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1. INTRODUCTION

The Na* ,K*-activated adenosine triphosphatase
(EC 3.6.1.3) localized in animal cell membranes
represents a universal system for the active
transport of Na* and K*.

The enzyme is an oligomer composed of two
polypeptide chains. Its a-subunit (110 kDa) con-
tains a site for ATP hydrolysis and a site for
binding of cardiac glycosides which are specific in-
hibitors of the enzyme. There is still no evidence of
the functional role of the glycosylated &-subunit
(44 kDa).

In order to elucidate the molecular mechanism
of the active cation transport we have analysed the
structural organization of the enzyme from several
species. The complete nucleotide sequences of
c¢DNA clones corresponding to the coding regions
of appropriate mRNAs were determined, and the
primary structure of the - and G-subunits of the
pig kidney Na* ,K*-ATPase could then be deduced
[1-3].
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We are currently studying the structural
organization of the genes of the Na*,K*-ATPase
in the human genome. Screening of human
genomic libraries with pig kidney a-subunit cDNA
probes revealed several positively hybridizing
clones under stringent conditions. Here, we pre-
sent the results of a structural analysis of two such
clones which contain sequences related to the ma-
jor part of the pig kidney ¢cDNAs.

A further motive for this publication is con-
cerned with a recent paper by Kawakami et al. [4]
presenting the sequence determination of the
¢DNA encoding the Na*,K*-ATPase from HeLa
cells. Comparison of our genomic sequences with
those of Kawakami et al. [4] revealed clear dif-
ferences. The reasons for such a discrepancy are
not obvious, and we therefore felt that we should
bring this fact to the attention of scientists in-
volved in investigations of the Na* , K*-ATPases.
Parts of the present data have been published
earlier [5].

2. MATERIALS AND METHODS

2.1. Construction of genomic libraries
A human genomic library from human placental
DNA was obtained with the use of the vector
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AEMBL3 [6] after partial cleavage of the DNA
with  Sau3Al restriction endonuclease, The
resulting library (1.5 x 10% independent clones)
was screened with the nick-translated Pstl frag-
ment of plasmid pB2801 {1] which codes for the
central part of the pig kidney a-subunit {coor-
dinates 1296—2880; henceforth, all coordinates are
given in accordance with the appropriate o-subunit
c¢DNA sequence of pig described in {3].)

2.2. Hybridization procedure

Restriction endonuclease digestions of the
genomic and recombinant phage DNAs were car-
ried out as recommended by the suppliers.
Preparation of Southern blots, labelling of DNA
fragments, and subsequent hybridization were per-
formed using published procedures [7].

Nick-translated PstlI fragments of plasmids
pB20 (2432-3405), pB2801 (1296-2880) and
pB159 (—216 to 1160} [8] containing C-terminal,
middle and N-terminal parts of the pig kidney a-
subunit cDNA respectively were used as hybridiza-
tion probes. Below they are designated as C-, M-
and N-probes. A fragment of one of the human
genomic clones (ANKw10-3) containing a C-
terminal part of the Na* ,K*-ATPase gene (the ex-
on 26072712 and 40 bp of the flanking intron)
was recloned into M13mp9, and the phage used
further in order to obtain the single-stranded
hybridization probe, which is referred to as a
human C-probe (fig.1).

2.3. Restriction endonuclegse mapping of the
recombinant phage DNAs

Labelling of the right arm of the recombinant
phage DNAs was carried out using the Klenow
fragment of E. coli DNA polymerase | and
[a-*P)dGTP according to Wu [9]. Partial cleavage
of the DNAs by restriction endonucleases, subse-
quent gel electrophoresis and radioautography
were carried out according to [10].

2.4. Nucleotide sequence analysis

The nucleotide sequences of the three genomic
clones ANK«10-3, ANKa3-2 and ANKa15-1 were
determined by the method of Sanger et al. [11}
with modifications [12] after subcloning of their
genomic inserts into the vector M13mp9.
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3. RESULTS AND DISCUSSION

With the use of the M-probe ten positively
hybridizing clones were selected from the human
genomic library.

Considering the Southern blot hybridizations
with different a-subunit cDNA parts, two of these
clones ANK«10-3 and ANKa3-2) contain the ma-
jor part of the gene. Their restriction endonuclease
maps were constructed on the basis of partial
cleavage of appropriate recombinant phage DNAs
which had been labelled at one of the termini with
32p [9] (fig.1). The deduced maps were confirmed
by complete restriction endonuclease digests,
followed by electrophoresis, Southern blotting and
subsequent hybridization using standard tech-
niques [7].

The direct sequencing confirmed the conclusion
that these two clones overlap. The overlapping
parts of the clones had rather long identical se-
quences including exonic as well as intronic regions
(fig.1).

The nucleotide sequence of 17 exons as well as of
18 intervening sequences which are related to the
a-subunit of the human Na',K*-ATPase is
presented in fig.2. The sequence of the exons cor-
responds to coordinates 382-3063 of the pig
kidney a-subunit nucleotide sequence. The region
flanking the 3’-terminal exon covers 545 bp and
has no homology with the 3’-untranslated region
of the pig kidney cDNA.. The lack of homology in
this region might demonstrate the existence of a
nonidentified intron.

The DNA sequences at the 5'- and 3’ -splice
junctions of all exon-intron boundaries correspond
to consensus sequences [13].

Comparison of the determined structure with all
known amino acid sequences of a-subunits of
Na*,K*-ATPases from different sources [3,14,15]
reveals the non-random distribution of variable
amino acids. The major part of the substitutions is
observed in the protein region which is coded by
the 5'-proximal fragments of exons 1655-1830
and 1968-2118, and a middle part of exon
25672712, This might indicate that these parts of
the a-subunit are less important for the function-
ing and structural organization of the enzyme than
the highly conserved regions.

On the other hand the amino acid sequences
which are involved in the regions of the
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Fig.1. Structural organization of the human genomic sequence related to the a-subunit of the Na*,K*-ATPase. (a) The
pig kidney ¢cDNA fragments used as hybridization probes. (b) The pig kidney a-subunit cDNA. Indicated are the
coordinates (bp) which correspond to the exon boundaries in the human nucleotide sequence. The ATG codon, central
Pst restriction site and translation termination codon are shown. (+ + +) The fragment under investigation; (- - -) the
human gene fragment which has not been found yet. (< ) The boundaries of the fragments derived from ANKa15-1,
homologous to the determined a-subunit nucleotide sequence. (c) Exon-intron organization of the determined
nucleotide sequence. (w) Exons, () introns. Figures below represent the length of restriction fragments in kb. (d)
Location of the human C-terminal probe (see section 2). (e,f) Restriction endonuclease maps of overlapping clones
ANKa3-2 and ANKa10-3 (fragment), respectively. (~~-) Phage arms.

hypothetical active centre (Asp>®®, Lys*®!, Asp’'°,
Asp™*, Lys""®) [3,15-17] (exon 1018-1185,
1504—1654, 2119—2287) are highly conserved, and
reveal a high extent of homology with respective
regions of other ion-transporting ATPases [18,19].
Moreover, the homologous sequences are also cod-
ed by exons 496—630, 749-1018, 2443—-2566 and
2946—3037. It should be noted that introns 2, 3, 7,
12, 13, 16 and 17 are located within the boundaries
of homologous regions. On the other hand, introns
4, 5, 8 and 10 are located in the middle of
homologous regions. (A more detailed analysis of
the exon-intron structure of the a-subunit gene will
be published elsewhere.)

The primary structure of the exons determined
here differs from that coding for the HeLa a-
subunit [4]. The data on amino acid substitutions
for all the known a-subunits are listed in table 1.
Thus, as follows from table 1, the evolutionary
rate of amino acid substitutions due to divergence

of sheep and pig amounts to 0.33 x 10~° substitu-
tions/site per year. Furthermore, the evolutionary
rates of such substitutions between man, pig and
sheep according to our data in both cases are about
0.5 x 1072 substitutions/site per year. These values
are in good agreement with each other although
they are 2-times higher than the evolutionary rates
estimated in the case where all the amino acid se-
quences had been compared with that of Torpedo
electroplax (0.176 x 107° substitutions/site per
year). On the other hand, the evolutionary rate ob-
tained for the a-subunit from HeLa cells is essen-
tially lower than in the case of divergence between
sheep and pig. The mean value estimated in the
case of Hel.a and pig, or HeL.a and sheep is about
0.08 x 107 substitutions/site per year. This is
2-fold lower than the evolutionary rates due to
divergence between ray and mammals. Com-
parison of the amino acid sequences of the a-
subunit of Na*,K*-ATPase encoded by the gene in
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intron 1 (34 b.p.)
382-429 GTCGACGGATCAACATCCCCACATCTCCCCACAG)CTG TAC CTG GGC ATC GTG CTG GCG GCC GTG GTG ATC ATC ACT GGC TGC
Leu-Tyr-Leu-Gly-Ile-Val-Leu-Ala-Ala-Val-Val-Ile-Ile-Thr-Gly-Cys-

§30-495 [IC TCC TAC TAC CAG GAG GCC AAG AGC TCC AAG AIC ATG GAG TCC TTC AAG AAC ATG GTG CCC CAG{GTGAAGGETG
Phe-Ser-Tyr-Tyr-Gin-Glu-Ala-Lys-Ser~8er-Lys-Ile-Met~Glu-Ser-Phe~Lys-Asn-Met-Val-Pro-Gln

intron 2{(113 b.p)
CCCAGCAAGGGCCAGAGGGGGTGTFAGTGTATGGGCT GGGGCCGGGCCACTGACCCCCAGGCAGAGGGAGT CYGGGAGGTGACATTACTCCATCCCAC

496-564 C?CAGICAA GCC CTG G1G ATC CGG GAA GGT GAG AAG ATG CAG GTG AAC GCT GAG GAG GTG GTG GTC GGG GAC CTG
Gln-Ala~Leu~Val-Ile-Arg-Glu~Gly-Glu-Lys-Met-Gln~Val-Asn-Ala-Glu-Glu-Val-vVal-val-Gly-Asp-Leu~

565-630 GTG GAG ALC AAG GGT GGA GAC CGA GIG CCA GCI GAC CIG CGG ATC ATC ICA GCC CAC GGC TGC AAGIGTGGGCCTGT
val-Glu-Ile-Lys~Gly~Gly-Asp-Arg-Val~Pro-Ala-Asp-Leu-Arg-Ile-Ile-Ser-Ala-His-Gly-Cys-Lys

intron 3(433 b.p)
AGGGCCCGGCT T ACCCICCCICLGECTGCCCAGLAGC TCAGCLLLAGCCCT CCTCCCTCACACTCAGGAGT CCAGGTCCLAACCCCTCCTCCCTCAG

ACCCAGGAGTICCAGGCCCLCAGLCCCTCCICCCTCAGACCCAGCAGTTTAGGCCC PTGGGCACCTCCTCALLCAACAGT CAGGAGTCCAGGCCCAGLCC
TCACCTTICGGAGATCC I TAGGUALLC TAGACL I TGGLCAGCAGCACTGEGCL FICCCCACCT ICAAGATCCCAGCCICTGGCCTCCCACACACCACT

CALCCACTGGGCALCCAGGUT ICTAGCTGTGATCTCCAGGLACACAGGE I TCAGCCCAAGECCCTGTACACAAATACCCTCCTGTCCCAGGCTCTGGAC

631-681 IGAACCCFCTC]CTGCTGLACCYACCCCCAG}GTG GAC AAC TCC TCC CFG ACT GGC GAA TCC GAG CCC CAG ACT CGC TCT CCC
Val~Asp-Asn-Ser-Ser~Leua~Thr-Gly-Glu-Ser~Glu-Pro~Gln-Thr-Arg~Ser-Pro-

682-748 GAC TGC ACG CAC GAL AAC CCC [TG GAG ACY €66 AAC AI¢ ACC TIC ITT ILC ACC AAC 1G) GTG GAA Gf GTGAGGCG
Asp-Cys-Tnr-His-ASp-Asn-Pro-Leu-Glu~Thr-Arg-Asn-Ile-Thr-Phe-Phe-Ser-Thr-Asn-Cys-Val-Glu-GKly}

ntron 4(115 b.p)
GG1GCAGAGAAGACACACAGC [GGGCAGACCAGLGATCTGTCCCAGGGG I'CAGGCCTCAGAACCTCCCTGAGCCALCCCACCTCAGCCTAACCCCTCT

739-813f GGCCTGCAG [GC ACG GCT €GG GGC GIG GIG GIG GLE ACG GGC GAL CGC ACT GTC ATG GGC CGT ATC GCC ACC CTG
i (G)1ly-Thr-Ala-Arg-Gly-Val-Val-Val-Ala-Thr-Gly-Asp-Arg-Thr-val-Met~Gly-Arg-Ile-Ala~Thr-Leu-

814~888 GCA I'CA GGG CIG LAG CTG GGC AAG ACG CCC ATC GCC ATC GAG ATT GAG CAC 1€ ATC CAG CTC ATC ACC GGC GTG
Ala-Ser-Gly-Leu~Glu-Val-Gly-Lys-Thr-Pro-Ile-Ala-Ile-Glu-Ile-Glu~His~Phe~Ile-Gln-Leu-Ile~Thr~Gly-val=-

889-960 GLI GIC I1C CiG GGI GIC TCC TTC TIC AIC CIC TCC CIC ATT CIC GGA TAC ACC 116G CIT GAG GCT GIC ATC
Ala-Val-Phe-Leu~Gly-Val-Ser-Phe-Phe-Ile-Leu-Ser-Leu~Ile-Leu-Gly-Tyr-Thr-Trp-Leu-Glu-Ala~val-Ile~-

961-1017 LIC C1C ATC GGL AL AIC GIG GCC AAl GTC CCA GAG GGI CTG CIG GCC ACI GTU ACT JGTAAGGCCAGGLTLLIGGGTC
Phe-Leu-Ile~Gly~Ile-Ile-val-Ala~-Asn~vVal-Pro-Glu-Gly~-Leu-Leu-Ala~-Thr-val-Thr

1GGGIGGGGAGGGLE FGAGGGTLTGEGC ICCTGOGTCTGAGGGAGGAGLGHC T GEGATCC nmmmmmmmm v mm e oo oo m s = e

_________________________ INLTOR Semmmemmmmm e mm e mammmmn e oo e m e -LCC LG LAATTGLC T GECE FECTCGICCTCCAG

< {16 1 9 A C AT G < G G
1018-1089 616 16T TIG ALC GIG ACL GCC AAG CGC A1G GCC CGG AAG AAL IGC CIG GIG AAG AAC CTG GAG GCT GTA GAG
val-Cys-Leu-Thr~Val-Thr-Ala-Lys~Arg-Met-Ala-Arg-Lys-Asn-Cys-Leu-Val-Lys~Asn- Leu-Glu-Ala~vVal-Glu-

1 I G GIG G C T G 1
1090~1161 ALL CTG GLL ICL ACG [CC ACC AIC TGC TCA GAT AAG ACA GGG ALL C1C ALT LAG AAC CGC ATG ACA GIC GCC
Thr-Leu-Gly=-Ser~Thr-Ser-Thr-I1le~Cys~$er-Asp-Lys-Thr~Gly-Thr~Leu-Thr-Gln~Asn-Arg-Met-~ -Thr-val-Ala-

CAT >>
1162~ 1185 ACC ATG GO ITI GAC AAC CAG ATC
Thr-Met-Trp-Phe-Asp-Asn-Gin-Ile

* ok N ok Nk * Kk ok F

1504~ 1806] ~~=--- intron Hmwwe-----~-- GGCCACCCICTGATCGGTCCCCAGCTCTCCAT CCAT GAGACCGAGGACCCCAACGACAACCGATALCCTG
Leu-

1507-1578 CIG GTG ATG AAG GGI GCC CCC GAG CGC ATC CIG GAC CGC TGC TCC ACC ATC CIG CTA CAG GGC AAG GAG CAG
Leu-Val-Met-Lys-Gly-Ala-Pro-Glu~Arg~Ile-Leu-Asp-Arg-Cys-Ser-Thr-Ile-Leu~Leu-Gln-Gly-Lys-Glu~Gln-

15761650 CCT CT6 GAC GAG GAA ATG AAG GAG GCC TIT CAG AAT GCC TAC C1F GAG CTC GGT GGC CTN NNN NNN NNN NNN
Pro-Leu-Asp~Glu-Glu-Met-Lys-Glu-Ala~Phe-Gln-Asn-Ala-Tyr-Leu-Glu-Leu-Gly~Gly~-

1651~1654 MNN Nf---~--ww- IRLTON Tmrmmrmome- ACTTAATATATATATAGTAGTATGAAGGAAGTATCCTAGAATGAATGCTGACTGLCCTCTOLT
1655-1656] GATGGGAGATGAATGCGGCGATCAGACATCTAGGCATGGGTGCAGGTTCCCAGGCTGGAACCCTCACACCCCAACCCTTCCCTGCCACTAG JGT

1657-1728 TTC TGC CAT TAT TAC CTG CCC GAG GAG CAG TAT CCC CAA GGC TTT GCC TTC GAC TGT GAT GAC GTG AAC TTC
Phe-Cys-His-Tyr~Tyr-Leu-Pro-Glu~Glu~-Gln-Tyr-Pro-Giln-Gly-Phe-Ala-Phe-Asp~Cys-Asp~Asp-Val-Asn~Phe-

1729-1800 ACC ACG GAC AAC CTC TGC TTT GTG GGC CTC ATG TCC ATG ATC GGC CCA CCC CGG GCA GCC GTC €CT GAC GCG
Thr—Thr-Asp-Asn—Leu-Cys—Phe-Val-Gly—Leu—Met-Ser—Met-I1e—Gly—Pro-Pro—Arg-Ala-Ala—Val—Pro«Asp—Ala—

intron 8{70 b.p)
1801-1830 GTG GGC AAG TOGT CGC AGT GCA GGC ATC AAG GTGTGGCTTGGGTGCTGGGGAGGCAAGCAGGCGTGGCGGAGAGGCCATCCCTAAAA
Val-Gly-Lys-Cys~Arg-Ser-Ala-Gly-Ile-Lys

<
1831-1894 AACAATGCCTGCAGIGTC ATC ATG GTC ACC GGC GAT CAC CCC ATC ACG GCC AAG GCC ATT GCC AAG GGT GTG GGC ATC
Val-Ile-Met-Val-Thr~Gly-Asp-His-Pro~Ile~Thr-Ala-Lys~-Ala-Ile-Ala-Lys-Gly-val~Gly-Ile-

Fig.2. For legend, see p. 78.



Volume 213, number 1 FEBS LETTERS March 1987

1884-1967

19682040

G CGl G G GA I G AW
ATC TCT GAG GGC AAC GAG ACT GTG GAG GAC ATC GLC GCC CGG CIC AAC AT CCC GTC AGC CAG GIT AAC CCC AG

Ile-Ser-Glu-Gly-Asn-Glu-Thr-vVal-Glu-Asp-Ile-Ala~Ala~-Arg-Leu-Asn-Ile~Pro-Val-Ser-Gln-Val~Asn-Pro-Ar{g}

l?TGAGECACCCATTCCCAGCCA--»1ntron 9w~ -GATCACTT IGCCACTCCTCACACACCLTGACCTCAMGLUATULGCTCTCICTGC I CITCCCAG l

G GAT GCC AAG GCC TGC GTG AIC CAC GGC ACC GAC CiC AAG GAC 1TC ALL 1CC GAG CAay ATC GAC GAG ATC CTG

{Ar)g-Asp-Ala-Lys-Ala~Cys-vVal-Ile-His~Gly-Thr-Asp-Leu~Lys~Asp-Phe-Thr-Ser~Glu~Gin-Ile-Asp-Glu~Ile~Leu~

2041~2112

2113-2118

CAG AAT CAC ACC GAG ATC GIC TTC GCC CGC ACA TCL CCC CAG CAG AAG CTC ATC ATT GTG GAG GGC IGT CAG
Gln-Asn-His-Thr~Glu-Ile-Val-Phe~Ala~Arg~Thr-Ser-Pro~Gln~Gln-Lys-Leu-Ile~Ile~Val-Glu~Gly~Cys~Gln-

AGA CAG JGTGGGCTGCGCTCCCGCAGAGCAGOGOALGOGGECTTCGACICCTGGGTLCTCACT GAGGCCLGGGCTGGTTTCCTGGGTCTGAGGGAGGA
Arg-Gln

2119-2184

2185-2256

2257-2287

GOGGCTEGGGETCTGACCTOG- = - intron 10---r-memmmcmmne e TCTAGAGAGTCLGAGCCTAACTCCTAGTUTAGGAAGAGA

GTTGGACCTAACTTCTAGICTAAGAGAGCGCTGGGTCCTCLUT I TCIGCATCTGAGDAGGGACTCTGEGGACTGOCCTCTGGTGTCATCCTTALCCIC

TCTCCCCAGIGGI GCA A1T GIG GUT GIG ACL GGG GAT GGI GTG AAC GAC TCC CCC GCT CTG AAG AAG GCC GAC ATI

Gly~Ala~Ile-Val-Ala-Val-Thr-Gly-Asp-Gly-Val~Asn-Asp-Ser-Pro~Ala-Leu-Lys-Lys-Ala~Asp-Ile-

GGG G1G GCC ATG GGC AIC GCI GGC TCL GAC GIC ICC AAG CAG GCA GCT GAC ATG ATC CIG CIG GAC GAC AAC
Gly-val-ala~-Met~Gly-Ile-Ala-Gly~-Ser-Asp-Val-Ser-Lys-Gln-Ala-Ala-Asp-Met~lle-Leu-Leu~-Asp~-Asp~Asn-

TTT GCC 1CC ATC GTC ACA GGG G1G GAG GAG G JGIGRGTIGGCCAGGOG IGGCCTGCACALCAGGTCACTACCOGAGCUTGAGACCAGE
Phe-Ala-Ser-Ile~Val-Thr-Gly-val-Glu~Glu-G{ly}

2288-2298

AAGGGGAACTGGUCAGUGLTGCAGGUGOA I GIGILLLAGAGICLAAGLLI LI Gl -~ - - = GOATLCCGICCTGAGI GALACGAGCCAGALCA
CAAAAGCAITCITAGCATCCAAC T CCAALTGCAGUAGCUTLACCALLEGICT CIGGECT VAMGTLAGLATAATGGT TATGI CTAGGAGGAGGGATAT
AGACTGGAAGAGAGCACGACAAAACCTIAAALGGGLOGCTCGUAATGOL T TIL I A C L TGACTOGGEGTCTOLLGGUTTGEANTGGCTGIGTACATGIGTA
AAAATIGTATACACCCTICTCIGGTIGAA TN T TAATGAG AT ANV GLLCAGE FCAGTGEARGONTGCOA R VECTCAATAAN AL FCAALCAG
TACAGGTFGICHAAAGTAAACAAAA LAMAGCA ] T AA LU WOCCAGGCLGILLGGE T W CTGEVVECTE ML T E GG RGACLG G AGGAGE
ATTGCCTCAGATCAAGAG T TCAAGACLAGLCTGELEARLVIG IOV WCLL OO T W VIV MOV VW E MG TGLGCETEL GG TGGEL
ACCTGTAACCCCAGCTALT IGCCAGLCIGAGLLALGAGAA T CA T T TLAACU FLAG MG AG W G T TGUAGT GG CLE AT T GTGCCNHEGLATCC
AGCCTGGGCAACACGAGCAAGACTCOCATCLCAAAA AN T VAV TAAAA T WAAATAMCAT TAGTOAGLU M GRT GGCTCOAGCCTGIGETCGRCAGCT
ACTITGGGAGGCTGAGGIGOLAGGVECACT TLACUAGGICCAGCT TCCAGICALT LN GANTLGLALC A TOLHL TALLAGLLEGGOLAALGAGGIGG
AGACCTECECTCTAAALAAATAA YT YAGT VAAAAGAT TAGCCLATGAALAVEGAGL EONVECVEFARMGAVAGAMWAGGCGGGLAC LG TGECAAACA
CCLGTAATCLCAGCACT T IGGGALLCUIGAGGLOUG ICLAIC--~mm e ntron 1l-----meemw GGATCCAACGGTLCAGCIGIGOAGTT
GICTCIGIAGCTCLCCCCTICTIGUIGIGIAGIAL TIGACIGLATGULATGIALCG TGO T TAT FCATLCCTCACCTGT TOATGGALA I GGGGT 1 GA
CICTGGCTITIGOCTCTGAIGAGIGGIGCTAIGUIGAACATICTICCTIALITGUTTI TCOCIGOOCAT IV ACAGTCCTCCICTCT 1T IGCLTATAAA
ACCIAGGAGTCGGATJACICGGILGGLIGLGETGOGGOA TG I TCATAGLAACTCCOAAACCATCEH ICLAMGIGGTTATTICAAGAATGT I TCCAC
AAAGGCGATCTGGCIGGATGITIATGTGCAAAGG JAGGTGGG ICGAGGUGCCAGGTGTGGAGACITATIGCCTGIAATCCCAGCACT TCGGGAGGCTG
AGAIGGAATCACAGCCCAGAAAT TAGACAAGCCIAGGAAAAGIGGTGAGACICTOTC L TACTARMARATACAAAAATIAGCT GGACGTGETGGEGC
GTGACTGTAGTCTCAGCIACATCGGAGGC IGAGGLAGGAGGA TCAU ITGAGCL IGGGAGTCCAGG ITGCAGT GAGCCGI GATCATGCCAC I GCALT
GCAGCCTGGGCAACAGAGTGAGACCUTCTCCCAAAAAGAAAATAATGG IGGOTCGCC I GOLGGG I AGAAAAGGACGCAGGLCGGOLGLGOTCGICA
CGCCTGTAATCCCAGGCACTTCAGGAGGUCGAGGAGGGCAGAT CACGAGGTCAGGAGATTGAGACCATGCAGGLTAACACAGTGAAACCCLGTCTC
TAATAAAAATACAAAAAAATTAGCCGGGCGTIGGTGGCAGGIGCCIGTAGTGCLCAGLIACTI CGGCAGGLIGAGGCAGG \GAATGGCET GAACCCGGG
AGGCGGAGCITGCAGTGAGCCGAGATCGCACCACTGCACTCLAGCC IGGGLAACACAGCCAGAL FCTGTCTCAAAAAAAAAAAAAAAAAAAAAAAG

GACGTTGGATGAGGGCAGAGGAGGGGCAGAGGGAGTGGGGCTCLCTGOCATGECUGCCTGCICIGACLCCTGUCTGIGUCACAG JGC CGC CTG ATC
{Gily~Arg~Leu-Ile-

2299-2373

2374-2442

<< AG G A AC A
TTC GAC AAC CTA AAG AAG ICC ATT GCC TAC ACC CTG ACU AGC AAT ATC CCG GAG ATC ACG CCC TTC CTG6 CTG ITC
Phe-Asp-Asn-Leu-Lys-Lys~Ser-Ile~Ala-Tyr-Thr-Leu-Thr~Ser-Asn-Ile-Pro~Glu-Ile-Thr-Pro-Phe-Leu~Leu-Phe-

cC T G GG C I' G GTG CAT CA »
ATC ATG GCC AAC ATC CCG CTG CCC CTG GGC ACC ATC ACC ATC CTC FGC ATC GAT CTG GGC ACT GAC ATG JGTGAGCC
Ile-Met~-Ala-Asn~Ile~Pro-Leu-Pro-Leu~Gly-Thr-Ile-Thr~Ile-Leu-Cys-Ile-Asp~Leu~-Gly-Thr-Asp-Met

2443-246 %

iatron 12 (77 b,

p-)
CTGGCAGCCACCCTTGGGGCCAGGAGGGTGGAGTCCTCCCCTCTCCGGCTCACCGGCCTCCTCCGCCTAGIGTC CCT GCC ATC TCA CTG GCG
Val-Pro-Ala-Ile-Ser-Leu-Ala-

2464-2538

2539-2566

TAC GAG GCT GCC GAA AGC GAC ATC ATG AAG AGA CAG CUTC AGG AAC CCG CGG ACG GAC AAA TTG GTC AAT GAG AGA
Tyr-Glu-Ala-Ala~Glu-Ser-Asp-Ile~Met~Lys-Arg-Gln-Pro-Arg—-Asn-Pro-Arg-Thr~Asp-Lys-Leu-Val~Asn~Glu-Arg-

CTC ATC AGC ATG GCC TAC GGG CAG ATT G {GTGAGGCACCGGGGACTCCATCTCCTTACCACCATGCCGGCCTAGAGCATGCLTGGCCACC
Leu~Ile-Ser-Met-Ala~-Tyr-Gly-Gln-Ile=G{ly)

GTGCGTGCTTGGGACCCTGGCATTGACTCAGGGGAGCAGACGTGGGCAGGACCAACCAGTGAGCTATCTGAGGEGGGGGTCTGCACCCCATCCTTCTEC
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ACCTCCLCCTCICIGCTGI IGATGTGTGCGGALCC- - - =~ = == intron 13------v-u-n CCGGGCCCICTGAGGTGCCCTGGGTTAGGCTGAC

2567-2601] IGGCCCCAATCIGAGCCTCIGCCIGAGGACTIACCTCTCICCTICCTICCAG JGA ATG ATC CAG GCI €IC GGT GGC TTC TTC TCT TAC
(Gfly-Met~Ile~Gln~Ala~Leu-Gly-Gly~Phe-Phe-Ser-Tyr-

2602-2676 111 GIG AIC €16 GCA GAA AAL GGC [1C I[IG CCC GGC AAC C1G GIG GGC ATC CGG CIG AAC TGG GAT GAC CGC ACC
Phe-vVal-Ile-Leu-Ala-Glu-Asn-Gly-Phe-Leu~Pro-Gly-Asn-Leu-Val-Gly-Ile-Arg-Leu-Asn-Trp-Asp-Asp-Agr-Thr-

2077-2712 GTC AAT GAC Cl1G GAA GAC AGL TAC GGG CAG CAG 1GG JGIGAGTAGGGCAGGGTGCTGTGTCTICIGCCCACCGTAAGATCCCC----~~
Val-Asn-Asp-Leu-Glu-Asp-Ser-Tyr-Gly-Gln-Gln~Trp

---------- mntron 14---«-----~CTGATGCCCTIGCCAGCCCAICTGAGCCTITGICCCACIGCIGAGCTLUGTCEGCCCTGCCAGCCTTCTT
CCCCACCICTGICIGICLCETCANMAGCCCAGT IGLIGTCIGTCTCCL IGGGAGGLCACAGGGT CLTTATLCTCCICLCTIGGCCCCTGGIGGATGTGAGA
TCACCAFTAACITTCILICTICCT IGTACGICTCCTGACICCICCCICTGGGACIATGAGCCCGCAGAACGGAAGACACACC TGAGGCCCTGAGGACCCCA

TGCAGGATGGGCGGEGCAAAGAGCACGGAACGICGGGGTGGCGCLIAGGGCIGCALTGLCCACTAACTGACGTCCEGTGCCCIGGTLACLGCTCCIGCAG

2713-2787 ACA TAC GAG CAG AGG AAG GIG GIG GAG T1C ACC IGC CAC ALG GCC 1IC FIT GIG AGC AIC GTT GIC GCC CAG TGG
Thr-Tyr-Glu-Gln-Arg-Lys~Val-Val-Glu-Phe-Thr-Cys-His-Thr-Ala-Phe-Phe-Val~Ser-Ile-val-Val-Ala-Gln-Trp-

2788-2843 GCC GAl CIG ATC ATC IGL AAG ACC CGG AGG AAC 1CG GIC 11C CAG CAG GGC AIG \AJGTGAGGGCCGGGGGACATGGTCAC
Ala-Asp-Leu-Ile-Ile-Cys-Lys-Thr-Arg-Arg-Asn-Ser-Val-Phe-Gln-Gln-Gly-Met-Ly{s)

I [GGACAGCLAICIGICTIGICCGACTCGICTIGTCIGTCGIGIGIACIC---1ntron 15-=--~~~=-~ (CCABLCCIGCCCITCTLIGCCTCCAG

2844-2916 G AAC AAG AIC AIG AIC [1C GGG CTG ITT GAG GAG ACG GCC CIG GCT GCC 11C CIG ICC TAC IGC CCC GGA ATG
{Ly) s-Asn-Lys-Ile-Met-Ile-Phe-Gly-Leu-Phe~Glu-Glu-Thr-Ala-Leu-Ala-Ala-Phe-Leu-Ser-Tyr~Cys-Pro-Gly-Met-

2917-2945 GAC GIG GLL CIG CGC AIG TAC CCI CIC AA JGIGAGIGCLCCGCTGCLLLCAGCCLIGLECACACCAGCGCCIGCCAIGGAGCCICLITCC
Asp-Val-Ala-Leu-Arg-Met-Tyr-Pro-Leu-Ly {s)

TTAGACTAGGICIGAACTAGGCCL -~ -~ e m e mntron lb---------- GGATCCIGGCAGACTOLLLCCTCIGLGICCCCICCAGICCCCTGAA

2946-2876] ACTCIGLCILICGITAGGGULCLGCACTCAAGLCCICCIGLICTCCCLECIGLAG JG CCC AGL TGG 66 TIC 161 GCC TIC CCC TAC
(Ly)ls-Pro-Ser-Trp-Trp-Phe-Cys-Ala-Phe-Pro-Tyr-
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2977-3037 AGT ITC CIC ATC TIC GIC TAC GAC GAA AIC CGC AAA CIC AlC CIG CGC ALG AL CCA GGG G [GTGAGLGAGCTCGGCA
Ser-Phe-Leu-Ile-Phe-Val-Tyr-Asp-Glu-Ile-Arg-Lys-Leu-Ile-Leu-~Arg—-Arg-Asn~-Pro-Gly-G|{ly)

intron 17 (281 b.p.)
AGGCAGCLGAGGGGGGLGGLGEGGCAGLAGGGI LTI CAGGCAGLTGGTCCCAGGCTCCCCICGCCCI LU IGGATGLICTIGLCACCTGGT ICCCACTCTT

CTCICICLITCCCAICLICICCGGLACCCACECIGICT ICTCACGGGICICIGICIGIGIGOITITCCHIGICICICICCCICTCIGTCCCTCICTCTGE

3038-3057] [GGGLCGCICGCCITGLCTIGICICECICCATCICTTACTCTIGICICTITICITICCTICITIGICICICCAG {GT [GG GTG GAG AAG GAA ACC
{G)Ly-Trp-val-Glu-Lys-Glu-Thr~

3058-3063 [AC 1AL IGA CULICAGCCCLACCACAICGLCCALICICTTCCCCGICLGCAGGCCALGACCGCCCCIGTICAGILCCLCCAATITTIGTATTCTGGGGG
Tyr-Tyr

GAGGAGCCCTCTCITCCTGTGGLCCCACCT IGGCCCCCACCCCCTCCACTATLTCCTGCCGCCCCCALTCIGGCIGGCTTLICTCCCCIGCCCCAAAC
CICTCICCTCICTCTITTCIGIGICAGTTICICTCCCTCICCTCACCCCICTAICCATTCCTCCCGCCCCAGCCACCICCCIGGGCTICITITITACTC
CCCTTCAGCLCCCCGGTGATGCCAICTCIGGT ICTGGACAATTATCAAATATALCAGIGGGGAGAGAGAAGCGGTGTGTGTGTTGTGCCTGCTTTCCA
GALGGGGACTGLGGCTGGGACAGCATCCCCTICTIGT IGGGGCGLGC TGCCAGGLGACTCICGAAACTGCAGGAACT LAGCCTGGCACTGGLTTGGAAGT

CACGGAATCTCAGAGCCATCTAATCACGGAGTTTTCAACTCCACGAAAGI CAGAGCAGCITGAATIC

Fig.2. The human genomic nucleotide sequence related to the a-subunit of Na* ,K*-ATPase. Pig kidney a-subunit
coordinates are indicated. Intervening sequences are boxed. Differences in the nucleotide sequence of ANKa15-1 are
shown in the upper line. The gap in the nucleotide sequence is designated by asterisks.

question with the other known amino acid a-
subunit sequences reveals the conserved character
of substitutions: only 31 of 70 substitutions are
nonconserved when human exons are compared
with the corresponding sequences of pig.

The picture of nucleotide substitutions in exons
is characteristic for coding sequences — the silent
substitutions are much more frequent than
substitutions leading to amino acid substitutions.

The data on evolutionary rates of amino acid
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substitutions and the defined correlation between
silent and total nucleotide substitutions allow us to
suggest that in our case we are dealing with a func-
tional gene, although the final conclusion can only
be made on the basis of the whole gene sequence
and its transcription evidence.

The discrepancy between our data and those of
Kawakami et al. [4] is not clear. One of the ex-
planations could arise from the existence of several
genes coding for different forms of @-subunits. In
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Table 1

Amino acid substitutions in  a-subunits of

Na't,K*-ATPases® from different sources and rates of

amino acid substitutions (lower value) (Kaa X 10'%/site
per year)

Ray Pig Sheep Hela Man
[14] [3] [15} {4

Ray 83 85 80 100
1.41 1.45 1.36 1.76

Pig 10 4 70
1.43 0.287 5.40

Sheep 10 73
0.720 5.63

HeLa 0 71

Man

* Amino acid substitutions are calculated for the
sequence between coordinates 180 and 1016 of
Na*,K*-ATPase o-subunit from pig encoded by exons
whose structure is presented in this paper

Time of divergence of filetic lines: ray—mammals, 400 x
10° years; sheep—pig, 45 X 10° years; sheep, pig—human,
90 x 10° years [20]

HINDITI

N T ki 'i —
S S S SR R - T
a. -4} i = a w = x

(KB)

23,1

9.4

6.6

4.4

25

2.0

X | Human DNA

ANKd10-3

Fig.3. Genomic Southern blot. High-M, placental DNA

and DNA of the clone ANK«10-3 were digested with the

indicated restriction endonucleases, electrophoresed

through a 0.8% agarose gel, blot transferred to Gene

Screen and hybridized to the human C-terminal probe
(see section 2).
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Table 2

Evolutionary rates for different proteins, including a-
and @-subunits of the Na®,K*-ATPase (K,. x 10%/year)

Protein Amino Nucleotides
acids
Syno- Total
nymous
a-Globin 1.2 2.9 1.6
Myoglobin 0.89 - -
B-Subunit of
Na*,K*-ATPase 0.51 0.62 0.52
Insulin A and B chains 0.44 2.4 1.04
Cytochrome ¢ 0.3 - -
a-Subunit of
Na*,K*-ATPase 0.18 1.69 0.57
Histone H4 0.01 3.7 -
a-Tubulin 0.01 0.88 0.34

fact, it has been shown that in the brain there are
two forms of catalytic subunits designated « and
o’ [21,22].

Our data reveal the existence of an additional se-
quence (human genomic clone ANKa15-1) closely
related to that of the a-subunit but still different
from the sequence determined in this work as well
as from the HeLa ¢DNA sequence [4] (see fig.1).

Nevertheless, Southern blotting of the human
placental DNA digested with several restriction en-
donucleases, and probed with human C-terminal
probe (see section 2), reveals a simple pattern
which is similar to that of ANKa10-3 (fig.3).

These data support the assumption that there is
a common sequence coding for the 3’-terminal
region of the a-subunits of the Na* ,K*-ATPase. It
might also be possible that the variable region of
the enzyme is encoded by the N-terminal part(s) of
the gene(s).

ADDENDUM

By the time this manuscript was ready for sub-
mission we found at least two different nucleotide
sequences in the human genome which were closely
related to the catalytic subunit of the human
Na*,K*-ATPase. These data provide evidence for
the existence of a family of genes (and
pseudogenes?) related to the a-subunit of the
Na*,K*-ATPase.

79



Volume 213, number 1

In the ¢DNA library from human adult brain,
screening has revealed two types of sequences
related to the a-subunit of the pig kidney enzyme.
One is identical with the a-subunit ¢DNA from
HelLa cells [4], while the other is identical with the
exon parts of the nucleotide sequence in fig.2.
Therefore we conclude that, at least in adult
human brain, this gene is expressed. It is possible
that this sequence codes for the o*-form of the
catalytic subunit of Na,K-ATPase [21,22].
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