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Human Na*,K*-ATPase genes

B-Subunit gene family contains at least one gene and one pseudogene
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The existence of a chromosome gene family containing at least one gene and one pseudogene was shown for the Na*,K*-ATPase f-subunit. A

partial structure of the f1-gene was determined, the coding part of which was completely homologous to cDNA of the Na*,K*-ATPase SI-subunit

from HeLa cells [8]. The region encoding the putative protein transmembrane domain was shown to be bordered by two introns. The structure

of a pseudogene (By) was determined. This pseudogene is processed and contains multiple stop codons. Its homology to the fI-subunit cDNA
from HeLa cells is about 88 %.

ATPase, Na*,K*-; g-Subunit; Family of gene; Exon/intron structure; Pseudogene sequence

1. INTRODUCTION

Na* ,K*-ATPase (EC 3.6.1.3) of animal cell plasma
membranes carries out the ATP hydrolysis-coupled
transport of sodium and potassium ions across the
plasmalemma against their electrochemical gradients.
The enzyme consists of two polypeptide subunits. The
a-subunit (=112 kDa) carries all known functional sites
of the holoenzyme [1,2]. The function of the #-subunit,
which is a sialoglycoprotein with a molecular mass of
the protein component of about 35 kDa, has not yet
been established. The #-subunit was hypothesized [3] to
serve as a receptor for incorporation of the a-subunit
into the membrane. (It cannot be ruled out that the -
subunit possesses another, yet unknown, activity re-
quired for holoenzyme functioning [4].) Both subunits
are expressed coordinately and at approximately equal
levels in most tissues except rat liver, but not human
liver. The latter may indicate the presence in rat liver of
another isoform of the #-subunit [5]. The possible ex-
istence of the family of #-subunit proteins may be con-
firmed by the localisation of the regions, homologous
to the S-subunit cDNA on two different chromosomes
(1 and 4) [6]. In a recently published work [7], the struc-
tures of rat brain and human liver mRNAs were
established which encode two proteins having a weak
homology to the earlier characterized A-subunit of
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Na*,K*-ATPase from rat brain (only 55.8% nucleotide
homology). The authors designated the deduced pro-
teins as the All-isoforms. On the other hand,
Kawakami and co-authors [8] postulated the uni-
queness of the Na*,K*-ATPase #-subunit gene in the
human genome. In this light, it is of interest to
elucidate whether there are various isoforms of the 8-
subunit in animal cells and, if so, how many different
genes encode these isoforms.

Earlier [9,10], we determined the complete cDNA
nucleotide sequences corresponding to mRNA
translated regions and deduced the protein primary
structures of pig kidney Na*,K*-ATPase o- and G-
subunits. The investigation of human chromosomal
genes [11,12] evidenced the existence of a gene family
for the Na* ,K*-ATPase catalytic subunit, including no
less than 5 genes and/or pseudogenes. The complete
structure of one of the genes of this family (a3) has
been determined [13].

Here, we present evidence for the existence of a fami-
ly of related genes and pseudogenes of human
Na*,K*-ATPase #-subunit and report a structure of a
pseudogene (5¥).

2. MATERIALS AND METHODS

To construct genomic libraries, human sperm DNA was partially
digested with Seu3A I, and a fraction with fragments 10—20 kb in
length was cloned into AEMBL3. The libraries obtained were screen-
ed as described [11] using the full length ¢cDNA of the pig kidney
Na*,K*-ATPase S-subunit cloned into plasmid pGEM2. Isolation of
recombinant phages, DNA physical mapping, labelling of fragments
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and hybridization were carried out according to the methods describ-
ed [11].

3. RESULTS AND DISCUSSION

The homology of structural genes for Na*,K*-
ATPase @-subunits from phylogenetically distant
species (which is 89.4% for pig kidney/HeLa cells
c¢DNAs, and 66% for pig/torpedo cDNAs) made prob-
ing of human genomic libraries with the help of pig
kidney cDNA possible.

Eight positive clones were isolated during several
library screening procedures. By the restriction site
maps, the clones were divided into two types: RH11
and RH4 (fig.1), the latter being represented by several
overlapping clones.

In fig.2, the DNA sequences from both the phage
ANKSRHI11 and the phage ANKGRH4 are shown in
parallel with cDNAs for Na*,K*-ATPase #-subunits
from pig kidney and HelLa cells. It is evident that all 4
structures are highly homologous (see also table 1).

Analysis of the above data shows that, firstly, clone
ANKGRH11 contains a genomic DNA which, in its exon
part, is completely identical to the structural gene of the
HeLa Na*,K*-ATPase S-subunit and, secondly, this
DNA region has at least two introns. These introns,
designated in figures as 1 and 2, have typical splice sites
of exon-intron boundaries [15] and show no homology
to the respective structural gene regions. We conclude
that clone RH11 apparently contains a fragment of the
gene for the enzyme’s Sl-subunit. It is also interesting
to note that these introns border the exon which en-
codes the putative transmembrane domain of the pro-
tein molecule (amino acid residues 34—61, fig.3). This
observation is in good agreement with the hypothesis
proposed by Hogness [17].
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Table 1

Homology of the nucleotide sequences of isolated clone fragments to
the ¢cDNA of Na*,K*-ATPase @-subunits from pig kidney and
human HeLa cells (in %)

c¢DNA of #-subunit Human genomic DNA
from: fragments from:

Pig kidney HeLa cells ANKSRH11? ANKSRH4

[10] (8]
Pig - 89.2 97.6 82.3
HeLa - 100.0 88.1
RHI11 - 89.1

RH4 _

® For phage ANKSRHI11 only the exon part of the insert was
compared (residues 102—224 in coordinates of pig kidney cDNA
which is the most conserved region)

As seen in the figures and table 1, the structure of the
human genomic insert from clone ANKSRH4 is highly
homologous but not identical to ¢cDNA from HeLa
cells. Its homology to the structural genes for
Na*,K*-ATPase G-subunits from pig kidney and HeLa
cells undoubtedly proves the close relationship of all
these structures. Characteristically, the RH4-type gene
lacks introns which are present in RH11 type gene.
Besides, the reading frame includes the stop codons and
nucleotide substitutions leading to multiple non-
isofunctional amino acid substitutions; the insertion of
S nucleotides in the region of the residue 215 causes a
shift of the reading frame. These data may be an in-
dication that the RH4-type gene is a pseudogene
designated here as Gy¢.

It is well known that the distribution of substitutions
in the sequences of #-subunit cDNAs from different
species is non-uniform (fig.4B). The amino-terminal se-
quence is highly conserved (underlined in fig.4 by one
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Fig.1. Comparison of structural organization of two types of genes related to the g-subunit of Na*,K*-ATPase. Top and bottom lines are
restriction maps of phages ANKGRH11 and ANKGRH4, respectively. B, BamHI; E, EcoRI; H, HindlIl; the scale is given as a bar. In the center,
the sequenced and collinear portions of both genes are given enlarged. (Nucleotide numbers are marked according to pig kidney cDNA.) () Exons
or areas homologous to coding regions; (—) introns or areas nonhomologous to coding regions; (///) fragments hybridizing to the probe used.
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gacghA-CGCa AGaGGCaCGC gGCAatCACC CAtCitTCaat cCCcGCaBGCA GCTGCTGACC CGCCA---CC
CCTCATCGCC AGGGGCGCGC CGCAGCCACC CACCCTCCGG ACC-GCGGCA GCTGCTGACC CGCCATCGCC

cagaga ActacgagGC tGCeGgaAtC gegalceltte cgactCGGCA -CTGCTGeCg atlteTgelyg
ATGGCCCGCE GaAAAGCCAA GGAGGAGGGC AGCTGGAAGA AATTCATCTG GAACTCcGAg AAGAAGGAGT TTtTGGGCAG
ATGGCCCGCE GGAAAGCCAA GBAGGAGGGC AGCTGGBAAGA AATTCATCTG GAACTCAGAG AAGAAGGAGT TTCTGGGCAG
intron 1 —=--- t tecatccgtgg gaagattaaa gtttcattet gacggatatg acgteatcac agetttttgt
ATGaCCtcga GGABAGCCAA tGAGGAGGGC AGTTGGAAGA AATTCITCTG GAACTCAGAG AAGAAGGAGT TTtTaGGCAg
GACCGGTGGC AGTTGGTTTA AGATCCTTCT ATTCTACGTt ATATTTTATG GCTGCCTGGC TGGCATCTTC ATtGGAACCA
GACCGGTGGC AGTTGGTTTA AGATCCTTCT ATTCTACGTA ATATTTTATG GCTGCCTGGC TGGCATCTTC ATCGGAACCA
ttetgttett cttgeagTTA AGATCCTTCT ATTCTACGTA ATATTTTATG GCTGCCTGGC TGGCATCTTC ATCGGAACCA
GACCGtgBBC AGTTGGTTTA AGATCaATTCT ATTCTACaTA ATATTTTATG GCTGCCTGaC TGGCATCTTC ATCGGAAtgA
TCCAAGTBAT GCTGCTCACC ATCAGTGAAT TTAAGCCCAC ATATCAGGAC CGAGT----- GBCCCCaCCA GGATTAACAC
TCCAAGTGAT GCTGCTCACC ATCAGTGAAT TTAAGCCCAC ATATCAGGBAC CGAGT----- GGBCCCCGCCA GGATTAACAC
TCCAAGTGAT GCTGCTCACC ATCAGTGAAT TTAAGCCCAC ATATCAGGAC CGAGT----- GBCCCCGLCA gtaaatgeac
TCCAAGTGgT GCTGCTCACC ATCAGTGAAT TTAAaCCCAC ATATCAGaAC CGeaTatcag GalCCCaCCA GGATTAACHC
AGATTCCTCA GAgCCAaAAG ACTGAAATTT CtTTTCGTCC TAATGATCCC cAaAGCTATG AatCcTATGT ggTaAgCATA
AGATTCCTCA GATCCAGAAG ACTGAAATTT CCTTTCGTCC TAATGATCCC AAGAGCTATG AGGCATATGT ACTGAACATA
acatgatage ttcatttcct tcagagatag cat-—=m=- intron 2
AGATTaCTCA GATCCAGcAG ACTGAAATTg CCTTTCaTCC TAATGATCCC AAGeaCTgTG AGGCATATGT gCTGAACETA

GTgAGGTTCC TGGAgAAGTA CAAAGATTtg GCgCAGAaGG ATGAtATGAT TTTTGAAGAT TGTGGCaATG TGCCCAGeGA
GTTAGGTTCC TGGAAAAGTA CAAAGATTCA GCCCAGAGGG ATGACATGAT TTTTGAAGAT TGTGGCGATG TGLCCAGTGA

GTTAGGTTCC TGGAAAAGTA CAAAGATTCA GCCCAGAaGG ATGACATGAT TTTTGAAaAT TGTGaCaATG TGCCCAGTGA

ACtcAAAGAA CGAGGAGAAT aTAAcaAcGA ACGAGGAGAG CGAAAaGTgT GCAGgTcCAg GCTcGAATGG tTGGGAAACT
ACCGAAAGAA CGAGGAGACT TTAATCATGA ACGAGGAGAG CGAAAGGTCT GCAGATTCAA GCTTGAATGG CTGGGAAATT

ACCCAAAGAA CCAGGAGACT TTAATCAaGA AtGAGGTGAG CGAAAGGTCT GCAGATTCAA GCTTGAgTGG CTGGGAAATT

CGCTCTGGATT AAATGATGAA ACCTATGGCT ACAAAGALGG CAAACCeTGt gTcATTATAA AGCTCAACCG ABTTCTgGGC
GCTCTGGATT AAATGATGAA ACTTATGGCT ACAAAGAGGG CAAACCGTGC ATTATTATAA AGCTCAACCG AGTTCTAGGC

GCTCTGGATT AAATGAcAAA ACTTAcaGCT ACgAAGAGGG CAAACCacat gTTATTATAA AGCTCAAgtG AGTTCTAGGC

TTCAAACCTA AGCCTCCCAA GAATGAGTCC TTGGAGACTT ACCCAGTGAT GAAGTATAAt CCAtATGTCC TgCCCGTTCA
TTCAAACCTA AGCCTCCCAA GAATGAGTCC TTGGAGACTT ACCCAGTGAT GAAGTATAAC CCAAATGTCC TTCCCGTTCA

TTCAAACCTA AGLCTCCCgA GAATGAGTCC TTGGAGACTT ACCCAGTGAT GAAGTATAAC gCAteTGTgt TTCCtOttCA

tTGCACTGGC AAGCGtGAcG AAGATAAGGA gAAAGTTGGA AccaTGGAGT ATTTTGGeCT GGGCgelTaC CCTGGTTTTC
GTGCACTGGC AAGCGAGATG AAGATAAGGA TAAAGTTGGA AATGTGGGAT ATTTTGGACT GGGCAACTCC CCTGGTTTTG

GTGCACTGGC tAGCaAGATG AAGATAAGGA TAAAaaTaGA AATGTGGAGT ATTTTGGACT GGGCAACTaC CtTGGTTTTC

CTCTaCAGTA TTAcCCtTAC TAcGGCAAgC TCCTGCAGCC CAAgTACCTG CAGCCCCTGa TGGCtGTgCA GTTCACCAAC
CTCTGCAGTA TTATCCGTAC TATGGCAAAC TCCTGCAGCC CAAATACCTG CAGCCCCTGC TGGCCGTACA GTTCACCAAT

CTCTGCAGaA TTATCCcTAC TATGGCAAAC TCCTGCAGCC CAAATACCTG CAGCCtCTGC TtGtCGTACA GTTCACCAAC

CTcACCATGG ACACTGAAAT cCGCATAGAG TGTAAGGCGT AtGGTGAGAA CATTGGGTAC AGTGAGAAAG ACCGTTTTCA
CTTACCATGE ACACTGAAAT TCGCATAGAG TGTAAGGCGT ACGGTGACAA CATTGGGTAC AGTGAGAAAG ACCGTTTTCA

CTTACCATGG ACACTGAAAT TCGCcTAG-- TGTAAaGCag AtGGTGAGAA CATTGGGCAC AGTGAGAAAG AtgGTTTTCA

GGGACGeTTT GATGTAAAAA TTGAAGTTAA GAGCTGATCA CAAGCICt
GGGACGTTTT GATGTAAAAA TTGAAGTTAA GAGCTGATCA CAAGCACA

Fig.2. Nucleotide sequences of the Na* ,K*-ATPase 4-subunit cDNAs from pig kidney (a) [10], HeLa cells (b) [8], and genomic inserts from phages
ANKA#RHI11 {c) and ANKSRH4 (d). Nucleotides in introns and those differing from Hela sequence are presented in lower case letters.

line), in carboxy-terminal part of cDNA, there are
variable as well as constant (marked with black arrow)
regions. In contrast, the distribution of nucleotide
substitutions in the gene #y is more even (fig.4A). For
instance, in the same N-terminal region, which is con-
sidered to be functionally significant, there are 3 times
more nucleotide and amino acid differences between
HeLa sequence and 8y than between Hela and pig
kidney cDNAs. Moreover, the 5 nucleotide frame shif-
ting insert (indicated by white arrow) falls into this

region. These data indicate a possible absence of
natural selection control of the structure of this gene
which, in turn, may be a proof of absence of RH4-type
gene expression,

On the other hand, there are some similarities in
pig/HeLa and B¢y/HeLa nucleotide substitution pro-
files (in fig.4 this region is underlined by double line).
This suggests that prior to inactivation, i.e. conversion
into a pseudogene, the RH4 gene ancestor had already
diverged from #1-gene, the divergence being within the
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Fig.3. Model for spatial transmembrane organization of

Na*,K*-ATPase @-subunit {16]. Cylinders and black arrows

correspond to o-helical segments and R-pleated sheets, respectively.
Arrowheads with numbers indicate intron positions in 81 gene.

limits of natural evolution. Hence, it follows that the
family of the Na™ ,K*-ATPase #-subunit genes contains
{or contained) other active genes, more homologous to
the #1 than the recently sequenced human liver ZII-
subunit cDNA [7]. Based on the estimated neutral rate
of evolution in the higher primates which is 1.3 x 107°
substitutions per site per year [18], it could be
hypothesized that this pseudogene has been formed
more than 100 million years ago and, therefore, could
also be found in the other mammals.

By the nucleotide sequence, human G¢ isolated in
this work significantly differs from human liver GlI-
subunit cDNA [7] and is much closer to that of the &I-
subunit from HeLa cells [8] and other sources. Thus, it
is most probable that hybridization analysis in the work
[6] revealed RH4 type pseudogene on human
chromosome 4, besides functional gene &1 localized on
chromosome 1.

The data presented here clearly evidence that a fami-

-

]

e

Number of nucleotide substitutions

-
<

Number of 20 nucleotide group

Fig.4. Pairwise comparison of nucleotide substitutions in 3 genes

related to Na' K*-ATPase 8l-subunit family. (A) HeLa cDNA

versus BY; (B) HeLa cDNA versus pig c¢DNA. Numbers of
substitutions are given for every 20 nucleotides.
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ly of gene(s) and pseudogene(s) related to the
Na* ,K*-ATPase @-subunit exists in human genome.
What lies ahead is to elucidate how many members of
this family there are in the mammalian genome and
what is the origin of these genes.
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