGAACGCCTACCTGGAGCTTGGT~CCT~GCGAGCGTGTGCTGGGTTTCTGCCATTACTACCTGC~GAGGAA 
I I eLedASDArgCySAlaThr1 le.eLLeJGlnG!yLysGl J G ~  nProLeuAspG1~G1~MetLysGl~AlaPheGlnAsnAlaTyr~e~GluLeuGlyGlyLeuGlyGluArgVal .eLGlyPheCysHi sTyrTyrLeuProGluGlu 

CAGTTCCCCAAGGGCTTTGCCTTTGACTGTGATGACGTGAACTTCACCACAGACAACCTTTGCTTCGTGGGTCTCATGTCCATGATCGACCCT(CCCG~CAGCTGTCCCTGATGCTGTGGGCAAATGCCGCAGTGCAGGCATCAAGGTC 
GlnPnePro.ysGlyPneAlaPneAspCysAspAsp~alAsnPneThrTnrAspAsnLeuCysPheValGlyLe~MetSe~etileAspProProArgAlaAla~alProAspAlaValGly.ysCysArgSerAlaGly~leLysVal 

ATCATGGTCACCGGCGATCACCCCATCACTGCGAAGGCCATCGCCAAAGGTGTAGGCATCATCTCCGAGGGTAACGAGACTGTGGAGGACATCGCTGCCCGGCTCAACATCCCTGTCAGCCAGGTCAACCCCAGGGATGCCAAAGCCTGT 
lle~etValTnrGlyAspnisProIleTnrAla~ysAla~leAla~ysGlyValGlylle~leSerGl~GlyAsnGl~TnrValGl~AsplleAlaAl~rgLeuAsnlleProWalSerGlnValAsnQroArgAspAlat~sAlaC~s 

GTGATTCATGGCACCGACCTC~GGACTTCACCTCTGAGCAGATTGACGAGATCCTACAGAACCACACTGAGATCGTCTTTGCCCGAACCTCCCCTCAGCAGAAGCTCATCATCGTGGAGGGCTGTCAGAGACAGGGAGCAATTGTGGCT 
~alllenisGlyTnrAspLe~~ysAspPneThrSerGl~GlnIleAspGl~~le~e~GlnAsnrlisTnrGl~llevalPneAlaArgTnrSerQroGlnGln~ysLeulle~leValGl~GlyCysGlnArgGlffilyAla~leValAla 

GTGACTGGCGATGGTGTGAATGACTCCCCTGCTCTGAAGAAGGCTGATATTGGGGTGGCCATGGGCATTGCTGGCTCTGATGTCTCTAAGCAGGCTGCCGACATGATTCTGCTGGATGACAATTTTGCTTCCATTGTCACTGGTGTGGAG 
~alTnrGlyAspGlyva~AsnAspSerProAla.e~~ys~ysAlaAsp~leGlyValAlaMetGly~leAlaGlySerAspWalSerLysGlnAlaAlaAspMet~leLe~~e~AspAspAsnPneAlaSerlleValThrGly~alGl~ 

GAAGGCCGCCTGATCTTTGACAACCTGAAGAAATCCATCGCCTACACTCT~CCAGCAACATCCCTGAGATCACACCCTTCCTTCTCTTCATCATGGCCAACATCCCACTGCCCCTTGGCACCATCACCATCCTCTGCATTGACCTGGGC 
Gl~GlyArg~e~IleQneAspAsnLe~LySLysSerIleAlaTyrThrLe~T~rSerAsnlleProGl~~leTnrProPhe~e~~e~Phe~leMetAlaAsn~lePro~e~ProLeuGlyTnr~leTnr~leLe~C~slleAsp.euGly 

ACCGACATGGTCCCTGCAATCTCCTTGGCCTACGAGGCTGCAGAGAGTGACATCATG~GAGGCAGCCCAGGAACCCACGCACAGACAAACTGGTCAACGAAAGGCTCATCAGCATGGCCTATGGGCAGATCGGGATGATCCAGGCCCTC 
TnrAspMetValProA1aIleSerLeiA1aTyrG1~Al~laGl~SerAsplleMetLysArgGlnProArgAsnProArgThrAsp~ysteuValAsnGluArgLe~lleSerMetAlaTvrGl~GlnIleGlvMetlleGlnA1aLeu 

10 2 0  30 40 5 0  

6 0  10 80 9 0  HI 100 

110 1 2 0  h2 130 140 1 5 0  

1 6 0  110 180 1 9 0  2 0 0  

2 1 0  2 2 0  2 3 0  2 4 0  2 5 0  

2 6 0  2 7 0  180  2 9 0  n3 300 

310 310 li4 330 340 3 5 0  

3 6 0  P 310 3 8 0  3 9 0  400 

4 1 0  4 2 0  430 440  4 5 0  

4 6 0  410 4 8 0  4 9 0  5 0 0  

510 5 2 0  5 3 0  5 4 0  5 5 0  

5 6 0  5 7 0  580 5 9 0  600 

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  

6 6 0  6 1 0  6 8 0  6 9 0  1 0 0  

710 720 7 3 0  740 7 5 0  

1 6 0  1 1 0  7 8 0  H5 7 9 0  800 

8 1 0  8 2 0  8 3 0  8 4 0  850 H6 
GGTGGTTTCTTCTCCTACTTTGTCATCCTGGCAGAAAATGGTTTCTTGCCCGGTAACCTGGTGGGCATCCGGCTCAACTGGGATGACCGCACTGTCAACGACCT~AAGACAGCTACGGGCA~CAGTGGACTTATGAGCAGAGGAAGGTG 
GlvGl vPhePheSerTvrPheVa1 I leLeuAlaGluAsnGlyPheLeuProGlyAsnLeuValGly~leArgLeuAsnTrpAspAspArgThrValAs~spLeuGluAspSerTyrGlyGlnGlnTrpThrTyrGluGlnArgLysVal 

a c n  a," en" *a" ann 

G T ' G A G T T C A C G T T C C A C ~ ~ ~ G C C T T C T T C G T G A G C A T A G T G G T G G T C ~ ~ ~ T G G G C T G A C C T G A T C A T T T G C A A G A C C ~ ~ ~ A G G A A T T C C G T C T T C C A G C A G G G C A T G ~ ~ ~ A A T A A G A T C T T G A T C T T C G G A C T G T T T ~ ~ ~ G ~ A C G G C C  
~alGliPheTnrPhenisTnrAlaPnePheValSerIleralValvalGlnTr~Al~s~Le~llelleCys~ysThrArgArgAsnSer~alPheGlnGlnGlyMetLysAsn~ysIle~e~llePneGlvLe~PheGluGluTnrAla 

CTCGCTGCCT'CCTGTCCTACTGCCCAGGCATGGATGTGGCCCTTCGCATGTACCCGCTCAAGCCCAGCTGGTGGTTCTGTGCCTTCCCCTACAGTTTCCTCATCTTCGTCTATGATGAGATTCGCAAACTCATCCTGCGCAGGAACCCC 
~e.AlaAlaPhe~e~SerTvrCvsProGl~MetAspvalAla~e~ArgMetTyrQroLeu.ysProSerTrpTrpPheCysAlaPheProTyrSerPhe~eullePneValTyrAspGl~lleArgL~ste~lleLeJArgArgAsnPro 

GGGGG'TGGGTGGAGAAAGAGACCTACTATTGACCTCAGCCACCACGTCGCCCATGTCTTCCCTGCCCCCCAGCCCAGGACAGCCCTCTCCGGTCCCCCATTTTGTACTCTGGGGGGAGGGGCCTTCTCTCCCCATGGCCCCCCTCTCTC 
SllG'y'rpJalG1~LjsGl~TnrTyrTyr . 

9 1 0  H 7  9 2 0  9 3 0  9 4 0  9 5 0  

n8 9 6 0  9 7 0  9 8 0  9 9 0  1000 
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FIGURE 4: Nucleotide sequence of the cDNA (B3-5) for the Na+,K+-ATPase a111 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 _ _ .  
(Hl-H8) 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, H5 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 HFH8 
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: a vs. 
a(+), 86.3%; a vs. aIII, 85.3%; a(+) vs. aIII, 86.3%. A 
comparison of the three rat isoforms with the a-subunit of T.  
californica electric organ (Kawakami et al., 1985) gave the 
following values: a, 86.6%; a(+), 83.3%; aIII, 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 a; 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 H5 (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 a; 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. aIII, 76.2%; a(+) vs. aIII, 
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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t -  - -  t t -  - - t t  
R a I I I  

A a  

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 [RaIII, Ra(+) ,  and Ra], sheep kidney a [Sa; data from Shull et al. (1985)], pig kidney a [Pa; data from 
Ovchinnikov et al. (1986)], Torpedo culifornicu electric organ a [Ta; data from Kawakami et al. (1985)], and the a-subunit of the brine shrimp 
Artemiu salina [Aa; 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 (Jsrgensen 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. 

H 1 - H 2  H3-H4 H5-H6 
R a  @ @ A T E E E P @ N D @  E Y T W L E  D L G T D M V P A I S L A Y E Q A E S D I M K R Q P R N P K T D K L V N E R  
Sa Q A A T E E E P Q N D N  E Y T W L E  D L G T D M V P A I S L A Y E Q A E S D I M K R Q P R N P Q T D K L V N E R  

Y T W L E  D L G T D M V P A I S L A Y E  A E S D I M K R Q P R N P K T D K L V N E Q  P a  A A T E E E P  
R a ( + )  I @ A @ E @ ) E  P & !  :& & Y @ W  L E D L G T D M  V P A I S L A Y  E A E S D I M K R Q  P R N @ @ T  D K L V N E R 
R a I I I  A G T E D D P S G D N  G Y T W L E  D L G T D M V P A I S L A Y E  A E S D I M K R Q P R N P R T D K L V N E R  Q 

~ 6 - w  H 7 - H 8  
R Q  E N G F L P @ H L L G I R @ T W D ~ R W I N ~ V E ~ S Y G Q Q W T Y E Q R K I V E  C K T R R N S V F Q Q G M K N K  
Sa E N G F L P N H L L G I R V T W D D R W I N D V E D S Y G Q Q W T Y E Q R K I V E  C K T R R N S V F Q Q G M K N K  
P a  E N G F L P  H L L G L R V N W D D R W  N D V E D S Y G Q  W T Y E Q R K I V E  C K T R R N S V F Q Q G M K N K  
R a ( + )  E N G  F L P & L  L G  I R Q Q W  D D R @ b N  D O E  D S Y G Q b W T  Y E Q  R K @ V  E C K T R  R N  S V F Q Q G M  K N  K 
R Q I I I  E N G F L P G N L V G I R L N W D D R T V N D L E D S Y G Q Q W T Y E Q R K V V E  C K T R R N S V F Q Q G M K N K  

HE-END 
R Q  R M Y P L K P T W W F C A F P Y S L L I F V Y D E V R K L I I R R R P G G W V E K E T Y Y  
Sa R M Y P L K P T W W F C A F P Y S L L I F V Y D E V R K L I I R R R P G G W V E K E T Y Y  

R a ( t )  R M  y p L K b T  w w F c A  F p y s L L 1 F o Y  E v R K L I Q R  R h P  G G w v E K E  T y y 
R a I I I  R M Y P L K P S W W F C A F P Y S F L I F V Y D E I R K L I L R R N P G G W V E K E T Y Y  

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

FIGURE 6: Comparison of potential extracellular sequences of the Na+,K+-ATPase a-subunit isoforms from several mammalian species. Hl-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 RaIII], sheep kidney a [Sa; data from Shull et al. (1985)], and pig kidney a [Pa; data from Ovchinnikov et al. 
(1986)l. The Hl-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 Ra residues differ from both the Sa 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 
R a  residues; some of these variations may account for the tissue differences in cardiac glycoside sensitivity. 

brine shrimp Artemia salina (Morohashi & Kawamura, 1984) 
is shown in Figure 5. The first five amino acids of rat, sheep, 
and pig a and rat a(+) are known to be removed by post- 
translational processing (Lytton, 1985a; Shull et al., 1985; 
Ovchinnikov et al., 1986), and judging by the amino acid 
homology, it is likely that this is also true for the Torpedo 
enzyme. The first 11 amino acids of a111 are not homologous 
to the other forms, and the brine shrimp enzyme is missing 
approximately 15 amino acids of the initial sequence. Ly- 
sine-16 of the mature rat, sheep, and pig a form is the first 
residue of a sequence (boxed in Figure 5 )  that is highly variable 
in the different forms and species yet retains the distinctive 
feature of richness in lysine residues. Interestingly, the 
H+,K+-ATPase from rat stomach (Shull and Lingrel, in press) 
has a similar lysine-rich sequence (KKKAGGGGGKKEK) 
near its N-terminus. The boundary of this domain on the 
N-terminal side is apparent from the amino acid homology 
but may extend beyond the boxed residues on the C-terminal 
side. The sequence following the lysine-rich sequence is highly 
conserved. A consensus charge is apparent in a number of 
positions, and there are three additional lysine residues that 
are conserved in all of the forms. 

Identification of Amino Acid Residues That May Affect 
Cardiac Glycoside Sensitivity. The availability of full sequence 
for ouabain-sensitive and -insensitive forms of the Na+,K+- 
ATPase allows an investigation of the residues that may be 
involved in the well-known species and tissue differences in 
ouabain sensitivity. The rat kidney enzyme is resistant to 
cardiac glycosides; the sheep and pig kidney enzymes and the 
rat brain a(+) isoform are sensitive to cardiac glycosides 
(Periyasamy et al., 1983; Wallick et al., 1980; Ahmed et al., 

1983; Sweadner, 1979). As the ouabain binding site is known 
to be located on the extracellular side of the membrane, we 
have compared the potential extracellular sequences for these 
enzymes and the rat a111 isoform (Figure 6). Because there 
is no conclusive evidence regarding the transmembrane or- 
ganization in the C-terminal regions of the protein, the C- 
terminus and all of the junctions between the major hydro- 
phobic domains in this part of the catalytic subunit have been 
included in the comparisons. 

There are 24 amino acids in rat a that differ from both 
sheep and pig a, and only 6 of these residues (circled in the 
rat a sequence in Figure 6) are in potential extracellular do- 
mains. Four of them are in the Hl-H2 junction and the 
remaining two are in the H6-H7 junction. If the species 
differences in cardiac glycoside sensitivity are due to sequence 
changes at the ouabain binding site [as suggested by the work 
of Periyasamy et al. (1983)l rather than at  some site that 
affects binding from a distance, then one or more of these six 
amino acids would appear to be involved. There are 140 amino 
acids in rat a(+) that differ from rat a, and 24 [circled in the 
a(+) sequence in Figure 61 are in potential extracellular do- 
mains. The variations in the C-terminal regions are unlikely 
to account for the sensitivity differences between the two 
isoforms. In almost all of the positions in this region that differ 
between rat a and a(+), the resistant a form has the same 
amino acid as the sheep and pig enzymes, which are sensitive. 
The same is true for the two amino acid differences in the 
H3-H4 junction. However, in the Hl-H2 junction rat a 
differs from a(+) a t  all of the positions at  which it differed 
from sheep and pig a. Although a(+) differs from sheep and 
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 Na+,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 
cDNAs for the well-known a and a(+) forms we isolated 
cDNAs for a third brain form, designated aIII, that had not 
been identified previously. The a111 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 a-subunit mRNA. 
The existence of aIII, 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 
(Beaug6 & 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 E2K form [for a review see J~rgensen et al. (1982a,b)]. 
Proteolytic cleavage at this site alters the equilibrium between 
the El and E2 conformations (Jerrgensen & 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 a 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 Hl-H2 junctcon with the lipid bilayer and that these 
alterations allow the formation of a stable complex. In the 
case of rat a the presence of the charged amino acids Arg and 
Asp at the boundaries of the Hl-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 Hl-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; 
J~rgensen 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 Hl-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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