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Abstract. Here we show a complete list of the P-type
ATPase genes in Caenorhabditis elegans and Dro-
sophila melanogaster. A detailed comparison of the
deduced amino-acid sequences in combination with
phylogenetic and chromosomal analyses has revealed
the following: (1) The diversity of this gene family has
been achieved by two major evolutionary steps; the
establishment of the major P-type ATPase subgroups
with distinct substrate (ion) specificities in a common
ancestor of vertebrate and invertebrate, followed by
the evolution of multiple isoforms occurring inde-
pendently in vertebrate and invertebrate phyla. (2)
Pairs of genes that have intimate phylogenetic rela-
tionship are frequently found in proximity on the
same chromosome. (3) Some of the Na,K- and H,K-
ATPase isoforms in D. melanogaster and C. elegans
lack motifs shown to be important for o/B-subunit
assembly, suggesting that such o- and B-subunits
might exist by themselves (lonely subunits). The
mutation rates for these subunits are much faster
than those for the subunits with recognizable as-
sembly domains. (4) The lonely a-subunits also lack
the major site for ouabain binding that apparently
arose before the separation of vertebrates and inver-
tebrates and thus well before the separation of ver-
tebrate Na,K-ATPases and H,K-ATPases. These
findings support the idea that a relaxation of func-
tional constraints would increase the rate of evolution
and provide clues for identifying the origins of in-
hibitor sensitivity, subunit assembly, and separation
of Na,K- and H,K-ATPases.
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Introduction

P-type ATPases constitute a large family of membrane
proteins (enzymes) that actively transport charged
substrates (e.g., cations and phospholipids) across bi-
ological membranes. The transport process carried out
by the P-type ATPase family is distinguished from that
by the other ATP-dependent ion-pumps in that it in-
volves formation of a phosphointermediate of the en-
zyme itself [25]. Each member of the P-type ATPase
family has as part of its structure a catalytic (or o)
subunit that contains the conserved amino-acid motifs
for phosphorylation of an aspartyl carboxyl group and
for ATP binding. The Na,K-ATPase (sodium pump)
and the H,K-ATPase (proton pump), in particular,
have an additional, glycosylated B-subunit.

Axelsen and Palmgren [3, 41] have classified
P-type ATPases into ten categories based on their
sequence similarities and substrate specificities (see
the legend for Table 1). Phylogenetic analyses of the
large collection of deduced amino-acid sequences for
P-type ATPase catalytic subunits have shown that
this categorization can be applied universally to the
P-type ATPases of vertebrate and invertebrate ani-
mals, plants, fungi, lower eukaryotes, and even
prokaryotes [3, 20, 56; for alignments and references
to the deduced amino-acid sequences, see 13, 36].
Phylogenetic analysis led to the conclusion that the
divergence of substrate-specificity (ion selectivity)
occurred early in the evolution of P-type ATPases
and has been conserved ever since [24].
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Table 1. List of C. elegans and D. melanogaster P-type ATPase genes identified in the present and previous studies.

Species Type Isoform Accession number Gene name Ref.
C. elegance IB Ce IB AL032665 793382" D83665 Y76A2A F45G2%:cua-1 46
1A Ce 11A-1 792807 AJ012296 K11D9.2:mca-4
1A Ce IIA-2 782088 7K256.1
IIB Ce IIB-1 768221 AJ223616 W09C2.3: mca-1 29
11B Ce IIB-2 AF125446 AJ010708 RO5C11.3: mca-2 29
1B Ce 11B-3 AC025724 AJ010646 Y67D8C.b: mca-3 29
11C Ce IIC-1 781028 U18546 B0365.3: eat-6 11
IIC Ce IIC-2 CAB07586 C01G12.8
IIC Ce IIC-3 AF016433 CO9H5.2
1IC Ce 1IC-4 AF016446 CO02E7.1
1IC Ce IIC-5 AL132876 Y105E8A12
v Ce V-1 U80025 F02C9.3
v Ce IV-2 781078 F36H2.1
v Ce IV-3 U28940 T24H7.5
v Ce IV-4 798866 Y49E10.11
v Ce IV-5 AF099920 HO6H21.10
v Ce IV-6 793785 W09D10.2
\% Ce V-1 770271 W08D2.5
A% Ce V-2 U41552 KO07E3.7
\% Ce V-3 783217 C10C6.6
\% Ce V-4 AC024842 YS59HI11AR.2
B-subunit Ce B-1 781037 C17E4.9
B-subunit Ce B-2 782262 C43F9.6
B-subunit Ce B-3 781550 F53F3.3
D. melanogaster 1B Dm IB AE003487 CG1886
1A Dm ITA-1 AE003462 M62892 Ca-P60A 32
A Dm IIA-2 AE003598 CG7651
IIB Dm IIB AE003844 CG2165
IIC Dm IIC-1 AE003732 AF044974 Atpalpha 51
IIC Dm IIC-2 AE002610 AF202632 CG 17923
11C Dm I1C-3 AE003457 CG3701
v Dm IV-1 AE003818 CG17034
v Dm V-2 AE003639 CG6263
v Dm IV-3 AE003625 CG18419
v Dm IV-4 AE003694 CG14741
v Dm IV-5 AE003502 CG9981
v Dm 1V-6 AE003502 CG4301
\ Dm V-1 AE003845 —"
A% Dm V-2 AE003631 CG6230
B-subunit Dm B-1 AE003615 U22438 CG9258: Nervana 1 50
B-subunit Dm B-2 AE003615 U22439 CG9261: Nervana 2 50
B-subunit Dm B-3 AE003670 CG8663
B-subunit Dm p-4 AE003725 CG11703
B-subunit Dm B-5 AE003725 CG5250
B-subunit Dm B-6 AE003646 CG15274

Categorization of the catalytic subunit genes is after Axelsen and Palmgren [3]; i.e., type-IA (represented by bacterial K-ATPase), type-1B
(Cu®*- or Cd*>*-ATPase), type-ITA (organelle membrane Ca>*-ATPase (SERCA)), type-IIB (plasma membrane Ca>*-ATPase (PMCA)),
type-IIC (Na,K-ATPase or H,K-ATPase), type-IV (phospholipid translocase), and type-V (ATPase with no assigned specificity). The
accession numbers show the genome project data in the NCBI database. The numbers and names in bold show the data given in the

references before the genome project.

“These isoforms step across two cosmid clones and are not shown as CDS in database.

®This isoform is not shown as CDS, but detected by BLAST search.

Within the vertebrates, a single type of ion
pump often occurs as multiple isoforms, in some
cases as the result of alternative splicing and in other
cases as products of divergent genes that arose by
gene duplications. For the Na,K- and the H,K-
ATPase catalytic subunit, several isoforms with
~90% amino acid sequence identity are found [56],
and a given isoform from one species has an or-

thologue in other species. For example, human
Na,K-ATPase isoforms al, o2, and a3 genetically
correspond to chicken Na,K-ATPase isoforms al,
02, and o3, respectively [52; for the vertebrate -
subunit isoforms, see 57]. Isoforms also occur in
invertebrates, but these isoforms never correspond
one-to-one with the vertebrate isoforms, suggesting
that the divergence of the P-type ATPase isoforms
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occurred after vertebrate and invertebrate lineages
separated [56].

Completion of genome sequencing projects for
the nematode, Caenorhabditis elegans [4], and the
fruit fly, Drosophila melanogaster [12], has made
possible a detailed exploration of phylogenetic rela-
tionships among various isoform genes. In the pres-
ent study, we analyzed a complete list of P-type
ATPase sequences extracted from these two model
organisms and found novel isoforms that retain what
appears to be an ancestral characteristic of the Na,K-
and H,K-ATPases.

Materials and Methods

PHYLOGENETIC ANALYSIS

Dm2C2 full-length cDNA clones were isolated from Drosophila
cDNA libraries by hybridization screening with the Dm2C1 cDNA
as probe. Dm2C3, Dmp-5, and Dmp-6 were isolated by reverse
transcription PCR of tissues. Searching the genome and EST da-
tabases released by the Sanger Centre and by the Berkeley Dro-
sophila Genome Project identified the other novel P-type ATPase
genes. The previously reported vertebrate and invertebrate P-type
ATPase sequences were used as probes to carry out BLAST
searches [1]. In the BLAST search at the National Center for
Biotechnology Information web site, many P-type ATPase amino-
acid sequences of mammalian and invertebrate have been used as
query [3]. These query sequences include all of human, Drosophila,
C. elegans and Tetrahymena enzymes such as SERCA, PMCA,
NaK, HK and B-subunit, Menkes disease-associated copper
transporter, ATPase 11, Drosophila NaK1, C. elegans NaK, and
Tetrahymena TPA. These sequences were also used in this paper,
and many distinct subject (answer) sequences were identified. From
the sequences identified by BLAST search, the ones that have the
unique conserved motifs of P-type ATPase were defined as the
putative P-type ATPase isoforms. The conserved motifs are as
follows: X T/D GE T/S (unknown), DKTGTLT (phosphorylation
site), KGAXX (FITC binding in NaK), M/V XTGD (unknown),
GDGXND (FSBA binding in NaK).

The nucleotide sequences of the identified EST clones were de-
termined, open reading frames were identified, and putative coding
sequences were converted to amino-acid sequences. Where full-
length cDNA sequences were not available, the putative coding
sequences of most isoforms were extracted from the CDS sequences
in the database directly. For some isoforms (e.g., Ce IB or DmV-1,
see Table 1 and legend), the putative sequences were obtained by the
FGENES program in the Computational Genomics Group web
page (in the Sanger Centre [49]) and by eye. The alignments of the
amino-acid sequences were achieved with the CLUSTAL W pro-
gram [55] in Vector NTI suite6 software. Neighbor-joining phylo-
genetic trees [45] were constructed based on the conserved regions of
the alignment, using the SEQBOOT, PROTDIST, NEIGHBOR,
and CONSENSE of the PHYLIP package version 3.5 [15] and vi-
sualized using the TREEVIEW program [40]. The number of the
amino-acid residues used for the trees are 664(I11A), 976(1IB),
879(11C o) and 171(IIC B). Bootstrap analyses for 1000 replications
were performed to provide confidence estimates for tree topologies.

REVERSE TrRANSCRIPTION PCR (RT-PCR)

RT-PCR was employed to verify transcription of putative genes
encoding Na,K- and H,K-ATPase o- and B-subunits. Wild-type

adult D. melanogaster and C. elegans were homogenized and pro-
cessed for total RNA isolation with RNeasy kits (QIAGEN). The
RNA samples were treated with RNase-free DNasel (New England
BioLabs) to remove any residual genomic DNA. Two pg RNA
from each sample were used for poly-T primed reverse transcrip-
tion. Each PCR reaction was performed with isoform-specific
primers and one-twentieth volume of the synthesized cDNA as a
template. Primers used for RT-PCR were as follows:
Dma2-5[AGGTATTGGTGCTTTTCGCCA],
Dma2-3[GCGTCTAATTCTTCAACTTTCA],
Dma3-5TACGGATCAGCTCCACTGGAT],
Dma3-3[GTGGCCAGGCAATAGGCCAG],
Dmp3-5[TAGTCGACTAGCCGATAAAAAAATTGGT],
Dmp3-3[TACTGCAGCATTGGCTAGTTTCACT],
Dmp4-5[ATGTCGACTACCGGAGGACGTAATGGTG],
Dmp4-3[TACTGCAGCAATTTGTGCTCGTCTAT],
Dmp5-5TATAAGCTTTCCATGCCTAACGACGCGATA],
Dmp5-3[ATAAGCTTCTGATCTCACTCGTACCACTC],
Dmp6-5[ATAAGCTTAAGATGCCAACCAAAGAAGAT],
Dmp6-3TATAAGCTTTTATAATGAGTAGTCGGTTCG],
Cea2-5TAGGAAAACGTGCAGGTCACA],
Cea2-3'[ACTTCATTCACAAACGGAGTGT],
Cea3-5[GACCAGAACTTCCTGGATTAAGTG],
Cea3-3'[GCTTGAGCAGCCATGAAGAC],
Ceaid-5'[GGTCAGAACTTCCAGCATTGACCC],
Ceod-3'[GCCTGATTGGCCATATACAT],
Cea5-5TATAGGACAGAGTGTCAGGCC],
Cea5-3[TTCGAGATCTTGGCGGAGTG],
CeBl-5TATGGAGAAAAAGGTCGACG],
CeB1-3'[CTACAACTCTTTCTTCTCTTC],
Cef2-5TATGGTTGGGAGCAATTCCT],
Cef2-3'[CTAACCAACAGTTTCCACTG],
CeB3-5TATGACAAACGGCGGTAGAAATG],
CeB3-3[TTAAGCGGCTGGTGCAGC].
Equal volumes of the PCR products were subjected to agarose-
gel electrophoresis and visualized with ethidium bromide dye. No
amplification was observed when reverse transcription was omitted.

Results

P-Typre ATPASES IN C. ELEGANS AND
D. MELANOGASTER

There are twenty-one P-type ATPase catalytic (o-)
subunit genes and three B-subunit genes in the C.
elegans genome and fifteen catalytic subunit genes and
six B-subunit genes in the D. melanogaster genome
(Table 1). Newly evolved isoforms sometimes lose
their ability to be expressed, remaining in the genome
as nonfunctional “fossils”, or pseudogenes, that may
evolve rapidly [27]. However, it is unlikely that any of
the type-IIC ATPase genes identified in this study are
pseudogenes, because all of them are transcribed, as
confirmed by RT-PCR (data not shown).

THE CATALYTIC SUBUNITS

All of the C. elegans and D. melanogaster P-type
ATPase catalytic subunit genes can be classified into
six subgroups (Table 1) by multiple alignment of the
deduced amino-acid sequences with the correspond-
ing vertebrate sequences (not shown). These six sub-
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H.sapiens NaK1 |LFGGFSMLLWIGAILCFLAYSIQAAT...EEEPQNDNLYLGVVLSAVVIITGCH VTILCIDLGTDMVPAISLAY|
H.sapiens NaK2 |LFGGFSILLWIGAILCFLAYGIQAAM.. . EDEPSNDNLYLGVVLAAVVIVTGCH VTILCIDLGTDMVPAISLAY|
H.sapiens NaK3 |LFGGFSILLWIGAILCFLAYGIQAGT...EDDPSGDNLYLGIVLAAVVIITGCH ITILCIDLGTDMVPAISLAY|
H.sapiens HK LAGGLQCLMHVAAAICLIAFADQASE...GDLTTDD LYLAIALIAVVVVTGCF ITILFIEALCTDIFPSVSLAY|
H.sapiens ATP1AL1 |MVGGFSILLWVGAFLCWIAYGIQYSS...DKSASLNNVYLGCVLGLVVILTGIH ITILFIDLGTDIIPSIALAY
C.porcellus HK MIGGFSILLNVGAILCHIAYGIhYAS -NQSGSLDNVYLGVVLALVVILTGIH ICSDKTGTL ITILFIDLGTDIIPSIALAY
X.laevis NaK |LFGGFSMLLWIGAILCFLAYGIQAAM.. . EEEPQNDNLYLGVVLSAVVIITGCF ICSDKTGTL VTILCIDLGTDMVPAISLAY
X.laevis HK |LAGGLQCLMWVAAVICLIAFGIEESQ GDLTSADNLYLAITLIAVVVVTGCH ICSDKTGTL ITILFIALCTDIFPSVSLAY)|
D.melanogaster 2C1 |LFGGFAMLLWIGAILCFVAYSIQAST...SEEPADDNLYLGIVLSAVVIVTGIF ICSDKTGTL VTILCIDLGTDMVPAISLAY
D.melanogaster 2C2 |MFGGFAILLWAGSFLCFVGYLIQLQT...QHEPPDDNLYLGIALTVLVIVTGLH ICSDKTGTL IAILCIDIGTDMLPAISLAY
D.melanogaster 2C3 CFSILGIIILLSSIASFAMYYLFATKTPONGKVDPEFLVAGIILLVTFFLAGLT IVEDIL VM MDELILAFLVNLVPALTLIY|
C.felis NaK |LFGGFALLLWIGAILCFVAYSIQAST...VEEPADDNLYLGIVLAAVVIVTGIH ICSDKTGTL VTILCIDLGTDMVPAISLAY|
C.elegans 2C1 |LFGGFAMLLWVGAILCYIAY WDYFT.. MEYPSKDNLYLGIVLMTVVVITGVH ICSDKTGTL VTILCIDLGTDMVPAISLAY|
C.elegans 2C2 |IFGGFNFLLWCAASASAVGYGMDLSMS. DDEEVPKDNMYMAIILATVVTVTGLF ICSDKTGTL IAILMIDLGTDLWPAISFAY
C.elegans 2C3 | FKNLLWVLMFGAAALCFLTYIYDPT........ DALNLYVGIFIVAIVFIMCVY IRNSDKTGTL VQILSIDLITDIPPAVSLAY|
C.elegans 2C4 |FKNLLWILMFGAAALSLVAYIYDPS. LCVGIFIIVIIFVMCIV ISDKTGTL VQILSIDLISDIPPAVSLAY
C.elegans 2C5 |FHFKFWILLLGAAVLSVMTYFIHMAR LYCAIILIAVVVFMGML ICIDKFGTL LQILSVDLASEMPPAISLAY
H.vulgaris NaK |MFGGFSMLLWIGAILCFFAFGIRAVR LYLGIVLSVVVIITGCH ICSDKTGTL ITILCIDLGTDMVPAISLAY
D.japonica 2C1 |LFGGFSLLLWIGAVLCFLAYAIQSGA... LYLGVVLTAVVVITGCH ICSDKTGTL ITILCIDLGTDMVPAISLAY|
T.thermophila TPA2 LTNGFAE&LNISAGLCFLAYGLSPD ........ DPSNIYLAIVILVVIFITTAL ICSDKTGTL IYMLVICVGTDVWPAISLAY
850 8§0 870 9]0 920

2C
.thermophila TPA2

Fig. 1. Amino-acid sequence comparison among the Type-IIC P-
type ATPase a-subunits. The amino-acid numbers and the numbers
of transmembrane regions are according to the human Na,K-AT-
Pase a-1 subunit sequence. (4) Ouabain-binding extracellular re-
gion between the transmembrane M1 and M2. (B) Phosphorylation
region in the large cytoplasmic domain. (C) The specific residue
(Glu) that binds SCH28080 in the gastric H,K-ATPase is in the

groups (in the nomenclature of Axelsen and Palm-
gren [3]) are the heavy-metal ATPases (type IB), the
SERCA ATPases (type I1A), the PM Ca”" -ATPases
(type 1IB), the Na,K- and H,K-ATPases (type 11C),
the phospholipid translocases (type IV), and ATPases
with no assigned specificity (type V). Sequence simi-
larity is rather low between the ATPases from dif-
ferent subgroups within a single invertebrate species,
whereas sequence similarity between invertebrate and
vertebrate ATPases from a single subgroup is quite
high. For this reason, assignment of invertebrate
ATPases to particular subgroups, based upon ho-
mology with the corresponding vertebrate ATPases,
was easily achieved. For example, the amino-acid
sequence identity between Drosophila Na,K-ATPase
(o-subunit) and Drosophila Ca*>*-ATPase (SERCA)
is merely ~22%, while sequence identities between
homologous Drosophila and human proteins are up
to 77% for the Na,K-ATPase a-subunits and 72% for
the Ca®"-ATPases. The fact that the P-type ATPase
catalytic subunits of invertebrate organisms are
readily classified into the same subgroups that are

H.sapiens NaK1 |LISMAYGQIGMIQALGGFFTYFVILAENGFLPIHLLGLRVDWDDRW.

H.sapiens NaK2 (LISMAYGQIGMIQALGGFFTYFVILAENGFLPSRLLGIRLDWDDRT.

H.sapiens NaK3 |LISMAYGQIGMIQALGGFFSYFVILAENGFLPGNLVGIRLNWDDRT.

H.sapiens HK |LAAYSYFQIGAIQSFAGFTDYFTAMAQEGWFPLLCVGLRAQWEDHH.

H.sapiens ATP1AL1 |LAVYSYLHIGLMQALGAFLVYFTVYAQEGFLPRTLINLRVEWEKDY.

C.porcellus HK |LAIYSYLHIGLMQALGAFLVYFTVYAQQGFWPTSLIQLRVKWEQDY.

X.laevis NaK |LISMAYGQIGMIQALGGFFTYFVILAENGFLPWTLLGIRVNWDDRW

X.laevis HK |LAVYSYFQIGIIQSFAGFVDYFTVMAQEGWFPAYVLGLRSHWENGQH

D.melanogaster 2C1 [LISMAYGQIGMIQAAAGFFVYFVIMAENGFLPKKLFGIRKMWDSKA

D.melanogaster 2C2 [LILMAYLQIGVIQTVACFFTFFAIMAEHGFPPSRLKGIREDWDSKN

D.melanogaster 2C3 LVGTIEAAAVFMTYFVFMADKGFLPRTLVALNIAWHDDM

C.felis NaK |LISMAYGQIGMIQAAAGFFVYFVIMAENGFLPMKLFGIRKQWDSKA

C.elegans 2C1 |LISLAYGQIGMIQASAGFFTYFWIMADNGFMPWDLYQLRAGWDSRA.YNNVLDERIEEWTYANRK
C.elegans 2C2 |[LVMFSYMQIGAIQACAGFTTYFVLMMSNGWFPQDLLNISEQWDNKY.IDDLEDERAIAWSYESRK
C.elegans 2C3 |LITYTYLFMSIFISVGGVVAYLLSYYILNGIYPSELAFSSNDHFKVG.ASNFTTYNEVVLNAEQQV
C.elegans 2C4 |LITYTYLFMSIFISIGCVCAYLLSYYINGIGPWELAFTASTYFKHG.AANFTTAKIQVILNEEQQM
C.elegans 2C5 [LLVYAYILAGFGITIGCIAAYLSVYWYHNIPISDILFTAEHHWKIG.AKNFTTHQELTFGEQQQL
H.vuLgar1s NakK LISLAYGQIGMMGATAGFFTYFIILAENGFLPSYLFGLRSQHDDMS NNNLLDH

D.japonica 1

T

YLEWTGYTAFFVGIMVQQIADLII
IVEFTCHTSFFISIVVVQWADLII
YQQYTCYTVFFISYEICQISDVLI
TLEYTCHTAFFISIVVVQWADLII
..VLEYTAGTGFFVSIVVTQVFDLLI
QLECQVSSLCLMSLAVMQCTNLVL
TLEYTCHTAFFVSIVVVAQWADLIV|

.. ILEYTCQTAYFVSIVVVQWADLII
ALESCCYGTFFFTIVVTQWSDLFA|
FMAAQAAAAFHIAVVVGQAWHLWM
YMANQAAAAFHISLVLGQAFHLWM
.. FIKGRAAAAWQITLVMSQVFHLYN

black boxes. (D) Subunit-assembly M7-M8 region. One set of
critical amino acids for a-f subunit assembly is shown in black. The
white triangle shows the omitted 70 amino-acid residues of TPA2.
The GenBank accession numbers not included in Fig. 3 are as
follows: D21854 for C. porcellus H,K-ATPase, P35317 for H. vul-
garis Na,K-ATPase, S66043 for C. felis Na,K-ATPase, AB012391
for D. japonica.

found in vertebrate organisms supports the conclu-
sion [3, 20, 56] that the divergence of the P-type
ATPase subgroups occurred early in evolution, pre-
ceding the split of invertebrates and vertebrates. As
expected, type-IA, type-1ID, and type-III ATPases,
which are thought to be specific to prokaryotes, fungi
or plants, are not found in these invertebrate organ-
isms.

The existence of multiple genes for a single class
of P-type ATPase in both C. elegans and D. mela-
nogaster (Table 1) indicates that a multiplicity of P-
type ATPase isoforms is a general feature rather than
one specific to vertebrates, where isoform diversity
has been well documented. Among the subgroups,
the diversity of the type-IIC ATPases is of particular
interest, because this group is known to function only
when assembled with a [-subunit, and different
combinations of the a-and B-subunit isoforms could
generate a further variety of enzymatic function.

Amino-acid sequence comparison (Fig. 1) and
the phylogenetic relationships (Fig. 24) among the
invertebrate and vertebrate type-IIC ATPases reveal
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H.sapi

C.elegans 2C5
tm|: C.elegans 2C3
C.elegans 2C4

T.thermophila TPA2

100
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C.elegans 2C2 \

h D.melanogaster 2C2

D.melanogaster 2C3

- H.sapiens fi-1

— H.sapiens HK

»

C.porcallus HK

H.sapiens NaK a-1
U iod

Clade Y

; | L X.lagvis NaK

1: H.sapiens NaK a-2
H.sapiens NaK a-3
— H.vulgaris NaK

—— C.elegans 2C1

(A) (B)

— D.japonica NaK

EED.Mnogasm 2Cc1
C.felis NaK J

Fig. 2. Rooted phylogenetic trees of the Type IIC P-type ATPase
subunits. (4) Alpha-subunit tree constructed by using the same se-
quence data as in Fig. 1. The root was determined by taking the
human SERCA1 sequence as an out-group. Number of used residues
is 879. (B) Beta subunit tree constructed by using the sequence data
for invertebrate B-subunits. The root was determined by taking the

that three isoforms of C. elegans (Ce2C3, 2C4, and
2C5) retain characteristics that may reflect an ances-
tral form of the Na,K/H,K-ATPase that has not yet
acquired the binding sites for ouabain or SCH28080
(see Discussion). These isoforms also appear to lack
motifs correlated with o/B-subunit assembly, and we
speculate that they may exist without B-subunits (see
Discussion). Moreover, the rate of evolution for these
subunits, based upon analysis of rooted molecular
phylogenetic trees, is much higher than those for the
ordinary a-subunits that contain the consensus motif
for assembly with B-subunits (Fig. 24). On the other
hand, one isoform of D. melanogaster (Dm2C3),
which has both the M1-M2 extracellular loop and the
o/B subunit assembly motifs (see Discussion), has the
highest evolutionary rate (Fig. 24). The amino-acid
sequence for the phosphorylation site (DKTGTLT)
in the catalytic subunits is almost 100% conserved
throughout evolution. However, Dm2C3, which is
expressed as detected by RT-PCR, has a mutation
(Lys*” in the sheep Na,K-ATPase a-subunit to Leu)

-

—C.elegans fi-2

= X.lagvis HK C.elegans -1
88| : H.sapiens ATP1AL1
C.elegans (-3

D.melanogaster -1

l P

D.melanogaster f-5

D.malanogaster f-6

human B1-subunit sequence as an out-group. Number of used resi-
duesis 171. Both trees are inferred by the neighbor-joining method as
described in Materials and Methods, based on the alignment of
conserved regions. Numbers at the nodes represent the bootstrap
value in 1000 replications. Values less than 50 are not shown. The
scale bar represents 0.1 substitutions per amino-acid position.

in this region. Since no mutagenesis study has been
reported on this substitution, the functionality of
Dm2C3 remains unknown. This residue has been
shown to be critical for Asp to be phosphorylated
[34]. Therefore, the highest evolutionary rate of
Dm2C3 might come from a relaxation of functional
constraint.

THE B-SUBUNITS

The molecular evolution of the vertebrate B-subunit
isoforms of the type IIC ATPases has been analyzed
by Yu et al. [57], who found that the three B-subunit
isoforms for the Na,K-ATPase and one unique p-
subunit for the H,K-ATPase appear to be equidistant
from a common ancestral sequence. Pestova et al. [42]
have recently identified an additional B-subunit in a
human genomic DNA library, resulting in a total of
five distinct B-subunit isoforms. This is evident in the
unrooted tree presented in Fig. 3. In contrast, the
invertebrate B-subunit isoforms are simply different
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from the vertebrate isoforms, as supported by the
bootstrap value of nearly 70 (Fig. 3). The C. elegans
and D. melanogaster B-subunits respectively form a
unique single cluster. From our analysis of the
branching points and the inferred evolutionary rates
of the invertebrate B-subunits, it appears that D.
melanogaster possesses two distinct types of B-su-
bunits, one type (B-1, B-2, and B-3) closer to the
vertebrate B-subunits and the other type (-4, B-5,
and B-6) sharing more homology with the C. elegans
B-subunits (Fig. 2B).

The PB-subunits contain several Asn-linked oli-
gosaccharides in their extracellular domain [17, 19,
53, 54], but Asn-linked glycosylation is not required
for biosynthesis, assembly or intracellular transport
of the B-subunit of the Na,K-ATPase [54]. In the case
of the gastric H/K-ATPase, this issue has been ad-
dressed by introducing point mutations [2]. Removal
of several glycosylation sites resulted in retention of
o,/B-subunit complexes in the ER, while removal of all
seven sites resulted in no assembly, possibly due to
misfolding and rapid degradation. Given these di-
vergent results and the high degree of variability both
in number and position of glycosylation sites in -
subunits, we did not address this issue in the present
analysis. On the other hand, the formation of three
S-S bonds is required for proper expression and
function of the ATPase on cell surface [26]. All
known vertebrate B-subunits contain six conserved
cysteines [28, 35] that form three disulfide bonds
(Cys'2-Cys'®, Cys'*-Cys'”, and Cys*'*-Cys®”” in
the rat B-1 subunit). The assembly of a- and B-su-
bunits in the ER [54] does not require all three S-S
bonds, because truncated B-subunits that have only a
single disulfide bridge (Cys'**-Cys'*’) assemble with
a-subunits. However, these complexes are not able to
get to the plasma membrane [21]. In this sense, three
of the Drosophila B-subunits (Dm B-4, Dm B-5, and
Dm [-6) are particularly interesting because these
isoforms lack the disulfide bridge (Cys'**-Cys'*)
and contain only one or both S-S bonds further to-
ward the carboxy terminal end (Fig. 4). Therefore,
they can be expected not to assemble with the
a-subunit.

<

CHROMOSOMAL DISTRIBUTION OF P-TYPE
ATPase GENES

Figure 5 shows the chromosomal distribution of the
P-type ATPase genes of C. elegans and D. melano-
gaster. In Drosophila, two of the type-IV ATPase
genes cluster at position 14B-C on the X chromo-
some, and two each of the four B-subunit genes
cluster at positions 27B and 91F on the second and
third chromosome, respectively. The B-subunit genes
both at 27B and 91F are oriented in a head-to-tail
manner, while the a-subunit genes at 14B-C are ori-
ented head-to-head. Interestingly, as seen in the
Tetrahymena P-type ATPase genes [56], the Dro-
sophila genes that are close together on the chromo-
somes are also positioned close to each other in the
phylogenetic trees (Fig. 3). In C. elegans, clustering of
the phylogenetically related genes is less evident.
However, multiple genes that belong to the same
category tend to be contained in the same chromo-
some (e.g., type IIB and type V on chromosome 1V,
type IIC on chromosome V). It is likely that in these
cases the isoforms arose through a local rather than a
trans-chromosomal duplication event.

Sun and Salvaterra [50] reported that Nervana
(Drosophila Na,K-ATPase B-subunit; Dmp-1 and -2
in this study) genes mapped to position 92C-D by in
situ hybridization. However, we found all the geno-
mic sequences that contain Nervana genes at position
27B. At position 91F, the stop codon of the first gene
(DmB-5) and the initial codon of the second gene
(Dmp-4) are separated by only 184 base pairs. The
length of the spacer sequence between the two genes
is 4224 bp for the cluster at 27B (between the stop
codon of Dmf-2 gene and the initial codon of Dmp-1
gene). Between the nucleotides encoding the phos-
phorylation sites of Dm IV-5 and V-6 genes at 14B-
C, there are about 10,000 bp.

One interesting finding is that the Drosophila B-6
gene has no introns and is localized in the ninth in-
tron of the GABAD receptor gene. In the genome
database, Dm [3-6 is recognized as a part of one CDS
(CG15274), but not as a complete CDS, by BLAST
search. There is a potential TATA box 252 bp up-

<
Fig. 3. Unrooted neighbor-joining trees of type II P-type ATPase
a-subunits and B-subunits. Numbers of residues used are
664(I1A), 976(1IB), 879(IIC o-subunits) and 171(IIC B-subunits).
Numbers at the branches represent the bootstrap value in 1000
replications. Values less than 50 are not shown. The scale bar
represents 0.1 substitutions per amino acid position. Abbreviation
for the vertebrate species are; Bm: Bufo marinus, Gg: Gallus gal-
lus, Hs: Homo sapience, Mn: Makaira nigricans, Re: Rana escul-
enta, Rn: Rattus norvegicus, Tc: Torpedo californica, X1: Xenopus
laevis. Genbank accession numbers are as follows: Type-11A4:
M26064 (Ggl), M66385 (Gg2), Y18063 (Gg3), U96781 (Hsl),
M23114 (Hs2), Z69881 (Hs3), U65229 (Mn), X63009 (Re),
M99223 (Rnl), X15635 (Rn2), M30581 (Rn3). Type-IIB: J04027

(Hs2B1), X63575 (Hs2B2), U60414 (Hs2B3), M25874 (Hs2B4),
J03753 (Rn2BI1), J03754 (Rn2B2), J05087 (Rn2B3), U15408
(Rn2B4). Type-11C a-subunits: Z11798 (Bml), 225809 (Bm HK),
J03230 (Ggl), M59959 (Gg2), P24798 (Gg3), X04297 (Hsl),
J05096 (Hs2), P13637 (Hs3), M63962 (HsHK), U02076 (Hs AT-
PIAL1), X05882 (Rnl), M14512 (Rn2), M14513 (Rn3), J02649
(Rn HK1), X02810 (Tc), U49238 (XI11), U17249 (X1 HK). Type-
1IC B-subunits: P30715 (Bml), P43002 (Bm2), P30716 (Bm3),
P08251 (Ggl), P33879 (Gg3), 150160 (Gg HK), P05026 (Hsl),
P14415 (Hs2), P54709 (Hs3), P51164 (Hs HK), AAD49692 (Hs
XK), P07340 (Rnl), P13638 (Rn2), Q63377 (Rn3), P18598 (Rn
HK), AAD49694 (Rn XK), P05029 (Tc), B60444 (XI11), P21188
(X13), AAB97472 (X1 HK).
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H.sapiens B1 |FIWNSEKK|- -[EFLGRTGGY WFKILLFYVIFYGCLAGIFIGTIQVMLLTISE(-FKPTYQDR|----VAPPGLTQIP|------ Q-IQKTEISFRPN|
C.elegans B1 |FLYNKKNG- - TVMGRTGKS WFQIIVFYIIFYAFLAAFWLTCLTIFMKTLDP-KVPRFYGKIGTIIGVUNPGVGYQPWLK - -ER-PDSTLIKYNLR
C.elegans B2 [LITRRSTASILQSVGRRGPK YIFSFIFLFVLWGLATMLAIALVWFNFSRLDRI-QYPIYFGDGSFLGGAPKVSFDPNPRQFLEDGTKINAMSWNIY|
C.elegans B3 [FLYNKDKG- - TVLGRTGTS WCQITVFYIIFYIFLSAFFIGCLSIFLRTLDP|-KVPRFYGKIGTIIGUNPGVGYQPWLK - -EN-PDSTLIKFNLQ|
D.melanogaster f1 |[MIYNPQEG--TFFGRTGKS WSQLLLFYTIFYIVLAALFTICMQGLLSTISD(-TEPKWKLQDSLIGTINPGLGFRPLSE--QT-ERGSVIAFDGK]
D.melanogaster P2 |[FLYNTEDG- - TVMGRDRSS WAKIGIFYVAFYGVLAALVAICMWAFFQTLDP|-RIPKWTLDRSLIGTINPGLGFRPLPP - -VDNVESTLIWYKGT)|
D.melanogaster B3 FLWNSETS--QCLGRTGSS WAKILLFYIIFYAALTGFFAAIFTVFYQTLDN-EKPKWMLDNGLIGSNPGLGFRPMPP - -EANVESTLVWYESS|
D.melanogaster PB4 |[RIFDIDEH--KLFGRTALG WMRITGFYLVLYALIVCIVAFWLGIFMLAIIDPNKPRWLKG- - - - - - PPGLSMVPN- - - -QN- - -RSVLAYFTH|
D.melanogaster B5 |[DAIIYSGP--YELGRLRRR FIKLLLYFIGFFFVLGVFTTGLALVMIANHIYPDRPGCKKF|- - - - - -| -PGLATAPG- - - -HHVGDQKQIMWSPN
D.melanogaster P6 |LFFNKIHG--KYKLRRPSH WLYTLVFSVLYILFVIIFSMAWFDFIKDDASR|-KVPMIKMA- - - - .. QPFISFTPI----GPRTNPKAVSFDPR|
$:8 bond T™M  ...SShend...
H.sapiens B1 |DPKSYEAYVLNIVRFLEKYKDSAQRDDMIFEDMGDVPSEPKERGD FNHERGERKV[SR FKLEWLG - - Nj YGYKEGKP[MIIIKLNRVLGFKPKPPKNE - - - - - SLETYPVMK
C.elegans B1 [DAKSYKAYLEQMKTYLTKYDSNATETRE- - - -[{GAGDSNDDLEKNP - - - - - FGYKSGK| IISLNRLIGWRPTDYQEN----- SVPEEVKDR
C.elegans B2 [EFSTYVNYLIRYKQVLKKYSGGIGKQKVKKEEM®KNQTMTREN- -« -« ------ FGYSKGQ MLKLNKIVGWVPNLSPSKNK----ccuuunnn
C.elegans B3 |IDSKSWEPYVKQLDNYLSKYKN-TNETRD - - - -[dGASDNNDALETDT-----DTF YGYKSGK AVSLNRLIGWRPVNYDDG- - - - - SVPEEIKGR
D.melanogaster PB1 [KPAESDYWIELIDDFLRDYNHTEGRDMKH- - -(GFGQVLE----------- YGYKTNQP[MIFLKLNKIFGWIPEVYDKEEK- - -DMPDDLKKV
D.melanogaster f2 |QHENYKHWTDSLDDFLAVYKVPGLTP RGQNIYN!DYNQPPP YSYHKSAPM®IFLKLNKIYGWIPEYYNRSNDLPANMPASLKTY
D.melanogaster B3 [KKDNYKYWVDETSRFLKSYQDLEKQN VN---ESFEHPPQ-- FGYHVARP[IFLKLNKIYNWIPEIYNDSKTLPDHMPEELKQH
D.melanogaster P4 |IMSEVNPIADRIDDFLNKLNDNAIDF WGYATEKPTVFIKLNKVIGYVPETYDTPDDLPKEAPASLQDT
D.melanogaster f5 [NIKDVANIQRAIMRTVKRYGLEGPKR E UGVMSGTPELIKITQALGFQAVTYDDALTLPEYAPDELFDY
D.melanogaster P6 NSTEVMEKYAGIMALLEKYGDYGHNPRFGT - -« ccoccncmmmnone e ANE----- FGYPSGEP[4VFLKVNRIIGFKTEPYINSDELVKAKIDEVEFT
$:5.hond
H.sapiens VGNVEYFGLGNSPGFPLQYY----------- PYYGKLLQPKYLQPLLAVRFTNLTMDTEIRI AYGENIGYSEKDRF -QGRF
C.elegans IGKVTYMPSN---GIDGRYY---ccccnnnn PYV---FTKGYQQPIAMVKFDTIPRNKLVIV AYALNIEHDISSRL- -GMV
C.elegans DVKFEYFPKT- - -GIPTCYF------u-nnn PYA---NQGGYEQPYQMVKLTNITVNRETTI PEDSSUNTLASGKTNEARF
C.elegans LGKVKYIPET---GIDGRYY---ccuunnnn PYV---FVPSYQQPIAMVKFDTIPRNKLVIV AYASNIEHDISTRL--GMV
D.melanogaster FQNIRYFPSQ---GFPSYYY-----oonnnn PFL---NQPGYLSPLVAVQFNSPPKGQMLDV AWAKNIQYSGSVRDRKGSV
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Fig. 4. Amino-acid sequence comparison among Type 1IC B-subunits of invertebrates and the human p1-subunit. The residues within boxes
were used to construct the rooted phylogenetic tree of Fig. 2. The Cys residues shown in gray boxes are considered to make Cys-Cys bonds
in vertebrate B-subunit. Note that some Drosophila isoforms (Dmf-4, -5 and -6) lack the first and/or second Cys-Cys bond.

stream of the translation-initiation sequence ATG,
and the mRNA for the Dm -6 isoform, indeed, ex-
ists (see the top of the Results section). The rela-
tionship of the Dm B-6 and GABAD receptor genes is
shown in Fig. 6.

Discussion

The data illustrated in Fig. 3, as well as previous
studies, suggest that the divergence of P-type ATP-
ases with different ion specificities predates the du-
plication of isoforms [3, 24, 56]. Therefore, the
sequence of any P-type ATPases with different ion
specificity, for example SERCA-ATPase, can be used
as an out-group for phylogenetic analyses of the type-
IIC ATPases. The rooted tree in Fig. 24 suggests that
the Na,K- or H,K-ATPases, representing the type-
IIC isoforms, can be divided into at least two (pos-
sibly more) groups; Clade X includes three of the C.
elegans isoforms (Ce2C3, 2C4, and 2C5) and Clade Y
groups all the previously characterized Na,K- and
H,K-ATPases. The data indicate that the branching
point of Clade X is the deepest, and that the other C.
elegans isoforms (Ce2C1 and Ce2C2) are included in
Clade Y.

Therefore, in conclusion, the appearance of
Clade X (Fig. 2) predates both the divergence of
nematodes and mammals and also the establishment
of the modern type-IIC ATPase a-subunits (charac-
terized by inhibitor sensitivity and by assembly with a
B-subunit). The T. thermophila TPA2 ATPase and the

Drosophila Dm2C3 cannot be placed in either clade,
but could represent an intermediate form between
Clades X and Y. Thus, the phylogenetic relationship
among these isoforms in type-IIC provides clues to
the origins of inhibitor sensitivity and subunit as-
sembly (see below).

ORIGIN OF OUABAIN SENSITIVITY

The vertebrate Na,K-ATPase is a receptor for cardiac
glycosides such as ouabain. The major ouabain-
binding domain resides in the amino-terminal region
of the Na,K-ATPase subunit [23, 43], a major de-
terminant being the extracellular loop between
transmembrane segments M1 and M2 (sequences
aligned in Fig. 1). Interestingly, all of the type IIC
ATPases that comprise Clade X (Ce2C3, 2C4, and
2C5) in Fig. 24 lack a set of amino acids required for
ouabain binding (e.g., X" pro'!®, Aspm, and
Asn'??in the sheep Na,K-ATPase a-subunit; where X
is any amino acid other than Arg), but most of the
members of Clade Y do contain these residues [for
details on ouabain sensitivity, see 10]. These obser-
vations indicate that the ancestral form of the IIC
ATPases did not possess ouabain sensitivity. How-
ever, ouabain sensitivity clearly originated before the
separation of vertebrates and invertebrates. It is likely
that the three potential Na,K- (H,K-) ATPases of C.
elegans in Clade X have evolved from an ancestral
form of the type-1IC ATPases that had not yet ac-
quired the ouabain-binding domain, and have re-
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Fig. 5. Distribution of P-type ATPase genes on the C. elegans (A)
and Drosophila (B) chromosomes. Note that the numbers represent
centi-Morgan (for C. elegans) or polytene chromosome band-
number (for Drosophila). Relative lengths of the chromosomes
shown here reflect the actual sizes of the chromosomes among each
organism but not between C. elegans and Drosophila.

tained this original nature. A similar characteristic is
also seen in the 7. thermophila TPA2.

ORIGIN OF H,K-ATPASEs

The rooted tree in Fig. 24 indicates that the H,K-
ATPases, which are seen in mammalian genomes,
form a single cluster supported by high bootstrap
value in Clade Y, and that they do not relate to any
invertebrate isoforms. In addition, in the H,K-ATP-
ase cluster, gastric and non-gastric H,K-ATPases
separate from each other. These data indicate that the
H,K-ATPase evolved only in the vertebrate lineage
independently of invertebrates, and that the first
evolutionary event was the separation of the ouabain-
insensitive type (gastric H,K) from the ouabain-sen-
sitive type (non-gastric H,K). Subsequently, the
ouabain-insensitive type acquired a sensitivity to
SCH28080 (which correlated with the presence of
Glu®! in the rabbit gastric H,K-ATPase a-subunit
[44] (Fig. 1)). In fact, ouabain-sensitive H,K-ATPases
are not inhibited by SCH28080.

ORIGIN OF 0//B-SUBUNIT ASSEMBLY

At least under conditions of high expression or ex-
pression in heterologous species, any B-subunit iso-
forms can assemble with any a-subunit isoforms [22,
31, 38, 47, 53]. Therefore, common mechanisms for
P-type ATPase subunit assembly must exist. A direct
interaction essential for o/B-subunit assembly has
been found to occur between extracellular elements of
the o- and B-subunits [14]. The critical domain of the
Na,K-ATPase a-subunit required for such interac-
tion resides in a short amino-acid stretch localized
in the extracellular loop between M7 and M8 of the
a-subunit [Fig. 1; see also 30, 31]. The corresponding
region of the H,K-ATPase a-subunit has likewise
been shown to participate in subunit assembly [48].
Yeast two-hybrid experiments have further defined
the crucial region of the a-subunit for the assembly,
particularly the residues Ser-Tyr-Gly-Gln/Glu within
the M7-M8 loop [9]. These four amino acids can be
found in all Na,K- and H,K-ATPase a-subunits that
have been well characterized in terms of the associa-
tion with a B-subunit and in terms of their ion se-
lectivities.

On the other hand, the Ser-Tyr-Gly-Gln/Glu
motif is lacking in the potential Na,K- (H,K-) ATP-
ases of C. elegans (Ce2C3, 2C4, and 2C5) and Tet-
rahymena (TPA2) (Fig. 1). These isoforms probably
do not assemble with B-subunits. On the other hand,
Drosophila Dm2C2 and Dm2C3 have one substitu-
tion in this assembly motif (Fig. 1), and might as-
semble with B-subunits. The Hydra Na/K-ATPase
has two substitutions in this domain and whether or
not this pump assembles with the B-subunit is not
known. However, the Hydra Na/K-ATPase is known
to bind ouabain [5].

Several lines of evidence indicate that the proper
functional expression of vertebrate Na,K-ATPase
requires the assembly of the o- and B-subunits [8, 14,
16, 33]. The assembly is necessary for (i) stabilization
of the enzyme in the ER membrane [6, 17], (ii) ac-
quisition of inhibitor- (ouabain-) binding ability [17],
(ii1) transportation of the enzyme to the plasma
membrane [7, 18, 37, 39], and (iv) ion-pumping ac-
tivity [58]. These functions are possibly associated
with the specific conformation that is achieved upon
o/B-subunit interaction. In this regard, the newly
identified invertebrate subunit isoforms (C. elegans
a-subunit isoforms Ce2C3, 2C4, and 2C5, and D.
melanogaster B-subunit isoforms Dmf-4—6) are par-
ticularly interesting, because they lack features that
are thought to be critical for subunit assembly. Their
evolutionary rates are much faster than those of the
isoforms that have the features associated with sub-
unit assembly (Fig. 24 and B).

We propose that the C. elegans o-subunit iso-
forms Ce2C3, 2C4, and 2C5 never acquired the as-
sembly domain in their evolutionary lineage and are
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Fig. 6. The schematic diagram of the Drosophila B-6 and GABAD receptor gene structures. The GABAD receptor gene consists of 15 exons
(white boxes), and Dmp-6 has only one exon (large black box) located between the 8" and 9™ exons of the GABAD receptor gene. The small

black box indicates the putative TATA box for Dmf-6.

evolving without the evolutionary constraints asso-
ciated with an obligatory protein-protein interaction.
On the other hand, the three D. melanogaster B-iso-
forms (Dmp-4—6) appear to be derived from assem-
bly-competent B-subunit isoforms (Dmp-1-3) (Fig.
2B) and appear to have lost their ability to assemble
with the a-subunit during their evolution. Therefore,
it is concluded that the loss of assembly competence
in these B-isoforms resulted in a relaxation of func-
tional constraints that was favorable for a higher rate
of evolution.

Although the mutation rate of one of the C. ele-
gans P-isoforms (Ce B-2) is also higher (Fig. 2B), this
protein has three disulfide bonds. In the amino-acid
sequence comparison between the Ce B-2 and the
other invertebrate B-isoforms, the amino-terminal
region including the transmembrane segment shows
more sequence divergence than the extracellular re-
gion; the amino acid-sequence similarities of the
amino-terminal and of the extracellular region are
10.2 vs 20.4 and 18.9 vs 32.0, respectively. Amino-acid
residues critical for participation of the Ce -2 subunit
in Na,K-ATPase function might have been substi-
tuted, the relaxation of functional constraints result-
ing in a higher rate of evolution for the Ce B-2 lineage.

Conclusion

Figure 7 shows plausible pathways for the evolution
of the Na,K/H,K-ATPase a-subunits, including the
points of appearance or disappearance of sites for
ouabain binding and assembly with B-subunits. If the
ancestral form already possessed the ouabain-binding
and subunit-assembly sites (Model 1), then during
subsequent evolution, the sites in the ancestor were
lost either in a single step or in multiple steps. If we
choose Model 1, our analysis (Fig. 2) supports a
multi-step loss of these sites. On the other hand, if the
sites arose during evolution from the ancestral form,
as in Model 2, the scenario we favor, the results in
Fig. 2 are consistent with a rapid, virtually simulta-
neous acquisition of both ouabain sensitivity and
subunit assembly. We favor Model 2 because primi-
tive organisms (e.g., Tetrahymena) appear to have
Na,K-ATPases that lack both a high-affinity oua-
bain-binding site and a consensus site for o/B-subunit
assembly.

(A) (B)
@ oo ot e
serca @ <
uca @<

Acquire assembly and -

chmching of
Ca-AlPases

oA A ouabain binding sites ~ ©F ‘
Quabain . Ancestor Ancestor @
of Na/H of Ma/H
X Acquire ass«g.mbhf and

Lose assembly and | — ouabain binding sites
ouabain binding sites W

03'“;. A/
6 o

v v
00 o0
.‘F v
X
Current form w

Curent form

Single (lonety) isoforms Single (lonely) isoforms

Modell Model2

(C) (D)

Fig. 7. Models of the Na,K- (H,K-) ATPase a-subunit evolution in
terms of the sites for ouabain-binding and subunit assembly. The
models deal with the possibilities of either acquiring or losing these
sites. With the assumption that the ancestral form already pos-
sessed the sites, our analysis (Fig. 2) supports the idea that these
sites might have been lost in multiple steps (B), but not in a single
step (A). In this case, some of the isoforms in Tetrahymena and
nematoda must have lost these sites step by step in the evolution of
their ancestral forms (C; Model 1). The loss of assembly sites would
result in a relaxation of functional constraints and result in an
increase in the evolutionary rate (thick arrows). On the other hand,
with the assumption that the sites were acquired early in evolution,
the results in Fig. 2 suggest a virtually simultaneous acquisition (D;
Model 2). The resultant subunit assembly posed functional con-
straints on the pump molecule and led to a decrease in the evolu-
tionary rate (thin arrows). Model 2 is more plausible than Model 1
because of its simplicity.
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In summary, we propose the following evolu-
tionary sequence. First, an ancestral member of the
Na,K and H,K-ATPase family lacked the inhibitor-
binding and the subunit-assembly domains, and it
existed as a single-subunit P-type ATPase in Protists
and in lower invertebrate organisms. Second, in its
evolution, this ancestral form acquired the abilities to
bind ouabain and to assemble with a B-subunit, be-
coming an immediate ancestor of the currently well-
known Na,K- and H,K-ATPase family (Clade Y in
Fig. 2A). Third, from this family, the Na,K- and the
H,K-ATPases diverged and became established in
vertebrate organisms. Fourth, after the establishment
of the H,K-ATPase subfamily, some of the members
lost their ouabain-binding ability. In addition to these
evolutionary steps, gene duplication of both a- and
B-subunit genes within various animal phyla has in-
dependently led to the occurrence of a- and B-subunit
isoform diversity in these phyla. Also, during the
evolution of the B-subunit, at least in Arthropods,
some of the isoforms have lost disulfide bonds
thought to be necessary for proper assembly with
o-subunits. Such forms may play some function other
than in ATP-driven ion transport.
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