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Abstract 

A eDNA encoding a fl-subunit of the avian H+/K+-ATPase was cloned from a chicken stomach cDNA library, and its 
nucleotide sequence determined. A comparison between all the available sequence data for the/3-subunits of P-type ATPases 
reveals several evolutionarily conserved regions. Overall identity was 66% when compared with mammalian H+/K+-ATPase 
/3-subunits, 34% identity when compared with the Na+/K+-ATPase /32-subunits, and 33% identity when compared with the 
Na÷/K+-ATPase/31-subunits. 
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The H÷/K+-ATPase and the Na+/K÷-ATPase con- 
sist of two subunits: the catalytic a-subunit and the 
glycoprotein /3-subunit. Several lines of evidence indi- 
cate that the proper functional expression of the a- 
subunit requires its assembly with the /3-subunit [1,2]. 
Recently, it was shown that the/3-subunit of the rabbit 
H+/K÷-ATPase can assemble with the a-subunit of 
the Xenopus  [3] and Torpedo Na+/K+-ATPase [4], 
suggesting the existence of evolutionarily conserved 
domain(s) within both subunits. The critical domains of 
the a-subunit required for such assembly reside in a 
160 amino acid stretch within the carboxy terminus of 
the a-subunit [5]. The corresponding domains of the 
/3-subunit required for assembly have not been identi- 
fied, although it has been suggested that these domains 
likely reside in the extracellular regions [6]. Recent 
cDNA cloning and sequence studies have produced 
amino acid sequences for mammalian and other verte- 
brate/3-subunits [7-16]. In this study, we add an avian 
H÷/K+-ATPase /3-subunit sequence to this family. 
Multiple sequence alignment in this family suggests 
common sequences preserved through evolution. 
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Total RNA was isolated from adult chicken stomach 
using the ac id /phenol  extraction method [17]. 
Polyadenylated RNA was purified through two rounds 
of oligo-(dT)-cellulose chromatography, converted to 
eDNA by oligo(dT)-primed reverse transcription, and 
ligated into the E c o R I  site of a phage, A-Zap II 
(Stratagene). This eDNA library was screened using 
random-primed eDNA fragments encoding the rat gas- 
tric H+/K+-ATPase /3-subunit [8] under a moderate 
stringency (hybridization in the presence of 20% for- 
mamide at 42°C and washing in 3 x SSPE at 42°C). 
The longest cDNA clone among several overlapping 
ones was analyzed using standard DNA-sequencing 
methods [18]. 

Fig. 1 shows the nucleotide sequence of the cDNA 
and its deduced amino acid sequence. The encoded 
protein (299 amino acids) contains a single hydropho- 
bic region, which can provide a unique transmembrane 
domain (M1) that is close to the amino-terminus. In 
addition, the protein contains six conserved Cys and 
several potential Asn-linked glycosylation sites between 
M1 and the carboxy-terminus. These features are found 
in all known P-type ATPase /3-subunits, although the 
number and the positions of potential Asn-linked 
glycosylation sites vary among /3-subunit isoforms (see 
text below and Fig. 4). The encoded protein shares 
65.9% amino acid identity with the human H ÷ / K  ÷- 
and 65.6% identity with the rat H+/K+-ATPase /3- 
subunit. As expected, it shares less identity with the 
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chicken Na÷/K+-ATPase /3-subunits (34% and 33% 
with the /31- and /32-subunits, respectively). Thus, the 
cloned eDNA encodes a chicken H+/K+-ATPase /3- 
subunit. 

To explore the evolutionary relationships between 
the P-type ATPase/3-subunits, we constructed a multi- 
ple alignment of the 12 amino acid sequences (Fig. 2) 
and examined the phylogeny of these/3-subunits using 
several programs for constructing evolutionary trees. 
Both distance and parsimony methods produced the 
same tree (Fig. 3). This tree suggests that there are 
four divergent families of /3-subunits; the H + / K  ÷- 
ATPase /3-subunit, the Na+/K+-ATPase /31-subunit, 
the mammalian Na+/K+-ATPase/32-subunit, and the 
non-mammalian Na+/K+-ATPase f12-(chicken)//33- 
(Xenopus) subunits. The phylogenetic analysis groups 
the ion-specific subunits and the different /3-subunit 
isoforms as expected. However, it is interesting to note 
that the Xenopus/33-subunit is most closely related to 
the chicken /32-subunit, and that these two subunits 
are not significantly more closely related to the mam- 
malian/32-subunits than they are to the other ATPase 
/3-subunits. This fact implies a few alternative possibili- 
ties. One possibility is that there is no mammalian-type 
/32-subunit in birds and frogs, and the non-mammalian 

/32/3-isoform is the counterpart of the mammalian-type 
/32-subunit in certain cell-types of chicken and Xeno- 
pus (as suggested by mRNA distribution [16]). Another 
possibility is that the chicken /32-subunit might be 
more appropriately called a /33-type, and that one 
might expect to find additional amphibian and avian 
'/32'-subunits, as well as mammalian '/33'-subunits. In- 
terestingly, it has been suggested that at least three 
different Na+/K+-ATPase /3-subunits exist in the 
chicken [22]. 

From an evolutionary perspective, each isoform is 
simply in a different branch of the tree and the four 
branches are approximately equally distant from one 
another. Nevertheless, a recent observation on heterol- 
ogous subunit assembly between the mammalian 
H+/K+-ATPase /3-subunit and the amphibian and 
teleost Na+/K+-ATPase a-subunits [3,4] suggests the 
existence of a common mechanism of P-type ATPase 
subunit assembly. Our avian H+/K+-ATPase /3-sub- 
unit also assembles with the avian Na÷/K+-ATPase 
al-,  a2- and a3-subunits (manuscript in preparation). 
We applied a PLOTSIMILARITY program to the 
deduced amino acid sequences, and identified three 
major conserved regions (Fig. 4); Region I including 
the single hydrophobic domain (position Gly31-Pro86), 

5 ' . . . . . . . . . .  GAATTCGGCACGAGA. GGCAGTGATCTCTTCAACCTTTAGTGGAGGGGAAGGTATAAAAACCAAAGCAGTCTGCTTGGGCAACTCT~TGAGCCC C 

TGTTGAATTTCTTCATTTCTTCATI'rCCGAGGAAGACG~t t t t  IGGGGAAATTTTGTGGCAAA ATG GCA ACT TrA 
Net AIO Thr Leu 

GAA ¢GG ATG GAA AAT TTC CGC CGT TTT GTC TGG AAT CCA GAA ACT AAG CTG ~rT ATG GGA 
Glu Arg Net Glu Asn Phe Arg Arg Phe Vol Trp ASh Pro Glu Thr Lys Leu Phe Net Gly 

TGG ATC AGC CTG TAC TAC CTG GCC TTC TAC GTG GTG ATG ACT GGG ATC TTC GCC CTC TCC 
Trp Tle ~er Leu Tvr Tvr Leu Alo Phe Tvr Val Vol Net Thr Glv Zle Ph~ Alo Leu Ser 

GTC AAT CCC TAC GAG CCA GAT TAC CA& GAC CAG CTC AAG TCC CCA GGT GTA ACG TrA CGA 
Val Asn Pro Tyr Glu Pro Asp Tyr Gln Asp Gln Leu Lys Ser Pro Gly Vat Thr Leu Arg 

GGG CTG CAA ATC TAC TAC AAT GCA TCT GAC AAC AAG ACC TGG GAG GGG CTG GTG ACA ATG 
Gty Leu Gin Tle Tyr Tyr Asn Alo 5er Asp Asn Lvs Thr Trp Glu Gty Leu Vol Thr Net 

TAT AGC CCA GCT GCT CAG CAT CTG AAC ATC AAC TGC ACA AGC AAC ACA TAC TrC ATC CAG 
Tyr Set Pro Ato Ala Gin His Leu Asn n e  ASh Cvs Thr 5er Asn Thr Tyr Phe Tle Gln 

AAC ACA AAA CTG TCC TGC AAG TTT ACA TCA GAT ATG CTT CAA AAC TGC TCT GGC ATC ACA 
Ash Thr Lys leu Ser Cys Lys Phe Thr 5er Asp Net Leu Gin Asn Cvs Ser Gly Tle Thr 

GAA GGA AAA CCT TGC ~ AT[ GTA AAG ATG AAC AGG ATT ATC AAA TTT TAT CCT GGC AAC 
Glu Gly Lys Pro Cys Phe I l e  Vol Lys Net Asn Arg Tle I l e  Lys Phe Tyr Pro Gly Asn 

TGC AGC TAT GTA GGT GAC GAG TCC CGC CCG CTG GAG GTA GAA TAC TAC CCG GTG AAT GGA 
Cys Set Tyr Vat Gly Asp Glu Set Arg Pro Leu Gtu Vot Gtu Tyr Tyr Pro VoI Ash Glv 

CCC TAC TAT GGA AAG AAG GCA CAG CCC ACT TAC AGT AAT ccT TrG GTA GCT GTG AAA TTT 
Pro Tyr Tyr Gly Lys Lys Ala Gln Pro Thr Tyr Ser ASh Pro Leu Vot Alo Val Lys Phe 

GAA GTC CAG ATA GTG TGC AAG ATC ATT GGA GCC GGG AT[ ACC Trc GAT AAC GTT CAT GAC 
Gtu Vol Gln l'.e Vol Cys Lys n e  ~le Gty Alo Gly n e  Thr Phe Asp Asn Vol His Asp 

Trr  AAA I"[G AAA ATA GAG GAT GGA GCA GCG AGA GAC ACC TCT AAA AAG CAT GTG TGA AGA 

AAT GAA AAG AAG ACC TGC AGT 
Ash Glu Lys Lys Thr Cys Ser 

AGG ACC TTG ATT AAC TGG GTG 
Arg Thr Leu Tle Asn Trp VOI 

ATA TAC TCC CTA ATG AGG ACG 
I le  Tvr Ser Leu Met Are Thr 

CCG GAT GTG TAT GGG CAC AGA 
Pro Asp VoI Tyr Gty His Arg 

CTC CAG ACG TTT CTG ACA GCA 
Leu Gln Thr Phe Leu Thr Alo 

AAC ACC TIT GAT GGC CCA AAT 
Ash Thr Phe Asp Gly Pro Asn 

GAT CCT ACT TTT GGA TTr CCA 
Asp Pro Thr Phe Gly Phe Pro 

GGC ACC GCA CCG AGA GTG GAC 
Glv Thr AlO Pro Arg Vol Asp 

ACC TTC AAC CTG CAC TAC TTC 
Thr Phe Asn Leu His Tyr Phe 

CTC AAC ATC ACA AAG AAT GTA 
Leu Asn I t e  Thr Lys Ash Vot 

CCA TAT GAA GGA AAA GTG GAA 
Pro Tyr Glu Gly Lys Vol Glu 

ACG ACT TAC CTGTTGTCACACTGA 
Phe Lys Leu Lys I l e  Glu Asp Gly Alo Ala Arg Asp Thr Ser Lys Lys His Vol *** 

CTGATATrrATrr~CTATGATTG~CATATGAATGTACTCAAATrACAGTGACAGTAGACATCTTCTACTGAGGG~CC~ATATAA ~ T ~ A ~ T ~  C 
TCAGCGTGAGAAGGAGATGAGAATrATCCCCAGTGTACACAGTCTAGTGTTCTGTGGCTA~G~C~CC~G~TC ~ A  ~ T ~  
TCTAACCCAAGCAGGTGTGCCTTCCCAC~AAA GGAAGTATGGGATCAAAACATTGTTCTTCATC~ i i I i t CGAACTCTAATAAATAA CTGATGTATAATATrGAATA 
CTG GATACTGTA GGA GCAATTA GGATA GCTA GUULAATAA GTA GCTCAAAATA CTGTGA GATAATAATA CC CTTCTCGAT ~GC ~ ~A ~ G ~ T ~  ~ 
A A A G A G A C A G C A A A T T A A C T G C A T G C C A A T G C A ~ r G C T T r G T G T A C A A G C C A G C C G A G T C T G A ~ T ~ T ~ ~ ~  G 
GGGCCTGTAGL i t i t CTAATACCTAGCACCTGTGATCTCGTGCCGAATrG . . . . . . .  3' 

Fig. 1. Nucleotide and deduced amino acid sequences of a chicken H+/K+-ATPase /3 - subuni t  eDNA.  Potential N-linked glycosylation sites and 
unique transmembrane domain are underlined. 



1t. Yu et al. / Biochimica et Biophysica Acta 1190 (1994) 189-192 191 

Region II between CyslS8-Arg 192 and Region III be- 
tween Leu256-Lys 320. These regions might be involved 
in subunit assembly, since the regions of the fl-subunit 
isoforms that interact with the a-subunits are possibly 
conserved throughout evolution. There are several N- 
linked glycosylation sites that are conserved within 
isoforms; 7-8  in the H+/K+-ATPase fl-, 3 -4  in the 
Na+/K+-ATPase ill-, 8 in the mammalian N a + / K  +- 
ATPase fl2-subunits, and 4 in non-mammalian 
Na+/K+-ATPase fl2-/fl3-subunits, respectively. It is 
interesting to note that almost all the N-linked glyco- 

sylation sites reside within the variable domains (Fig. 
4), and the blocking of in vivo Asn-linked glycosylation 
by tunicamycin does not prevent subunit assembly [23- 
25]. 

The general characteristics of the primary structures 
described here should be useful for further experimen- 
tal design to identify important functional domains 
within the P-type ATPase/3-subunits. 

We thank Dr. G. Shull for a gift of a cDNA encod- 
ing the rat H+/K+-ATPase/3-subunit. KT is an Estab- 
lished Investigator of the American Heart Association. 
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Fig. 2. Alignment of amino acid sequences of P-type ATPase/3-subunits. To maximize alignment, minimum numbers of space (-)  were added. 12 
sequences are shown; human H+/K+-/3 [7], human Na+/K+-/31 [10], human Na+/K+-/32 [9], rat H+/K+-/3 [8], rat Na+/K+-/31 [11], rat 
Na+/K+-fl2 [9], chicken Na+/K+-/31[12], chicken Na+/K+-/32 [16], Torpedo Na+/K+-/31 [14], Xenopus Na+/K+-/31 [15], and Xenopus 
Na+/K+-/33 [15]. Evolutionary conserved regions in which 11 of 12 sequences are identical are boxed. 58 amino acids (17% of the total of 336 
positions) are conserved throughout/3 subunit-isoform evolution. 39 amino acids (open circles (o))  are conserved between three isoforms (e.g., 
Pro-247 for the H+/K+-/3, mammalian Na+/K+-/32 and non-mammalian Na+/K+-/32/3 subunits), and 78 amino acids (filled circles (e)) are 
conserved between two isoforms (e.g., Gln268 for the H+/K+-/3 and Na+/K+-/31 subunits). Among them, 16 amino acids are preserved in an 
ion-pump specific manner; the amino acids in the H+/K+-and the Na+/K+-ATPase are distinct but conserved within the ion-pumps (e.g., 
Gln-76 (H+/K+-/3) and Arg-76 (Na+/K+-/3)). Within variable regions (not marked), there are 27 amino acids that are preserved only within 
isoforms (e.g., Phe-305 (H+/K+-/3), Thr-305 (mammalian Na+/K+-/32), Asn-305 (non-mammalian Na+/K*-/32/3) and Tyr-305 (Na+/K+-/31)). 
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Fig. 3. Evolutionary relationships among the P-type ATPase fl-sub- 
units. Each of the sequences in Fig. 2 was compared to each of the 
others using a global alignment algorithm [19] The resulting dis- 
tances were used to build an evolutionary tree using the neighbor- 
joining program [20] from the PHYLIP package [21]. Analysis of the 
data using other programs for constructing distance trees and the 
PROTPARS program all found the same tree topology. 
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Fig. 4. Distribution of conserved regions in the P-type ATPase 
/3-subunits. The average identity within a ten residue window for the 
alignment shown in Fig. 2 was calculated with the PLOTSIMILAR- 
ITY program of the Genetics Computer Group sequence analysis 
package. (Inset) Three conserved S-S bonds ((3) and the potential 
transmembrane domain (M1) are indicated. All potential N-linked 
glycosylation sites (o) identified in all #-subunit isoforms are also 
shown. 

This work was supported by grants from the American 
Heart Association National Center (901107 to KT) and 
the National Institutes of Health (GM44373 to KT and 
LM04969 to WRP). 

1. References 

[1] Noguchi, S., Mishina, M., Kawamura, M. and Numa, S. (1987) 
FEBS Lett. 225, 27-32. 

[2] Horowitz, B., Eakle, K.A., Scheiner-Bobis, G., Randolph, G.R., 
Chen, C.Y., Hitzeman, R.A. and Farley, R.A. (1990) J. Biol. 
Chem. 265, 4189-4192. 

[3] Horisberger, J.-D., Jaunin, P., Reuben, M.A., Lasater, L.S., 
Chow, D.C., Forte, J.G., Sachs, G., Rossier, B.C. and Geering, 
K. (1991) J. Biol. Chem. 266, 19131-19134. 

[4] Noguchi, S. Maeda, M. Fntai, M. and Kawamura, M. (1992) 
Biochem. Biophys. Res. Commun. 182, 659-666. 

[5] Lemas, V. Takeyasu, K. and Fambrough, D.M. (1992) J. Biol. 
Chem. 267, 20987-20991. 

[6] Renaud, ICJ., Inman, E.M. and Fambrough, D.M.(1991) J. Biol. 
Chem. 262, 10733-10740. 

[7] Ma, J.Y., Song, Y.H., Sjostrand, S.E., Rask, L. and Mardh, S. 
(1991) Biochem. Biophys. Res. Commun. 180, 39-45. 

[8] Shull, G.E. (1990) J. Biol. Chem. 265, 12123-12126. 
[9] Martin-Vasallo, P., Dackowski, W., Emanuel, J.R. and Levin- 

son, R. (1989) J. Biol. Chem. 264, 4613-4618. 
[10] Kawakami, K., Nojima, H., Ohta, T. and Nagano, IC (1986) 

Nucleic Acids Res. 14, 2833-2844. 
[11] Young, R.M., Shull, G.E. and Lingrel, J.B. (1987) J. Biol. Chem. 

262, 4905-4910. 
[12] Takeyasu, K., Tamkun, M.M., Siegel, N.R. and Fambrough, 

D.M. (1987) J. Biol. Chem. 262, 10733-10740. 
[13] Verrey, F., Kairouz, P., Shaerer, E., Fuentes, P., Geering, K., 

Rossier, B.C. and Kraehenbuhl, J.P. (1989) Am. J. Physiol. 256, 
F1034-F1043. 

[14] Noguchi, S., Noda, M., Takahashi, H., Kawakami, K. and T. 
Ohta. (1986) FEBS Lett. 320, 315-320. 

[15] Good, J.P., Richter, K and Dawid, I.B. (1990) Prec. Natl. Acad. 
Sci. USA 87, 9088-9092. 

[16] Lemas, M.V. and Fambrough, D.M. (1993) Biochim. Biophys. 
Acta 1149, 339-342. 

[17] Chomczynski, P. and Sacchi, N. (1987) Anal. Biochem. 162, 
156-159. 

[18] Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Prec. Natl. 
Acad. Sci. USA 74, 5463-5467. 

[19] Myers, E.W. and Miller, W. (1988) CABIOS 4, 11-17. 
[20] Saitou, N. and Nei, M. (1987) Moi. Biol. Evol. 4, 406-425. 
[21] Felsenstein, J. (1989) Cladistics 5, 164-166. 
[22] Takeyasu, K., Renaud, K.J., Taormino, J., Wolitzki, B.A., Barn- 

stein, A.M., Tamkum, M.M. and Fambrough, D.M. (1989) Curr. 
Top. Membr. Transp. 34, 143-165. 

[23] Zamofing, D., Rossier, B.C. and Geering, K. (1989) Am. J. 
Physiol. 256 C958-966. 

[24] Tamkun, M.M. and Fambrough, D.M. (1986) J. Biol. Chem. 261, 
1009-1019. 

[25] Caplan, M.J., Forbush, III, B., Palade, G.E. and Jamieson, J.D. 
(1990) J. Biol. Chem. 265, 3528-3534. 


