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Abstract

We have cloned a cDNA for vacuolar proton-translocating pyrophosphatase of Chara corallina that is one of the closest
green algae to the land plants. The deduced protein consists of 793 amino acid residues. Its sequence is 71% identical to the
HT-pyrophosphatases of land plants, and is less than 46% identical to those of marine alga and phototrophic

bacterium. © 1999 Elsevier Science B.V. All rights reserved.
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The HT-translocating inorganic pyrophosphatase
(H*-PPase) is an electrogenic proton pump that
acidifies vacuoles in plant cells [1]. The enzyme is a
fine model for research on the coupling mechanism
between the pyrophosphate hydrolysis and the active
proton transport, because the enzyme consists of a
single protein and its substrate is also simple. In ad-
dition to these characteristics, H"-PPase is an inter-
esting enzyme with respect to molecular evolution. It
may be a key enzyme for studying the origin of plant
vacuoles. To our knowledge, the enzymatic activity

* Corresponding author. Fax: +81-52-789-4094;
E-mail: maeshima@agr.nagoya-u.ac.jp

1 The nucleotide sequence data reported in this paper will ap-
pear in the DDBJ/EMBL/GenBank nucleotide sequence data-
bases with the accession number AB018529.

of the membrane-bound H*-PPase has been found
only in the chromatophores from the photosynthetic
bacterium Rhodospirillum rubrum [2,3] except for
vacuolar membranes of various plant species [4-7].
Information concerning the primary sequences of
H*-PPases of land plants [8-14] is now available,
and recently cDNAs for H*-PPases of R. rubrum
[15] and a marine alga Acetabularia acetabulum [16]
have been cloned. At least, the essential sequences
should be conserved among the H™-PPases from var-
ious organisms. In the present study, we cloned a
cDNA for H*-PPase of Chara corallina to clarify
the functional domain and catalytic residues in com-
parison with H*-PPases of higher plants.

Chara was grown in a water tank filled with tap
water at about 23-27°C. They were illuminated for
16 h a day with two 20 W fluorescent lamps placed
30 cm over the water surface. Vacuolar membranes
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GCAGAGGGAAGTGATTCGGGGAGGGAGGGAGCGAGCGAGCGAGCGCGCGACCTTCCGCGTCGCGCTGACTCGGGCGTGGCGGGGCAATCTCTCTTGTGTGGCGGCGCGCGCGGCGGCCAC 120
CAGGCTGGCAGTGCGGAGACTCAGTGCGCAGTGGTCCCGAGAGCGGGAGAGCGGCCAGCAGCTGGTGGGTTCCGCTTGCACCTGGCGCTGGCCTGCCAGCTAGCTGCGTTGTAGCC 236
ATGGCGGCGGTGGCGGAGGGTTTGAACGCCATGACGACGATTCCGACGACGACGGCCCCTGCCGACCTGGCTCTGGCAGCGGTCACGGGCAACACCATCGTCAGCGAGACCGCCGTACTT 356

M AAVAEGLNAMTTIPTTTAPADLALAAVTGNTIVSETHAVL 40
ATCTTCATCCCCGCGGCGTGCGTGATTGGCATTCTGTTCGCGGTACTGCAGTGGTCGGTGGTCGGCAAAATCAGTGTCCGGCCGTCGGGGGGCGGCATGAACTACCCGTTGATGGGCGAT 476
I F I P A A CV I GILFAVLQWSVVGKTISVRPSGGGMNYTPTLMGHD 80
GAAGGGCTGGAGGACAGCAGCGTGGTGACGAGGTGCGCAGAAATTCAAGAAGCCATATCGGAGGGCGCGGTGTCGTTCTTGATGACGGAGTACAAGTACCTGTCATATTTCATGGTGGGC 596
EGLEDSSVVTRCAETILIQEA AISEGAVSFLMTEYRK,YLSYFMVG 120
TTCTTCATCGTCATTTTCGCGTTCCTCGGCGCCACCGAGGACTTCGGGACCGACCGGAAGCCCTGCGAATGGGACGCGACGAAGTTGTGTGGGTCGGGAGTGATGAATGCCTTGCTCAGC 716
F FIVIZFAFLGATEDTFSGTHDRIKTPI CEWDATI KT LT CGSGV MNALILS 160
GCGGTGGCCTTCGCTCTCGGGGCTATCACGTCCACTTTGTGCGGCTTCCTAGGAATGAAAATCGCCACCTTTGCCAACGCCCGGACACGCTCGAGGCGAGGAGGGGGCGTAGGCCCGGCA 836
AV AF ALGATITSTLCGFTLGMEKTIATTFANARTRSRRG®GGVGP A 200
TTTAAGGCGGCATTCCGCTCCGGCGCGGTCATGGGCTTTCTCTTGACATCTCTCGGCTTGATTGTCCTCTACTTCACTATCTTGATCTTCCAACGCTACTACGGCGATGACTGGATTGGC 956
F KAAFRSGAV MGF L LT SLGLIVLYFTILIFQRYYGDDWTISG®G 240
CTCTATGAATCCATTGCCGGTTATGGACTCGGCGGTTCGTCCGTGGCTCTTTTTGGTCGTGTGGGCGGCGGTATCTACACCAAGGCGGCTGATGTCGGTGCCGACCTCGTGGGAAAGGTG 1076
LY EGS I A G Y G L G G S S V AL F G RV GG GIYTHKAADVGADTLVGKV 280
GAGCGCAACATTCCGGAGGACGACCCAAGGAATCCTGCCGTTATTGCGGATAACGTGGGCGACAATGTGGGTGACATCGCCGGCATGGGCGCTGATCTTTTCGGTTCGCTGGCAGAGTCC 1196
ERNTIPETDTDTPRNPAVIADNYVGDNVGDTIAGMGATDTLTFGSTLATES 320
ACATGTGCCGCTCTTGTGGTGTCTTCGCTGTCCGACTTCGGAAAAGAGATGAATTACGTGGCCATGAGCTTCCCTCTGCTGATCACCGGGGCTGGCATCTTGGTCTGTCTCATCACCACG 1316
T CAALVVYVSSLSDTFGEKTEMNYVAMSTFPLLTITGAGILVCLITT 360
CTCGTGGCGACAGACTTGACGTCCGGTGTGTCTAACATCAAGGGGATTGAGCCGGCTCTGAAACAACAACTCGTCATTTCAACGGTGCTCATGACGCCTGTCATTGCATTGCTGGCATGG 1436
LVATDLTS GV SNTIKGIEPALEKQ QO Q,LVISTVLMTPVIALLAMW 400
GGTTGCCTTCCAGATACGTTCGAGATCATCAACGGGGCAGAGACCAAGGTCGTGAAAAAATGGTACATGTTCTTCTGCGTGGCATGTGGCCTTTGGGCAGGCCTTCTGATTGGCTACACC 1556
6 CLPDTFETLITINGAETTKVVEKEKWYMFFCVACGLWAGLLTIGYT 440
ACAGAGTATTTCACAAGCCACCAGTTCACACCCGTGAGAGATGTTGCAGACTCCTGCAGGACGGGGGCTGCCACCAACGTCATCTTCGGCCTTGCTCTCGGCTACAAGTCGGTCATCATT 1676
T EYFTSHQFTPVRDVADSC CRTGAATNVIFGLALGYTKS SVTITI 480
CCGATTTTGGCCATTGCATTTACGGTGTTCGTGTCTCACACACTTGCGGCCATGTACGGTATTGCCTGTGCTGCCCTGGGGATGCTCAGCACCCTATCCACCTGCCTTGCCATCGATGCC 1796
P I L AIAFTVFVSHTLAAMYGTIACAALGMLSTTLSTT CLATITDA 520
TATGGGCCAATCAGTGACAATGCCGGAGGTATTGCTGAGATGGCTGAAATGGGCCCTGCAATCAGAGAGAAGACGGATGCGCTGGACGCAGCAGGCAACACCACGGCGGCTATTGGCAAG 1916
Y 6 PI SDNAGGTIATEMATEMGPATIRETKTTDA ALTGDA AAGNTTAATIZGK 560
GGCTTCGCTATTGGCTCGGCTGCACTTGTGTCGCTTGCGCTGTTTGGTGCCTACATTAACAGGGCGGGTATTACCAGTGTGGATGTGATCTTGCCCAAGGAGTTTGTGGGTCTCATTGTG 2036
G F AT G S A ALV SLALFGAYTITNRAGTITSVDVILPKEFVGELTIV 600
GGTGCCATGCTTCCCTACTGGTTCTCTGCCATGACGATGAAGAGCGTTGGCAAAGCAGCCTTGGCCATGGTGGAAGAGGTGCGCAGGCAATTCAACACAATTGCCGGCCTGATGCAAGGC 2156
G A ML P Y WF S AMTMEKS SVGEKA AALA AMYTETEVRRQFNTTIAGLMDOQG®E 640
ACTGTCAAGCCCGACTACAAGAGGTGTGTCGAAATCTCGACCGATGCTTCTCTCCGTGAGATGATCCCCCCGGGTTGCCTCGTCATGCTTACGCCCCTCGTCGTCGGAGGACTTCTCGGC 2276
TVKPDYKRCVETISTDASLREMIPPGCLVMLTPLVYGGLLGE 680
AAAGAAACTCTGGCTGGAATCTTGGCGGGAGCTCTCGTTTCTGGTGTACAAATTGCCATTTCTGCGTCCAACACCGGTGGAGCCTGGGACAATGCAAAGAAGTACATCGAGGCCGGTGGC 2396
K ET,L AGTI L AGALUVSGVQTIATISASNTGGAMWDNAKEKYTIEHAG® GS® 720
AACGATCACGCGAGGACGCTCGGTCCCAAGGGGTCGGACTGCCACAAAGCCGCTGTCATTGGGGACACTGTGGGTGATCCTCTCAAGGACACATCTGGACCGTCACTCAACATTCTTATC 2516
NDHARTLGPK®GSDCHEKAAVIGDTVGDPLKDTSGPSLNTILTI 760
AAGCTCATGGCCGTCGAATCCCTTGTGTTTGCGCCTTTCTTCAAGACCTATGGTGGTGTTCTCTTTGTATTGTGGGATAAGTTCGTGGCGGGGAAGTACTAGGCGCGTGTTGGAAATTCT 2636
K LMAVESTLVFAPFFT KTYGGVLFVLWDTEKTFVAGE K.Y * 793
AGAGGAGGTAGTGTCAGCCACCGCGTGCTGCCGGTCTTTTCTGGCGGTACGTGTCTCTGAGCAATCGGAAAGGGCTGAAAAGATGATCGAAAATGAACAAGACATCTCCAACCCAGATTA 2756
CACAGATCGCTGTCCATTTTTCCATACCTGCTTGGGCAGGGATGGGAGCAATTGAGTTGAAATATCAATGGGGTGAGGAAGTGAAAAAAAAAAAAAAAA 2855

Fig. 1. The nucleotide sequence of cDNA (CPP1) for Chara H-PPase and the deduced amino acid sequence. The termination codon
is marked with an asterisk. Fourteen putative membrane-spanning domains predicted from the hydropathy profile (TMpred program)

are underlined.

were isolated from internode cells of Chara as de-
scribed previously [6].

For preparation of peptide antibodies to Chara
H"-PPase, a peptidle NARTRSRRGGGVGPAF-
KAAFR that corresponds to a hydrophilic loop (res-
idues 186-206) between the third and fourth mem-
brane domains of the enzyme was synthesized. An
antibody was raised in a rabbit by injection of the
peptide conjugated to keyhole limpet hemocyanin
(about 2 mg of peptide). Antibodies specific to the
catalytic domain of H"-PPase (DVGADLVGKVE)
were prepared as reported previously [17]. Immuno-
staining was carried out by the standard procedures.
The antigens on a PVDF membrane were detected

with the peroxidase-linked protein A and an ECL
western blotting detection kit (Amersham).

Total RNA was isolated from several hundreds of
young internode cells of C. corallina, and used for
construction of a cDNA library. cDNA was synthe-
sized with a cDNA synthesis kit (Gibco), ligated into
phage vector (AZAPII, Stratagene), and then pack-
aged. Recombinant phages (1.2X10° pfu) from the
library were blotted onto nylon membranes and then
subjected to hybridization screening by the standard
method [18].

Based on the amino acid sequences of H"-PPase of
mung bean [11], barley [14], Arabidopsis thaliana [13]
and A. acetabulum (unicellular marine alga) [16],
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Fig. 2. Alignment among four H*-PPases of the segments containing the highly conserved motif. H*-PPases of C. corallina (this
study), V. radiata [11], A. acetabulum [16], and R. rubrum [15]. The first segment is proposed to be important for PP; hydrolysis activ-
ity. The identical and conserved residues are marked by (*) and (), respectively.

degenerate oligonucleotide primers were designed for
the polymerase chain reaction (PCR) (forward, 5'-
GA(CT)AACGC(ACT)GG(ACGT)GG(ACGT)AT-
CGC-3"; reverse, 5'-CCGAT(AGT)GC(AG)AA(A-
CGT)CCCTT(ACGT)CC-3"). Phage DNA isolated
from a cDNA library was used as template. A 120-
bp fragment was obtained by PCR with a pair of
primers. The reaction mixture contained 2 puM
primers, AmpliTag Gold DNA polymerase (Perkin
Elmer Cetus), and 1.5 mM Mg>". The annealing
temperature was gradually decreased by 3°C per
three cycles from 65°C to 41°C during 40 cycles
(step-down PCR). The obtained PCR product
(120 bp) was sequenced, and then used as a DNA
probe for hybridization screening. A probe DNA
was labeled with DIG-11-dUTP (67 uM, Boehr-
inger). DNA hybridization was carried out at 58°C
for 18 h in a hybridization buffer as described pre-
viously [11], and then positive plaques were visual-
ized with a DIG detection kit (Boehringer).

DNA sequence analysis was performed by the
dideoxy chain-termination method with a Thermo
Sequence cycle sequencing kit (Amersham) and a
Li-Cor 4000 DNA sequencer (Lincoln, NE). The
sequences were aligned using the DNASIS program
of the Hitachi Software Engineering (Tokyo,

Japan). Hydropathy values were determined by
the TMpred program (http://www.isrec.isb-sib.ch/
software/TMPRED_form.html) [19].

Total RNA was isolated from Chara internodal
cells for Northern analysis. RNAs were denatured,
electrophoresed in 1.0% agarose gel, and capillary
transferred to a nylon membrane (Bio-Rad). A mem-
brane was prehybridized in a hybridization buffer
containing 0.02% denatured salmon sperm DNA at
58°C for 1 h and was hybridized with a DIG-labeled
probe DNA (10 ng/ml) at 58°C overnight.

Seven positive AZAP II clones were identified by
screening the 120000 phage library with a Ht-PPase
cDNA probe. The cDNA probe could be obtained
by the step-down PCR. Based on restriction diges-
tion of the insert DNAs and the nucleotide sequences
of the DNA fragments, the seven clones appeared to
be identical. The longest of the H-PPase clones was
denoted CPP1, and both of its strands were fully
sequenced.

The clone CPP1 consists of 2839 bp upstream of
the polyadenylate tail, which includes a 236-bp 5’
leader sequence, followed by an open reading frame
of 2382 bp, and finally, a 221-bp 3'-noncoding re-
gion. The cDNA has an open reading frame that
codes for a protein of 793 amino acids as shown in
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Fig. 3. Northern analysis of Chara mRNA with DNA probes
for H"-PPase. The total RNA fraction was prepared from in-
ternode cells of C. corallina. Then 5 ug of RNA was subjected
to Northern analysis. Molecular sizes (kb) of standards are
shown on the left.

Fig. 1. Fourteen transmembrane segments were pre-
dicted from analysis by the TMPred program. The
calculated mass of 82.7 kDa is slightly higher than
the HT-PPases of land plants (about 80 kDa). Espe-
cially, the N-terminal part of the Chara H"-PPase is
28 amino acid residues longer than the HT-PPase of
Vigna radiata [11]. The amino acid sequence is about
71% identical to that of the H*t-PPases of land
plants, such as mung bean [11], 4. thaliana [13], to-
bacco [9], rice [12], and barley [14]. In contrast, it is
46% and 35% identical to the HT-PPases of 4. ace-
tabulum [16] and R. rubrum [15], respectively.

Fig. 2 shows the three segments that are conserved
among HT-PPases of the land plants, A. acetabulum,
R. rubrum, and C. corallina. The first conserved seg-
ment includes the catalytic domain for the substrate
hydrolysis [1,17], and was estimated to be exposed to
the cytosol [17]. Indeed, the antibody specific to a
peptide DVGADLVGKVE (residues 271-281 for
the Chara H*-PPase) that is located in the first con-
served segment strongly inhibited the activity of the
mung bean H*-PPase [17]. Interestingly, in this seg-
ment there is an NPA sequence that is a common
motif in the aquaporin family. Two NPA motifs in a
single aquaporin polypeptide are thought to form a
filter of water channels, although the physiological

function of NPA motif in HT-PPase is unclear. The
second conserved segment is also located in the hy-
drophilic loop. The third homologous region in the
carboxyl-terminal part is also conserved among H*-
PPases of various organisms. This is the most hydro-
philic region with a dozen charged residues. The seg-
ment is estimated to face the cytosolic side. In our
preliminary experiment, the individual replacement
of Glu residues in this segment of mung bean H-
PPase to Ala residues resulted in the loss of the en-
zymatic activity (Y.N., M.M., unpublished data).
Therefore, the C-terminal conserved segment may
also play a critical role in the enzymatic function
together with the other conserved segments. The re-
cent extensive investigations [20-22] on the struc-
ture—function relationship of H™-PPase may provide
information for our understanding of the coupling
mechanism of this enzyme between the PP; hydroly-
sis and the proton translocation.

kDa
- — 200

— 974

Fig. 4. Immunoblotting of Chara H"-PPase with two antibod-
ies. Vacuolar membranes were prepared from Chara internode
cells (lanes 1 and 2) and mung bean hypocotyls (lane 3), and
then subjected to immunoblot analysis with the two different
antibodies. Lane 1, immunoblot with the antibody to a peptide
corresponding to the N-terminal part (NARTRSRRGGGVG-
PAFKAAFR) of Chara H*-PPase. Lanes 2 and 3, immunoblot
with the antibodies to a peptide corresponding to the catalytic
site of H"-PPase [17]. The arrowhead indicates the position of
Chara H*-PPase of 74 kDa.
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In order to examine the expression of CPPI in
Chara plants, we prepared the total RNA fraction
from young Chara plants and then performed north-
ern hybridization analysis. V-PPase mRNA of about
3.1 kb was detected in a gel blot of the RNA fraction
(Fig. 3), and this size corresponds to that of the
cDNA. The expression of CPP1 was confirmed by
immunoblot analysis. We prepared an antibody spe-
cific to a peptide that is unique to Chara H*-PPase,
and another antibody specific to a peptide that cor-
responds to the catalytic domain of HT-PPase
(DVGADLVGKYVE) [17]. H-PPase in the vacuolar
membrane from Chara internode cells reacted with
both antibodies (Fig. 4). In addition to a 74-kDa
band of H"-PPase, two immunostained bands were
observed at about 200 and 40 kDa. The correspond-
ing authentic peptide competitively inhibited the re-
action of the Chara H'-PPase of 74 kDa, but not
that of the two bands of 200 and 40 kDa, with the
antibody to Chara-enzyme-specific sequence. The re-
sults clearly confirm the presence of the translational
product of CPPI in the Chara vacuolar membrane.

The molecular sequence data from nuclear-, plas-
tid-, and mitochondrial genes support a sister-group
relationship between charophytes and land plants
[23,24]. Among green algae, Chara is thought to be
the closest relative to the land plants. This relation-
ship is supported by the evolution of flavonoid bio-
synthesis. The sequence of Chara H*-PPase is more
identical to the enzymes of land plants rather than
that of A. acetabulum or R. rubrum. The sequence
similarity of H*-PPases indicates that Chara is evo-
lutionarily close to the land plants. The prasino-
phytes have been proposed to be the ancestors of
the charophytes [24]. A single-celled alga similar to
Mesostigma viride (the Prasinophyceae) may have
evolved to the charophytes, to the bryophytes and
then to the other land plants [24]. Since H'-PPase
is a characteristic enzyme of plant vacuoles, the mo-
lecular evolution of this enzyme may be closely re-
lated to the evolution of plant vacuoles. Determina-
tion of the primary sequences of Ht-PPases of the
other organisms, such as M. viride and the bryo-
phytes, should provide critical information for the
evolution of H"-PPase. Further research on vacuolar
H™-PPase is needed to clarify the origin and evolu-
tion of plant vacuoles.
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