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Abstract

We cloned novel Na™-ATPase (HANA) cDNA from marine alga Heterosigma akashiwo. The full-length HANA ¢cDNA
was 4467 bp long and coded for a 1330 amino acid protein with a molecular weight of 146306. The deduced product
exhibited around 40% identity in amino acids with Na*/K*-ATPase a-subunits. A hydrophilic sequence of 285 amino acid
residues that showed no homology with any sequence listed in databases existed in the M7-M8 junction of HANA. This is

the first report on the primary structure of putative Na*-transporting ATPase from plant cells. © 2001 Elsevier Science

B.V. All rights reserved.
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Plant cells have been believed to extrude intracel-
lular sodium ions primarily with a Na™/H"-antiport
system rather than Nat-ATPase. However, cells of
the marine alga Heterosigma akashiwo have Na™-
ATPase activity on the plasma membrane. A major
feature of H. akashiwo NaT-ATPase (HANA) is a
close analogy with Na®/K*"-ATPases of animal cells.
The Na'™-ATPase activity was greatly stimulated in
the presence of 100 mM NaCl and 10 mM KCI with
5 mM Mg ions, and the activity was inhibited by
orthovanadate, a specific inhibitor of P-type ATP-
ases but not inhibited by ouabain [1,2]. The Na*-
ATPase formed a phosphorylated intermediate of

* Corresponding author. Fax: +81-9808-8-6204;
E-mail: mshono@jircas-os.affrc.go.jp

approximately 140 kDa in the presence of Nat and
Mgt ions [1,2], and the 140 kDa polypeptide re-
acted with an antibody raised against pig kidney
Na*/K*-ATPase [3]. The plasma membrane of H.
akashiwo has ATP-dependent Na'-transporting ac-
tivity [4]. Though the function and reaction mecha-
nism of Na*-ATPase seem to correspond to those of
Nat/K+-ATPases, there were marked differences in
relative molecular mass, subunit composition (140
kDa for HANA [2] vs. 110 kDa for Na*/K*-ATPase
a~subunit plus 35 kDa for the B-subunit), and oua-
bain sensitivity [1]. Therefore, we have cloned Na*-
ATPase ¢cDNA in order to obtain a better under-
standing of the molecule.

H. akashiwo cells were cultured at 20°C under a con-
stant light condition. Total RNA was isolated from
cells in the logarithmic phase of growth (10° cells)
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GICAAGTTCCTGAAGGAGATGACGGGCTTCI TCTOGCTGCTGCTCTGGGEOGGAGGCATAC TCTGC T TCAT TCGC TACGGT CTACGCAAGGAGGTGGACAAC ATGTACCTGGGCATTGTACTCTTOGCGRIGGTCTTCGTGACGGGCTGC
VKFL KEM TGF FSLUL L'WG GGI LCFI RYG LRKEVDNMYL GIVLFAV VFV TGC
M1 M2
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FSFF QNS KSE NLMK SFE KLL PPSI NAKRNGETFIKVPS EKL VKGD VIRTULESG

GGCGAGCTGGIGCCCTGOGACGTGCGCATCATCACCTGCACGGACAACTAOGTGGTGGACAACGCCTCGCTCACGGGEGAGGCCGAGCOUCAGAAGCGCAAGAACGAGGICACGCACGATGAGCCGCTGGAA ACGGCGAACCTGGCCTTC
GELV PCD VRI ITCT DNC VVD NASL TGE AEP QKRK NEA THD EPLE TANLATF

TTOGGCACGAACGTGCCCGAGGGCTCCCTAGAGGGTGTGGI GG TGAACATOGGCGACGACACCGTCATGAGCOGCAT TGAC TCGCTCACCCTGCAGG TGAGC GCCCAGCAGACCCCGATCAACAAGGAGATCCACCACTTCATCCTGATC
FGTN VPE GSL EGVV VNI GDD TVMG RIA SLTLQVG AQQ TPI NKETI HHF ILTI

ATCTCCTCCATCGCCATCTTCCTGGGOGTRACCTTCT TCATCATCGGGCTGGOGCTGGGCACGGAGCTGATCGAGAATCTGGTCTTCC TAATC TCCATCATCGTCGCCAACGTGCCCGAGGGCCTGCTGACCACGG TGACGGTGTGCCTG
1 ss 1 AIF LGV TFFTI I GL ALGTELTI ENZL VFL I STITI VAN VPE GLTLATVT VCL
M3 M4
ACGCTGACCACGCGCOGCATGCACTCGAAGATGGTGCTGGIGAAGAACCTGGAGGGCG TAGAGACGCTGAEGTCCACCTAGTGCATCTGCTCGGACAAGACGGGCACGCTCACGCAGAACATCATGACCGTIGGCTCAGATCGTGTACGGC
TLTA RRM HSK MVLYV KNL EGV ETLG STS CIC SDKT GTL TQN IMTV AQI VYG
= steA
AACCAAGACAOCGTGCACATCCAGGACACAGGCTCCTCGCTGAGCCACGAECTGAAGACGTACAACCCGAAGAACGCCGICTTCCAGTCACTGCTGCGG TRC GCCATGCTGAACAACACCTCCACCTTTGGGAAGTACCGCCTGGACGAG
NQDA VHI QDT GSSL SHG LKT YNPENAA FQS LLRC AML NNT STFG KYR LDE

\TCRAGCAGGTGATGTGGCGOGTGAACGGCAACAC TCCGAGGIGGCCATGATCAAGTTCGCGCAGAACCACGAGGACGTGGAC
NGDP TDE LLP FKAE VVQ GDG SVIE QVM WRV NGNA SEA AMI KFAQ NHE DVD

GACTTCCGCAAACGTAACCIGATGGTGTTOCAGATCCCATTCAACTCGCGCAACAAGTACCAAGTGCACGI ACACTGCCAGGAGAAGT TCAACCAGGAGGAC GGCACGAACTCCGGCCOAOGCGTGGTGCTGATGAAGGACGCCCCOGAG
DFREK RNP MVF QIPF NSRNKY QVHV HCQ EKF NQED GTN SGP RVVL MKG APE

CGCGTGCTGACCCGCTGCTOGCAGGCCAAGCTGGGCGGCAACATTGTGCICATGACCCCRGAGCTGATGACCGAGATTGAGCGGCTGCAGGTGCAGATGTCCGCCAACGACCTCCGCGTACTGGGGTTCACCGAGCGCGAGCTGCCCAAG
RVLA RCS QAK LGGN IVP MTP ELMA EIE RLQ VQMS ANG LRV LGFAERTE LZPK

ACCAAGTTCOCCGCGGACT ACAAGTACCACGACGGCAGCGAGGAGGACAAGAGCACGCCCAACTTCOOGCTGGGCGAGTTOGCGATGGAGGCCGAGCGCGAGAAGAACCIGCCCAAGCTACCCGTGCACGACGCGTCCATGCAGGGCCTG
TKFP ADY KYH DGSE EDK STP NFPL GEF AME AERE KNP PKL PVHD ASM QGL

ATCTTCATCEEGCTGATGGAOCTGATCGANCCCOOGOGEANGGCGETGOINGGCGCOG TAAGAAGTGCAAGACGGCCGACGTGAAGG TGATC ATGG TCACGGGCGACCACCCGGTGACGECGCAGGCCATCGOGCAGAAGGTGGGCATC
IFIG LMATULID PPRP AVP GAV EKCK TAG VKV IMVT GDH PVT AQAI AQK VGI

CTCTGGTOCAAGACGOGCGAAGAGGOGATACGCACAACGAGGCCTACCAGCTGAACCOGGGGGA ecs AGGAC W@;ﬂ:&sﬂm
LWSK TRA EAM AHNE AYQ LNGP GDAG. PEE CKAI VVP GWE LNND MTE EAW

GACGCCATCCTGGACAACCOACAGGTGGTGI TCGCGCGGACCTCCCCGCAGCAGAAGC TS TCATTGTCTOGGAGAACCAGAAGCGCGGACACAT TG TGADGGTGACGGACGACGGCGTGAACGACTCGACCGCGCTGAAGCAGGCGGAC
DAIL DNP QVV FART SPQ QKL VIVS ENQ KRG HIVA VTG DGV NDSP ALK QAD
site
ATCGGOGTGACCATGAGCATCAGCGGGTCOGAGG TGTCCAAGCAGGCGGIGGACATGATOCTGCTGGACGACAACTTOGACTCCATOG TAGCGGGCG TGGAGGAGGGCCACCTGATCTTCGACAACCTGAAGAAGAGCATCTGCTACACG
IGVA MGI SGS EVSK QAA DMI LLDD NFA SIV AGVE EGRULIF DNLIKKSI CYT

CTGACCTCGAACATCCCCGAGATCTCGCCCTTCCTGTGCTTCATCGTGATOGGC ACCCCACTGOOGCTCAGCACCGTGCTCATCCT TGGCATC GACCTGA3C ACGGACATGG TGOCGGCCATCTCCATGACC TACGAGCAGGCCGAGGCG
LTSN I PE ISP FLCF IVI GTP LPLS TVL ILG IDLG TDMVPA IS SMATYESQ QA AEA
MS M6
GACATCATGAAGCGCCCCCOECGCGACTOOCAGCTGGACTGCCTGG TGAMCAAGAAGC TAATCG TG TTCACCTACCTGCAGATCGGCATGATCCAGGCCADGGCCGGCTTCTACACCTGGATGGTGGTGCTCAACGACTACGGCTTCCCC
DIMK RPP RDS QLDR LVT KKL I VFA YLQ I GM I QAA AGF YTW MVVL NDY GFTP
M7
COGCACATCCTCCCCGEGCTAGECCGOGRGGCTTCTGGCAGCAGCACCIGCTG TACTGARAG TTCGACGGCGGCCAGT ACG TG TCCC TOGACGGCGAGACC TCGTC TGACCTGGACCCCAGC TCTGACACGCCCACGCEOGCCTACCCC
PHIL PGL GRG GFWQ QHP LYC KFDG GQY VSL DGEA SSDULDP SSDAPTR AYTP

TTCTGGGACAI TGGGGACCACGGCAACATOGTGAACTGCGAGTTCCCCATCAAGAACC TRAGGGGTGGCTCGGGCGTGCACTCCGGCTTOGACATCTCTGAGGCGGACACCTACGACGACAGCAGCACCTCGGGCTTCAACCAGATGACT
FWDV GDH GNI VNCE FPI KNL RGGS GVP SGF DISEA ADT YDD SSTS GFN QMT

TACGAGTCGCTGCTGACTCTGGAGGCGCAGAACTACTTCCACTACG TGO TGGCGOGCACGCCAGTCGCTT TC TGGAAGAACAGCTGGT TC TTC T GGGAC GTGGAGGATGAGGAGACACCCGGCGAGACCTTCGGCGAGCGGCGGAC
YESL LAL EAQ NYFH YVP WRAIRQSP FWK NSWFFWD VED EET PGGA FGG AAD

Ammmxmmmmmmmmm
ITYF LHQ KAG LWSL CAK DED LSEG TGN SDF LGT.Q AAW DLY ENDF DFT GVG

GCCTGCTCAGIGAACAGCGAGACCATGAAGAATCAGATGTACAAGGACGICTACTTCTGAAACAACTACOCGCACTCCTAGGGCTACGCCAGC GGCGCCANG COGGGGTACGAGGOGGGAGCCAACACGCACCCGCTCAACAACGTCTGG
ACSV NSA TMK NQMY KDA YFC NNYP HSS GYA SGAK PGC EAG ANTH PLN NVW

TGCGCGGACTOGTGCTCCCAGGCCTGCTATGAGGCGRGACAECGACGGCAAEGACECGT ACAACTGCGCCAACGTGGCCTUGCGCATGGCACAGAAGGAGANGCTGCACCACGOGCAGGGCTOGTACT TOGIC TCGATCGTGATOGTGCAG
CADS CSQ ACY EAGG DGG DAY NCAN VAS RMA QKEA LHH AQG SYVFV SIV IVZQ

M8
TGGGCCGACCTGCTCATCTGCAAGACGCGCTGGCTGAGCCTGCGCCAGCAGGGCATGAAGAACTCCACGATGAAC T TCGAGC TG TTC T TAGAGACGC TGCTGGCCGGCTAGC TG TGCTACTGCCTGCCCATC AACG TGGECCTGGGCACG
WADL L ICKTRWLSL RQQ GMK NSTM NF-A LFF ETLL AGW LCY CLPI NVG LGT

M9
CGCAACCTGAGCTTCACGCACTGG TTCCCGECCATCCCCTICTCCGTGGACATC TTOG TGIACGACGAGGICCGCAAGT ACCTCATGCGCACC ACGTCOMC GAGACCACCGACAAGGCCACCGGCCAGGICACCCGCATTGCGGGCTGG
RNLR FTH WFP AIPF SVA IFV YDEV RKY LMRTTTS SP ETT DEKATGQV TRI AGHW
M10
CTCGAGACCAACACCTACT ATTAGGCGGTACTAGTACGCMGGGCGTGGCAGGCGGGOGACGTCTCTTC T TCACTGCCAGCAGCTTTTCORGGAACAATGGAG GAAGATGATGATGTGCTACTGACACCCACCAACGGTGTGATGTAAATG
LETNTYY

AAATGACAAAGCCCAATCAATTGCGAGTTGIGG TGGGTGGIGGTGGGATA T TG T TG TTAGGTGGATGATGGG TG T TG TG TCOG T TATGC T TTG TG T TOC GGATCGOGGACAAGGTTTTGT TG TTCTACTGTGTGTGGICTGCAGCTC

CACTTCATCIICCTTGCTGA TCGCATCCIGTATCATCAAATTCTTC T TG TGTGT TG T A TAT TAT TATATAACTTCT IS TTGTGTTGTATTATCATTATATTATCAAAAAAAAAA
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Fig. 1. Nucleotide sequence of HANA and deduced amino acid sequence. The 10 putative transmembrane regions, which were pre-
dicted by the TMpred program based on the procedure of Hofmann and Stoffel [21], are underlined (M1-M10). Parts underlined
twice indicate site A and site B, those were used for designing the forward and reverse primers for PCR amplification. The boxes indi-
cate the F1 and R2 regions, those were used as the primers for the 3-RACE and 5’-RACE methods, respectively. The double lined
boxes indicate the amino acid sequences detected by protein analysis of 140 kDa Na™-ATPase of H. akashiwo.

«—

by the method of Okayama et al. [5]. Degenerate
oligodeoxyribonucleotides corresponding to the two
highly conserved regions of P-type ATPases were
used as PCR primers. The 20-mer oligodeoxyribonu-
cleotides have the following sequences: TG(T,C)TC-
IGA(T,C)AA(A,G)ACIGGIAC from the fully con-
served sequence, CSDKTGT, in the phosphorylation
site (site A), and TC(G,A)TTIACICC(G,A)TCIC-
CIGT from a conserved sequence, TGDGVND, in
the ATP binding site (site B) of P-type ATPases.
A DNA fragment of 1.2 kb was amplified from
H. akashivo mRNAs. Using the fragment, clones
of 2.2 kb and 3.0 kb were obtained by means of
the 3-RACE and 5-RACE methods, respectively.
The two clones contain a 742 bp overlapped region,
and reveal a 3990 bp open reading frame with 81 bp
5’-untranslated and 396 bp 3’-untranslated sequen-
ces. A protein of 1330 amino acid residues with a
molecular mass of 146 kDa (Fig. 1) was encoded.
We named this gene HANA, based on H. akashiwo
Na*™-ATPase.

An in-frame stop codon is located 36 bp upstream
from the first methionine codon and the sequence
around it conforms to the Kozak consensus sequence
[6]. The first methionine was followed by GLMKK-
KAGGDSNSRR. This sequence coincides with the
N-terminal sequence of HANA, which was obtained
by protein sequencing. Another partial sequence of
HANA protein was also encoded in the same reading
frame as shown in Fig. 1 (double line boxed). North-
ern blotting analysis revealed a transcript of 4.8 kb
(data not shown) and immunoblotting analysis de-
tected an approximately 146 kDa polypeptide at al-
most the same abundance in all batches of cells cul-
tured for 1 week at various concentrations of NaCl
from 0.3 to 0.5 M (Fig. 2).

The amino acid sequence of HANA was compared
with those of P-type ATPases, including human
Na*/K*-ATPase ol-subunit (ATNI1-h) [7], human
H*/K"-ATPase ol-subunit (ATHA-h) [8], yeast
Na*-ATPase (ATN2-y) [9], yeast Ca’"-ATPase

(ATCl1-y) [10] and Arabidopsis Ht-ATPase (PMAI-
a) [11]. These ATPases have several conserved se-
quences, include the phosphorylation site CSDK-
TGT (site A) and ATP binding site TGDGVND
(site B). HANA showed remarkable homology with
human Nat/K*-ATPase o-subunits with 41% iden-
tity. HANA was also homologous with other cation
pumps, showing 36% identity to ATHA-h, 23% to
ATN2-y, 22% to ATCl-y, and 20% to PMAl-a. As
shown in Fig. 3, hydropathy analysis revealed that
these ATPases have 10 putative transmembrane do-
mains and their hydropathy profiles are quite similar.
Thus, the overall structures of the ATPases should
be almost the same. HANA exhibited high similarity
with ATNI1-h at predicted transmembrane domains
(average similarity 65%). Particularly, at the sixth
transmembrane (M6), HANA showed 83% identity
to ATNI-h and only 48% identity to ATHA-h.
Though HANA is strikingly similar to ATNI1-h, its
alignment reveals a major difference. Between the

lgi:g 0.3 0.35 04 0.45 0.5 M(NaCl)

170 —
- <4146 kDa

116 —

76 —

Fig. 2. Immunoblotting analysis of HANA. H. akashiwo cells
were cultured for 5 days at 20°C under 16 h of light and 8 h of
darkness condition in ASP-7 medium, which contained various
concentrations of NaCl from 0.3 M to 0.5 M. The cells were
lysed in a buffer containing 1% SDS and 30 mM Tris-HCI (pH
6.8) and the lysate was centrifuged at 10000X g for 5 min. The
extract was analyzed with 7% SDS-PAGE and subsequent im-
munoblotting using an anti-HANA antibody, that was raised
against pGEX-6P-HANA (929-1261 aa) fusion proteins.
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Fig. 3. Hydropathy plots of HANA, human Na®/K*-ATPase ol-subunit (ATN1-h), human H*/K*-ATPase ol-subunit (ATHA-h),
HT-ATPase of Arabidopsis (PMAIl-a), and Na™-ATPase of yeast (ATN2-y). The shadowed boxes indicate putative transmembrane re-
gions. The hydropathy program is based on the procedure of Kyte and Doolittle [22].

seventh and eighth transmembrane domains (M7- Lemas et al. [12] found that a 26 amino acid se-
MS junction), HANA has a hydrophilic sequence quence (NDVEDSYGQQWTFEQRKIVEFTCHTA)
of 285 amino acids which shows no homology with in the M7-M8 junction of Nat/K*-ATPase ol is
any sequence listed in the databases. important for the o—f-subunit interaction. Wang et

R
Fig. 4. Alignment of the deduced amino acid sequences with HANA and the sheep Na®/K*"-ATPase al-subunit (ATNI1-s) [23]. Aster-
isks indicate identical amino acids, colons indicate amino acids that have high similarity, periods indicate amino acids that have low
similarity, and dashes indicate gaps. Solid circle indicates Arg'®'. Open triangle indicates Ser®? and solid diamond indicates Glu®?’.
Open circles indicate Asp®** and Asp®*®. The putative transmembrane regions are boxed. The alignment program is Clustal W (1.8),
based on the procedure of Thompson et al. [24].
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al. [13] showed that Tyr®®, Val®™ and Cys*®

(Tyr®', Val®® and Cys’!!, respectively in Fig. 4) in
the 26 amino acid sequence are crucial. HANA does
not have a homologous sequence to this in the
M7-MS8 region, indicating that HANA may not
bind a B-subunit. This seems consistent with our pre-
vious finding [2] that Nat-ATPase in H. akashiwo
does not have any accessory subunit, based on
SDS-PAGE analysis. Given that finding, we consid-
ered the possibility that the hydrophilic sequence in
the M7-M8 region of HANA might have a similar
function to the B-subunit of Na*/K*-ATPase. How-
ever, we could find no homology in this region to the
B-subunit of Na™/K*-ATPase or to any polypeptide
registered in SWISS-PROT.

In recent years, using chemical modification and
site-directed mutagenesis, amino acids were identified

L
L
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that were responsible for determining ouabain sensi-
tivity and cation binding in Na®/K*-ATPases. Price
and Lingrel [14] and Price et al. [15] showed that
Arg''! and Asp'??, which are located between the
first and second transmembrane segments (M1-M2
junction) of the rat Na*/K*-ATPase al-subunit, are
involved in ouabain resistance. Jaisser et al. [16] sug-
gested substitution of Gln!'! of the sheep Na®/K*-
ATPase al-subunit to Arg is important for ouabain
resistance. Nat-ATPase in H. akashiwo showed an
ouabain resistance phenotype [1], and substitution
(Arg'”" for GIn''") and deletion of amino acids
found at the corresponding region (M1-M2 junction)
of HANA is in agreement with their results (Fig. 4).
Ser®? in HANA corresponds to Ser’”® in sheep Na*/
KT™-ATPase, which was suggested to play a role in
K™ binding and K* transport (Argiielllo and Lingrel
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Fig. 5. Phylogenetic tree of P-type ATPases, constructed using the neighbor-joining method in GrowTree Phylogram of Wisconsin
GCG DNA sequence analysis software. Sequences of ATPases were obtained through the GenBank, EMBL, and SWISS-PROT data-
bases. From the top to bottom of the figure, the accession numbers for these sequences are as follows: P20020, P23634, P38929,
P13587, Q01896, P16614, Q93084, P13586, P05030, P19657, P20649, P19456, P54211, P03960, P20648, P54708, AJ001045, P28774,

P13607, AB017481, P35317, P05023, P06685, P09572, P30714, P

13637, P06687, P24798, P50993, P06686, P24797.
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[17]). The Glu’® of rat Nat/K*-ATPase (corre-
sponds to Glu”” in Fig. 4), proposed to be an im-
portant coordinate of cation selectivity and activa-
tion (Koster et al. [18]), corresponds to Glu?® of
HANA. Kuntzweiler et al. [19] showed that both
Asp®™ and Asp®® of the sheep Nat/K'-ATPase
are required for normal Nat and K% interaction
with the protein, possibly coordinating these cations
during transport. HANA protein also has Asp resi-
dues at both corresponding positions (Fig. 4), but
Ca’*-ATPase (ATCl-y) or human gastric HT/K*-
ATPase (ATHA-h) has an Asp residue at one of
the corresponding regions. Two Asp residues in this
particular region might be one of the important fea-
tures for the transport of both Nat and K™ ions.

A phylogenetic tree of a P-type ATPase family is
shown in Fig. 5. The tree comprises three major
clusters, mainly correlating with cation specificity,
as follows: Ca**-ATPases, H"-ATPases, and Nat/
K*™-ATPases. HANA is included in the cluster of
Na*t/KT-ATPases, being especially close to the
Na®/K*-ATPases in invertebrates such as Artemia,
Drosophila, or Hydra. However, yeast Na™-ATPases
(ATNI1-y and ATN2-y) are classified into the cluster
of Ca’*-ATPases.

The principal function of Na*/K*-ATPases in an-
imal cells is related to the maintenance of cellular ion
homeostasis, e.g. high intracellular K* and low Na*
[20]. H. akashiwo is a wall-less unicellular marine
alga. This alga is always bathed in high concentra-
tions of Na™ ions, like animal cells, and may well
have an ion-transporting ATPase on its plasma
membrane to exclude cytoplasmic Na® ions. Com-
parison of HANA with Nat/K*-ATPases and fur-
ther mutational analysis of the cloned gene could
reveal the function of some important amino acid
residues and especially the function of the B-subunit
of Na*t/K*-ATPases.

The nucleotide sequence data of HANA appear
under the accession number AB017481 in the
DDBJ/EMBL/GenBank databases.
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