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Plant vacuolar H*-translocating inorganic pyrophosphatases (V-PPases; EC 3.6.1.1) have been considered to constitute a
family of functionally and structurally monotonous intrinsic membrane proteins. Typified by AVP1 (V. Sarafian, Y. Kim,
R.J. Poole, P.A. Rea [1992] Proc Natl Acad Sci USA 89: 1775-1779) from Arabidopsis, all characterized plant V-PPases share
greater than 84% sequence identity and catalyze K*-stimulated H" translocation. Here we describe the molecular and
biochemical characterization of AVP2 (accession no. AF182813), a sequence-divergent (36% identical) K*-insensitive,
Ca*"-hypersensitive V-PPase active in both inorganic pyrophosphate hydrolysis and H* translocation. The differences
between AVP2 and AVP1 provide the first indication that plant V-PPases from the same organism fall into two distinct
categories. Phylogenetic analyses of these and other V-PPase sequences extend this principle by showing that AVP2,
rather than being an isoform of AVP1, is but one representative of a novel category of AVP2-like (type II) V-PPases that
coexist with AVP1-like (type I) V-PPases not only in plants, but also in apicomplexan protists such as the malarial parasite

Plasmodium falciparum.

A distinguishing feature of the vacuolar membrane
of plant cells is its possession of a vacuolar H"-
translocating inorganic pyrophosphatase (V-PPase;
EC 3.6.1.1) as well as a more conventional H*-
ATPase (V-ATPase; EC 3.6.1.3; Rea and Poole, 1993;
Zhen et al., 1997a). Both enzymes catalyze electro-
genic H" translocation from the cytosol into the vac-
uole, but V-PPase has the unusual characteristic of
being energized by PPi instead of ATP.

The plant V-PPase is one of several membrane-
associated PPases identified to date. Others include
the H'-translocating PPi synthase on the energy-
coupling membranes of the phototrophic purple non-
sulfur bacterium Rhodospirillum rubrum (Baltscheff-
sky, 1996), and the PPase activities described for
plant submitochondrial particles (SMPs) (Vianello et
al., 1991) and thylakoid membranes (Jiang et al.,
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1997). Of these, the most thoroughly investigated are
the plant V-PPase and the bacterial H"-PPi synthase.

All characterized plant V-PPases have a near oblig-
atory requirement for millimolar concentrations of
cytosolic K for activity (Davies et al., 1991), appear
to operate predominantly in a hydrolytic mode—
pumping H" at the expense of PPi—and are consid-
ered to contribute to the establishment of the trans-
membrane H'-electrochemical potential difference
required for the secondary transport of a broad range
of solutes in and out of the vacuole (Rea and Poole,
1993; Zhen et al., 1997a). Phototrophic bacterial H*-
PPi synthases are, by comparison, relatively insensi-
tive to monovalent inorganic cations, freely revers-
ible, and considered to be responsible for the
maintenance of H" gradients—when irradiance is
insufficient to sustain direct H"-coupled ATP syn-
thesis—through the utilization of photosynthetically
derived cellular PPi reserves (Nyren and Strid, 1991;
Baltscheffsky, 1996). Although it has been suspected
for some time from the results of functional studies
(Rea and Poole, 1993) that the plant and bacterial
enzymes belong to the same class of pumps—a class
of H"-phosphohydrolase distinct from F;Fg-type,
plasma membrane-type, and vacuolar-type ATPases
(F-, P-, and V-ATPases, respectively) (Rea et al.,
1992b)—the precise structural relationship between
these and the PPase activities associated with the
membranes of mitochondria and chloroplasts has re-
sisted definition.

While H"-PPases, specifically V-PPases, had for-
merly been thought to be restricted to plants and
their algal antecedents and subject to pronounced
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sequence conservation (Zhen et al., 1997a), recent
developments have shown this not to be the case,
and have prompted a renewed interest in this class
of pump. Most germane of these new findings are:
(a) The molecular cloning of a homolog of the pro-
totypical V-PPase, AVP1 (Arabidopsis vacuolar py-
rophosphatase; Sarafian et al., 1992), from R. rubrum
(RVP; Baltscheffsky et al., 1998). Sequence compar-
isons between RVP, AVP1, and other plant V-PPases
confirm that the plant and phototrophic bacterial
enzymes belong to the same class of pumps. From
these investigations and those of heterologously ex-
pressed (Kim et al., 1994a) and reconstituted (Britten
et al., 1992; Sato et al., 1994) V-PPases, it is now evi-
dent that these pumps consist of a single 75- to 81-kD
intrinsic membrane protein that alone is sufficient for
PPi (Mg,PPi) hydrolysis and H" translocation (Zhen
et al., 1997a). (b) The isolation, sequence determina-
tion, and functional characterization of PVP, a se-
quence-divergent and thermostable V-PPase ortholog
from the facultatively aerobic archaeon Pyrobaculum
aerophilum (Drozdowicz et al., 1999). The discovery of
PVP not only establishes firm criteria for the identifi-
cation of sequence motifs likely to be critical for
PPi-energized H" translocation, but also indicates
that V-PPases and PPi-energized H™ translocation
are far more deeply rooted phylogenetically than was
thought previously (Drozdowicz et al., 1999). (c) The
demonstration of plant-like V-PPase genes and/or
functionalities in the parasitic protists Trypanosoma
cruzii  (Scott et al.,, 1998), Leishmania donovani
(Rodrigues et al., 1999), Plasmodium falciparum (Gen-
Bank accession no. AAD17215), and Toxoplasma gon-
dii (Y.M. Drozdowicz, B. Striepen, D.S. Roos, and
P.A. Rea, unpublished data). The existence of
V-PPases in parasitic protists, whose animal hosts
lack the enzyme (Rea and Poole, 1993), has given rise
to the exciting possibility that a better understanding
of the mechanism of action and physiological func-
tion of this class of pump might spawn new technol-
ogies for combating such widespread and debilitat-
ing diseases as malaria, toxoplasmosis, and Chagas’
disease (Scott et al., 1998).

We extend this new appreciation of the diversity
and functional heterogeneity of V-PPases by describ-
ing the cloning and functional expression in yeast of
a novel, sequence-divergent, K" -insensitive, H"-
translocating V-PPase, AVP2, from Arabidopsis. The
characteristics of AVP2, when compared directly with
those of AVP1, clearly demonstrate that even within
the same organism V-PPases fall into disparate func-
tional and structural classes. As would be expected if
this phenomenon were of general applicability and
not restricted to plants, the results of genomic data-
base searches indicate the coexistence of AVP1-like
and AVP2-like (type I and II) V-PPases in another
phylum of V-PPase-containing eukaryotes, apicom-
plexan protists.
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RESULTS
Isolation of AVP2

The genomic sequence of a gene (GenBank acces-
sion no. AC005679) capable of encoding a V-PPase
homolog was found as a result of BLAST searches of
the Arabidopsis database with sequences corre-
sponding to the regions of AVP1, RVP, and PVP
exhibiting greatest conservation (positions 248-295,
504-520, 691-702, and 720-732 of AVP1; Drozdowicz
etal., 1999). An expressed sequence tag (accession no.
ATTS5194-5) corresponding to this gene but lacking
the first 267 bp of coding sequence was also found in
these searches, suggesting that the gene concerned
was transcriptionally active. Accordingly, reverse
transcription-PCR of Arabidopsis leaf total RNA us-
ing oligonucleotide primers designed to prime a
product spanning the entire open reading frame of
this gene yielded a 2,403-bp product encoding an
800-amino acid (81-kD) polypeptide, AVP2, sharing
36% sequence identity (51% similarity) with AVP1
(Sarafian et al., 1992; Fig. 1), 38% identity (53% sim-
ilarity) with RVP (Baltscheffsky et al., 1998), and 43%
identity (57% similarity) with PVP (Drozdowicz et
al., 1999).

Sequence Characteristics

Several features of AVP2 were striking. First, unlike
all previously published plant V-PPase sequences,
which share identities of 80% or more throughout
their lengths whether they are from different organ-
isms or isoforms from the same organism, the identi-
ties between AVP2 and AVP1 were restricted to only
limited stretches of sequence (Fig. 1).

Second, parallel application of hydrophobic mo-
ment analysis (von Heijne, 1992), the positive-inside
rule (von Heijne, 1986), and the charge-difference
rule (Hartmann et al., 1989) using the TopPred II
program (Claros and von Heijne, 1994) predicted an
overall topology for AVP2 similar to that predicted
for AVP1 (Zhen et al., 1997b), except for an additional
putative transmembrane span encompassing resi-
dues 63 to 83 (Fig. 1). If the assignment of a span at
this position is correct, AVP2, unlike AVP1, possesses
an extremely hydrophilic, cytosolically oriented N
terminus.

Third, as would be predicted for a polytopic mem-
brane protein requiring high-stringency interactions
with cytosolic ligands, the sequences exhibiting
greatest similarity between AVP2 and other V-PPases
were those located in putative hydrophilic loops with
a cytosolic disposition (Fig. 1). The cytosolic loops of
AVP2 and AVP1 had an aggregate similarity of 56%,
whereas the extracytosolic loops had an aggregate
similarity of only 24%. Of the eight cytosolic loops,
loops III and VIII were the most conserved between
AVP2 and AVP1, exhibiting sequence identities of
82% and 77%, respectively (Fig. 1).
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Figure 1. Alignment of AVP2 with AVP1. Resi-
dues that are identical between AVP2 and AVP1
are shown in white on a black background.
Residues that are similar are shown in black on
a gray background. Residues within predicted
transmembrane spans are underlined. Residues
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Fourth, despite its marked divergence from AVP1,
AVP2 contained (with one exception) most of the
sequence motifs speculated or demonstrated to be
necessary for catalysis by plant V-PPases. It con-
tained the putative catalytic motif DX,KXE, which is
found in both soluble and membrane-associated
PPases (Rea et al., 1992b); both of the acidic residues
(Glu-323 and Asp-532 in AVP2; Glu-305 and Asp-504
in AVP1) that contribute to susceptibility to inhibi-
tion by N,N’'-dicyclohexylcarbodiimide (DCCD;
Zhen et al., 1997b); the cytosolically disposed residue
(Cys-668 in AVP2; Cys-634 in AVP1), whose alkyla-
tion by maleimides irreversibly abolishes catalytic
activity (Zhen et al., 1994b; Kim et al., 1995); and both
of the sequences (TK[AGJADVGADLVGKJIV]E and
HKAAVI[TIJGDT[IV]GDP[LF]K), located in cytosolic
loops III and VIII, respectively, that are recognized
by the peptide-specific antibodies PABx and PAByx
(Kim et al., 1994a; Fig. 1).

The one discernible exception to the conservation
of seemingly critical residues was the substitution of
an acidic residue at position 441 of AVP2 by Lys and
the substitution of Ser at position 445 by an Asp (Fig.
1). The span-loop motif bounding these residues,
which in all previously sequenced V-PPases is
T[ED]YYTS, was SKYYTD in AVP2. A Glu (or Asp)-
to-Lys substitution at this position in AVP2 was sur-
prising because the results of site-directed mutagen-
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esis experiments on AVP1 indicate that an acidic
residue in the equivalent position (residue 427) is
required for the efficient coupling of PPi hydrolysis
to H" translocation (Zhen et al., 1997b).

Expression of AVP2 in Arabidopsis

Northern analyses of total RNA extracted from
roots and leaves of Arabidopsis yielded a single
2.6-kb band of approximately equivalent intensity
when the blots were hybridized with AVP2 cDNA
(Fig. 2). A similarly abundant 2.4-kb band was de-
tected when the same blots were hybridized with
AVP1 cDNA (Fig. 2). On the basis of these analyses,
and on the finding that the AVP2 and AVPI probes
did not cross-hybridize on Arabidopsis genomic

Rt Lf Rt Lf

2610 - (NG —— - :

AVP2 AVPI

Figure 2. Northern analysis of steady-state levels of AVP2 and AVPT
transcripts in leaves (Lf) and roots (Rt) of Arabidopsis. The 2.6- and
2.4-kb bands shown were the only bands detected after hybridization
of the blots with AVP2 or AVPT cDNA, respectively.
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Southern blots, the steady-state levels of AVP2 and
AVPI1 transcripts were inferred to be similar in the
intact plant.

Heterologous Expression of AVP2

The properties of heterologously expressed AVP2
were investigated to determine if, despite its se-
quence divergence, its functional properties approx-
imated those of AVP1. For this purpose, Saccharomy-
ces cerevisige strain BJ5459 was transformed with
vector pYES2 containing the entire coding sequence
of AVP2 (pYES2-AVP) or, for comparisons with
membranes lacking V-PPase or containing AVPI,
with empty vector (pYES2) or pYES2-AVP1.

High levels of AVP2 expression were achieved by
this approach. Vacuolar membrane-enriched vesicles
purified from pYES2-AVP2-transformed (BJ5459/
PYES2-AVP2) cells contained an intense PABy- (and
PABk-) reactive M, 67,000 band after SDS-PAGE and
western analysis that was absent from the correspond-
ing fraction from untransformed or empty vector con-
trol BJ5459 cells (Fig. 3). Furthermore, AVP2 appeared
to be expressed and undergo membrane insertion at an
efficiency comparable to that of AVP1. The M, 67,000
polypeptides in the vacuolar membrane-enriched frac-
tions from BJ5459/pYES2-AVP2 and BJ5459/pYES2-
AVP1 cells, which were absent from the same cells after
transformation with empty vector, reacted with anti-
body PABy with similar intensities (Fig. 3). As noted
consistently in previous investigations of endogenous
and heterologous V-PPases (Zhen et al., 1997a), AVP2,
like AVP1, migrated at a lower M, value than predicted
from its computed mass. This was attributed to anom-
alous electrophoretic properties associated with the ex-
treme hydrophobicity of all known V-PPases (Zhen et
al., 1997a).

AVP2-Catalyzed PPi Hydrolysis

The PABy-reactive polypeptide detected in the
vacuolar membrane-enriched fraction from BJ5459/
pYES2-AVP2 cells was active in PPi hydrolysis.
When assayed in reaction buffer containing 250 um

4§\ QQW
@gj\» @é\f?’ @c&fv
& &

— — — 67 kDa

Figure 3. Western analysis of antibody PAB,-reactive polypeptides
in vacuolar membrane-enriched vesicles from pYES2-AVP2-, pYES2-
AVP1-, or pYES2-transformed S. cerevisiae B)5459 cells. All lanes
were loaded with 5 pg of membrane protein. The M, 67,000 bands
shown were the only immunoreactive species detected.
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NaF to abolish any contribution from contaminating
yeast soluble PPase (Kim et al., 1994a), the kinetics of
AVP2-catalyzed PPi hydrolysis were indistinguish-
able from those of AVP1. The K, values, PPi concen-
trations required for maximal activity, and maximal
activities of AVP2 and AVP1 were 90 and 110 um
total PPi, 0.3 mM total PPi, and 0.4 to 0.7 and 0.4 to 0.6
pumol mg™', respectively, at a total Mg®" concentra-
tion of 1.3 mm (data not shown). Despite this basic
equivalence in the kinetics of PPi hydrolysis, further
experiments revealed a marked difference between
the two enzymes in terms of their monovalent cation
requirements.

AVP2 and AVPI shared an obligate requirement
for Mg?* for activity, but were differentially respon-
sive to monovalent cations. Omission of Mg”" from
the reaction medium largely abolished AVP2- and
AVP1-mediated PPi hydrolysis, and in neither case
could Mn**, Zn?>*, and Ca®" substitute for Mg>*
(Fig. 4A). However, in direct contrast to AVPI,
whose activity was increased 8-fold by the inclusion
of 50 mm KCI or NH,ClI in the assay medium, AVP2
was not activated by K" or any of the other mono-
valent cations tested (Fig. 4B). Although PPi hydro-
lysis by some AVP2 preparations showed weak stim-
ulation by monovalent cations, this effect was not
K*-specific.

AVP2-Catalyzed H* Translocation

The differential sensitivities of AVP2 and AVP1 to
monovalent cations were also evident at the trans-
port level. Heterologously expressed AVP2 was not
only competent in PPi hydrolysis, but also in PPi-
dependent H" translocation, and neither was depen-
dent on the provision of K" (Fig. 5). Indeed, AVP2
was capable of mediating higher rates and extents of
intravesicular acidification in media containing cho-
line chloride than in media containing KCI. Substitu-
tion of the permeant anion Cl~ with the less per-
meant anion SO,>” and the impermeant anion
gluconate decreased the extent of intravesicular acid-
ification by 20% and 28%, respectively, whereas sub-
stitution of K* with choline increased the extent of
intravesicular acidification by 56% (Fig. 5). In strict
contrast, intravesicular acidification by AVP1 was
almost completely dependent on K'. Although
AVP1l-catalyzed H" translocation showed a depen-
dence on anions similar to that of AVP2, intravesicu-
lar acidification was negligible when K" was substi-
tuted by choline (Fig. 5).

Inhibition by Aminomethylenediphosphonate
(AMDP) and Ca**

AVP2 and AVP1 were similarly sensitive to inhibi-
tion by the 1,1-diphosphonate AMDP (Zhen et al.,
1994a) but differentially sensitive to inhibition by
Ca®" (Fig. 6). While the concentration dependencies
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Figure 4. Inorganic cation dependence of PPi hydrolysis by AVP2
(hatched bars) and AVP1 (black bars). A, Divalent cations. B, Mono-
valent cations. PPi hydrolysis by vacuolar membrane-enriched ves-
icles (3-5 ug of membrane protein) from pYES2-AVP2 and pYES2-
AVP1-transformed S. cerevisiae B)5459 cells was measured in
reaction media (300 ul) containing 1.3 mm concentrations of the
divalent cations indicated plus 50 mm KCI (A) or 50 mm concentra-
tions of the monovalent cations indicated plus 1.3 mm MgSO, (B).
Control activities were measured in the absence of divalent cation (A)
or monovalent cation (B). Values shown are means # st (n = 4).

for inhibition of AVP2- and AVPl-mediated PPi
hydrolysis by the type-specific V-PPase inhibitor
AMDP superimposed to yield I5, values of 0.9 and
1.5 uM, respectively (Fig. 6A), AVP2 was more than
3-fold more sensitive to inhibition by free Ca®* than
AVP1 (Fig. 6B). Ca?" at a total concentration of 7.5
UM or a free concentration of 0.5uM, was sufficient to
inhibit AVP2-mediated PPi hydrolysis by 50%,
whereas concentrations of greater than 50 and 1.7
uM, respectively, were necessary to inhibit AVP1 to
the same extent (Fig. 6B).

DISCUSSION

The experiments described establish that AVP2 en-
codes a structurally and functionally divergent
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PYES2-AVP2 pYES2-AVP1
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Figure 5. PPi-dependent H* translocation by vacuole-enriched mem-
brane fractions from pYES2-AVP2- and pYES2-AVP1-transformed S.
cerevisiae B)5459. Intravesicular acidification was monitored with
acridine orange in media containing membranes (80 ug of membrane
protein), MgSO, (1.3 mm), and no additional monovalent cations
(None), KCI (100 mm), K,SO, (50 mm), K-gluconate (K-Glu, 100 mm),
or choline chloride (ChCl, 100 mm). At the times indicated, H*
translocation was initiated by the addition of imidazole-PPi (0.3 mm).
AF%, Percentage change in fluorescence.

V-PPase comEetent in both PPi hydrolysis and PPi-
energized H™-translocation after heterologous ex-
pression in S. cerevisiae. In direct contrast to AVP1,
which has a near obligatory requirement for K™ for
activity and is only moderately sensitive to inhibition
by Ca”", AVP2 is insensitive to K™ but highly sensi-
tive to Ca®". It therefore appears that plants contain
two categories of V-PPases: prototypical, K-
activated, AVP1-like (type I) V-PPases and K'-
insensitive, AVP2-like (type II) V-PPases.

To our knowledge, this is the first time that a
structural and functional dichotomy of this type has
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Figure 6. Sensitivities of AVP2- and AVP1-mediated PPi hydrolysis to
inhibition by AMDP (A) or Ca®* (B). PPi hydrolysis was measured as
described in Figure 4, except that AMDP or Ca®* (CaCl,) was added
to achieve the concentrations indicated. Free Ca** ([Ca®"l;..) was
estimated using the SOLCON program. Values shown are means * St
(n=4).
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Figure 7. Phylogenetic analysis of V-PPase sequences. V-PPase se-
quences were aligned using ClustalW 1.7 (Thompson et al., 1994),
and the most conserved blocks of sequence (corresponding to posi-
tions 161-193, 253-315, 428-496, 571-588, 616-695, 726-752,
and 755-798 of AVP2) were subjected to phylogenetic analysis by
both maximum parsimony and distance with neighbor-joining meth-
ods (PAUP 4.0b2; Saitou and Nei, 1987). Parsimony analysis was
performed using a heuristic search of 500 random addition repli-
cates, and both the parsimony and neighbor-joining analyses were
subjected to 1,000 bootstrap replicates. Qualitatively similar results
were obtained by both procedures, but only the single tree retrieved
from parsimony analysis is shown. Bootstrap percentages greater
than 50 are indicated above the branches. The sequences shown are
those from Arabidopsis (AVP1; GenBank accession no. AB015138;
Sarafian et al., 1992), B. vulgaris (BVP1 and BVP2; accession nos.
AAA61609.1 and AAA61610.1; Kim et al., 1994a), O. sativa (OVP1
and OVP2; accession nos. BAA08232 and BAA31524; Sakakibara et
al., 1996), P. falciparum (accession no. AAD17215), C. corallina
(accession no. AB018529; Nakanishi et al., 1999), P. aerophilum
(accession no. AF182812; Drozdowicz et al., 1999), R. rubrum (ac-
cession no. AAC38615.1; Baltscheffsky et al., 1998), Streptomyces
coelicolor (accession no. CAB38484), and Thermotoga maritima (ac-
cession no. AE001702; Nelson et al., 1999). The sequences from
Caulobacter crescentus (contig gcc  492), and Chlorobium tepidum
(contig gct  12) were identified by BLAST searches of preliminary
sequence data collated by The Institute for Genomic Research (http://
www.tigr.org). Sequence 2 from P. falciparum was identified by BLAST
searches of preliminary data collated by The Institute for Genomic
Research, The Sanger Centre (http://www.sanger.ac.uk/projects/
p__falciparum), and The Stanford DNA Sequencing and Technology
Center (http://www.sequence.stanford.edu/group/malaria). The se-
quence from Toxoplasma gondii was determined by cloning (Y.M.
Drozdowicz, B. Striepen, D. Roos, and P.A. Rea, unpublished data).
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been defined molecularly for the V-PPases from a
single organism. However, reexamination of the
available sequence data in the light of what is now
known about the functional characteristics of AVP2
indicates that it is probably not an isolated phenom-
enon. Database searches for V-PPase sequences
yielded matches in the archaea, bacteria, and eu-
karyotes. Phylogenetic analyses of these and previ-
ously isolated V-PPase sequences confirm that, rather
than being an isoform of AVP1, AVP2 represents a
novel category of V-PPase found not only in plants
but also in other eukaryotes containing AVP1-like
V-PPases. Regardless of the algorithm employed for
phylogenetic analysis—maximum parsimony or dis-
tance with neighbor-joining methods (Saitou and
Nei, 1987)—AVP1 nests deeply within a well-defined
lineage of prototypical type I V-PPases consisting of
the isoform pairs from beet (Beta vulgaris) and rice
(Oryza sativa), a homolog from Chara corallina, and
two orthologs from apicomplexan protists (sequence
1 from P. falciparum and sequence 1 from T. gondii;
Fig. 7). AVP2, by contrast, nests within a lineage
containing one ortholog from P. falciparum (sequence
2) on a branch separate and distinct from the lineage
containing AVP1. Two fundamental conclusions
therefore follow: (a) while the relationship between
the AVP-containing lineages, the archaeal V-PPase,
PVP, and the corresponding bacterial sequences have
yet to be resolved, AVP2 groups in a manner distinct
from that of AVP1 and other type I V-PPases, includ-
ing their isoforms; (b) in at least one other eukaryotic
taxon known to contain V-PPases, the phylum Api-
complexa, an AVP1/AVP2 dichotomy analogous to
that of plants is also found.

On the one hand, the presence of V-PPases in the
Apicomplexa is consistent with the identification of
plant-like (AVP1-like) V-PPase genes and activities in
the green algae. Members of the Apicomplexa possess a
vestigial, nonphotosynthetic plastid, the apicoplast,
which is considered to have arisen from the symbiosis
of an algal cell by a proto-Apicomplexan (Kohler et al.,
1997). On the other hand, the coexistence in both Ara-
bidopsis and Plasmodium of type I and type II V-PPases
raises questions regarding the distribution of type II
V-PPases among algae and other plastid-containing eu-
karyotes, including euglenoids, dinoflagellates, crypto-
monads, and chlorarachniophytes. Are both of the
V-PPase categories found in plants and the Apicom-
plexa of algal origin, or is one (or both) of more ancient
origin?

The isolation and characterization of AVP2 not only
demonstrates the diversity of V-PPases between and
within organisms, but is also of considerable strategic
value for understanding the structure-function rela-
tionships of V-PPases. As detailed previously for an-
other idiotypic V-PPase, PVP (Drozdowicz et al.,
1999), the overall divergence of the sequence of AVP2
from that of AVP1 and other characterized V-PPases
will undoubtedly facilitate the identification of resi-
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dues or motifs of mechanistic relevance. In the context
of core catalysis, examples include: (a) the fundamen-
tal correspondence of the putative topology of AVP2
(with the exception of the N terminus) to that of
AVP1 and other V-PPases, suggesting a basic unifor-
mity of secondary structure despite their disparate
primary structures; (b) retention in AVP2 of the same
four regions that are subject to stringent conservation
in AVP1, PVP, and RVP (Drozdowicz et al., 1999)—
the putative core catalytic cytosolic loop III, which
encompasses both the universal PPase consensus mo-
tif DX,KXE (Rea et al., 1992b) and the antibody
PABrg-reactive sequence (Kim et al., 1994a), posi-
tions 532 to 548 located in cytosolic loop VI, and
positions 737 to 748 and 760 to 772, the latter of which
coincides with the antibody PABpy-reactive se-
quence in the C-terminal tail; (c) conservation of
residues Glu-323 and Asp-532, and residue Cys-668,
whose equivalents in AVP1 (Glu-305 and Asp-504,
and Cys-634) confer DCCD sensitivity (Zhen et al,,
1997b) and reactivity and substrate-protectable sensi-
tivity, respectively, toward both membrane-permeant
and -impermeant maleimides (Zhen et al., 1994b; Kim
et al., 1995).

A surprising feature of AVP2 that may eventually
provide insight into the specific events underlying
core catalysis is the replacement of the otherwise
V-PPase-conserved motif T[DE]YYTS by the se-
quence SKYYTD at the span-loop interface of cytoso-
lic loop V. Since the equivalent of this motif in AVP1
encompasses the acidic residue (Glu-427) inferred to
participate in coupling PPi hydrolysis to H" translo-
cation (Zhen et al., 1997b), it might be expected that,
as in AVP1 E427Q mutants (Zhen et al., 1997b), a Lys
substitution at this Eosition would result in an en-
zyme defective in H" translocation. However, this is
clearly not the case: heterologously expressed AVP2
is active in PPi-energized H" translocation. More-
over, AVP2’s cognate from P. falciparum (Fig. 7) pos-
sesses a similarly substituted sequence (TRYYTD) at
the same position, suggesting that the sequence
T[acidic]YYT[neutral] is specific to type I V-PPases,
while the sequence T[basic]YYT[acidic] is specific to
type II V-PPases. Therefore, in the context of mech-
anism, two conclusions can be made: (a) AVP1 Glu-
427 does not directly participate in H" translocation,
which seems unlikely in view of the enhanced capac-
ity of AVP1 E427D mutants for H" translocation
(Zhen et al., 1997b); or (b) AVP2 (and, by implication,
the P. falciparum type 1l enzyme) is competent in H"
translocation because a second substitution (Ser to
Asp) three places displaced from this position intro-
duces an acidic residue that can serve the same func-
tion as Glu-427 (or an Asp-427).

With regard to type-specific functions, AVP2’s in-
sensitivity to K' and its pronounced sensitivity to
inhibition by Ca®" offer the means for delineating the
structural basis of these properties. Specifically,
given the facility with which both AVP2 and AVP1
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can be expressed at high levels in a transport-active
state in S. cerevisiae, it should now be practicable to
delimit those portions of AVP1 and AVP2 involved
in sensing K™ and Ca”* and in modulating activity in
response to these ligands by the functional analysis
of AVP1/AVP2 chimeras.

The most immediate research priority for AVP2
and other type II V-PPases is to determine their sub-
cellular localization. Candidates include the plasma,
Golgi, mitochondrial, and chloroplast membranes, as
well as the vacuolar membrane itself. Although the
predominant PPase activities on the vacuolar, Golgi,
and plasma membranes are K'-dependent (AVP1-
like; Chanson et al., 1985; Long et al., 1997; Ratajczak
et al, 1999), the possibility that K'-independent
(AVP2-like) V-PPases are also co-resident on one or
more of these membranes cannot be excluded com-
pletely. Type II V-PPases may have a restricted tissue
distribution compared with their type I counterparts.
Likewise, the possibility that AVP2 and AVP1 repre-
sent individual a- and B-subunits of a vacuolar
V-PPase heteromultimer is not necessarily refuted by
the sufficiency of heterologously expressed AVP2
and AVP1 for core catalysis. Individual subunits
and/or a-a or B-B homomultimers are sufficient for
catalysis, but it is not known if the properties of
enzyme constituted of a-B heteromultimers might
better simulate those of the in vivo complex.

The possibility of a mitochondrial or chloroplast
membrane localization for AVP2—one consistent
with the abundance of AVP2 transcripts in both roots
and leaves—will necessitate critical reevaluation of
the status of PPases in these organelles and the gen-
eration of AVP2-specific and AVP1-specific antibod-
ies. In the case of the mitochondrial enzyme, it has
yet to be determined unequivocally if the activities
measured are specifically associated with the inner
mitochondrial membrane, or if they represent con-
tamination of this fraction with vacuolar membrane
vesicles. The kinetics, inhibitor sensitivities, and
monovalent cation requirements of the putative mi-
tochondrial enzyme from pea (Vianello et al., 1991),
the most thoroughly characterized to date, are re-
markably similar to those of most AVPl-type
V-PPases. Moreover, despite claims that vacuolar
membrane contamination is low in these prepara-
tions, there is a bias against the identification of such
contaminants inherent in the procedures used.

Although most of the ATP-dependent H" translo-
cation measured is sensitive to oligomycin rather
than to bafilomycin A;, suggesting a predominantly
mitochondrial origin, the validity of this conclusion
is compromised because the submitochondrial parti-
cles used were derived from mitochondria sus-
pended in ice-cold media containing millimolar con-
centrations of ATP (Vianello et al., 1991; Zancani et
al., 1995). These conditions are known to result in
appreciable cold-inactivation of V-ATPases (Parry et
al., 1989) and lead to gross underestimates of vacuo-
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lar membrane contamination when bafilomycin A;-
sensitive ATPase activity is the sole criterion used to
assess such contamination. Similarly problematic is
the finding that the properties of the putative cata-
lytic subunit of the mitochondrial H"-PPase better
approximate those of canonical eukaryotic soluble
PPases in terms of size (approximately 35 kD), hy-
drophilicity, and catalytic activity (Cooperman et al.,
1992) than those of the SMPs from which the purified
product was derived (Zancani et al., 1995). In the case
of the membrane-associated PPase of plastids, the
situation seems better defined insofar as this enzyme
has the same basic properties before and after puri-
fication and an apparent subunit size after SDS-
PAGE of 55 kD, but it remains to be determined if
this moiety is competent in PPi-energized H" trans-
location (Jiang et al., 1997).

One hypothesis that will be explored, particularly
if AVP2 is found to localize to mitochondrial or plas-
tid membranes and have a H":PPi stoichiometry of 2
or greater, is that this category of V-PPase augments
the cytosolic PPi pool by catalyzing redox-coupled
PPi synthesis. Preliminary estimates of the H':PPi
stoichiometry of the putative mitochondrial enzyme
are consistent with a value of 2 (Zancani et al., 1995).
Pending corroboration—specifically, tests of the ca-
pacity of SMPs for net H*-gradient-energized PPi syn-
thesis from Pi—such stoichiometric ratios might mean
that PPi is synthesized in mitochondria by a V-PPase-
like enzyme (possibly an AVP2-like V-PPase) and is
then exported to the cytosol for utilization by AVP1-
like V-PPases and other PPi-dependent enzymes, in-
cluding PPi:phosphofructokinase and UDP-Glc pyro-
phosphorylase. Indications of the facility of the inner
mitochondrial membrane for PPi/ ADP exchange are
at least consistent with this proposal, and the fasci-
nating possibility that, in the same way as F-ATPases
(whether mitochondrial or chloroplastic) provide
ATP for paralogous V-ATPases, type II V-PPases
may provide PPi for paralogous type I V-PPases.

MATERIALS AND METHODS
Plant Materials

Arabidopsis cv Columbia was used throughout. Total
RNA was isolated from roots and leaves of 21-d-old seed-
lings grown in Gamborg’s B-5 liquid medium using a
RNEasy kit (Qiagen USA, Valencia, CA) according to the
manufacturer’s specifications.

Isolation of AVP2

The coding sequence of AVP2 was amplified by reverse
transcription-PCR of Arabidopsis leaf total RNA. First-
strand synthesis was performed using a pre-amplification
system (Superscript II, Life Technologies, Grand Island,
NY). PCR was performed with Pfu DNA polymerase (Strat-
agene, La Jolla, CA) using 5’ and 3’ primers corresponding
to positions 1 through 20 and 2,299 through 2,322, respec-
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tively, of the cDNA predicted from the genomic sequence of
AVP2 (GenBank accession no. AC005679). An Xbal restric-
tion site was engineered into the 3’ primer to facilitate
cloning. For functional characterization of AVP2 after heter-
ologous expression in Saccharomyces cerevisiae, the resulting
2.4-kb PCR product was restricted with Xbal and subcloned
into the multicloning site of Poull-Xbal double-digested
PYES2 expression vector (Invitrogen, Carlsbad, CA) to gen-
erate pYES2-AVP2. The fidelity of the amplified sequence of
AVP2 was determined by dye terminator chemistry using
nested oligonucleotide primers. Plasmid pYES2-AVP1, con-
taining the coding sequence of AVPI1, was constructed as
described previously (Kim et al., 1994a).

Heterologous Expression in Yeast

Vacuolar protease-deficient S. cerevisige strain BJ5459
(Mata, ura3-52, trpl, lys2-801, leu2A1, his3-A200, pep4::HIS3,
prbA1.6R, canl, and GAL) transformants containing empty
vector (pYES2), pYES2-AVP2, or pYES2-AVP1 were gener-
ated by the LiOAc/PEG method, selected for uracil prot-
otrophy, and subjected to membrane fractionation as de-
scribed previously (Kim et al., 1994a; Zhen et al., 1997b;
Drozdowicz et al., 1999).

Measurement of PPi Hydrolysis and H*-Translocation

PPi hydrolytic activity was assayed as described previ-
ously (Zhen et al., 1997b) except that imidazole-based
rather than Tris- or Bis-Tris-propane-based buffers were
used throughout to preclude competition with K* and
other monovalent cations (Gordon-Weeks et al., 1997).
PPase activities are expressed as micromoles of PPi hydro-
lyzed per milligram of protein per minute. PPi-dependent
intravesicular acidification was monitored fluorimetrically
using acridine orange (2.5 uMm) as an indicator, as described
previously (Zhen et al., 1997b).

Northern and Western Analyses

For northern analyses, samples of total RNA (10 pg)
were electrophoresed on 10% (v/v) formaldehyde-agarose
gels and transferred to Hybond-N membrane filters (Am-
ersham Pharmacia Biotech, Buckinghamshire, UK). The
blots were hybridized in 7% (w/v) SDS, 1 mm EDTA, and
0.3 M sodium phosphate buffer, pH 7.2, containing **P-
labeled random-primed probes corresponding to the cod-
ing sequences of AVP2 or AVP1 (Sarafian et al., 1992). For
western analyses of AVP2 and AVP1 after heterologous
expression in yeast, vacuolar membrane-enriched vesicles
were subjected to denaturation, SDS-PAGE, electrotransfer,
and immunoreaction with the antibodies PAB;x or PAB,
as described previously (Zhen et al., 1997b). Immunoreac-
tive bands were visualized by enhanced chemilumines-
cence (Amersham Pharmacia Biotech).

Protein Estimations
Protein was estimated by the method of Bradford (1976).
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Computer Programs

For measurements of the susceptibility of V-PPase activ-
ity to inhibition by Ca>"*, the concentration of free Ca®"
([Ca®*]4.e0) Was estimated by substitution of the appropri-
ate stability constants into the SOLCON program (a gift
from Dr. Yale Goldman, University of Pennsylvania). The
stability constants were obtained from Martell and Smith
(1974) and Smith and Martell (1976) and deployed as de-
scribed previously (Rea et al., 1992a). Sequences were
aligned using ClustalW 1.7 (Thompson et al., 1994). The
putative membrane topology of AVP2 was modeled using
TopPred II version 1.3 (Claros and von Heijne, 1994), as
described for AVP1 (Zhen et al., 1997) and PVP (Drozdo-
wicz et al., 1999.) Phylogenetic analyses were performed
using maximum parsimony and the neighbor-joining
methods of the PAUP 4.0bl software package (Phyloge-
netic Analysis Using Parsimony [*and Other Methods],
version 4.02b. Sinauer Associates, Sunderland, MA; Saitou
and Nei, 1987).

NOTE ADDED IN PROOF

The cloning of the AVP2 cDNA has also been reported
by Nakanishi and Maeshima (Nakanishi Y, Maeshima M
[2000] Isolation of a cDNA for a H*-pyrophosphatase-like
protein from Arabidopsis [accession no. AB034696] and its
functional expression in yeast [PGR 00-026]. Plant Physiol
122: 985).
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