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Abstract 

The vacuolar H+-pyrophosphatase (V-PPase) is an electrogenic H + pump, which was found in the plant vac- 
uolar membrane. Two cDNA clones (OVP1 and OVP2) encoding the V-PPase were isolated from cultured rice 
(O0'za sativa L.) cells and subsequently sequenced. The sequence analysis has revealed that OVP1 contains 2316 
nucleotides of open reading frame (ORF) and 362 nucleotides of the 3'-untranslated region, whereas OVP2 com- 
prises 2304 nucleotides of ORF and 312 nucleotides of the 3'-untranslated region. The nucleotide sequences of 
ORF of OVPI and OVP2 are 80.7% identical, and their 5'- and 3'-untranslated regions have 39.4% and 48.4% 
identity, respectively. The polypeptides encoded by the ORF of OVPI and OVP2 contain 771 and 767 amino acids, 
respectively, and the sequences of the OVP proteins are very similar to those of other V-PPases, which are shown 
to have 85-91% homology. Chromosomal mapping by RFLP techniques demonstrates that OVP1 and OVP2 are 
isoforms encoded by different genes. Both OVPI and OVP2 are mapped on the same chromosome (chromosome 
6) to a distance of ca. 90 cM. Northern analysis indicates that the OVPI and OVP2 are also expressed in intact rice 
plants and OVP2 shows higher expression in the calli than the roots and shoots, compared to OVPI. These results 
show that at least two genes encoding the V-PPases are present in rice genome and their expressions are probably 
regulated in a different manner. 

Introduction 

In plant cells, H + pumps play important roles in 
metabolism, homeostasis and regulation of turgot pres- 
sure by establishing transmembrane electrochemical 
gradients which drive translocations of various solutes 
such as ions, amino acids and sugars across cellu- 
lar membranes. The vacuolar membrane of plant cells 
contains two different H + pumps, i.e., vacuolar H +- 
ATPase (V-ATPase; EC 3.6.1.3) and H+-translocating 
inorganic pyrophosphatase (V-PPase; EC 3.6.1.1 ) [34, 
35, 41]. Although the V-ATPase exists in various 
acidic intracellular compartments of yeast [13], fun- 
gi [3], plants [24] and animals [5, 30], the V-PPase 
has been found only in plants (vascular plants, algae 

and moss) [12, 22, 33, 381]. The primary structure of 
the V-PPase sequence shows no similarity to those of 
mitochondria PPase and soluble PPase. The inhibitor 
sensitivity of the V-PPase is also different from that of 
other H + pumps. FoFl-, P-, and V-ATPases are selec- 
tively inhibited by azide, vanadate, and bafilomycine, 
respectively [27]. None of these inhibitors inhibit the 
V-PPase. The V-PPase is specifically inhibited by 
aminomethylendiphosphonate [45] and 3, 3', 4', 5- 
tetrachlorosalicylamide [ 12]. 

Despite the dissimilarity of the primary structure, 
two putative catalytic sites of the V-PPase were found 
on the basis of the sequence comparison between the 
V-PPase of Arabidopsis thaliana (AVP) and yeast sol- 
uble PPase, of which the potential catalytic residues 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases 
under the accession numbers D45383 (OVPI) and D45384 (OVP2). 
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had been characterized by X-ray crystallography and 
site-directed mutagenesis [32]. However, one of the 
putative catalytic sites is not universal, because the 
sequences in the corresponding region of AVP are 
different from those of the V-PPases from the other 
plant species [16, 20]. The protein chemical studies 
using the sulfhydryl reagent N-ethylmaleimide (NEM) 
and the membrane-impermeant cysteine reagent 3- 
(N-maleimidylpropionyl)biocytin (MPB) demonstrat- 
ed that Cys-634, a universal residue, is responsible 
for inactivation by maleimides and is cytosolically dis- 
posed [46]. Furthermore, an investigation using site- 
directed mutagenesis and the yeast expression system 
showed that Cys-634 was necessary for inhibition of 
the V-PPase by NEM but not directly concerned with 
catalysis [15]. This Cys-634 is the only ligand-active 
residue which has been identified in V-PPase. 

It has been known that primary ion translocases 
usually have several isoforms and are encoded by a 
multigene family. For instance, there are more than 
10 isoforms of the plasma membrane H+-ATPase in 
Arabidopsis (AHAI-IO) [39] and at least four cDNA 
clones encoding the 16 kDa proteolipid subunit of the 
V-ATPase in oats [42]. In addition, each isoform of the 
plasma membrane H+-ATPase is probably expressed 
in a tissue- and organ-specific manner and different 
from each other in their biochemical and regulatory 
characteristics [7, 11, 31]. Moreover, chromosomal 
mapping indicated that the genes encoding the iso- 
forms of the plasma membrane H +-ATPase of tomato 
and potato were different and were located on distinct 
sites in their chromosomes [9, 10]. 

To date, several cDNA clones of the V-PPase have 
been reported from various plants. A single cDNA 
clone has been isolated from A. thaliana (AVP) [37] 
and Hordeum vulgare (HVP) [43], and two cDNA 
species of Beta vulgaris (BVPI and BVP2) [16] and 
three species of Nicotiana tabacum (TVP5, TVP9 and 
TVP31) [20] have been cloned. These findings indi- 
cate that Beta and tobacco have at least two and three 
V-PPase isoforms, respectively. However, it remains 
unclear whether V-PPase isoforms are encoded by a 
multigene family as other primary ion translocases. In 
this report, we have isolated two cDNA clones encod- 
ing the V-PPase from rice and demonstrated that they 
are isoforms encoded by different genes by the deter- 
mination of their chromosomal locations. Their expres- 
sion in rice tissues was also investigated. 

Materials and methods 

Plant material 

Rice (Oryza sativa L. cv. Nipponbare) cells [14] cul- 
tured for 7 days at 25 °C in liquid media were pre- 
pared for extraction of RNA and DNA. Rice plants 
were hydroponically grown for 10 days at 25 °C for 
preparation of RNA from shoots and roots. 

Preparation of the cDNA probe 

Two degenerate oligonucleotides, a 25-mer designated 
PPI (5'-GGAAGCTTAT(C)TAT(C)GGIGAT(C)GAT- 
(C)TGG-3') and an antisense 28-mer, PP2C (5'-GG 
AAGCTTGTIGTA(G)TTICCIGCA(G)TC-3~), which 
contain HindIII linkers and nucleotide sequences 
(underlined) corresponding to amino acids 219 to 224 
(YYGDDW) and 534 to 540 (DAAGNTT) of the 
deduced amino acid sequence of AVP [37], were syn- 
thesized. Total RNA was extracted from the calli by 
the guanidinium method [5]. cDNA was synthesized 
from 1 #g of the total RNA by reverse transcriptase 
(SuperScript RT, Gibco-BRL), and PCR amplification 
was subsequently performed using PP1 and PP2C as 
primers in an automated thermal cycler (Nippon Genet- 
ics). The PCR product (1.0 kb) was digested with 
HindIII and ligated into pBluescript SK+ (Stratagene). 
Nucleotide sequences of the inserts were determined 
by the dideoxynucleotide method [36] using the Dye 
Primer Cycle Sequencing kit and an automated DNA 
sequencer 373A (Perkin Elmer). 

Construction and screening of the cDNA library 

Poly(A) + RNA was isolated by Oligotex-dT30 
(Takara) from the total RNA of rice calli. A cDNA 
library was constructed using a ZAP-cDNA synthesis 
kit (Stratagene). After cDNA was synthesized from 
5/tg of the poly(A) + RNA with XhoI-poly(dT) primer 
and ligated to EcoRI adapters, it was size-fractionated 
at greater than ca. 2 kb by agarose electrophoresis 
and ligated into uni-ZAP XR vector arms. The fig- 
ated cDNA was packaged using Gigapack II gold 
packaging extracts (Stratagene) and amplified once. 
Therefore, a library whose titer was 1 x 101° plaque- 
forming units/ml was obtained. The cDNA library 
was screened using the PCR product which contains a 
sequence homologous to that of AVP as a probe. About 
3 x 105 phage were plated, transferred onto nylon mem- 
branes (Hybond N+, Amersham) and hybridized using 



an ECL random prime labelling system (Amersham). 
Hybridization was carried out overnight at 60 °C in 5 x 
SSC with 0.1% SDS, 0.5% blocking agent, 100 #g/ml 
herring sperm DNA and 5 ng/ml probe. Filters were 
washed twice for 15 min in lx  SSC, 0.1% SDS at 
60 °C and then for 15 min in 0.5x SSC, 0.1% SDS 
at 60 °C. To detect signals, the filters were incubated 
with anti-fluorescein horseradish peroxidase conjugate 
and washed again. After secondary and tertiary screen- 
ing under the same conditions, insert-containing plas- 
mids were isolated by in vivo excision from hybridiz- 
ing phages. Restriction and partial sequence analy- 
sis showed that the obtained clones could be divid- 
ed into four different classes. Both strands of the 
longest inserts from each of the two major classes, 
named OVPI and OVP2 (for O0,za sativa vacuolar 
H+-pyrophosphatase), were sequenced using an auto- 
mated DNA sequencer. The DNA sequences were ana- 
lyzed using a GENETYX software package version 7.0 
(Software Development). Hydropathy profiles of the 
deduced amino acid sequences of the V-PPases were 
also analyzed using the GENETYX software. Trans- 
membrane segments of the polypeptides were predict- 
ed using PSORT programmed by K. Nakai (Osaka 
University, Japan) [25]. 

Northet77 and Southern hybridizations 

Total RNA was isolated from calli, shoots and roots as 
described above. After fractionation by electrophoresis 
on 1.2% agarose gel containing {).66 M formaldehyde, 
the RNA was blotted onto a nylon membrane. Genom- 
ic DNA isolated from calli [2] was digested with the 
indicated restriction enzymes (Takara), fractionated on 
1% agarose gel and blotted onto a nylon membrane. 
For gene-specific probes, the 3'-untranslated regions 
of OVPI (2376 to 2678) and OVP2 (2306 to 2616) sub- 
cloned into pBluescript were isolated and labelled with 
[32p]dCTP fAmersham) by random priming (Multi- 
prime DNA labelling system. Amersham). Both north- 
ern and Southern hybridizations were performed in a 
buffer containing 5 × SSPE, 0.1% SDS, 5 x Denhardt's 
solution, 50% formamide, 100 #g/ml herring sperm 

-32p-label ed DNA and DNA probe for 12 h at 42 °C. 
Filters were washed twice ['or 10 min at 42 °C in 2x 
SSC, 0. I c/~ SDS and then for 30 min at 42 °C in 1 x 
SSC, 0.1% SDS for northern and Southern hybridiza- 
tion. In the case of Southern hybridization, the filters 
were washed once more for 30 min at 42 °C in 0.1 x 
SSC, O. 1% SDS. 
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RFLP mapping 

RFLP mapping was carried out in an F2 population 
of O. sativa L. cv. Nipponbare x cv. Kasalath con- 
sisting of 186 individuals that had been scored for 
over 1300 DNA markers. RFLP between both parents 
and segregation patterns in F2 plants were detected by 
hybridization to blots of the genomic DNA and linkage 
analysis was performed by MAPMAKER/EXP 3.0 as 
described 119]. This experiment was carried out in the 
Rice Genome Research Program (National Institute 
of Agrobiological Resources/Institute of Society for 
Techno-lnnovation of Agriculture. Forestry and Fish- 
eries, Japan). 

Results 

Cloning and sequencing 

Two primers were synthesized from the consensus 
amino acid sequences of AVP [37] and were used in 
PCRs with cDNA reverse-transcribed from mRNA of 
rice calli. The nucleotide sequence of 1.0 kb PCR- 
amplified DNA was homologous to those of AVP. 
About 3 x l05 plaques of a rice callus cDNA library 
were screened using the PCR-amplified DNA as a 
probe. About 100 hybridizing clones were identified, 
of which 20 clones were further characterized. Restric- 
tion patterns and partial sequence analyses showed 
that the V-PPase-like clones could be classified into 
four classes. Two of these classes, classes I and II, 
contained the clones encoding full-length cDNA of 
the V-PPase, but all clones which belong to the other 
two classes, classes III and IV, lacked their 5'-terminal 
regions. We then analyzed further the clones of class 
1 (named OVPI) and class II (named OVP2). The 
longest clones from each of classes I and 11, repre- 
sented by four and eight clones, respectively, were 
sequenced completely. There are two ATG codons 
in the sequence of the 5'-terminal region of OVP1 
(Fig. I). The sequence around the first ATG codon 
(GTACatgAA) in OVPI does not match the consensus 
sequence (AACAaugGC) for plant translational initi- 
ation sites [2 II. but the surrounding sequence of the 
second ATG codon (AGCAatgGC) which is located 
at 33-nt downstream from the first ATG is identical 
to the consensus sequence except for guanine(G) in 
position -3 .  It was found that G was also present in 
position - 3  of plant mRNAs. Hence, the second ATG 
codon is identified as the translational initiation site 
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for OVPI. Because the sequence around the first ATG 
codon of OVP2 (CGCCatgGC) (Fig. 1) shares a com- 
mon sequence with the consensus sequence, it is recog- 
nized as the translational initiation site. OVP1 contains 
2316 nucleotides of open reading frame (ORF) and 
362 nucteotides of the 3'-untranslated region, where- 
as OVP2 comprises 2304 nucleotides of ORF and 312 
nucleotides of the 3'-untranslated region. The ORFs of 
OVP1 and OVP2 are 80.7% identical and their 5'- and 
3'-untranslated regions show 39.4% and 48.4% identi- 
ty, respectively. This result shows that OVP1 and OVP2 
are different genes encoding closely related proteins. 

Sequence comparison 

The polypeptides encoded by the ORFs of OVPI and 
OVP2 contain 771 and 767 amino acids and have 
calculated masses of 80 607 and 80 044, respective- 
ly (Fig. 2). The lengths of these polypeptides from the 
deduced amino acid sequences are similar to those of 
AVP (770 amino acids) [37], HVP (761 amino acids) 
[43], BVP1 (765 amino acids), BVP2 (761 amino 
acids) [16], TVP5 (764 amino acids), TVP9 (765 
amino acids) and TVP31 (766 amino acids) [20]. The 
deduced amino acid sequences of OVP1 and OVP2 are 
also analogous to those of AVE BVP1, BVP2, HVP 
and TVP, which have 85-91% homologies (Table 1). 
These similarities and the lengths of the transcripts 
from the result of northern analysis (Fig. 5) indi- 
cate that the isolated OVP1 and OVP2 genes fully 
encode the amino acid sequence for the V-PPases. 
Alignment of the deduced amino acid sequences from 
the V-PPase genes indicates that the sequences of 
the N-terminal region (about 50 amino acid residues 
downstream from the translational initiation methio- 
nine) are completely different, although those of the 
internal and the C-terminal regions are highly con- 
served (Fig. 2). Hydrophathy profiles predicted from 
the amino acid sequences of the V-PPases demonstrate 
that they are hydrophobic integral membrane proteins, 
and 14 putative transmembrane segments are detected 
by the PSORT program based on Klein's method [ 17] 
(Fig. 2). 

Southern analysis and RFLP mapping 

The results of Southern analysis of rice genomic DNA 
probed with the 3'-untranslated regions indicate that 
each of OVP1 and OVP2 exists as a single gene in 
the rice genome and the chromosomal locations of the 
two genes are different (Fig. 3). In order to investi- 

gate the chromosomal locations of OVP1 and OVP2 in 
detail, we used RFLP techniques. Consequently, they 
were mapped to the same chromosome, i.e., chromo- 
some 6. The location of each gene in chromosome 6 
has been indicated with their position relative to pre- 
viously mapped markers by Kurata et al. [ 19] (Fig. 4). 
OVPI is mapped to the identical locus to C554; howev- 
er, the nucleotide sequences between OVP1 and C554 
are distinct. They are different genes and could not be 
separated by resolution of the system used in this inves- 
tigation. OVP2 is located at distances of 0.3 cM from 
C226A and 1.6 cM from Gt65A. Thus, the distance 
between OVPI and OVP2 is ca. 90 cM. This demon- 
strates that OVPI and OVP2 are the V-PPase isoforms 
which are encoded by different genes and do not orig- 
inate from alternate splicing of the same transcript. 

Northern analysis 

RNA was isolated from 10-day-old rice seedlings and 
7-day-old calli. To analyze the expression patterns of 
the individual genes, the 3r-untranslated regions of 
OVP1 and OVP2 were used as gene-specific probes. 
A single hybridizing band with an approximate length 
of 2.8 kb was detected in all cases (Fig. 5). The lengths 
of OVP1 and OVP2 are consistent with the size of the 
mature V-PPase transcript. The cDNA library used for 
screening was constructed from the poly(A) + RNA 
of rice cultured cells. The mRNAs of both OVP1 and 
OVP2 were found not only in calli but also in shoot and 
root tissues. Therefore, the expressions of these genes 
are not specific to calli and are expressed in intact rice 
cells. Both genes are more highly expressed in roots 
than in shoots. OVP2, however, showed higher expres- 
sion in the calti, compared to OVP1. This reflects the 
difference in the number of the isolated cDNA clones 
between OVP1 and OVP2. 

Discussion 

In this study, we newly isolated two cDNA clones 
(OVP1 and OVP2) encoding the V-PPase of rice and 
demonstrated that OVP1 and OVP2 were isoforms 
encoded by the different genes. Before the cloning 
of the cDNA, immunoblot analysis using antiserum 
raised against the V-PPase from l/~gna radiata (gen- 
erously provided by M. Maeshima, Nagoya Univer- 
sity, Japan) [23] showed that the V-PPase having an 
analogous structure existed in the tonoplast of rice 
(data not shown). The results of isolation of the cDNA 



O V P 1  

-64 
gtcgaatcctcctccgagaagaggagagtacatgaatcc tagcgcgaggatc tcgcaggt 

agc aATGGC GGCGATACTGCCGGACCTGGCGACGCAGGTGCTGGTCCCGGCGGCGGCCGTG 

M A A I L P D L A T Q V L V P A A A V 

O V P 2  

-94 
gagacgcgtca cctcc tccccgccgccgccgccgccgcc tcgcctccgt tgcaaccgt ag 

tagggt t agggt t t t cgtggtgggcgc cgc cgc cATGGCGATCCTCTCGGCGCTCGGGACC 

M A I L S A L G T 

11)33 

Consensus sequence .for plant translational initiation site 

-4 -3 -2 -1 31 +2 +3 +4 +5 

a a c a a t g g c 
(c) (g) (a) (c) 

Fig. 1. Nucleotide sequences of the 5<terminal regions of OVP1 and OVP2. The first ATG codon is underlined and the second is double- 
underlined. The predicted amino acid sequences are shown in one-letter code below the first base of each corresponding codon. The consensus 
sequence for plant translational initiation site is reported by L/Jtcke et al. 121 ]. Nucleotides in parenthesis at each position are the second most 
frequent next to those of the consensus sequence. 

Table I. Percentage of amino acid homology among predicted V-PPase proteins of O. sativa (OVPI 
and 2), A. thalianu (AVP) [371, B. vulgaris (BVPI and 2) 1161, H. vul~,,are (HVP) [431 and N. tabacum 
(TVP5, 9 and 31 ) [201. Data are calculated by the Homology program IYom the GENETYX software 
package.  

OVPI OVP2 AVP BVPI BVP2 HVP TVP5 TVP9 TVP31 

OVPI  II)0 87.8 86.6 84.8 87.(I 85.6 85.7 88.4 86.9 

OVP2 100 84.9 85.5 87.7 91.4 86.3 87.9 86.7 

AVP I(X) 87. I 89.0 85.8 88.7 89.7 87.7 

BVP 1 100 88. I 87.0 87.7 89.4 88.7 

BVP2 100 87.4 89.7 91.1 90.2 

HVP I{XI 85.2 87.8 87.8 

TVP5 10[) 93.6 88.3 

TVP9 100 91.4 

TVP31 100 

clones and analysis of the nucleotide sequences showed 

that the deduced amino acid sequences of OVP1 and 
OVP2 were very similar to those of the other cloned V- 

PPases with 85-91% homology (Table 1). About fifty 
amino acid residues downstream from the N-termini 
of all V-PPases are completely different from each 

other, although the amino acid sequence of the oth- 
er regions of ORFs are highly conserved (Fig. 2). The 

diversity among the amino acid sequences in the N- 
terminal regions may reflect the species and/or organ 
specificity of each gene. The four contiguous glutam- 
ic acid residues (EEEE) present just behind the non- 
homologous N-terminal region are conserved among 

all V-PPases (Fig. 2). It is possible that this cluster of 
the acidic residues has an important part in the enzyme 

reaction. We predicted the transmembrane-segments 

on the basis of Klein's method |17]. Consequently, 
fourteen putative transmembrane segments were found 

in each polypeptide (Fig. 2). Although the primary 

structures in the N-terminal regions have low homol- 
ogy, the hydropathy profiles and the transmembrane 

segments are very similar. It is considered that these 
peptides have the same conformations. 

The D(X)vKXE motifs which were homologous to 

the sequence of the catalytic domain of the yeast solu- 
ble PPase was found in the sequences of AVP and the 
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I 

OVP1 1 M- - AAI L PDLATQVLVP~IAAWGI AFAWQWVLqSK~AERRGGEGS PGAAAG~AAS EYL I EEEEGLN EHNA~'VEKCS El QHAI S EGATS FLFTE'f 98 

OVa2 1 M- - -AI LSALGTE~q.~I P~JAAAVGVAFAVAQWLL~ARV]CVNP~SG - -GSKIqGG - YGDY L I EEEEGLNDI II,~VV%"KCHEI QTA I S EGATS FLFTk~ 94 

AVP I MVAPALLP~L~n~EILV~ICAVIGIA~SLFQWYVVSRVK-LTSDLGASSSGGANNGK--NGYGDYLIEEEEGVNDQSVVAKCAEIQTAISEGATSFLFTEY 97 

BVPI I M-GAALL P~L ]TE I I I PVCAVIG I A~LLQWYIVLRVK- LS PD- STR~- - -NN- K- -NGFSDS LI EE EEG ]/~-D~]SVVAKCAE I QNA I SEGATS F LFTEY 92 

BVP2 1 M .... I-S[~LATEIFI~VcAVIGY-I~CYQWFLVsKVK-VSTDRHVNNC~SAKNG---F--NDYLIEEEEGV~KX3~4VVAKCAEI~NAISEGATSFLFT~% , _  ~- -- - 88 

HVP 1 M---AILGELGT~YLIPVCGVIGIV~WFIVSKVK!rfp--GALRRRR .... AKN-G-YGDYLIEEEEGLNDH~-V'~'KCAEIQI~AISEGATSFLFTMY 89 

TVP5 1 M- GSALLP L[~_~_~IVI PVCAVI G I ~QWYLVSRVK- VS SH{GATS PS SNKNNK- -NGYGDCL I EEEEG INDH~/VAKCADI QFIAI SEGATS FLFTEY 96 

TVP9 1 M- GAALLPDLGA{EIVI PVCAVI G IVFS LV~WYLVSNVK - LTPE - - S SS P- SN-NGK- -NGYGDYL I EEEEG INEQNVVVKCAEIQNAI SEGATSFLFTEY 92 
1 1 

TVP31 1 M-GA P I LSDLGT~I LI PVCAVVG IAFS L~]QWFLVSKVT- LSADK - S SGAADDKNG- - -YA-AES L I EEEEG INDHNVVQKCAEI QNA I S EGATS FLFTEY 93 

OV~I K~ 

OVa2 Q~ 

AVP Kh 

BVPI Q% 

BVP2 Q% 

HVP Q% 

TVP5 Q~ 

TVP9 Q~ 

TVP31 Q~ 

OW~I 

OW~2 

AVP 

BVPI 

BVP2 

HVP 

TVP5 

TVP9 

TVP31 

OVal 

OVa2 

AVP 

BVPI 

BVP2 

HVP 

TVP5 

TVP9 

TVP31 

OV~I 

OYeZ 

AVP 

BVPI 

BVP2 

HVP 

TVP5 

q~P9 

TVP31 

OV~I 

OVa2 

AVP 

BVPI 

BVP2 

HVP 

TVP5 

TVP9 

TVP31 

[I 111 
~GLFMGI FA%-L I FLFL( 

rGIFMS I FA%~TIFLFL( 

VGVFMI FFAAVI FVF L( 

VGIFMVAFAVLI FLF[X 

VGVFMCAFAVLI FVFL{ 

VGMFMVVFAA I I FLFL( 

VGIFMIAFAILIFLFL< 

@GI FMIAFAI LIFLFL( 

VGVFMVAFAI LI FLFL( 

SVEGFSTKSQPCHYSKDRMCKPALAN 

SVEGFSTKSQPCTYSKDKYCKPALFN 

SVEGFSTDNKPCTYI~TCKPALAT 

SVEGFSTSSQECTYDKTRRCKPALAT 

SVEGFSTESQPCTYSPLKKCKPALAT 

SIEGFSTKGQPCTYSKGT-CKPALYT 

SVEGFSTSSQPCTYNKEKRCKPALAq 

SVEGFSTKSQPCTYNKEKLCKPALAq 

SVEGFSTKNQPCTYDSTKTCKPALAq 
*** ** ** ** **** ***** • , ***** 

IV 

GFLLAASGLVVLYIA] 

GFLLASSGLVVLYIA] 

GFLLAASGLLV[NIT] 

GFLL/~qGLLVLYIT] 
GFLLAANGLLVLYIA] 

GFLLSSSGLVVLYIT] 
GFLLAAI~GLLVLYIA] 

GFLI~'~NGLLVLYIA] 
GFLLAANGLLVLYIT] 

kI FSTVAFVLGAVTS U~ 

~LFSTAS FLLGA I TSL'~ 

~AFSTI AFVLGAVTSVI 

kI FSTVAFLLGAITSLG 

ILFSTVSFL~AITSW 

%LFSTASFLLGAITSLU 

%IFSTVSFLLGAITSVi 

iI FSTVSFLLGAVTSVV 

~VFSTVSFLLGAVTSV~ 

3G F LGMK I ATYANARTTL FI{F~KGVGKA F I TAFR SGAV 

3 GY LGMK I ATFA~IARTT LEAKKG"gGKAF I I A FE SGAV 

{GFLGMK IA'Ih'ANARTTLEARKGVGKAF I VA}~SGAV 

3G FFGMK I ATYANARTTLEAP/<GVGKA F I VAFRSGAV 

3GFLGMKIATDANAR~r LEARKG~GKAF I IAFRSGAV 

3GFLGMK I A TYANARTTLE.a/%KGVGKAF I TAFR S G AV 

~GF[/~MI< I ATYANAR'VI~ L FAPd<GVGKAC LVQ ..... %r 

3GFLGMKI ATYA~Rq'I~LEARKGVGKAF I VAFRSGAV 

~G F LGMK I ATY.~[ARq~ L EARKGVGKAFI VA FRSGAV 

198 

194 

197 

192 

188 

188 

191 

192 

193 

N LFGI YYGDDWEGL FEAITGYGLGGS SMALFGRVGGGIYTKAADVGADLVGKVEPI~ I P EI)D p~dq PAVIAD~GD~GDI AG~3S 298 

NVFK LYYGDDWEG L FES ITGYGLGGS SI~LFGRVGGG I YTKAADVGADLVGKIrE RH I P EDD PRN PAV I k/3~GD~G D I AGHG S 294 

NVFK IYYGDDWEG L F EA ITGYGLGGS SMALFGRVGGG I YTKAADVGADLVGK I ERN I p EDD pRN PAVI ADNVGDNVGD I AGIKG S 297 

LLFKI k'YGDI~4EGLFEA ITGYGLGGS SMALFGRVAGG IYTKAADVGADLVGKVERDI PEDDPRN ~'.AVI ADNVGDNVGD I AGYGV 292 

NLLKLYYGDDWEGLF EAITGYGLGGS SMALFGRVGGGIYTKAADVGADLVGKVEP/{ I pF/gDPRN PAVI AIINVGDNVGDI AGMGS 288 

N VFKMYYGDDWEGLF ES I TGYGLC-GS SMAL FGRVGGG I YTKAADVGAD LVGK~JERN I PEDDPRN PAVI A[INVGDNVG D I AGMG S 288 

N L H<LYYGDD~/EG LF EA I TGYGLC/Z, S SMA LFGRVGGG I YTKAADVGADLVGKVEF,~ I p EDD p RN PAVI ADNVGDNVGD I AGMG S 291 

N LFKLYYGDDWEG LFEA I TGYGLGG S SMALFGRVGGG I YTKAADVGADLVGKVERN I P EDD Pl~N PAV I ADNVGDNVGDI AGMG S 292 

L LFKLY YGDI~WEGLF EAITGYGLGGSSMALFGRVAGGIYTKAADVGADLVGKVEF/q I PEDD pp~N PAVI AD~GDNVGDIAGMGS 293 
*********** ***************** ***************** ** ************************* . 

V Vl 

LLISSVGIIACLITTLF 

~LVSSVGIIVCLITTLF 

~LISSMGILVCLITI~LF 

~LVSSVGIIVCLITTLF 

~LISSMGIIVCLVTTLF 

~LVSSVGIIVCLLTTLF 

,LISSMGILVCLIq'PLF 

~LISSMGILICLIq'I~LF 

]LVSSVGILVCLLTTLF 

~TDFFEIKAVDEI EPALKK 

~.TDFFE IKAVKE I EPALKK, 

%TDFFEIKLVKEI EPALKN, 

%TDFFEIKAVKEI EPALKK, 

%TDFFEIKAVKEIEPALKK, 

%TDFFEIKAANEI EPALKK, 

%TDFFEIKAVKEI EPALKH~ 

%TDFFEIKAVKEI EPA[~<N~ 

%TDFFEVKAVKEI EPALK~ 

,i I STVVMTVGI A LVS%{ 

~I I STAI/~fVGIAI IS~N 

~I I STViMTVGIAIVS~ 

~] I STAI/~IGVAVI S~4 

~I IST~[GIAIIT~ 

~I I STAIMTVGVAVIS~ 

,I I STAIMTVGIAIVI% 

~I ISTAL/-[fVGIAIV~ 

Arl STAI~4~TgG I AVV'~ 

DLF -GSYAES SCAA [,VVAS I SSFGINHEFT PMLYP 

DLF -GSYAES SCAALVVA S I SS FG INHDFTGMCYP 

DLF- GSYAF~.SCAALVVAS I SS FG I NHDFTAMCYP 

LIFLDSYAESSCA~.LVVRS I SSFGI S}{DLTAMMYP 

DLF- GSYAEASCAALWAS I S S FG INHEFI~AMCYP 

DLF- GSYAESSCAA LWA S I SS FG INHDFTAMCYP 

DLF- GSYAESSCAALVVAS I S S FGI DHDFTAMCYP 

DLF- GSYAEASCAALVVAS I S S FGI NHEFPAMLY P 

DLF- GSYAESSCAALVVAS I S S FGVNHEFTAMLYP 
**** ******* ****** * 

VII 

'~LCVAVGLWAGLI IGF~ 

"FCVA IGLWAGL I IGF~ 

;'LCVCVGLWA@LI IGF~ 

'~LCVAVGLWAGL I IGlm 

'~LCVCVGLWAGLI IGF~ 

"FCVAVGLWAGL I I GF~ 

'~LCVAVGLWAGL I IGF~ 

'~LCVAVGLWAGL I IGF~ 

'~LCVGVGLWAGL, I IGF~ 

P EYY T SNAYS PVQDVADSCRTGAATNVI FGLALGY K 

P EYYT SNAYS PVQDVADSCRTGAATNVI FG LALGYK 

PE YYTSNAY S PVQDVADSC RTGAATNVI FGLALGYK 

[~EYYTSNAYS PVQDVADSC RTGAATNVI FGI~A LGYK 

[~EYYTSNAY S PVQDVADSCRTGAATNVI FGLALGYK 

['EYYTSNAYS PVQDVADSCRTGAATNVI FGLALGYK 

['EYYTSNA YS PVQDVADSC STGAATNVI FGLA LGYK 

[~EYYTSNAYS PVQDVADSCRTGAATNVI F~LA LGY} 

['EYYTSNAY S PVQDVADSCRTGAATNVI FGLALGY} 
****************************** ************************** 

X 

VIII 

,~I I PIFAIAFSIFLSF 

,~VI IPIFAIAVSIYVSF 

,~VIIPIFAIAISIFVSF 

JVI I PI FAIA][SIFVS_ ~ 

;VI I PI FAI AVS I FVSF 

;VI I PIFAIAgSIYVSF 

JVI IPI FAIAIAIFV$~ 

;VI IPIFA IAIAIFVsF 

;V~ IPI FAIAVSIFVsF 

~GLPYSFTI FN 

LALPAKFFI FN 

/GLPTSFPI FN 

[ALPTSFTI FD 

[ALPSSFTI FN 

~ALPAKFT I FN 

[~LPSSFTIFN 

~CLPSSFTIFN 

[ALPSIFTIFN 

IX 

~ I ~A.AHYGV~VAALGML S T 

3IAAMYGI ~%VAALGMLST 

~ FAAMYGV~VAALGMLST 

~FAAMYGIhMAALGMLST 

~ FAAMYGVhVAALGMLST 

31 AAMYG I H~A.ALGMLST 

FFA.~YG I ~%VAALGMLST 

3FAAMYG I~VAALGMLST 

3FAAMYGIhVAALGMLST 

XI 

FGAQk'q~I 

FGAQKEVTN"~GI 

FGTQ k'i~]<k~ I 

FGSQ [~QN~Q 1 

FGTQmnnae~I 

FGAQKEVS~GI 

FGTQKVVKN~D I 

FGAQKVVKNWQI 

FGAQKEVKS~2 I 
** ** , 

%IGSAALVSLALFGAFI SPw~AI ST'u'f JLTPKVFIGLIVGAMLI 

~,IGSAALVSLALFGAF~ SRAGVKVI,7_ fLSPKVFIGLIVGAMLI 

~IGSAALVSLALFGAFi SP~GIHTX'Z JLTPKVI IGLLVGM4LI 

kIGSAALVSLALFGA[ ~, SRAS IQI~.'f ./LT PKVF I GLIVGAMLI 

~IGSAALVSLALFGAF~ SPJ~AI 5'I~4[ ILTPFVFIGLIVGAI~-A 

~.IGSAALVSLALFGA9% SRAGVKVVE VLS PK'VFIGLIVG.~MLI 

~IGSAALVSLALFGA~ SF~G I S'I"v3~ VLTPQVFIGLIVGAHL| 

~.IGSAALVSLALFGAF'~ SRAAI'PTV[ qLTPQVFIGLIVGA~I 

~.IGSAALVSLALFGAF~ SRAAIST~ 4LTPKVFIGLLVGAHLI 

398 

394 

397 

392 

388 

388 

391 

392 

393 

IATGLA~ DAYGP I S DNAGG IAEMAGMSHRI RERTDALDAAGNTI~AAIGKG~ 

IATGLA[ DAY G P I S DNACWgI AE%4AGMSHR I R]~RTDAL DAAGNTTAAIGKG F 

IATGLA~ IDAYG PI SDNAGGIAH~AGMSHRI RERTDALDAAGNTTAAIGKGF 

IATGLA~ DAYG P I S DNA C,~- I AI~AGNSItR I R ERTDAL D/~GI'~P~.I GKGF 
[ 

IATGLA~ DAYG P I S DNAGG I AEMAGMS HR I R ERTDALDAAG%~!WAAI GKGF 

MATGLA~ 3AYG P I S DNAGG I AEMAGMS HR IR ERTDALDAAGN~.I GKGF 

IATGLAZ 9AYG P I S DNAGG I AEMAGMS HF, I R ERTDAL DAAGNq'FAAI G KGF 

IATGLAZ 9AYG P I SDNAGG IAEMAOa~SHRIRERTDALDAAGNTTAAIGKGF 

IATGLA[ 9AyG p I S DNA GG I A EMAGMS HR I R ERTDALDAAGiVI'FAA I GKGF 
********************************************************************** 

498 

494 

497 

492 

488 

488 

491 

492 

493 

YWFSAM 598 

~¢~F SA]~ 594 

'~2/F SA~I 597 

YWF S.~d~ 592 

YWFSAM 588 

Y~SAM 588 

YW~F SAM 591 

Yv,rF S~¢I 592 
YWF S~M 593 

Fig. 2. Comparison of the deduced amino acid sequence of OVP (O. sativa) with those of AVP (A. thaliana) [37], BVP (B. vulgaris) [16], HVP 
(H. vulgare) [43] and TVP (N. tabacum) [20]. Dashes show gaps introduced to maximize alignment using multi-alignment from the GENETYX 
version 7.0. Amino residue numbers beside the sequences exclude gaps. Residues identical in all sequences are indicated by asterisks. Boxed 
regions show locations of possible transmembrane segments predicted by the PSORT program [25]. 
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q%IKSVGSAAL}~4VE EVRRQ~'NS I PGLMEGTTKPDYATCVKI STDAS IKEMI P~ 

TMK S VGSAALK~.,~E EVR RQFN S I PGLMEGTGKPDYATCVKI ST~AS I K~I P[ 

TMK S VG S AA LK>~rEEVR RQ FNT I PGLMEGTAKPDYATCVKI STDAS IKEMI PI 

qq~KSVGSAALK]dLrEEVPKQFNT I PGLLEGTAKPDYATCVK I STDAS IKEMI P~ 

T~KS VG SAALK}f,/EEVR RQFNT I PGLMEGTAKPDYATCVKI STDAS I KEMI Pi 

q~lKS VG SAALKb[gEEVR RQ~qT I PGLHEGTAK PDYATC~I Sq~gAS IF~ Pt  

T~KSVG SAA LK~Z/EEVRRQF~I'I PGLMEGLAKPDYATCVKI STDAS IKEMI P} 

T~<S VG SAA LKblV EEVRRQ ~}?I" I PGLMI~"PAK PDYATCVKI S TDA S I KEMI PP 

T~KSVGSAALF]{]E EVRRQFNT I PG[/~EGTAKPDYATCVKI STDAS I KEMI AP 

XII XIII 
;ALVMLSPLIVGIFFGV :if ~SGL LAGALVSGVQIA] 

;ALV]~TPLIV(]rLFGV ~'T ~SGVLAGALVSGVQIAI 

XZLVMLTPLIVGFFFGV ~'I" L:]GV[a~..]SLV~]GVQIA] 

;ALVMLTPLIVGTFFGV {7 ~SGVLAGSLV SGVQIAI 

;ALVMLTPLIVGIFFGV £q' ~SGVLAGSLVSGVQIA] 

;ALVMLTPLIVGTLFGV DI' ~SGVLAGALVSGVQIAI 

kALVMLTPLIVGIFFGV 2'[ ~SGVLAGALVSGVQIAI 

~LVMLTPLIVGIFFGV ]'[ LSGVLAGALVSGVQIA] 

;ALVMLTPLIVGILFGV ~ LSG~.~,AGSLVSGVQIA] 

SASI~PCq~AWT)N 698 

SA.<~TTGGA~,]DN 694 

SA SqqT~]AWDN 697 

SA SbfFGCiAh~DN 692 

SA S~FC~gAhqDN 688 

$ASt~fGGAWY)N 688 

SA Sb~FGGAb,~DN 691 

SASIfflXI~gAWY]N 692 

SAS'Nq~AGAbK)N 693 

AKKY I EAGASE}LARTLG PKGSDCHY~.AVI GDT I GDPLK[YrSGPSLN 

AFd<Y I EAGAS EHARTLG PKGSDCHKAAVI GDTI GDPLKI~SGPS LN 

AKKY I EAGVS EHAKS LGPKGSE PH]<AAVIGDT I GDPIZDTSGPS I/q 

Ah.~'Y I EAGAS EHARTLG PKGSDAHKAAVI GDT IGDPLKJ3TSGPS LN 

AI'dfY I EAGAS EI{AR S LG PKGS EPHKAAVI GDT IGDPLKDTSGPSLN 

AKKY I EAGNS E HARS LG PKGSDCHKAAVIGDT IGDPLKDTSGPSLN 

AKKY I EAGASEHARTLG PKGSE PH]<AAVIGDT I GDPLKDTSGPS LN 

AKK'f I EAGAS E}{ARTLG PKG SDPHKAAVI GDT I GDPLKDTSG PS LN 

AZ/<Y I EAGVS El L~.RTLGPKGSDAHKAAVI GDTVGDPLKDTSGP SLN 

X1V 
[LIKLMAVESLVFAPFF 

r LIKLMAVESLVFAPFF 

[LIKLMAVESLVFAPF} 

[LIKLMAVESLVFAPFF 

[ LIKLMAVESLVFAPFF 

[ LIKLMAVESLVFAPFF 

[LIKI~IAVESLVFAPFF 

[ LI KLMAVESLVFAPFF 

[ LIKLMAVESLVFAPFF 

~THGG I L FKZ~:F 

ATHGG LLFK~4F 

ATHC~31 LFKYF 

hTHO/]LLFKY L 

~THGGLLFKL F 

~TYGGLLF}[YI 

~T}{C~3I LFKI F 

hTHGC3LLP~< I F 

~.THCGLLFKL P 
*****~*** ******************************** ~* ~** 
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767 

770 

765 

761 

761 

']64 

765 

766 

Fig. 2 (continued). 

Fig. 3. Genomic Southern analysis of OVPI and OVP2. 5 #g of genomic DNA of rice (cv. Nipponbare) was digested with EcoRl (lane 1), 
HindIII (lane 2), Pstl (lane 3), Xbat (lane 4) or Xhol (lane 5). The digested DNA was separated by gel electrophoresis, blotted and hybridized 
to 32P-labelled Y-UTR of OVP1 or OVP2. The molecular size marker (kb) is indicated. 

other V-PPases [16, 20, 32]. OVP1 and OVP2 have 
the D(X)7KXE motif  at positions 258 and 254, respec- 
tively (Fig. 2). The NEM-reactive residue, Cys-634, 
[15, 46] also exists in the sequences of OVP1 and 
OVP2 at positions 636 and 632, respectively. On the 

other hand, the V-PPase is inhibited by dicyclohexyl- 
carbodiimide (DCCD) [231 and the EXI(X)4L(X)6LF 
motif, of which the glutamate is a DCCD-reactive 
residue, was proposed [28] by the sequence compari- 
son between the V-PPases and the c-subunit of  FoF~- 
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Fig. 4. Chromosomal location of OVPI and OVP2. A portion of 
chromosome 6 is represented schematically with the positions of 
OVPI and OVP2 relative to previously mapped markers [19]. Italic 
numbers indicate the distance between loci by cM. 

Pig. 3. Northern analysis o! rice V-PPases. Each 10 #g ot total 
RNAs isolated from shoots and roots of 10-day-old rice and 7-day- 
cultured rice calli was electrophoresed, blotted and hybridized to 
the 32P-labelled probe, a, the 3 ~-untranslated region (UTR) of OVP1 
was used as an OVP1 -specific probe; b, the Y-UTR region of OVP2 
was used as an OVP2-specific probe; c, the full-length of OVP2 was 
used as a non-specific OVP probe. The size of the transcripts is ca. 
2.8 kb. 

ATPases. Its residue is found at positions 230 and 
226 in the sequences of OVP1 and OVP2. Although 
this motif in the sequence of  the c-subunit of FoF~- 
ATPases is localized in a transmembrane segment, the 
corresponding regions of  OVP1 and OVP2 show low 

hydrophobicity, and the EXI(X)4L(X)6LF sequence is 
located outside the putative transmembrane segments 
predicted by Klein's method (Fig. 2). To determine 
the binding site of  DCCD, further studies such as site- 
directed mutagenesis are needed. 

We determined the chromosomal locations of 
OVP1 and OVP2 encoding the V-PPase of  rice (Fig. 4). 
A single locus was found for each gene and both were 
localized in chromosome 6. The V-PPases are thus 
considered to form a multigene family as well as other 
primary ion translocases such as the plasma membrane 
and the vacuolar H+-ATPases. There are more than 10 
isoforms of the plasma membrane H +-ATPase in Ara- 

bidopsis [39] and at least seven isoforms in tomato 
[8]. We further isolated two clones (classes III and IV) 
partially encoding the V-PPase from the rice cDNA 
library (data not shown), so that at least four isoforms 
seem to be present in rice cells. A highly conserved 
colinearity of  genes between rice and wheat [ 18] and 
conserved homologies between rice and maize [ 1 ] are 
well established. The existence of  a multigene family 
of the V-PPase in the rice genome and the structural 
similarity of genomes among these monocots show 
that other monocots may have several isoforms of the 
V-PPase as well as rice. 

Northern analysis shows that OVP1 and OVP2 iso- 
lated from the cDNA library constructed from the 
poly(A) + RNA of calli are also expressed in the intact 
rice plants. The expression patterns of  OVP1 and OVP2 

are similar in intact rice cells (Fig. 5). Both seem to 
be slightly less expressed in shoots than in roots. The 
level of  expression in the calli of OVP2 is very high. 
This will be the reason why more clones of the OVP2 
class were isolated than those of  the OVP1 class. We 
did not find significant differences between the gene 
expressions of  the two isoforms in the intact plants. 
We should investigate with mRNA isolated from oth- 
er organs (e.g., stems, leaves, flowers and developing 
seeds) and in various developmental stages using more 
precise techniques (e.g., immunolocalization analysis 
and/%glucuronidase assay of  transgenic plants) to ana- 
lyze organ- or tissue-specific expression. The different 
extent of  mRNA in calli between the isoforms implies 
that these genes are regulated in a different manner. 
Carystinos et al. [4] showed that the V-PPase of  rice 
was induced by anoxia. The calli used in this exper- 
iment were cultured in liquid media. OVP2 might be 
the isoform responsive to anoxia stress. 

Our previous investigations [26, 40] revealed sev- 
eral relationships between the pyrophosphate (PPi)- 
dependent H+-pumping and physiological phenome- 



na: (1) vacuolar alkalization observed in salt-stressed 
roots of mung bean may be related to the inhibition of 
H +-translocation by the V-PPase, whereas cytoplasmic 
pH is thought to be regulated by stimulation of the plas- 
ma membrane H+-ATPase [26]; (2) the V-PPase prob- 
ably acts as the major pump during germination and/or 
at early developmental stages in pumpkin cotyledons, 
and a decrease in PPi-dependent activities is one of 
the earliest events in the senescence of the cotyledons 
140]; (3) PPi-dependent H+-translocation of some rice 
cultivars which are sensitive to chilling is remarkably 
decreased by cold treatment, although ATP-dependent 
H+-translocation across their tonoplasts is less influ- 
enced (data not shown). These data show that not only 
a function of H+-ATPases or V-PPase but also inter- 
actions among both H + pumps may play important 
roles in many physiological processes. We have also 
isolated two cDNAs encoding the plasma membrane 
H+-ATPase from rice [29, 44]. Studies by gene engi- 
neering and biochemical methods using these clones 
should help to define the meaning of the existence of 
each H + pump and explain how to regulate their activ- 
ities cooperatively in plant cells. 
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