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Primary Structure and Effect of pH on the Expression of the
Plasma Membrane H*-ATPase from Dunaliella acidophila and
Dunaliella salina’

Meira Weiss and Uri Pick?*

Department of Biochemistry, The Weizmann Institute of Science, Rehovot 76100, Israel

The plasma membrane H*-ATPase gene was cloned and se-
quenced from the extremely acidophilic green alga Dunaliella aci-
dophila and from the extremely halotolerant Dunaliella salina. A
special feature of the Dunaliella H*-ATPases is an extended
C-terminal domain. The deduced amino acid sequences of the two
proteins are 75% identical but differ in their C terminus. A hydro-
philic loop within this domain in D. salina, which presumably faces
the cell exterior, has a high ratio of acidic over basic amino acids,
typical of halophilic proteins. The amount of the ATPase protein in
plasma membranes and the level of its mRNA transcript in D.
acidophila are far higher than in D. salina, suggesting that D.
acidophila overexpresses the enzyme. A pH shift from 9.0 to 7.0
induces in D. salina a large increase in the level of the H*-ATPase
mRNA and in the amount of the H*-ATPase protein. This suggests
that the expression of the H*-ATPase in D. salina is pH-regulated at
the transcriptional level. The implications of these findings are
discussed with respect to the adaptive pressures imposed on these
algal species by their exceptional environmental conditions.

The P-type H'-ATPases are the major primary ion
pumps in the plasma membranes of plants and fungi. They
provide the driving force for the uptake of nutrients and
minerals, they are responsible for pH and volume regula-
tion, and they play a role in signal transduction (Serrano,
1989; Briskin, 1990). It has been established that in higher
plants PMHAs are encoded by a multigene family, the
isoforms of which are expressed in different tissues and
under specific conditions (Harper et al., 1989).

PMHAs from plants and fungi are made of a single
catalytic 100-kD polypeptide. Sequence analysis reveals
that approximately 20% of the protein is hydrophobic,
comprising 8 to 10 putative TM domains, 4 to 6 of which
are located in the C-terminal region. More than 70% of the
enzyme is hydrophilic and faces the cytoplasmic surface.
The large hydrophilic loop between TM domains 4 and 5
contains the conserved aspartyl phosphorylation and ATP-
binding domains. The N- and C-terminal ends facing the
cytoplasmic surface are the most divergent between the
different isoforms of PMHA (reviewed by Serrano, 1989,
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1990; Kasamo and Sakakibara, 1995). The C-terminal do-
main is believed to possess regulatory functions, since its
deletion leads to activation of ATPase and proton-pumping
activities and mimics activation by Glc in yeast or by
fusicoccin and lysolecithin in higher plants (Serrano et al.,
1992).

Little is known about the PMHAs from algae. Plasma
membrane preparations that possess a vanadate-sensitive
proton-pumping activity were demonstrated in only a few
algal species (Sekler et al., 1991; Popova and Balnokin,
1992). Purification of the ATPase protein was conclusively
demonstrated only in Dunaliella acidophila (Sekler and Pick,
1993). Dunaliella, a unicellular green alga, is a particularly
attractive organism with which to study PMHA for several
reasons. First, the species D. acidophila, which grows at
extremely acidic pH, overproduces a potent PMHA that
resembles in its catalytical and regulatory properties the
higher plant PMHA (Sekler et al., 1991; Remis et al., 1992;
Sekler and Pick, 1993; Sekler et al., 1994). The enzyme can
be purified in a catalytically active state and thus provides
an excellent model for the biochemical analysis of plant
PMHA. Studies of plant PMHA are hampered by low
abundance (Sussman, 1994), the existence of multiple iso-
forms (Palmgren and Christensen, 1994), and the instability
of the purified enzyme. The second reason D. acidophila is a
good species with which to study PMHA is that, when its
cell membrane faces unusually low pH or high salt, it is
expected that the hydrophilic parts of the enzyme that face
the outer cell surface will exhibit unusual amino acid com-
positions. Therefore, PMHA from Dunaliella can provide an
interesting model of protein structural adaptation.

Recently, a P-type ATPase gene was cloned from Du-
naliella bioculata, which, on the basis of sequence similarity
to ATPase genes from plants and fungi, was suggested to
encode a PMHA (Wolf et al., 1995).

The purpose of this work was to clone and sequence the
PMHA genes from D. acidophila and from D. salina and to
determine whether the different adaptive capacities of
these two species to extreme conditions are correlated with
differences in the sequence and/or expression of the H*-
ATPase gene.

Abbreviations: FITC, fluorescein isothiocyanate; pK, dissocia-
tion constant (negative log); PMHA, plasma membrane proton
ATPase; TM, transmembrane; RACE, rapid amplification of cDNA
ends.
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MATERIALS AND METHODS
Cell Cultures

Dunaliella acidophila (Kalina) Massjuk strain no. SAG
19.85 (from the algal collection of the Institute of Plant
Physiology, University of Géttingen, Germany) was a gen-
erous gift from Dr. Schlgsser and was cultured at pH 0.7 or
3.0 as previously described (Sekler at al., 1991). Dunaliella
salina was obtained from the culture collection of Dr. W.H.
Thomas (La Jolla, CA) and cultured in axenic culture as
described previously (Ben-Amotz and Avron, 1973; Fisher
et al., 1994).

Plasma Membrane and ATPase Purification and Analysis

The PMHA from D. acidophila was purified, cleaved with
endoprotease, and analyzed for the amino acid sequence of
the proteolytic fragments, as described previously (Sekler
et al., 1994).

Plasma membranes from D. salina cultured for 3 to 5 d
under pH-controlled conditions (pH 7.0 or 9.0) were iso-
lated as previously described (Weiss et al., 1991).

SDS-PAGE and Western Blot Analysis

The polypeptide composition of plasma membranes
(30-50 pg of protein per lane) was analyzed on 10% (w/v)
SDS-polyacrylamide gels (Laemmli, 1970). For western blot
analysis, proteins were transferred to nitrocellulose mem-
branes and reacted with rabbit polyclonal antisera pre-
pared against synthetic peptides of H"-ATPase. Peptides
were synthesized on an automated peptide synthesizer
(model 430B, Applied Biosystem) using solid-phase meth-
ods with Boc-amino acids. Cleavage of the peptide from the
resin and removal of protecting groups were done with
hydrofluoric acid. The peptides were conjugated to key-
hole limpet hemocyanine through amide coupling using
ethylene diaminopropyl carbodiimide. The blots were an-
alyzed using the enhanced chemiluminescence technique
as previously described (Fisher et al.,, 1994).

Nucleic Acid Isolation and Synthesis

Total RNA was isolated with Tri Reagent (Molecular
Research Center, Cincinnati, OH) according to the suppli-
er's directions. The extracted total RNA was used for

poly(A)" mRNA isolation or northern analysis without

further purification. Poly(A)” mRNA was isolated using a
PolyA Tract mRNA isolation kit (Promega). cDNA synthe-
sis was carried out using a ZAP-cDNA synthesis kit (Strat-
agene). Oligonucleotide primers were synthesized using a
DNA synthesizer (model 380B, Applied Biosystems) oper-
ated with a standard synthesis program and stored
at —20°C.

PCR Amplification

PCR was carried out in a thermal cycler (MJ Research,
Watertown, MA) using Tag polymerase (Beit-Haemek, Is-
rael). All reactions were preheated for 5 min at 95°C. The
temperature was then reduced to 80°C for 5 min while the
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enzyme was added. The reactions were cycled 30 to 35
times for 1 min at 95°C, for 1 min at the annealing temper-
ature (according to the primers used), and for 2 min at
72°C. PCR products were analyzed by electrophoresis on 1
to 1.5% agarose gels. Ethidium bromide-stained cDNA
fragments were eluted by the Geneclean II kit (Bio 101,
Vista, CA), ligated into the PGEM-T vector system (Pro-
mega), and used to transform JM109 Escherichia coli com-
petent cells. Clones containing plasmids with inserts were
isolated and plasmid DNA was prepared using the Wizard
miniprep purification system (Promega). The 3’-end am-
plification of D. acidophila cDNA, using the 3’-RACE sys-
tem of GIBCO-BRL, and the 5'-end amplification, using the
5-AmpliFINDER RACE kit (Clontech, Palo Alto, CA),
were performed essentially as described previously (Froh-
man, 1990).

Cloning of the D. salina H*-ATPase gene was performed
by screening a ¢DNA library prepared from poly(A)*
mRNA in a AZap vector (Fisher et al,, 1996) with a 600-bp
DNA fragment obtained from the D. acidophila H"-ATPase
gene by PCR and labeled by the Random Primed DNA kit
(Boehringer Mannheim). :

DNA sequence analysis was performed by the dideoxy-
sequencing method in a DNA sequencer (model 373A,
Applied Biosystems). Sequences were analyzed using soft-
ware from the Genetics Computer Group (Madison, WI).

Southern Blot Analysis

Genomic DNA was prepared from D. acidophila cells as
previously described (Lers et al, 1991). Ten-microgram
samples of DNA were digested by restriction endonucle-
ases, separated on 0.8% (w/v) agarose gels, and transferred
to nitrocellulose filters. DNA probes were labeled using the
Random Primed DNA kit (Boehringer Mannheim). Hybrid-
ization was performed at 65°C as previously described
(Church and Gilbert, 1984).

Northern Blot Analysis

Total RNA (20-30 pg/lane) was analyzed on a 1% (w/v)
formaldehyde agarose gel (Ausubel et al, 1995). DNA
probe preparation and hybridization were as in Southern
blot analysis.

RESULTS

Cloning the Plasma Membrane H*-ATPase Gene from
D. acidophila and D. salina

We have previously reported the purification of an H*-
ATPase from the plasma membrane of D. acidophila (Sekler
and Pick, 1993). Cleavage of the 105-kD ATPase polypep-
tide by the endoprotease V-8 yielded several proteolytic
fragments, two of which (of 9 and 12 kD) were isolated and
their N-terminal sequences were determined to be MLAV-
LPMFDPPR and FAGPSGMVPANFSNP, respectively. The
former sequence contains the DPPR motif, which is highly
conserved in all P-type ATPases. The latter was essentially
identical with a hydrophilic sequence in the C-terminal
region of a putative H*-ATPase gene recently cloned from
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Dunaliella bioculata (Sekler et al., 1994; Wolf et al., 1995). A The assignment of nucleotide 178 as the ATG starting
pair of degenerated oligonucleotide mixtures correspond- codon was based on the fact that (a) it is the only in-frame
ing to PMFDPP (5’ primer) and MVPANF (3’ primer) were ATG codon found upstream of the codons specifying the
synthesized and utilized for PCR amplification of cDNA N-terminal sequence of the ATPase, and (b) the bases pre-
prepared from D. acidophila poly(A)" mRNA. A single ceding the start codon (AnnATG) agree with the consensus
1.5-kb DNA fragment was reproducibly amplified by this of translation initiation in animals and plants (Liitcke et al.,
procedure and was cloned and sequenced. The predicted 1987).

amino acid sequence contained the exact N-terminal se- The D. salina ¢cDNA library was screened using a D.
quences of the 9- and 12-kD polypeptides and revealed a acidophila 600-bp DNA (nucleotides 1834-2426). It yielded
striking similarity to plant and fungal PMHA genes, indi- four positive clones, which had identical 3'-end se-
cating that it was a fragment of the D. acidophila PMHA quences, suggesting that they represent the same gene.
gene. Sequencing of the complete ATPase gene from D. The largest (4.8 kb) clone was sequenced and found to

acidophila cDNA was carried out using 3'- and 5'-RACE contain 4863 bp with an open reading frame of 3393 bp
PCR methods. The 3990-bp DNA sequence contained an encoding a deduced protein of 1131 amino acids. Com-

open reading frame of 3309 bp, encoding a 1103-amino- parison of this open reading frame with the published
acid polypeptide and flanked by 177 bp on its 5’ end and sequence of the putative PMHA from D. bioculata showed
496 bp on its 3’ end attached to a poly(A) tail (Fig. 1). more than 99.8% identity.

1 TCTAATTTTARAGTGGCCCCTAACCACTTTGATGCCCTAGTCOCCGCGCTCTGCATGEACTCAAGTTGGTAGTCAAGGCCATCGCTGRTT 90 Figure 1. Nucleotide and deduced amino acid

91 TAGTTTGGCAGCCGCAGCTCCTCCTTATTGC TCAAGCAGC TCTTGAGGGC TGH ’\TCAGACCCTGGAGCCGGCTCTTGCGTCCTAGAGGATG 180 . .
sequence of the D. acidophila plasma mem-
181 AGTGGAAAGGAGACGACCGAGGAAAA’I‘GGGG CGTCAAGCAGGACACGAAGGAG\_AGGTC %AGAAATCGGCCGACAATCGAGAT WGGC 270

XK ERTEE NGAUVKGQD Q X 3 A DN brane H*-ATPase. Amino acid sequences
271 GTGGACGAGGTGGACTTCGCC%AGATTGGGCTGGAGGATGCCTTCAAGTACCTCAATTG TCCGAGCATGGTCTGAGCGGCG TGAA 150 B H
R e TS e R e e e matching two proteolytic fragments are under-
361 GAAGCACGGCT’I‘AAACAGCACGGGCCTMTAAGCTC CTGACAACTCCC GTAACCCAGTTCTGGTGTACT""TGGGTACZ\"‘GT&:GAACCCC 450 H H H 1
£ A RLKGQEHG®PNEKTLPDNGSRNGPTYVLUYVYFGY M WN P lined and in bold. The putative polyadenylation
451 TTGGC'I"I‘GGGCCATGGAGGCGGCT TATCAT"‘GCCAUL:LLllLvL,mL.ATGGTCCAGALl'Lut.uuL,A'1u1u§,uL\_1bLmATCATC 540 i i ! i
‘ G T AT CCT T TACTACATY CTGATTCTGS signal nucleotide sequence at the 3’ end is also
s41 AATGCCACTATCAGTTTCGTCGAGGACAGCAATGCTGATAAGGCTATCAAGGC"TTGTCAGCTGCCCTAGCACCCAAGGCCATGGCCTTA 630 underlined.
N A TTI S F VEZESNA ADI KA ATIIZ K ATLS A AL AP KAMA
631 CGAAATGGAGCCATGGTGACCATAGACGCGGTGGACC"‘TGTGCCCGGGGATGTGA’I‘TTTGATTCGGATCGGTMCG'I‘TGTGCCCGCCGAT 720

N GA MV TIDAVDLVYV®PGDVTITILTIRTIG v v A
721 GTTAAA’I‘TGCTTCCGGAACATGGCGCGGAT” ACTATGAGACGCCCGTGCAGATTGACCAAGCTGCCTTGACAGGAGAG’I‘C("' "ACCAGCC 810
A DDVY ETPV Q I D Q
811 AAGAAGTTCACAGGC 7\ACG'I‘GGCC‘I"I‘Cl\GCGG’I"I‘C’I‘AC’I‘GTCAAACAAGG}\GI\GCGACACGC'I‘G'["I‘GTG'I‘ATG\_CAT\CCGGCG‘I‘GM‘.CACC 900
K K F TGNV AF S G STV KQGEURUHAVUVVYATGV
901 I.L 1AAWLLmu_LL,Lu,u.;uLATCAGTGGGACTCACAACGTAGCAAATAT’I‘CAG TGTCATGAACAGGATCGGTGGCCTTTGTCTC 390

F G R A s G N I Q R V M N R I G G L
991 ATCACC A’I‘TGGAGTATGGGTCGTCATTGAAG’I‘GCCTGTGCAGTTTGCACATTA’I‘AAGCAT’I‘CATGCG"’AGCTGG AAAGAGGGCTGCCCC 1080
I T I GV WV VIE Q A H Y E

1081 ACCCTACTCAACATGCTGGTTP TACTGGTGGGTGCTATTCCCATCGC\_ATGCCCAC'I‘CTGC TGTC? hAG"I‘G}\CC’1""[‘L.'GCCC'I‘(.'1G(511\.GC'I"I‘AC 1170
L NMLVILVGATIUPIAMZPTUVIL SV TIL A A
1171 AAGCTTGCACGTGAAGGCGCTATTGTGACT” GGATGAGTGCTGTGGAAGAGATGGCAGGCT"‘GGA ’I‘GTGTTATGCTCTGACAAGACTGGA 1260
E A I VvV T R M S AV E E M
1261 ACC’I‘TGACCCTTAACAAGCTATCAATCGATCCTAGCAATGTGTTCCCTGTGGGCACGATGGACATCCCAGAGGTTATGAAGT"‘CGGCGCT 1350
K L § I D P S NV F P E V M K F
1351 TTGTCTGCCAACATAA’I‘CACTGAGGAGCCTATCGATATGGTGCTGTGGGAGTCATACCCTGAGCGGGAGAAA’I'I‘AAAATCAGAGTACAAG 1440
A NI I TETZEZPTIDMMVTILWESY P ERTETZ KTLIKSE K
1441 CAC? x‘.CCA‘\AG'TAC‘!“I‘CCCA’I"I‘CAACCCC}\I\TGACAAGI\TCII\.CCATCGCE\ACCGTCC’I"I‘GAGA’I"Z‘GCCAC'l‘GGCCGCG"I‘G"I‘TCCGZ\G‘TCC’I‘(’.‘ 1530
H T K Y F PFNUPNDZ KTITTIATVLETIATSGH RV FRV
1531 AAAGGCTCCCC'I‘CAGGTGGTCTTGGCCAAGGCATGGAATGCGCAAGCCCTGGATGGGCCTGTGAATGAAAAGATAAAAGAGTATGCAGGC 1620
K G S P QVV L AKAWNAQALDGZ® PV NEIZ KTIIZ KTETYAG
1621 AGAGGCTTCCGTTCTC TGGGCA’I'I‘GCCATGGCAGAGGGGGATGGCAAGGACGGAACAAAGTGGGAGATGCTGGCGGTGCTGC CCATGTTT 1710
R G FR S L GI AMAETGTDGK w M_L A V L P M F
1711 GACCCCCCTCGCCACGACACCAAGGAAACCATTGAGCGCTGCATGAAGCAGGGTATTGCAGTCAAGA’L‘GGTCACAG.:CGACCACTTGC’!‘G 1800
DB P R L

4 p T KETTI Q vV KMV T GDHTL

1801 ATTGGTAAAGAG? ACTGCCAAGATGC’I‘GGGCATGGGTACTGAGATGTACCCCACTGAGG’“GC"‘GATCAAGC(‘CCGCAATGGTGATGTGGAG 1890
I ¢ K ET L G M L I K ARNGUDVE

1891 Gu.-CCGCA’I‘G("[‘TACAAAAACTACGTGGCAATGGTGGAG(:CATGCAACGGCTTT CACA(:GT(.’["I‘CCCTGAACAC]\AGT’I""GAAATTGTC 1980
A P H v Y E A C Q V F P E H F IV

1981 GAAATCCTGCA: "‘AAGCCCACCACCGTGTTGGCATuACAGGTGACGGTGTGAACGACGCGCCTGCGCT\.AAG AAGGCGCATGTAGGTGTG 2070
g L QEAHHRUVGWMMTOGDGV NDA AZPA ATLIZKIZ KA AHVGUV

2071 w\,TGTGGCAGATGCCACAGATGCCGCCCGAGFTGCC\:CTGAC ATCG’I‘GCTLACCGAGCC”‘GGTCTATCMC”A’T"I‘GTGACCGCTG”‘CA’I"I‘ 2160
LS D D R G A a I v L TE L S I T

2181 GGCCC ACGCAAGATCNTCMGCGCATGACCACTTATGCCAAGTACACCATTTCC\:TCAC "’I‘ "C‘CGTATCC.LC’I“T’“ACCTTCGGCCTCCTC 2250

F KRMTTY AKVYTTI S T F A F T

2251 ACTG‘TCATCTACGACTGG ‘ACTTCCCCACCATCCTCATCGTCATCTTGGCTGTCT'I‘TPATGA"“GGTGCCATGATC(JCC('TATCCAAGGAC 2340
T v I ¥YDWyYU F©®P?PT®TIL IV IL AV FNDOGAMTIHBAETLS
2341 CGTGTGGTGGCCTCTGTGTTGCCT. Z\CC)\CCTC»GAACC'I‘CGCCACCA’I‘C"I"I‘CG I‘PCCG\;G'I"I‘TTGT"‘TAC"CAATGTGGCTGACTCTFTCC 2430

RV V A S VL P STWNTILATI vV P GF VY AMUW T L §

2431 '"CCTGGGCACTG’I‘ACCAGGTGGCCACACA‘I AGCACCTTC’I’TTGAACGCATGACCCCAC’I‘GCCATCAC’I‘GAACACCCAGCATGCGACTC TC 2520
s W A L Q s T F F E R P L N Q H A T L

2521 ATATCCTGGTGTGAGGATGAGATCAGCAG\,AAGTTGGGCGTCAAT\_CTC AAGA’V‘I‘CCCTGTGCACGTATCC AACC TATGCTGATCAGCTG 2610
I 8§ W C D EI S S KL GV NUPQDSTILCTY P S A D QL

2611 AATGAATGC AAAGGC’T‘C I‘G'I‘GAGCCTGAGCTCACAGGTCCCTGGCG'T'CCCCACCATTT"‘GGATCAGTGCGTAACTGAGCAGCGCTACA'I‘T 2700
N EC K G S V S L § S8 Q P G P T I L D¢ CV T EZQRYI

2701 CGAGATGCCTTGACACGTGCCCTC r{I"l""I\CA(‘CC AC(‘TCTC TGTC 1 CTGGCCAAGCCGTTGTGTTTGTGGTGCGCACGTCCGGCTTCTCT 2760
R DAL TR A L I S Vs &G QAV VFVVYVRTS G F §

2791 CTG? AAGGAAGTGGCAGGCGTCTCCACCTATGTCGCTTTCGCTCTTGCCCALv1 TTGGTGCCACAATGTTTCGCATCTT Lb\:CCTOGGAGGC 2880
L K E V A G V T Y A F A Q F G & TMF G I F L G

2881 TAACnAuCCC"GAC I\GAA'ITT‘TGAC P\AC’“GCCAGTTCTGTGA‘I‘TA"‘TCCACCCATAATCGCGTGC"‘"'“'I‘"‘T'I‘TAACTCPGAG"TGCAP 2970
‘v’ N K P Q N D NCQF CDY S THNIZ RV L F F N E

2971 CCTCGCGCTGGT? R._AGAATCT TCTACACTGCTTCTSTCATTGGAN I‘GCGGA’JGTTATGTCA’I‘TGTCGC""TGGATCTGGGCTGCTCTGTTC 3060
P RAGTESVYTASV I G G G I W

3061 TACACTGCGCTGGATCCCTTGAAGTE (‘f'CTTGATGTUGATCATGAACGATGATGGCTTCAGGGACCGGCACG\,CTGGCGCAAGTCCAAC 3150
Y T ALDUPILEKWGLMWTIMUNDIDGT FRDRUHAWTRIKSN

3151 CACGAGGCCATGGAGCGCCGTAGCAGGGAGCAGT” TGGACAACAAA(;AGTTCGCTGGCCCCTCAGGCATGGTGCCTGCCAACTTCTCTAAC 3240
HEAMET RR RSR RETGQLDNZEKTETFAG G M V P A N F S N

3241 CCTCTTGGCCGTGCCTCCATGTCCAAGCCCGTGTCCGCTTTGCT LL;ACCGAAAGTCTGCATCCC’I‘TGTGGCTATTAACCGCAGCTCCATG 3330
P L GR A S M S K PV S ALILTED E A I N

3331 AC’I‘GTCAGTCACGACCCCAACCA’I‘GCACTGAACATCGGACGCCGCTCCA’[‘GATTGGACGCCCCTCTGG’I‘CCTTTGGGACGCAACTCCAAC 3420
T V S H D P N A L G R N

3421 ACG\JGTCAAAGCAACCCCCTGAACAGCTCTTCAGTGGAGATCAAG\_CCCA’I‘GCGCCCAACAAGGTGTAAGAAA?\C CCATCAGTGAGATGT 3510
T G Q2 S N P N S $ 8 VvV EI K P DAZPNZEKV *

3511 AAGGCMACTACTGTGCAAGAGGCGA’I‘G’I‘CGGTACATGCGCTCGTGTGTC’I’GTGTAG\;AAGGTCGTGCGAGTGCCC’I‘ATGTCATGGGCCC 3600

3601 TATTTCAATGTTTTCTATGTACAAGAACTTGAGTGGTAAGCTGGTGGTCTGCTGCTGCTGCGECCTGETTCCTGCTGCTGTTTTTGETGG 3690

3691 TACAGTTCAAATGGACGCTGAGTGGTTTTGGTGCACACTTGACATTGATACAACATCCGCAACTAAACTACATGCATGCCATCCTGTATC 3780

3781 GTGACTTGCTTTCTGTGCACCTTTTGTGTAGCTTGGGCTTAGTGTTGCGTGATTCACAGGTGTGTCGATTTCAGCTCTGCTTATCTTCTA 3870

3871 CTGTCECTGCAAATGTGTGTTCTCTGTGCTTTTTGCTAGCTTGT TACAAGATGCTAGGTCTCTAT TTTGTAAAATACTTGAAGTCGTAAT 3960

19471 ATAAGATCOTTTTGTTCCAAAAAAAAAAAA 3990
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Sequence Analysis

Alignment of the putative amino acid sequence of the
ATPase genes from D. acidophila and D. salina with various
P-type H*-ATPases revealed a high homology with PMHAs
from higher plants and fungi, manifested in the localization
of the TM I to TM VIII (Fig. 2; Table I). A particularly high
homology was obtained in the two putative cytoplasmic
loops that contained the six highly conserved amino acid
motifs (darkened) common to all P-type ATPases and in the
putative TM L, II, and IV. It is noteworthy that the part of the
amino acids that was conserved between Dunaliella and
plant genes was not conserved in fungi genes and vice versa

Weiss and Pick
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(Fig. 2, triangles and inverted triangles, respectively). The
evolutionary position of Dunaliella, and possibly other algal
PMHA genes, between fungi and the higher plants (Fig. 3) is
consistent with these findings.

The largest divergence from plant and fungal PMHA
genes was observed in the more extended C-terminal do-
main in both Dunaliella genes, which included two hydro-
philic extended segments between T™M VI to TM VII and
TM VII to TM VIII (Wolf et al., 1995). A comparison of the
D. acidophila and D. salina genes revealed that these
C-terminal segments (IN-1, IN-2) also showed the lowest
interspecies homology (less than 50% identity) compared

D.acideophila
D.salina Tt MADIKEGVEEGSVKVD MIKEPLTQGDTGVDEVDFAKITLDDAFKYLNCNKH
A.thaliana --~--SGLEDIKNETVDLEKIPIEEVFQQLKCTRE
L.esculentum -MAEKPEVLDAVLKETV-OLENIPIEEVFEENLRCTRE -
S.cerevisiae MTDTSSSSSSSSASSVSAHQPTQEKPAKTYDDAA -~~~ -~ SESSDDODIDALIEELQSNHGVDDEDSDNDGPVAA
N.crassa S~ MADHSASGAPALSTNIESGKFDEKAAEAAAYQPKPRVEDDEDEDIDALIEDLESHDGHDABEEEEEA- -T2
X .
D.acidephila e m-m-c--s-ssaeaeoo GLSGAEAEARLKQHGPNKLPDNSRNpVLVYPVHWNPLAWAMEAAALLALALQVD- ~
D.salina 0 TC oo ocrToSssos---- GLSSAEAAARLQQHGPNKLPDSSRNPVLVFLGYMWNPLAWAMEAAATIISIALLD - ~
A.chaliana -GLTTQEGEDRIVIFGPNKLEEKKESKILKFLEFMWNPLSWVMBAAALMATAYANGD
L.esculentum - GLTATAAQERLSIFGYNKLEEKKESKFLKFLOFMWNPLSWVMEAAAIMAIALANGGS
S.cerevisiae GEARPVFEEYLQ--TDPSYGLTSDEVLKRRKKYGLNQMADEKESLVVKFVMFFVGPIQFVMEAAAILAAGLSD - ~
N.crassa GGGRVVPEDMLQ--TDTRVGLTEEEVVORRRKYGLNQMKEEKENHFLKFLFFVGPIQFVMEGAAVLAAGLED - ~
I v . o eda N I Li1ex T eelew Tie v
™I
D.acidophila -----[GADFALIVGLLIINATISFVEESNADKAIKALSAALAPKAMALRNGAMVTIDAVDOLYVPGDVILIRIGNVY .
D.salina - - -- - [VADFVLIVGLLLINAIISPYEESNADKAIKALTAALAPKAMVVRDGAIVTIDAVNLVPGDVILIRLGNIV
A.thalisna NRPPDWQDFVGIICLLVINSTISFIEENNAGNAAAALMAGLAPKTKVLRDGKWSEQEAATILVPGDIVSIKLGDI
L.esculeatum GKPPDWQDFVGIITLLIINSTISFIEENNAGNAAAALMARLAPKAKVLRDGKWDEEDASVLYPGDIISIKLGDIL
S.cerevisiae - - - -WVDFGVICGLLMLNAGVGFVPEFQAGSIVDELKKTLANTAVVIRDGQLVEIPANEVVPGDILQLEDGTVY
N.crasea - - W VYD FGVICGLLLLNAVYGFYREFQAGSIVDELKKTLALKAVVLRDGTLKEIEAPEVVPGDILQVEEGTIL
e e Vee 1e7 sis ae e 4 ey . . Y o leeas .
™I
0.acidophila PADVKLLPEHGAD - -DYETPVQIDQAALEEERILPAKKF TGN VAFSGSTVKQGERHAVVYATGYNTFFGRAAALTLS
D.salina PADVKLLEEEGADEGEQERPHQIDQAALLPAKKFTGDVAFSGSSIKQGERHAVVYATGVNTFPGRAAALIS
A.thalisns PADARLLEGD- ------ -~ PLKVDQSA LRI PV TKHPGQEVFSGSTCKQCEIEAVVIATGVHTFFGKAAHLYD
L.esculentum PADARLLEGD-=--=-=-=-=--- PLRKIDQSALGER:FIL PYTKGCPGDGVYSGSTCKQGEIEAVVIATGVHTFFGKAAHLYD
S.carevisiae PTDGRIVTEDCF ~LQIDQSA IR AVDKHYGDQTFSSSTVKRGEGEMVVTATGDNTFVGRAAALYY
N.crassa PADGRIVTDDAF -~ -~ - - -~ LQVDQSALYEPERILAVDKHKSDQVFASSAV EAFVVITATGDONTFVYGRAAALVYN
a4 T ea seeceess & o Tase e 404 acesTeeiwresve
D.acidophila GTHNV-ANIQRVMNRIGGLCLITIGVWVVIEVPVQFAHYKHSCVAGKEGCPTLLINMLVILVGALIPIAMPTVLSVT
D.salina GTNNV-SNLOTVMNKMSAICIVTILLWVVVELAVOFCHYSHECVGGREGCPTLLINMLVVLVGGIPIAMPTVLSYVT
&.thaliana STNQV-GHFQKVLTSIGNFCICSIAIGIAIEIVVHMY[PIQHRKYRDGID - INLLVLLIGGIPIAMPTVLSVT
L.esculentum STNQV-GHFQKVLTAIGNFCICSIAVGMIIEIIVMY[PIQHKRKYRPGID- NLLVLLIGGIPIAMPTVLSVT
S.cerevisiae KAAGGQGHFTEVLNGIGIILLVLVIATLLLYVWTACE - ~---- YRTNGIVRILRYTLGITIIGVPVGLEAVVTTT
H.crassa AASGGSGHFTEVLNGIGTILLILYIFTLLIVWYSSE - -~~~ YRSNPIVQILE[FTLAITIIGYPVGLPAVYTTT
Ao T e v 0 O T o1 . T ed 14 Teiiiereiiie
T™-II TM-1V
D.acidophila TALGAYJKLAREGAIVTRHMSAVEEMAGLDVLC SEPRERIMILNKLSIDPSNVFPVG-TMOIPEVHKFGALSA-
0.salina LALGAYKLAREGATVTRMSAVEEMAGHMDVLCSPRRERRRYLNKLSIDKSMVVPVG-NMGVDEIMRMGALSA-
A.thaliana MAIGSHRLSQQGAITKRMTATEEMAGMDVLCSEREELERI NKLSVDKNLYEVFCKGVEKDQVLLEAANAS - -RVE
L.esculentum MAIGSHRLAQQGAITKRMTATIEEMAGHDVLC ShEENL Rl NKLTVDKALIEVFAKGIDADTVVLMAARAS - -RIE
3.cerevisiae MAVGAA[YLAKKQAIVQKLSATESLAGVEILCS ORIk NK LS LHEPYTVE---GVSPDDLMLTACLAASRKKEK
N.crassa MAVGAAIYLAKKKAIVQKLSATIESLAGVEILCSPREQENRMIKNKLSLHDPYTVA - GVDPEDLMLTACLAASRKKK
¥ - bdew¥ AaT e sbibeoe AA......;AOIA..-' n A '
D.acidophila TEEPIDMVLWES---YPEREKLKSEYKHTKYFPFNPNDKITIATVLEIATGRVFRVLEESEPOVYLAKAWNAQALD
D.salina TEEPIDMVLWES---YPDRETIKRDYKHTKYFPFNPNDKITIATCLEIATGRVFRVLEQESHIOVVLAKAWNAAELD
A.thaliana NQDAIDAAMVGM-- -LADPKEARAGIREVHFLPFNPVDKRTALTYID-SDGNWHRVSESFMIEOTLDLANAREPDLR
L.esculentun NQDAIDTAIVGM---LADPKEARAGIREIHFLPFNPTDKRTALTYLD -GEGKMHRV SENPNIE QI LNLAHNKSDIE
cerevisiae GLDAIDKAFLKSLKQYPKAKDALTKYKVLEFHPFDPVSKK-VTAVVESPEGERIVCVISERA SALKTVEEDHPI b
N.crassa GIDAIDKAPLKSLKYYPRAKSVLSKYKVLQFHPFDPVSKK-VVAVVESPQGERITCVIAFPYL FEVLKTVEEDHPI P
e v 12 vy vein P . 1i eee . 4
FITC
D.acidophila GPVNE - KIKEYAGRGFRSLGIAMAEGDGK----DGTKWEHLAvL pMFEREERIHOTKETIERCMKQG I A v
D.salina ATVNQ KMVEFANRGFRALGLAMADGDGK----DGTKWEMLALLPLFRREBNHOTKETI EHCONQG I v |Sthey
A.thaliana KKVLS CIDKYAERGLRSLAVARQVVPEKTKESPGGPWEFVGLLPLEPEERIHDSAETIRRALNLGVN VESrRY
L.esculentum ARVHT VIDKFAERGLRSLGVAYQEVPEGRKESAGGPWOQFIALLPLFPEEBEHD SAETIRRALNLGVNY [IT
S.cecavisiae EDVHENYENKVAELASRGPRALGVARKRGEG----- -~ - HWEILGVM pCHRRERIDDTAQTVS EARHLG LA VIR
N.crassa EEVDQAYKNKVAEFATRGERSLGVARKRGEG---~---- SWETLGIMPCHERMMIHD TYKTVCEAKTLGL S 1 LSTRUY
. A\ ¢ sa¥ s o7 o v v ¥ Ae SsovseinY 4 . Ao e o
D.acidephila ) L LIGKETAKMLGUMGTEMYPSEVLIKARNGOVEAPHGYKNYVAMVEACNGFAQVFPERKFEIVEILQEAHKRY
D.salina Y L L IGKETAKMLGHGTEMFPSEVNIKARNGDASQLHGYKNFVEMVETCNGFAQVFPERKFEIVKILQDSNKYY
A.thaliana OLAIGKETGRRLGMGTNMYPSAALLGTDKDSNIASIPVE---ELTEKADGFAGYFPEHKYEIVKKLQERKHIY
L.esculentum [0 L ATGKETGRRLGHMGTNMY PSSALLGOTKDESIAALPID---BLIEKADGFAGVFPERKYEIVKRLQARKHIC
S.cerevisiae AVGIAKETCRQLGLGTNIYNAERLGLGGGGDMPGS----ELADFVENADGFAEVFPQRKYRVVEILQNRGYLY
V. crassa A VG IARETSRQLGLGTNIYNAERLGLGGGGDNPGS -~ --EVYDFVEAADGFAEVFPQRKYNVVEILQQRGYLY
A shiew ssins T ere sesias liae Lae oy
D.acidophila CREXTYAR A P ALK KAHVGVAVADATDAARGAADIVLTEPGLSTIVTAVIGARKIFKRMTTYAKYTISVTFATAF
D.salina GAPALKKADVGVAV.\DATDARRGAADIVLTEPGLSTIVTAVIGARKIFQRMTTYSKYTIAHTFRICP
A.thaliana GERX YA A P ALKKADIGIAVADATDAARGASDIVLTEPGLSVIISAVLTSRAIFQRMKNYTIYAVSITIRIVE
L. esculantum GBI A P ALKKADIGIAVDDATDAARSASDIVLTEPGLSVIISAVLTSRAIFQRMKNYTIYAVSITIRIVL
S.cerevisiae ARER YRR ReA P SLKKADTGIAVEGATDAARSAADIVFLAPGLSATIIDALKTSRQIFHRMYSYVVYRIALSLHLET
W.cragsa AR YN A © SLKKADTGIAVEGSSDAARSAADIVFLAPGLGATIDALKTSRQIFHRMYAYVVYRIALSIHLE L
Aesescecscssinace e we ddioe sssibiiaced x) a aa aa - - ¥ 4 a4

Figure 2. (Figure continues on following page.)
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Figure 2. (Continued from previous page.) Alignment of Dunaliella, plant, and fungus plasma membrane H*-ATPases.

Amino acid sequences are from D. acidophila (DaDHAT) and D

. salina (DsDHAT1), Arabidopsis thaliana (AtAHA2, Harper

et al., 1989), tomato (Lycopersicon esculentum, LeLHAT, Ewing et al., 1990), Saccharomyces cerevisiae (SCPMAT, Serrano
etal.,, 1986), and Neurospora crassa (NcCPMAT1, Hager et al., 1986). Conserved P-type ATPase motifs are shown in white on
black-background blocks and putative TM segments are boxed. The arrow indicates the substitution in the FITC-binding site.
IN-I and IN-1I, Hydrophilic segments at the C-terminal part of Dunaliella ATPase genes that are absent in plant and fungus
genes. Solid circles, Identical amino acids in Dunaliella, plants, and fungi. Solid triangles, Identical amino acids in

Dunaliella and plants but not in fungi. Solid inverted triangles,

Identical amino acids in Dunaliella and fungi but not in

plants. Circled and boxed amino acids, Negatively and positively charged amino acids, respectively, in IN-Il (see text).

with more than 84% identity for the central cytoplasmic
loops (L-1, L-2) and 75% identity for the N-terminal do-
main (Fig. 4). The possible relevance of the high variance in
IN-2 is discussed below.

Another minor difference between the Dunaliella genes
and plant and fungal H*-ATPase genes was the presence
of a Ser instead of an Ala within the FITC-binding domain
KG(A/S)P (Fig. 2, arrow), which is a highly conserved
motif in most known P-type ATPases. In this respect it is
interesting to note that the PMHA of D. acidophila was
insensitive to inhibition by FITC (up to 100 um at pH 9; L.
Sekler, unpublished observations), suggesting that the Ala
within the FITC motif may play a role in FITC binding.

Reaction with Antibodies

To conclusively verify the identification of the ATPase
gene as a plasma membrane H*-ATPase, we prepared
antibodies against synthetic peptides derived from puta-
tive sequences at the C- or N-terminal domains of the D.
acidophila H*- ATPase, as well as against a central domain
sequence conserved in the two species, and tested them
against the purified protein. As shown in Figure 5, all three
antibodies strongly cross-reacted with the previously char-

acterized 105-kD ATPase polypeptide (Sekler and Pick,
1993). These results indicate that the C- and N-terminal
ends of the protein do not undergo proteolytic processing
during the assembly into the plasma membrane.

To compare the level of expression of the ATPase protein
in D. salina with that of D. acidophila, we tested the reactiv-
ity of the antibodies against the central domain with pro-
teins in plasma membrane preparations. As demonstrated
in Figure 6, the antibodies at this titer (1:30,000) cross-
reacted strongly with the ATPase polypeptide only in D.
acidophila plasma membranes. It should be noted that the

Table 1. Sequence homologies between D. acidophila and other
plasma membrane H* -ATPases

Organism Identity

%
D. salina 75
A. thaliana 43
L. esculentum 43
S. cerevisiae 37
Schizosaccharomyces pombe 35
N. crassa 35
Leishmania donovani 33
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SpPMAL
SpPMA2

ScPMAL

ScPMA2

ZrPMAL

CaPMAL
NcPMAL
LeLHAL
NpPMA3
LeLHA2

NpPMAL

AtAHAL

AtAHA2

ACAHA3

DaDHAL

AM##LJHMW

DsDHAL

Figure 3. Graphical representation of relatedness of plasma mem-
brane H*-ATPases derived from amino acid sequences (Fig. 2; Table
1). Sp, S. pombe; Sc, S. cerevisiae; Zr, Zygrosaccaromyces rouxii; Ca,
Candida albicans; Nc, N. crassa; Le, L. esculentum; Np, Nicotiana
plumbaginifolia; At, A. thaliana; Da, D. acidophila; and Ds, D.
salina.

antibodies were raised against a 15-amino-acid sequence in
the central domain of D. salina PMHA, which differs in one
amino acid (L/V) from the gene of D. acidophila. Thus, the
antibodies were expected to recognize the ATPase of D.
salina at least as well as in D. acidophila plasma membranes.
These results indicate that the level of expression of the
protein in D. acidophila is far higher than that in D. salina.

Effect of pH on Expression

Since the unique characteristic of D. acidophila is its ad-
aptation to extremely acidic pH, it seemed of interest to

Weiss and Pick

Plant Physiol. Vol. 112, 1996

EOB//ZSd],)LI wioJj pspeojumo

Figure 5. Recognition of the H*-ATPase protein in plasma membrang
preparations of D. acidophila by antibodies raised against syntheti%
peptides of the N-terminal (lane 1), central (lane 2), and C- termmab
(lane 3) domains. The synthetic peptide sequences are SGKERTEENS
GAVKQ (N-terminal domain), EMLALLPLFDPPRHD (central domain:
and CSVEIKPDAPNKV (C-terminal domain). The arrow denotes th
105-kD protein.

ula/s/(qd|d7um

check whether external pH has an effect on the expressmr%
of plasma membrane H*-ATPase. The effect of external pH:t
on the mRNA transcript level of the ATPase was deter-_,;
mined by northern blot analysis of total RNA extracted
from cells adapted to pH 0.7, 3.0, or 7.0 for several days. pH3
0.7 and 3.0 are within the physiological growth range OSI
this extreme acidophile (Gimmler and Weis, 1992). At pHR
7.0 D. acidophila survived for several days but did nob
divide. As shown in Figure 7, the ATPase gene was tran<
scribed at all three pH values (Fig. 7A), but its level wa$
highest at pH 0.7, slightly lower at pH 3.0, and furtheﬁl
decreased at pH 7.0 (Fig. 7B). S

In contrast to the narrow pH range of D. acidophila, D&
salina grows at a wider pH range, from 6.0 to 10.0. To tesg
whether transcription of the ATPase in the latter is pHm

1 20C 19qUIBA

Hydrophilicity index
£ e
il |

FERTE FEVR] FYRTS PYUTH FYRTERTITY FRTES PURT OTTN1 Lisaatonaal | L 1 ! | L 1 ' I
100 200 300 400 500 600 700 800 900 1000 1100
N L-1 L-2 IN-1 IN-2 s
— o | H
75%  87% 84% 9% 47%  60%

Figure 4. Hydrophilicity analysis (D. acidophila) and sequence identity of the different domains of the plasma membrane
H™-ATPase genes between D. acidophila and D. salina. N, N terminus, arbitrarily defined as the N to end of TM II; L-1 and
L-l, central cytoplasmic loops; IN-1 and IN-2, C-terminal hydrophilic sequences between TM VI to TM VIl and TM VII to
TM VIII; C, C terminus, arbitrarily defined from the end of TM VIl to the end of the protein. Hydrophilicity was calculated

according to the method of Hopp and Woods (1981).
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regulated, the mRNA transcript level was analyzed fol-
lowing a pH shift from 9.0 to 7.0. As shown in Figure 8,
the transcript level in cells adapted to pH 9.0 was very
low, greatly increased 12 h after the pH shift, and reached
an intermediate level after about 48 h. To determine
whether the ATPase protein level was also influenced by
the pH of the growth medium, we probed plasma mem-

A.
Time (h) 24 0
pH '0.7 3.0 7.0 0.7’

285 —

18S —

120
100
80
60
40 ¢
20 ¢

ATPase mRNA, %

0
pH0.7 pH3.0 pH7.0

Figure 7. Effect of medium pH on D. acidophila H*-ATPase tran-
script levels. A, Total RNA (20 ug) derived from cells adapted to the
indicated pH was analyzed with probes for the H*-ATPase (dha 1)
and for rRNA (Lers et al., 1991). mRNA levels were determined by
northern blot hybridization. B, Quantitative analysis of the H™-
ATPase transcript level at different pH values with reference to rRNA.
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Figure 6. Comparison of levels of H"-ATPase
protein expression in plasma membrane prepa-
rations from D. salina and D. acidophila. A,
Coomassie blue-stained gels. B, Immunoblots
reacted with antibodies against the central do-
main. Lanes 1, 2, 3, and 4, D. salina plasma
membranes containing 3, 10, 20, and 30 ug of
protein, respectively; lanes 5, 6, 7, and 8,
D. acidophila plasma membranes containing 3,
10, 20, and 30 ug of protein, respectively.

brane preparations from cells adapted to pH 9.0 or 7.0
with antibodies against the conserved central domain of
the ATPase (titer of 1:2000) by western blot analysis (Fig.
9). The antibodies cross-reacted with a 108-kD polypep-

tide in the cell membranes adapted to pH 7.0, but the ¢

response was much weaker in membranes from pH 9.0
cells, indicating that the ATPase is preferentially ex-
pressed at the lower pH.

To test whether D. acidophila possesses more than one
copy/isoform of the plasma membrane H*-ATPase, we
probed the genomic DNA from the alga with a 600-bp
probe coding for the central cytoplasmic domain by South-
ern blot analysis. The analysis showed only a single hy-
bridizing fragment with different restriction enzymes (Fig.
10), consistent with a single copy of the ATPase gene.

DISCUSSION

Dunaliella is the first alga for which a P-type H"-ATPase
gene has been sequenced and, therefore, it is interesting to
compare its sequence with that of ATPases from higher
plants and fungi. The plasma membrane H"-ATPase gene

250
200
150 4

100

50

ATPase mRNA, %

0
0 6 12 48 72

Incubation time (h)

Figure 8. Effect of a pH shift on transcription of D. salina H*-ATPase
mRNA. D. salina cells were cultured for several days at pH 9.0 and
then transferred to pH 7.0. RNA was extracted after the indicated
incubation times at pH 7.0 and 30 ug of total RNA was applied per
lane and analyzed by northern blot hybridization for mRNA tran-
script levels as in Figure 7.

120Z JqUISAON 80 U }sonb Aq £140.09/€691/+/Z 1 L/oie/sAyd|d/woodno-olwepese)/:sdjy woly papeojumoq



1700 Weiss and Pick

200 —
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Figure 9. Effect of medium pH on expression of the H*-ATPase
protein in plasma membranes of D. salina. Purified plasma mem-
brane protein (30 ug) was separated by electrophoresis on 10% (w/v)
SDS-polyacrylamide gels and either stained (A) or electroeluted to
nitrocellulose paper (B) and reacted with polyclonal antibodies
against the conserved central domain sequence (Fig. 5) at a dilution
of 1:2000. M, Molecular weight markers; lanes 9 and 7, plasma
membrane proteins of cells cultured at pH 9.0 or 7.0, respectively.

from Dunaliella is significantly larger than those in higher
plants and fungi and, as noted above, the major difference
in the protein structure is its more extended C-terminal
domain (Wolf et al., 1995). Because of the absence of PMHA
gene sequences from other algae, it is not known whether
this is a general feature of algal enzymes or whether it is a
unique structural characteristic of the Dunaliella PMHA.
A possible reason for the structural differences in the
C-terminal domain of the enzyme in Dunaliella may be
related to its regulatory roles. The D. acidophila enzyme
resembles the plant PMHA in being activated by the
fungus-derived toxin fusicoccin and in having a C-terminal
autoinhibitory domain (Sekler et al., 1994, 1995). However,
in contrast to the higher plant enzyme, D. acidophila PMHA
is inhibited rather than activated by lysolecitin (I. Sekler,
unpublished observations). Part of the structural differ-
ences in this domain may be related, therefore, to changes
in the mode of regulation of the enzyme in Dunaliella.
The presence of hydrophylic inserts in the sequence of
the C-terminal domain in Dunaliella compared with
PMHA genes of plant and fungi (Serrano, 1989, 1990;
Kasamo and Sakakibara, 1995) may be related to adapta-
tion to special environmental constraints. For example,
the hydrophilic 40-amino-acid stretch between TM VII
and TM VIII, which, according to the predicted model of
the enzyme faces the cell exterior (Serrano, 1990), contains
a 5:1 excess of acidic over basic amino acids in D. salina
but not in D. acidophila. It may be noted that the spacing of
charged amino acids in this stretch can be well accommo-
dated for in an amphipathic a helix, which may be ori-
ented at the outer membrane surface (Fig. 11A). The abun-

Plant Physiol. Vol. 112, 1996

dance of surface acidic amino acids and the introduction
of extrinsic domains rich in carboxylates are characteristic
of enzymes from extreme halophilic bacteria and are be-
lieved to stabilize protein structure in hypersaline envi-
ronments by increasing their hydration shell (Dyn et al.,
1995; Frolow et al., 1996); this was also found for two
extrinsic salt-induced proteins in Dunaliella (Fisher et al.,
1996; M. Weiss and U. Pick, unpublished observations). In
D. acidophila, the same domain differs significantly in its
amino acid composition, and at its physiological pH range
of survival possesses a net charge of +5 (Fig. 2). The
overall calculated net positive charge contributed by &l
putative extrinsic loops in D. acidophila H"-ATPase is +%1
(Fig. 11B). This is consistent with the net positive zega
potential of D. acidophila (Gimmler et al., 1991) and sug
gests that this major plasma membrane protein contrig-
utes to the overall positive surface charge of this orgag-
ism. The fact that this domain is also the most varlalﬂe
region between the genes of the two Dunaliella spec1esas
consistent with the notion that it is associated with spg-
cific adaptations to the different living conditions of t@e
two strains. The abundance of positive charge at the eX-
trinsic domain may have two crucial consequences f.gr
survival at extremely acidic pH. First, the delocalizeg,
positive surface charge can decrease the passive influx éf
protons into the cell and in this way protect the ceg's
against cytoplasmic acidification. Second, the vicinity Bf
surface positive charges to extrinsic membrane carbox$l
groups may significantly lower their pK. It should Ke
remembered that D. acidophila H*-ATPase releases pra-
tons into a medium having pH values as low as 0. Thug,
the proton-leaving group is expected to have a pK valg
of 0 or lower. This is several orders of magnitude low&
than that of carboxyls in solution. We suggest, therefor®
that the proton-leaving group of the D. acidophila HE-
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Figure 10. Genomic Southern blot analysis of dha-1. Total D. aci-
dophila DNA was digested with the indicated restriction enzymes
and the blot was analyzed by hybridization as described in “Mate-
rials and Methods.” Numbers denote DNA molecular weight
standards.
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Figure 11. Putative model showing the distribution of charged
amino acids in TM and extrinsic domains of plasma membrane
(mem) H*-ATPases. A, D. salina (present study); B, D. acidophila
(present study); C, A. thaliana (AtAHA2, Harper et al., 1989); D, S.
cerevisiae (SCPMAT, Serrano et al., 1986). Negatively charged amino
acids (including membrane asparagines) are circled, and the most
highly conserved membrane groups are gray-shaded. Positively
charged amino acids (including extrinsic His in D. acidophila) are
boxed. TM-spanning domains are designated | to VI,

ATPase is a carboxyl, located within the membrane close
to its outer side and having an exceptionally low pK by
virtue of its close proximity to positively charged extrinsic
groups. Three to four conserved aspartate/glutamate res-
idues exist in TM domains II, III, and V close to the outer
surface

(Fig. 11).

The extended hydrophilic cytoplasmic stretches at the
C-terminal end and between TM VI and TM VII may have
a role in the stabilization of the catalytic domains in the
high-glycerol cytoplasmic environment characteristic of
these halotolerant species (Ben-Amotz and Avron, 1973).

The following observations suggest that the PMHA in
D. acidophila is overexpressed compared with D. salina: (a)
a higher vanadate-sensitive ATPase and H*-pumping ac-
tivity in plasma membrane preparations of D. acidophila
(Sekler et al,, 1991); (b) a far stronger cross-reaction in
plasma membrane preparations with antibodies against a
conserved domain in the central loop of the H"-ATPase
(Fig. 6); and (c) a higher level of mRNA transcript of the
ATPase gene of D. acidophila revealed by northern blot
analysis. The observation that external pH has a small
effect on the mRNA transcript level in D. acidophila sug-
gests that the expression of the enzyme is largely consti-
tutive in this species, probably as a means of ensuring a
high capacity of H* extrusion from the cells and for
maintenance of the large pH gradient across the plasma
membrane.

In contrast, the expression of the H*-ATPase in D. salina
appears to be strongly regulated by external pH, as indi-
cated by the effect of pH on the protein and mRNA tran-
script levels. These results suggest that the enzyme is tran-
scriptionally regulated by pH and probably plays a role in
pH homeostasis.

The low level of expression of H'-ATPase in D. salina,
especially at alkaline pH, is surprising in view of the fact
that this is the major plasma membrane ATPase that serves
as the primary active transport system in most nonmamma-
lian eukaryotes. A possible reason for the low expression of
the PMHA in D. salina is that an alternative system for pH
homeostasis exists in this species. This possibility is consis-
tent with the presence of a plasma membrane Na*/H™
antiporter in D. salina that is activated by cytoplasmic acid-
ification (Katz et al., 1991). Thus, the antiporter apparently
utilizes the large inwardly directed Na* gradient across the
plasma membrane to drive the extrusion of protons upon
internal acidification. It appears, therefore, that at alkaline
pH the antiporter activity may be sufficient for keeping a
cytoplasmic neutral pH, whereas at neutral or acidic pH, the
H™"-ATPase is also induced to assist in pH homeostasis.

The low level of expression of the PMHA in D. salina is
at variance with previous demonstrations of a major
vanadate-sensitive ATPase from plasma membrane prep-
arations of D. salina (Weiss et al., 1991) and D. bioculata
(Smabhel et al., 1990), which were proposed to be H™-
translocating ATPases. Both preparations, however, show
characteristics not typical of PMHA: the D. salina enzyme
was solubilized by a trypsin treatment, whereas the D.
bioculata enzyme could be solubilized with Triton X-100,
which does not solubilize the ATPase from D. acidophila
(Sekler and Pick, 1993) or from plant plasma membranes
(Vara and Serrano, 1982). Triton X-100 also solubilized
two major vanadate-sensitive ATPase components from
D. salina plasma membranes but not the protein that
cross-reacts with antibodies against the conserved cyto-
plasmic domain of PMHA. Thus, it appears that the
PMHA is a minor enzyme in D. salina, constituting about
2 to 10% of the total ATPase activity in the plasma mem-
brane (U. Pick, unpublished observations). The major
Triton-soluble enzymes may be a different vanadate-
sensitive ATPase of an unknown nature.
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