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We report here the molecular cloning, nucleotide sequence, and predicted amino acid sequence of an a-subunit of the developmentally useful model,

Artemia. The animo acid sequence shows divergence from that of mammals, birds, Torpedo, and Drosophila. However, regions in the putative ATP

binding and transmembrane domains show absolute or high levels of conservation. Major differences occur in the amino-terminal domain and

several other hypervariable regions. These differences are consistent with the suggestion that the brine shrimp is a ‘fast clock’ organism which di-
verged from the precursors of vertebrates 0.5-1 billion years ago.

Na,K-ATPase; Molecular cloning; DNA, complementary; Amino acid sequence; (Artemia)

1. INTRODUCTION

The sodium- and potassium-activated adenosine tri-
phosphatase (Na,K-ATPase) is a plasma membrane
protein which plays an essential role in the maintenance
of intracellular concentrations of Na* and K* in all
animal cells (see reviews [1-3]). These ion gradients sub-
serve important physiological functions such as nerve
excitation and conduction, muscle excitation, and epi-
thelial ion transport. Na,K-ATPase consists of two sub-
units, designated o and & [1-3]. The catalytic functions
of the enzyme have been attributed to the a-subunit,
while the function of the #-subunit remains unclear.
Species- or isoform-specific properties have been cor-
related with sequence differences in order to identify
conserved or variable functional domains.

Comparisons of a-subunits from several species have
shown high homology between the a@-subunits from
human [4], pig [5], sheep [6], Torpedo [7], rat [8],
chicken [9], and Drosophila [10]. The a-subunit from
Drosophila is the most divergent, exhibiting about 80%
identity to mammalian forms [10].

Our laboratory has been studying the structure and
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developmental regulation of the Na,K-ATPase in the
brine shrimp, Artemia [11-13]. In addition to being a
useful developmental model, the brine shrimp is of in-
terest from an evolutionary standpoint. It is an ancient
organism, apparently diverging from the precursors of
the vertebrates 0.5-1 billion years ago. At the same
time, the brine shrimp demonstrates a high rate of
mutation, resulting in its classification as a ‘fast clock’
organism [14]. Thus, comparison of the amino acid se-
quences of the Na,K-ATPase of brine shrimp and
higher organisms has potential for differentiating func-
tionally restricted (conserved) domains and non-
essential (divergent) domains not already revealed by
sequence comparison of the highly homologous verte-
brate enzymes. .

We report here the molecular cloning, the nucleotide
sequence, and the predicted amino acid sequence of an
a-subunit of the brine shrimp as well as a comparison of
Na,K-ATPase sequences from all species so far cloned.

2. MATERIALS AND METHODS

2.1. Construction of libraries

Brine shrimp cysts (San Francisco Bay Brand, Lot 1521) were
hydrated and grown in half-strength sea water, as described previous-
ly [15]. After 18 h, the brine shrimp were sacrificed, total RNA was
isolated [16], and polyadenylated RNA was enriched by chromatog-
raphy through oligo(dT) cellulose (Type 7, Pharmacia). Complemen-
tary DNA (cDNA) was synthesized according to the method of Gubler
and Hoffman [17]. EcoRI sites were methylated [18], and EcoRI
linkers (New England BioLabs) were ligated to the ends of the cDNA
[18]. Separation of excess linkers and size fractionation of the cDNA
were accomplished by electrophoresis on agarose gels and electroelu-
tion (IBI electroeluter) of cDNA from 1-2-mM thick slices of the gel.
Several size-fractionated cDNA libraries were constructed by ligation
of the electroeluted cDNA fractions into Agtl0 or Agtll arms
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(Stratagene). Packaging and transfection were performed using a
packaging kit according to the methods recommended by the
manufacturer (Stratagene).

2.2. Screening of libraries

The Agtl11 expression library was screened using polyclonal antisera
raised against highly purified brine shrimp a-subunits [18,19]. The
Agtl0 library was screened using standard DNA hybridization
methods [20] with cDNA probes that were labelled with **P by nick-
translation [20] or a random primer method (BMB).

2.3. ¢DNA analysis and sequencing

Plaque purification, restriction mapping, and subcloning were per-
formed by standard methods [20). DNA sequencing was accomplish-
ed by a dideoxy termination method using a sequencing kit (Se-
quenase, USB). The templates for the sequencing reactions were
derived from subclones in M13mpl18 or M13mp19 vectors (single-
stranded) or double-stranded DNA fragments isolated from pBR322
subclones. Primers for initiating the extension reactions within the
vectors (M13 and pBR322) were purchased from Pharmacia, and
c¢DNA-specific oligonucleotide primers (5'-dGCTGCTGTATTTGCT
and 5'-dGAAGCACAGAATGCA) were purchased from the Univer-
sity of Wisconsin Biotechnology Center. The entire sequence was
determined for both strands of DNA, and the data were analyzed us-
ing the UWGCG sequence analysis programs [21].

3. RESULTS AND DISCUSSION

3.1. Nucleotide and predicted amino acid sequence
The composite nucleotide sequence determined from
2850 and 273 bases at the 5'-end of «1290 (fig.1a) is
shown in fig.1b. The predicted amino acid sequence is
shown below the nucleotide sequence. This sequence
contains a 1008 amino acid open reading frame, begin-
ning at the 5'-end of the sequence. Several observa-
tions, apart from maintaining an open reading frame,
are consistent with the assignment of the initiation
methionine at ATG, 38-40. The amino terminal se-
quence of our brine shrimp strain aligns with that of a
small N-terminal end of an «-subunit determined by
amino acid sequencing [22]. The coding sequence that
precedes this methionine shows no homology to the
5’-end of a-subunits from other species and also lacks
the characteristic high content of basic residues in the
amino termini of a-subunits. The most convincing
evidence for our assignment of this methionine as the
start methionine is that the N-terminal tripeptide,
MGK, is the same in our strain of brine shrimp as that
of Torpedo, human, rat I (the predominant isoform),
sheep, and chicken. Only Drosophila, which has an ex-
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tended N-terminal end and, surprisingly, the brine
shrimp strain used by Morohashi and Kawamura [22]
(fig.2) break this rule. If this methionine is assumed to
be the amino terminus, the brine shrimp strain @-sub-
unit contains 996 amino acids with a molecular mass of
111021 Da. This sequence contains five potential
glycosylation sites. The polyadenylation signal,
AAUAAA [23], is found 18 residues upstream of the
poly(A) tail, within the expected range of 11-30
residues [24].

3.2. Homology between other Na,K-ATPase
a-subunits

The amino acid sequence shows only 62% identity
with a sequence which was previously reported by
Morohashi and Kawamura for 26 residues at the amino-
terminal end of the brine shrimp a-subunit (fig.2) [22].
We believe the most likely explanation for the low
homology is that the sequences were derived from dif-
ferent strains of brine shrimp. The protein sequence
determined by the Japanese workers [22] was derived
from a ‘Tetra Brand’ strain of Artemia and to our
knowledge has not been typed. Qur brine shrimp was
obtained from San Francisco Bay Brand Co., and a
DNA sample of our strain was shown by restriction
map analysis to be derived from Artemia sanfran-
ciscana by J.C. Bagshaw (personal communication).
Brine shrimp exhibit a high rate of mutation [14] which
could result in substantial differences between the se-
quences derived from different strains. Restriction frag-
ment length polymorphism in several genes has been
observed in different strains of brine shrimp through-
out the world (Bagshaw, personel communication).

Isoforms of the brine shrimp a-subunit have been
identified [12,13,15,19,22] and derivation of sequences
from different isoforms could conceivably explain the
lack of identity between the sequence reported here and
that reported by Morohashi and Kawamura [22], but it
is unlikely that substantial amounts of isoforms other
than «; and a> would have escaped detection in both
studies.

If the ATG at positions 38-40 is selected as the in-
itiator methionine, the brine shrimp a-subunit lacks 23
N-terminal residues present in mammalian and
Torpedo o-subunits and 41 present in Drosophila

Fig.1. Brine shrimp Na,K-ATPase cDNA. A brine shrimp cDNA library was constructed in the expression vector, Agt11. Thirty plaques gave
positive signals in an initial screening with polyclonal e-subunit antibody. The nucleotide sequence of one cDNA insert (@850) was determined,
and comparison with previously reported sequences from other species confirmed that this cDNA encoded an a-subunit of the Na,K-ATPase. This
¢DNA was purified from the vector, labelled, and used as a hybridization probe for screening a Agt10 library containing cDNA inserts larger than
1500 bp. An initial screening identified 42 plaques with positive hybridization to the cDNA probe; 17 were plaque purified, and the nucleotide se-
quence of the longest cDNA (22850) was determined. Since this cDNA was not full-length, additional screening was undertaken to locate the miss-
ing portion of the coding sequence. Hybridization probes derived from the 5’-end of 2850 were used to select another clone (o 1290) which overlap-
ped 2850 bp and contained an additional 273 bp of sequence. (a) Map of the three clones used for sequence analysis. The entire lengths of o850
and a2850 were sequenced on both strands. The first 5’ non-overlapping portion derived from 1290 was also sequenced on both strands. (b)
Nucleotide and predicted amino acid sequences of the composite sequence from the three clones. Numbering pertains to the nucleotide sequence,
beginning with the first nucleotide in the cDNA clone. The selection of the translated region is described in the text. Potential glycosylation sites
are underlined.
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GARTTCCTGTACTAACAG TOGTTCCARTIC TICAGCGA TCGRGARRARACAACGAARGC AGT TG AGTGATC TCAAGAAGGAGT TGGARC TTGATCAGC ATAARAT TCCACTTGAGGRAC TATGCAGACGACT TGGTACARATACCGAAAC
WGKKQGKQLSDLKKELELDQEKIPLEELCRRLGTNTET!

TGCCTTARCATCGICCCAGGC AMMGTCTCATT TAGARARATATCG TCCARRTGCACTTACTCC TCCARGAAC TACTCCAGAATGGATCAART 1T TG TARGCAGC 1T TTTGGAGGA T TCAGRTGC T TCTATGGATIGGATCAATTTIGTG
GLTSSQAKSHLEKYGPNALTPPRTYTITPEWNIKFCKQLEGGFQMWLLNWIGSITLC

CTICATTCCATATACARTGEARRRATATARARATCCAGATC TIC TAGG TG ATARTC T TACC T TGRIC TTGCTCTIC 1T T TG TCGTGATARTCACAGGATG T T TCCATACTATCAAGATCACAACGCCTCARARATTATGGACTCTTT
FIAYTHEKYXKNPODVLGDNLYLGLALLFVYVINTGCGCFAYYQDANASKIMNDSE

CAAGAACCTCATGCCACAGTTTGCTTTTGT TATCOCAGATCGANARARART TCAACTCARAGCCGAGGARG T AACAGTAGG TGATC TAG T TGARG TTARAT TTCG TGATAGAATCCCAGCTGATATCAGAAT TACT ICTICCCARAGTAT
KNL¥PQFAFVIRDGKKIQLKXKAEEVTITVGDLVEVKFGDRIPADIRITSCOQSH

GAMGGTGGATAACTCTTCTCTAACAGGAGARTCCGAACCTCAATCTAGAAGCACAGRATGCACT ARTGACARTCC TT TGCARACAAAGAATTTAGCG T TTT TCT TCACCAACAC T TTGGAAGGCACTCGAAG AGGTAT IG TTATCAATGT
KVDNSSLTGESEPQSRSTECYNDNPLETKNLAFFFINTLEGTGRGIVINY

CGGGGACGACTCTGTARTGRG TAGAAT TGCATGT TTAGC T TCTAGT T TAGATIC TCG TARARCTCCAN T TGCCAGAGRAAT TGAACAT T T TATCCATAT TATTACTGC TATGGC TG TATCCCTAGCTGC IGTAT TIGC TG TARTT ICAT T
GDPDSVHEGRIACLASSLDSGKTPIAREIERFINIITAMNAVSLAAVFAVIST

T TATATGGATACACTTGGCTTGAAGC TGCTAT TTTCATGATTGGTA T TATCGTCGCAAAAGTACCAGAAGGCCTACTAGC TACTGTAACAG TG TGT T TAACAT TGACAGCTAAGCGTATGEC AAAGARARACTGT TTGG TCCCTAACCT
LYGYTHRLEAATFHNIGIIVAKVPEGLLATVIVCLTILTAKRKAKKNCLVRNL

TGAAGCTGTGGAARCCTTAGG T TCTACATCAACCAT TTGCTCAGATAAGACTGGC ACACTAACACARAACCGANTGACAGT TGC TCATATGTCG T TCGACCAGARAAT TG TCACAGCAGACACCACTGAARACCAGTC TGG TARCCAGC?
EAVEILGSTSTICSDKTGTLTOQNRMTVARMKFEDQKIVTADTITENQSGNOQL

AR TCGAGTAG T ARAGEATTRCCTAGC T TATCCGAG TTECATCAC T TG AG TG TGAA T ICAAGAC TEAACATGC TCAT TTGC TG TG T IGARC TGATGTTARCGECGATGCGTC AGAAGLTEC TATICTGRATYTCCAGA
{RGESKGFPELIRVASLCSRAEFXKTEHNAHRLPVLKRDVNGDASEARILEKTFRBE

GATCTCAACTGOGTCTGTAATCAACATARG AAGCARCC AGARARAGG T T TC TGARATTCCTTTCART ICTGCCAATARRTATCARGT T TC TG TTCACGARAGAGARGACARATC TCGTTATTT TCTTGTTATGAAAGG TG TCCCGRACG
WSTGSVYHNNTIRSKQKRVSETITPFNSANKYQVSVHEREDKSGYFLVEKEEKGAPER

RATTCTAGAACGGTGTTCCACCAT TCTAAT AGACGGCACAGARATACCACTTGACAACCACATGARGGAG TG TTTCAAC AR TGCCTACA TGGAGC TAGGAGGCATGCG TCAARGAGTTTTAGG TT TCTG TGACTICGAAT TACCATCTGA
ILERCSTEILIDGTEIPLDREMKECEFNNAYNMELGGHGERYLGFCDFEFELPSD

TCAATATCCACGAGGCTATGTATT TGATGC TGATGAACCTAATTTCCCCATAAGCGGTCTACGT T T TG TIGR TCTCATG TCCATGAT TGATCC TCCAAGAGCTGCCGT TCC TGATGCCG T ICGARATGTAGATCTGC TG TATTARAGT
QYPRGYVEDADEPNFPISGLRFVGLNSHIDPPRAAVPDAVSKCRSAGIKY

AATTATGGTAACTGGTGATCACCCAATTAC TGECARAGC TATAGCCAGACARG TTGGRATCATA TC TGAAGG TCACGAAAC AGT TGATGATATTGC TGC TCGTTTARACATICC TG TATCAGAAGTTAACCCACGATC TGCGCAAGCAGC
IMVTGEDARPITARAIARQVGIISEGHET VDD IARARLNIPVSEVNPRSAQAAR

CGTCATCCATGCAANTGATCT TAAAGATATCAATAGCGACCARTTAGATGACATTC T TAGACAT TACAGAGARAT TG TG TT TGCCAGRACTIC TCCGCAGCAGARAC T TATCATCG T TGAAGG TG T ICARRGACAAGGAGRRTTCGTTGC
VIHGNH¥DLKDMNSDQLODILRHYREIVFARTSPQOQKLITVEGVQRQGETFVR

TGTCACTGGTGATGGCGTAAATGAC’['CACCAGCTCTAAAGAMGCTGATATTGGTGTTGC'l‘ATGGGTA’ITGCTGGCTCAGATGTGTCTAAACMGCTGCCGATATGATCCTTCTTGATGATAA'ITTTGCATCTA‘I‘CGTAACTCGTGTGGI.&
VTIGDGVYNDSPALKKADIGVANGIAGCSDVSKQAADNILLDDNFASTIVTIGVE

HGARGGGCGTCTCATTTICGACAACAT TARGARRTCTATCCCCTACACTCTTACT TCTAAAATCCCTGARCT T ICCCCCTTCTIGATGTATATIC TG TIGAT T 2ACCTC TTGC TATTGGTAC TG TGACTAT TTTGTGCATIGATCTTCG
EGRLIFDNIKKSIAYTLYTSKIPELSPFPLYNYILEDLPEAIGTVTIILCIDLG

AACCGATGTTGTACCTGCAATTTCTATGGCT’I‘ATGMGGTCCAGMGCAGATCCAAGAAAGCCAAGAGACCCCGTTAAAGAAAAACTTGTCAATCAAAGGTTGATTTCAATGGCCTACG(‘;ACAAATTGGC.GTTATGCAA(.;CTTTTGGAG(;
TO0OVVPAISHAYEGPEADPRKPRODPVKEKLYNERLISHNAYSQIGVHNQAFGCG

ATTCTTCACATACTTCGTGATCA’I‘GGGCGAGTGCGGATTTTTACCGAATCGACTA’l‘TTGGACTAAGAAAATGGTGGGAGTCTAAGGCCTATAATGACTTAACAGATTCTTATGGACMGAATGGACTTC(.;GACGCAAGM.\AGCAGCTCGllx
FETYFPVINGECGFLPNRLFGLRKNKESKAYNDLTDSYGQEWNTHDARKOQLE

ATATACCTGTCACACTGCCTTTTTCATA’ICTATTGTAATTGTCCAA’IGGACAGATCTAATTATTTGTAAGACGCGTCGTTTATCACTCTTCCAGCMGGAATGAAGAATGGAACTCTTAACTTCCCTCT’.IGTTTTCGM;ACCTGTGTTG&
Y TCHTAFFISTIVIVONTDLITICKTRRLSLEQQGMKNGTLNFALVFETCV A

AGCTICCTTAGCTACACCCCTGGAATCGATARGGGTC TCAGGATGT ATCCATTAAAGATATCG GG TGG T TCCCACCGATGCCCTICTCACTICT TAT T TIG TCTATGACGAG TCCCGTARAT 2CCICATGCGARGARATCCCGRTGE
APLSYTPGMODKELREYPLKIWNWHEPPHUPFESLLILVYDECRKFLNRRNPGGE

T1TCCTIGAACGTGAARCTTATTATTAACACT TARARTGT ARTAGGARAATT TTICATTTTIGT ICTTGTIGTTAATAARAAAARAATGCAGT TTT TAARAARARA 3106
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AKKKQKKGKDLNELKKELDIDFHKIP
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MGKKQ. .GKQLSDLKKELELDQHKIP
Fig.2. Amino-terminal sequences of brine shrimp a-subunits. The
amino acid sequence of Tetra™ brine shrimp [22] and the predicted
amino acid sequence reported here are aligned, with a gap (-} in-
serted to obtain maximal homology. Identical residues are indicated

(fig.3). This truncation is also seen on lining up the N-
terminal end of the amino acid sequence determined by
Morohashi and Kawamura [22]. The 11l isoform from
rat brain also lacks amino-terminal residues present in
other mammalian a-subunits (fig.3) [23]. These obser-
vations suggest that most of the amino-terminal ends of

by .
ARTEMIA MGKKQGKQLSDLKKELELDQHK IPLEELCRRLGTNTETGLTSSQAKSHLEKYGPNALTP
DROSOPHILA MALRSDYEHGRADSYRVATVIATDDDNRTADGQYKSRRKMPAKVNKKENLDDLKQELDIDFHK 1 SPEEMYGRFQTHPENGLSHARAKEDLERDGPN. LTP
TORPEDO MGKGAASEKYQPAATSENAKNSKKSKSKT TDLDELKKEVSLDDHKLNLDEL HOKYGTDL TQGLTPARAKE | LARDGPNAL TP
HUMAN MGKGVGRDKYEPAAVSEQGDKKGKKGKKDRDMDEL KKEVSMDDHKL SL.DELHRKYGYDLSRGLTSARAAEILARDGPNALTP
RAT 1 MGKGVGRDKYEPAAVSEHGDKKSKKAKKERDMDEL KKEVSMDDHKL SLDELHRKYGTDL SRGLTPARAAE I LARDGPNALTP
RAT 11 MGRGAGRE . YSPAATTAENGG . GKKKQKEKELDELKKEVAMDDHKL SLDELGRKYQVDLSKGL TNQRAQD } LARDGPNAL TP
RAT 111 MGDKKDDKSSPKKSKAKERROLDDLKKEVAMTEHKMSVEEVCRKYNTDCVAGLTHSKAQE ILARDGPNAL TP
SHEEP MGKGVGRDKYEPAAVSEHGDK . . KKAKKERDMDELKKEVSMDDHKLSLDELHRKYGYDLNRGLTTARAAE I LARDGPNALTP
CHICKEN MGKGAGRDKYEPTATSEHGTKKKKAKERDMDEL KKE 1 SMDDHKL SLDEL HRKYGTDLSRGL TTARAAE ILARDGPNTLTP
O ¥ & ok * e d * * m*** deded
ARTEMIA PRTYTPEWIKFCKQLFGGFOMLLWIGSILCFIAYTMEKYKNPDVLGDNLYLGLALLFVVIMTGCFAYYQDHNASK IMDSFKNLMPQFAFVIRDGKKIQLKA
DROSOPHILA PKQTPEWVKFCEDLFG.VAMLLWIGATLCFVAYS1QASTSEEPADDNLYLGIVLSAVVIVIGVFSYYQESLNSKIMESFKNMVPQFATVIREGEKPSLRA
TORPEDO  PPTTPEWIKFCRQLFGGFSILLWTGAILCFLAYGIQVATVONPANDNLYLGVVLSTWVI I TGCFSYYQEAKSSKIMDSFKNMVPQQALVIRDGEKSSINA
HUMAN PPTTPEWIKFCROLFGGFSMLLWIGAILCFLAYSIQAATEEEPQONDNLYLGVVLSAVVI ITGCFSYYQEAKSSKIMESFKNMVPQQALVIRNGEKMSINA
RAT 1 PPTTPEWVKFCROLFGGFSMLLWIGATLCFLAYGIRSATEEEPPNDDLYLGVVLSAVVIITGCFSYYQEAKSSKIMESFKNMVPQQALVIRNGEKMSINA
RAT I1 PPTTPEWVKFCRQLFGGFSILLWIGALLCFLAYGILAAMEDEPSNDNLYLGIVLAAVVIVTGCFSYYQEAKSSKIMDSFKNMVPQQALVIREGEKMQINA
RAT 111 PPTTPEWVKFCROLFGGFSILLWIGAILCFLAYGIQAGTEDDPSGDNLYLGIVLAAVVEI TGCFSYYQEAKSSKIMESFKNMVPQQALVIREGEKMQVNA
SHEEP PPTTPEWVKFCROLFGGFSMLLWIGAVLCFLAYGIQAATEEEPONDNLYLGVVLSAVVI I TGCFSYYQEAKSSKIMESFKNMVPQQALVIRNGEKMSINA
CHICKEN PPTTPEWVKFCROLFGGFSLLLWIGSLLCFLAYGI TSVMEGEPNSDNLYLGVVLAAVVI ITGCFSYYQEAKSSKIMESFKNMVPQQALVVRNGEKMSTNA
* *odrdede  dehn ek ek ® kX kk O [4] ¥ kdrkk 0* Rk fw *o***o o dkkk t***m!* * k w *0* *
H1 H2

ARTEMIA  EEVIVGDLVEVKFGDRIPADIRITSCQSMKVONSSLTGESEPQSRSTECTNDNPLETKNLAFFFTNTLEGTGRGIVINVGDDSVMGRIACLASSLDSGKT
DROSOPHILA EDLVLGVLVELEFGDLIPLVYRIIEARDFKVDNSSLTGESEPQSRGAEFTHENPLETKNLAFFSTNAVEALPKGVVISCGDHTVMGRIAALASGLDTG.T
TORPEDO EQVVVGDLVEVKGGDRIPADLRI I SACSCKVONSSLTGESEPQSRSPEYSSENPLETKNIAFFSTNCVEGTARGIVINIGDHTVMGRIATLASGLEVGQT
HUMAN EEVVVGDLVEVKGGDRIPADLRI I SANGCKVDNSSLTGESEPQTRSPDFTNENPLETRNTIAFFSTNCVEGTARGIVVYTGDRTVMGRIATLASGLEGGRT
RAT 1 EDVVVGDLVEVKGGDRiPADLRIISANGCKVDNSSLTGESEPQTRSPDFTNENPLETRNIAFFSTNCVEGTARGIVVYTGDRTVMGRIATLASGLEGGQT
RAT 11 EEVVVGDLVEVKGGDRVPADLRI I SSHGCKVDNSSLTGESEPQTRSPEFTHENPLETRNICFFSTNCVEGTARGIVIATGDRTVMGRIATLASGLEVGQT
RAT 111 EEVVVGDLVEIKGGDRVPADLR I I SAHGCKVDNSSLYGESEPQTRSPDCTHDNPLETRNITFFSTNCVEGTARGVVVATGDRTVMGR IATLASGLEVGKY
SHEEP EEVVVGDLVEVKGGDRIPADLR1 I SANGCKVDNSSL TGESEPQTRSPDFTNENPLETRN [ AFFSTNCVEGTARGIVVY TGDRTVMGRIATLASGLEGGAT
CHICKEN EGVVVGDLVEVKGGDRIPADLRI ISAHGCKVDNSLLTGESEPQTRSPDFSNENPLETRNIAFFSTNCVEGTAVGIVISTGDRTVMGRIASUASGLEGGKT
* 0 * kR 2 * **o Wkkkd hikdkikikr * sekkkd * t*o** ot e o* ik 0****** ***Gi * &
ARTEMIA PIAREIEHFIHIITAMAVSLAAVFAVISFLYGYTWLEAAIFMIGE I VAKVPEGLLATVTVCLTLTAKRMAKKNCLVRNLEAVETLGSTSTICSDKTGTLT
DROSOPHILA PIAKEIHHFINLITGVAVFLGVTFFVIAFILGYHWLDAVIFLIGI IVANVPEGLLATVTVCLTLTAKRMASKNCLVKNLEAVETLGSTSTICSDKTGTLT
TORPEDO PIAAEIEHFIHIITGVAVFLGVSFFILSLILGYTWLEAVIFLIGI IVANVPEGLLATVTIVCLTLTAKRMARKNCLYKNLEAVETLGSTSTICSDKTGTLY
HUMAN PIAAEIEHFIHIITGVAVFLGVSFFILSLILEYTWLEAVIFLIGI IVANVPEGLLATVIVCLTLTAKRMARKNCLVKNLEAVETLGSTSTICSDKTGTLY
RAT 1 PIAEEIERFIHLITGVAVFLGVSFFILSLILEYTWLEAVIFLIGI IVANVPEGLLATVYIVCLTLTAKRMARKNCLVKNLEAVETLGSTSTICSDKTGTLY
RAT 11 PIAMEIEHFI1QLITGVAVFLGVSFFVLSLILGYSWLEAVIFLIGI IVANVPEGLLATVTVCLTLTAKRMARKNCLYKNLEAVETLGSTSTICSDKTGTLT
RAT 111 PIAIEIEHFIQUITGVAVFLGVSFFILSLILGYTWLEAVIFLIGI IVANVPEGLLATVIVCLTLTAKRMARKNCL VKNLEAVETLGSTSTICSDKTIGTLY
SHEEP PIAAEIEHFIHIITGVAVFLGVSFFILSLILEYTWLEAVIFLIGI IVANVPEGLLATVIVCLTL TAKRMARKNCLVKRLEAVETLGSTSTICSDKTGTLY
CHICKEN PIAMEIEHFIHL I TGVAVFLGVSFFILSLILEYTWLEAVIFLIGI IVANVPEGLLATVTVCLTLTAKRMARKNCLVKNLEAVGTLGSTSTICSDKTGTLT
ddkd ¥k wkk **mﬁ!o*w to m * k¥ *Q**Oﬁ*****oﬁ*****t*tii*i*******i *****0***** e e dededede e de e e de e e b o

K3 Ha P
ARTEMIA QNRMTVAHMWFDQKIVTADTTENQSGNQLYRGSKGFPEL IRVASLCSRAE FKTEHAKLPVLKRDVNGDASEAATLKFAEMSTGSVMNIRSKQKKVSEIPF
DROSOPHILA QNRMTVAHMWFDNQI IEADTTEDQSGVQYDRTSPGFKALSRIATLCNRAEFKGGQRDGVPILKKEVSGDASEAALLKCMELALGDVMN IRKRNKKTAEVPF
TORPEDO  QNRMTVAHMWFDNQIHEADTTENQSGISFDKTSLSWNALSRIAALCNRAVFQAGQDSVPILKRSVAGDASE SALLKCIELCCGSVSQMRDRNPKIVE IPF
HUMAN QNRMTVAHMWFDNQIHEADTTENQSGVSFDKTSATWLALSRIAGLCNRAVFQANQENLP I LKRAVAGDASESALLKCIELCCGSVKEMRERYAKIVEIPF
RAT I QNRMTVAHMWFDNQIHEADTTENQSGVSFDKTSATWFALSRIAGLCNRAVFQANQENLP I LKRAVAGDASESALLKCIEVCCGSVMEMREKYTKIVEIPF
RAT 11 QNRMTVAHMWFDNQIHEADTTEDQSGATFDXRSPTWTALSRIAGLCNRAVFKAGREN I SVSKRDTAGDASESALLKCIEL SCGSVRKMRDRNPKVAEIPF
RAT 111 QNRMTVAHMWFONQIHEADTTEDQSGTSFDKSSHTWVALSHIAGLCNRAVFKGGQDN IPVLKRDVAGDASESALLKCIELSSGSVKLMRERNKKVAEIPF
SHEEP QNRMTVAHMWFDNQIHEADTTENQSGVSFOKTSATWLALSRIAGLCNRAVFQANGDNLP I LKRAVAGDASESALLKCIEVCCGSVKEMRERYAKIVEIPF
CHICKEN QNRMTVAHMWFDNQIHEADTTENQSGASFDKSSATWLALSRIAGLCNRAVFQANQENVP I LKRAVAGDASESALLKCIELCCGSVKEMRERYPKVVEIPF

RRKRRXRRERIROON QRS Fxx 0 * OFD Q% FRQRkd * o * Khkkh KAy * * * * kk

Fig.3. Alignment of Na,K-ATPase a-subunit sequences. Complete coding sequences from Drosophila [11], Torpedo (8], sheep [7], chicken [10],

human [51, rat [25], and brine shrimp (Artemia) were aligned. Gaps () were inserted to obtain maximal homology. Residues identical in all -

subunits are indicated by #, and residues which are different only in the brine shrimp are indicated by O. Other regions shown are hydrophobic

domains (H1-H8), the phosphorylation site (P), and a putative ATP-binding site (ATP). In order to assist with orientation, dots have been added

to indicate intervals of 10 in the amino acid sequence. Numbers have not been used to avoid confusion relating to the introduction of gaps that
were required to maintain optimal alignment of sequences.
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ARTEMIA
DROSOPHILA
TORPEDO
HUMAN

RAT 1

RAT 11

RAT 111
SHEEP
CHICKEN

ARTEMIA
DROSOPHILA
TORPEDO
HUMAN

RAT 1

RAT 11

RAT 111
SHEEP
CHICKEN

ARTEMIA
DROSOPHILA
TORPEDO
HUMAN

RAT |

RAT 11

RAT 111
SHEEP
CHICKEN

ARTEMIA
DROSOPHILA
TORPEDO
HUMAN

RAT 1

RAT 11

RAT I11
SHEEP
CHICKEN

ARTEMIA
DROSOPHILA
TORPEDO
HUMAN

RAT 1

RAT 11

RAT III
SHEEP
CHICKEN

ARTEMIA
DROSOPHILA
TORPEDO
HUMAN

RAT 1

RAT 11

RAT 111
SHEEP
CHICKEN

NSANKYQVSVHEREDKSG. . YFLVMKGAPERILERCSTILIDGTE IPLONHMKECFNNAYMELGGMGERVLGFCDFELPSDQYPRGYVFDADEPNFPISG
NSTNKYQVSTHETEDTNDPRYLLVMKGAPERILERCST I FINGKEKVLDEEMKEAFNNAYMELGGLGERVLGFCDFMLPSDKYPNGFKFNTDDINFPIDN
NSTNKYQLSIHE .NDKADSRYLLVMKGAPERILDRCST I LLNGEDKPLNEEMKEAFQNAYLELGGLGERVLGFCHLKLSTSKFPEGYPFDVEEPNFPITD
NSTNKYQLSIHKNPNTSEPQHLLVMKGAPERILDRCSSILLHGKEQPLDEELKDAFQNAYLELGGLGERVLGFCHLFLPDEQFPEGFQFDTDDVNFPIDN
NSTNKYQLSTHKNPNASEPKHLLVMKGAPERILORCSSILLHGKEQPLDEELKDAFQNAYLELGGLGERVLGFCHLLLPDEQFPEGFQFDTDEVNFPVDN
NSTNKYQLSIHERED . SPQSHVLVMKGAPER I LDRCST I LVQGKE I PLDKEMQDAFQNAYMEL GGLGERVLGFCQLNLPSGKFPRGFKFDTDELNFPTEK
NSTNKYQLSIHETEDPNDNRYLLVMKGAPERILDRCATILLQGKEQPLDEEMKEAFQNAYLELGGLGERVLGFCHYYLPEEQFPKGFAFDCODVNFTTDN
NSTNKYQLSIHKNANAGEPRHLLVMKGAPERILDRCSSIL IHGKEQPLDEELKDAFQNAYLELGGLGERVLGFCHLMLPDEQFPEGFQFDTDDVNFPVDN
NSTNKYQLSTHKNANAGESRHLLVMKGAPERILDRCDSIL I HGKVQPLDEE IKDAFQNAYLELGGLGERVLGFCHLALPDDQFPEGFQFDTDEVNFPVEK

RkQRkkx *(k dkhhkRehkhr ik ok * * 0 OF #kk RRRROhRkRRirdd * * & & ek

ATP

LRFVGLMSMIDPPRAAVPDAVSKCRSAGIKVIMVTGDHP I TAKAIARQVGI I SEGHETVDD IAARLNIPVSEVNPRSAQAAVIHGNDLKDMNSDQLDDIL
LRFVGLMSMIDPPRAAVPDAVAKCRSAGIKVIMVTGDHPITAKATAKSVGI I SEGNETVED I AQRLN I PVSEVNPREAKAAVVHGAELRDVSSDQLDEIL
LCFVGLMSMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHPI TAKATAKGVGI I SEGNETVED I AARLN I PVNQVNPRDAKACVVHGTDLKDLSHENLDDIL
LCFVGLISMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHPI TAKATAKGVGI I SEGNETVED I AARLN IPVSQVNPRDAKACVVHGSDLKDMTSEQLDDIL
LCFVGLISMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHPITAKAIAKGVGI [ SEGNETVED I AARLN 1 PVNQVNPRDAKACVVHGSDLKDMTSEELDDIL
LCFVGLMSMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHP I TAKAIAKGVG! [ SEGNETVED IAARLN 1 PVSQVNPREAKACVVHGSDLKDMTSEQLDEIL
LCFVGLMSMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHP 1 TAKATIAKGVGI.I SEGNETVED IAARLN1PVSQVNPRDAKACVIHGTDLKDFTSEQIDEIL
LCFVGLISMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHP I TAKAIAKGVG! I SEGNETVED 1AARLN IPVSQVNPRDARACVVHGSDLKDMTPEQLDDIL

LCFVGLMSMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHP I TAKAIAKGVG] I SDGNE TVED IAARLN IPVSQVNPRDAKACVVHGSDLKDMTSEQLDDIL
* AR RRRRRRRIRRIRRE AARRERRRNRAAARIIIRERARNN() KEARE KQRENORRR KRARIR  Ihkk & & & kK * & * kek

RHYREIVFARTSPQQKL I IVEGVQRAGEFVAVTGDGVNDSPALKKAD IGVAMGIAGSDVSKQAADMILLDDNFASIVTGVEEGRL I FDNIKKSIAYTLTS
RYHTEIVFARTSPQQKL I [ VEGCQRMGAIVAVTGDGVNDSPALKKAD IGVAMGIAGSDVSKQAADMILLDDNFASIVTGVEEGRL 1 FDNLKKSIAYTLTS
HYHTEIVFARTSPQQKL ] I VEGCQRQGA I VAVTGDGVNDSPALKKAD I GVAMGIAGSDVSKQAADMILLDDNFASIVTGVEEGRL I FONLKKSIAYTLTS
KYHTE1VFARTSPQQKL I I VEGCQRQGAIVAVTGDGVNDSPALKKAD I GVAMGIAGSDVSKQAADMILLDDNFASIVTGVEEGRLI FONLKKSIAYTLTS
RYHTEIVFARTSPQQKLIIVEGCQRQAGAIVAVTGDGVNDSPALKKAD I GVAMGIVGSDVSKQAADMILLDDNFASIVTGVEEGRL I FDNLKKSTAYTLTS
RDHTEIVFARTSPQQKL I I1VEGCQRQGAIVAVTGDGVNDSPALKKADIGIAMGI SGSDVSKQAADMILLDDNFASIVTGVEEGRL I FDNLKKSIAYTLTS
QNHTEIVFARTSPQQKL I IVEGCQRQGAIVAVTGDGVNDSPALKKAD I GVAMGIAGSDVSKQAADMI LLDDNFASIVTGVEEGRL I FDNLKKSIAYTLYS
KYHTEIVFARTSPQQKL I IVEGCQRQGAIVAVTGDGVNDSPALKKAD I GVAMGIAGSDVSKQAADMI LLDODNFASIVTGVEEGRL I FDNLKKSIAYTLTS
LHHTEIVFARTSPQQKL I I VEGCQRQGA I VAVTGDGVNDSPALKKAD I GVAMGIAGSDVSKQAADMILLODNFASIVTGVEEGRLIFDNLKKSIAYTLTS

QO*Frkkhkkkhhkhkkhkkhrhd ROORARRRRIAAARKRARKRNAE KAAE ARARXAARAIAAAARRRRA R RN b bR Rh ARk b Qhdrkdidhdid

KIPELSPFLMYILFOLPLAIGTVTILCIDLGTDVVPAISMAYEGPEAD . .PRKPRDPVKEKLVNERL ISMAYGAIGVMQAFGGFFTYFVIMGECGFLPNR
NIPEISPFLASILCDIPLPLGTVTILCIDLGTDMVPAISLAYDHAEAD IMKRPPRDPFNDKLVNSRL I SMAYGQIGMIQAAAGFFVYFVIMAENGFLPKK
NIPEITPFLVFIIANVPLPLGTVTILCIDLGTDMVPAISLAYERAESD IMKRQPRNPKTDKLVNERL I SMAYGQIGMIQALGGFFSYFVILAENGFLPID
NIPEITPFLIFIIANIPLPLGTVTILCIDLGTDMVPAISLAYEQAESD IMKRQPRNPKTDKLVNERL I SMAYGQIGMIQALGGFFTYFVILAENGFLPIK
NIPEITPFLIFIIANIPLPLGTVTILCIDLGTDMVPAISLAYEQAESD IMKRGPRNPKTDKLVNERL ISMAYGQIGMIQALGGFFTYFVILAENGFLPFH
NIPEITPFLLFIIANIPLPLGTVTILCIDLGTDMVPAISLAYEAAESD IMKRQPRNSQTDKLVNERL 1 SMAYGQIGMIQALGGFFTYFVILAENGFLPSR
NIPEITPFLLFIMANIPLPLGTITILCIDLGTOMVPAISLAYEAAESD IMKRQPRNPRTDKLVNERL ISMAYGQIGMIQALGGFFSYFVILAENGFLPGN
NIPEITPFLIFIIANIPLPLGTVTILCIDLGTDMVPAISLAYEQAESD IMKRQPRNPQTDKLVNERL 1SMAYGQIGMIQALGGFFTYFVIMAENGFLPNH
NIPEITPFLIFIIANIPLPLGTCTILCIDLGTDMVPAISLAYEQAESD IMKRQPRNPKTDKLVNERL I SMAYGQIGMIQALGGFFTYFVIMAENGFLPSG

OF**( *kk & *RQOR* RkkRkkkhbRQhkkdkQhk  OF KOO0k Wwh ORFhh RRRKAAARRRROOFR  *hk kddk OEQERkd

H5 Hé6

LFGLRKWWE SKAYNDLTDSYGQEWTWDARKQLEYTCHTAFFISIVIVQWTDLI ICKTRRLSLFQQGMKNGTLNFALVFETCVAAFLSYTPGMDKGLRMYP
LFGIRKMWDSKAVNDLTDSYGQEWTYRDRKTLEYTCHTAFFISIVVVQWADL I ICKTRRNS I FQQGMRNWALNFGLVFETVLAAFLSYCPGMEKGLRMYP
LIGIREXWDELWTQDLEDSYGQQWTYEQRKIVEYTCHTSFFVSIVIVQWADL I ICKTRRNS I FQQGMKNKILIFGLFEETALAAFLSYTPGTDIALRMYP
LLGLRVDWDDRWINDVEDSYGQQWTYEQRKIVEFTCHTAFFVSIVVVQWADLVICKTRRNSVFQQGMKNKIL I FGLFEETALAAFLSYCPGMGVALRMYP
LLGIRETWDDRWINDVEDSYGQQWTYEQRKIVEFTCHTAFFVSIVVVQWADLVICKTRRNSVFQQGMKNKIL I FGLFEETALAAFLSYCPGMGAALRMYP
LLGIRLDOWODRTTNDLEDSYGQEWTYEQRKVVEFTCHTAFFASIVVVQWADL I ICKTRRNSVFQQGMKNKIL I FGLLEETALAAFLSYCPGMGVALRMYP
LVGIRLNWODRTVNDLEDSYGQQWTYEQRKVVEFTFHTAFFVS1VVVQWADL | ICKTRRNSVFQQGMKNKIL I FGLFEETALAAFLSYCPGMOVALRMYP
LLGIRVTWODRWINDVEDSYGQQWTYEQRKIVEFTCHTAFFVSIVVVAWADLVICKTRRNSVFQQGMKNKIL I FGLFEETALAAFLSYCPGMGVALRMYP
LVGIRLGWODRWINDVEDSYGQQWT FEQRKIVEFTCHTAFFVSIVVVQWADL I ICKTRRNSVFQQGMKNKILIFGLFEETALAAFLSYCPGMDVALRMYP

* * k%) *  kdhwkdk ki kk &k Rk kh RAR RRRORE ARRRAAOR WkkAk k& ROk AR OQRkdrkd AR Fededrdek

W7 H8

LKIWWWFPPMPFSLLILVYDECRKFLMRRNPGGFLERETYY ¢
LKLVWWFPAIPFALAIFIYDETRRFYLRRNPGGWLEQETYY
LKPSWWFCAFPYSLIIFLYDEARRFILRRNPGGWVEQETYY
LKPTWWFCAFPYSLLIFVYDEVRKL I IRRRPGGWVEKETYY
LKPTWWFCAFPYSLLIFVYDEVRKLI IRRRPGGWVEKETYY
LKVTWWFCAFPYSLLIFIYDEVRKLILRRYPGGWVEKETYY
LKPSWMWFCAFPYSFLIFVYDEIRKLILRRNPGGWVEKETYY
LKPTWWFCAFPYSLLIFVYDEVRKL I IRRRPGGWVEKETYY
LKPTWWFCAFPYSLLIFLYDEIRKLIIRRNPGGWVERETYY

*k  kkk Ok & *(Q kkk * ke kkR( * dkhwk
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the larger a-subunits are not essential for enzymatic ac-
tivity. This concept is supported by the high degree of
variability in this region. However, the N-terminal tri-
peptide appears to be important since it is conserved
from brine shrimp to man with the exception of Droso-
Dphila and the Tetra Brand of Artemia. Also, the func-
tional importance of at least part of the 30 residues
from the amino terminus of the mammalian a-subunit
is suggested by proteolytic cleavage studies that showed
that cleavage at position 30 altered binding of ions and
conformational changes that occur during the transport
cycle [26].

Since the brine shrimp o-subunit has about 69-72%
identity with previously reported sequences from other
species (the largest degree of divergence identified to
date) identification of conserved regions in the brine
shrimp may be useful for identification of essential
structural components of the enzyme.

Models of the structure of the a-subunit suggest four
transmembrane domains at the amino terminus, a large
cytoplasmic loop which has been implicated in the
hydrolysis of ATP, and 3-4 transmembrane segments
at the carboxy terminus. Transmembrane domains have
been predicted based upon hydrophobicity plots [7]
(fig.3), and their high homology is consistent with their
functional importance in selective ion transport. A
striking exception to this is H3, in which the brine
shrimp sequence shows considerable difference from
that of other species. These changes, however, maintain
the general hydrophobic nature of the region, as shown
by hydrophobicity plots of the a-subunit of the brine
shrimp (data not shown). This observation suggests that
this domain may be important for maintaining the
general structure of the a-subunit but may not play an
important role in the transport of ions.

Several segments of the large cytoplasmic loop have
been implicated in the phosphorylation of the o-subunit
and the hydrolysis of ATP. These show absolute con-
servation in all species, despite the large divergence be-
tween the sequences of the brine shrimp and other
species studied. The 75 residues surrounding the phos-
phorylation site (fig.3) show complete identity between
Torpedo, sheep, rat, and human, with a single R—S
change in Drosophila[ [11] (fig.3). Although the brine
shrimp sequence shows a relatively high level of conser-
vation in this region, there are some substitutions
(V—A, L>M, N=K, K=R, N=Q, Q—K) (fig.3),
which conserve charge. Twenty-nine residues surroun-
ding the phosphorylated aspartic acid residue show ab-
solute conservation in all available sequences (fig.3).

Another region that has been implicated in ATP
binding [27,28] is absolutely conserved in all o-subunits
(LVMKGAPERIL) (fig.3), but the surrounding regions
show low homology. This peptide contains a fluores-
cein isothiocyanate-reaction region which is also con-
served in other ion-transporting ATPases [29,30].
There is also an amazing conservation of sequence in
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the 200 residues that precede HS5 (fig.3), consistent with
the concept that this region may be involved in hydro-
lysis of ATP.

The molecular cloning of the a-subunit of the brine
shrimp Na,K-ATPase is not only important for its
unique contribution to the compendium of amino acid
sequences, but also for its usefulness in studying
developmental regulation of the Na,K-ATPase and
evolutionary aspects. The brine shrimp was selected as
a model system for studying developmental regulation
of the Na,K-ATPase because its enzymatic activity
rapidly increases following hydration of dormant cysts.
Since the Na,K-ATPase is strictly an animal enzyme,
this model system is one of the few such systems where
development and synthesis of a vital enzyme can be
turned on by manipulation of the environment. The in-
crease in enzymatic activity during development is
associated with increased levels of enzyme protein
[13,14] and mRNA [13,15]. Molecular cloning, struc-
ture analysis, and utilization of hybridization probes
provide the basis for further characterization of this
developmental regulation [13].
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