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Vacuolar H*-translocating inorganic pyrophosphatase is a single-protein enzyme and uses
a simple substance as an energy donor. Functional domains of the enzyme were investigated
by using antibodies specific to peptides corresponding to the putative substrate-binding
site (DVGADLVGKYVE) in the hydrophilic loop and the carboxyl terminal part. The
antibody to the former peptide clearly reacted with the pyrophosphatases of different plant
species, and strongly inhibited the hydrolytic activity of the purified enzymes and the
proton pumping activity of membrane vesicles. These results indicate that the sequence
functions as an actual substrate-binding site and is a common motif. The antibody to the
carboxyl terminal part reacted only to the mung bean enzyme, suppressing its hydrolytic
and proton pumping activities. The results suggest that the carboxyl terminus is exposed
to the cytosol and is close to the catalytic site. H -Pyrophosphatase hydrolyzed triphos-
phate and tetraphosphate at low rates. Phytic acid, myo-inositol hexaphosphate, inhibited
the enzyme even in the presence of Mg?*. The concentration for 50% inhibition was 0.15 mM.
The inhibition of H*-PPase by dicyclohexyldiimide was partly reversed by Mg?t. The
catalytic site and the membrane topology of the enzyme are discussed.
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vacuole.

Vacuolar H*-translocating inorganic pyrophosphatase is a
unique proton pump with the following three characteris-
tics. First, it consists of a single polypeptide with a
molecular mass of about 80 kDa in a dimeric form (1-7),
although the F- and V-type H*-ATPases are composed of
plural subunits. Second, the enzyme utilizes a simple, low
cost substrate. PP, is generated as a byproduct of several
biosynthetic processes for macromolecules, such as protein,
nucleic acids, and cellulose. Under normal conditions H*-
PPase has the capacity to pump H* into vacuoles against a
pH gradient of 3 to 4 units (8, 9). Third, this highly efficient
proton pump coexists with H*-ATPase in a single vacuolar
membrane (8). This property is related to the physiological
function of H*-PPase in plant cells. With respect to the first
and second properties, H*-PPase is a fine model for study-
ing the coupling mechanism between the hydrolysis of a
high energy phosphate bond and the translocation of
protons. Vacuolar membrane PPase has been suggested to
have the ability to pump K* ions into vacuoles (1, 10),
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although there is counterevidence (11, 12). Despite its
importance in bioenergetics, however, the structure-func-
tion relationship of H*-PPase has not yet been defined
clearly.

H*-PPase is widely distributed among higher plants,
alga, and a photosynthetic bacterium, Rhodospirillum
rubrum (1, 7, 13-17). The primary structures of H*-PPase
were deduced from the cDNAs of Arabidopsis thaliana (3),
barley (4), sugar beet (18), tobacco (19), and rice (20). A
few characteristic residues were determined. Kim et al.
(21) reported that a sulfhydryl reagent, N-ethylmale-
imide, covalently binds to Cys®* of A. thaliana H*-PPase
and thereby inhibits the enzyme. This residue is cytosolic-
ally oriented, and the inhibition by N-ethylmaleimide is
prevented by the substrate and free Mg?* (22, 23). N,N’-
Dicyclohexylcarbodiimide (DCCD) also covalently binds to
the H*-PPase and thereby inhibits proton translocation (2).
The H*-PPase shares a consensus sequence with the DCCD
binding subunits of F,F,-type and vacuolar-type H*-
ATPases (4, 24). Thus we speculate that DCCD reacts with
a glutamate residue in the consensus sequence of barley
H*-PPase. Recently, Maruyama et al. (25) prepared
peptide fragments of H*-PPase by proteolytic digestion and
determined that radiolabeled DCCD bound to a fragment of
the membrane-spanning domain closest to the C-terminus.

From the sequence homology of H*-PPase with soluble-
type PPases, two sequences have been nominated as the
catalytic site of H*-PPase (1, 26). One of them, (E/D)-
xxxxxxxKxE, is common among vacuolar H*-PPases and is
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deduced to be an essential functional sequence. We are
conducting a series of experiments on H*-PPase using
mung bean hypocotyls as plant material, since a relatively
high amount of the enzyme with high activity can be
obtained from this tissue. Also we sequenced the cDNA for
mung bean H*-PPase (Nakanishi and Maeshima, unpub-
lished data). In this study, we prepared an antibody to this
sequence (DVGADLVGKVE) of mung bean H*-PPase and
examined its effect on the enzyme activity. Qur observa-
tions confirmed the above deduction. An antibody to the
C-terminal part was also prepared and used to study its
orientation in the vacuolar membrane. Furthermore, we
found that mung bean H*-PPase catalyzed the hydrolysis of
tri- and tetrapolyphosphates, which was strongly inhibited
by myo-inositol hexaphosphate, phytic acid. Here, we
discuss the catalytic site of the enzyme considering these
results.

MATERIALS AND METHODS

Materials—Seeds of mung bean (Vigna radiata cv.
Wilczek) were imbibed in 1 mM CaSO, and then germinat-
ed at 26°C for 3.5d in the dark. Pyrophosphate, triphos-
phate, tetraphosphate, acridine orange, and phosphatidyl-
choline (soybean, type IV-S) were purchased from Sigma.
Horseradish peroxidase-linked protein A was purchased
from Amersham. All other products used were of analytical
grade.

Vacuolar Membrane Preparation—Vacuolar membranes
were prepared from hypocotyls of etiolated seedlings as
described previously (2). All steps were carried out at 0-
4°C, and the membranes were maintained on ice. Hypo-
cotyls (300 g, fresh weight) were homogenized with a
Polytron in 400 ml of cold homogenizing medium compris-
ing 0.25 M sorbitol, 2 mM EGTA, 0.5 mM phenylmethyl-
sulfonyl fluoride, 2 mM dithiothreitol, 1% (w/v) polyvinyl-
pyrrolidone-40 (Sigma), and 50 mM Tris-acetate, pH 7.5.
The homogenate was filtered and centrifuged 3,600 X g for
10 min. The supernatant was centrifuged at 120,000 X g for
30 min. The precipitate was suspended in 15 ml of 20 mM
Tris-acetate, pH 7.5, 0.5 M sucrose, 1 mM EGTA, and 2
mM DTT, and then poured into a centrifugation tube. The
suspension was overlaid with 10 ml of 20 mM Tris-acetate,
pH 7.5, 0.25 M sorbitol, 1 mM EGTA, and 2 mM DTT.
After centrifugation at 120,000 X g for 30 min, the inter-
face portion was collected and diluted with the same
volume of 20 mM Tris-acetate, pH 7.5, 0.25 M sorbitol, 1
mM EGTA, and 2 mM DTT. The suspension was centri-
fuged at 130,000 X g for 30 min, and then the resulting
white pellet (vacuolar membranes) was suspended in 20
mM Tris-acetate, pH 7.5, 20% (w/v) glycerol, 2 mM DTT,
1 mM EGTA, and 20 mM MgCl, (Tris/GDEM). The pro-
tein content of the preparation was determined by the
method of Bradford (27), and the membrane suspension
was diluted to give a final concentration of 1.5 mg/ml. In
some experiments, vacuolar membranes were prepared
from thalli of Conocephalum (a moss), young leaves of
Kalanchoé and tap roots of sugar beet, by the same method
as for mung bean hypocotyls, and then used for immuno-
blotting (13).

Enzyme Purification—H*-PPase was solubilized from
membranes and purified by the method previously de-
scribed (2) with a few modifications. Briefly, solid KCl and
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10% (w/v) Triton X-100 were added to the membrane
suspension at final concentrations of 50 mM and 0.2%,
respectively, and then the suspension was centrifuged at
150,000 X g for 30 min. The pellet was suspended in Tris/
GDEM containing 0.4% lysophosphatidylcholine to bring
the volume to 0.5 of the original membrane suspension. The
suspension was briefly sonicated, stirred at 25°C for 10
min, and then centrifuged at 150,000 X ¢ for 40 min at 8°C.
The supernatant was applied to a column (bed volume, 3
ml) of QAE-Toyopearl 550¢ preequilibrated with Tris/
GDEM containing 0.1% Triton X-100 (Tris/GDEM/Tri-
ton). The column was washed with 10 ml of Tris/GDEM/
Triton containing 50 mM NaCl, and then H*-PPase was
eluted from the column with 10 ml of Tris/GDEM/Triton
containing 150 mM NaCl. Vacuolar H*-ATPase was puri-
fied from mung bean hypocotyls as described previously
(28).

Enzyme Assays—Enzyme activity was assayed as de-
scribed previously (2). For H*-PPase assays, L-a-phos-
phatidylcholine type IV-S was dissolved in 20 mM Tris-
acetate, pH 7.5, and 2 mM DTT to give a final concentration
of 2 mg/ml. PP, hydrolysis measurements were carried out
at 25°C in a reaction mixture comprising 1 mM sodium
pyrophosphate, 1 mM MgSO,, 50 mM KC], 1 mM sodium
molybdate, 0.02% Triton X-100, 20 xg of a phosphatidyl-
choline micelle suspension, and 30 mM Tris-Mes, pH 7.2.
After incubation for 5-20 min at 30°C, the reaction was
terminated, and the amount of P, released was determined
colorimetrically.

Proton Pumping Assays—Proton pumping by vacuolar
membrane vesicles was monitored as acridine orange
fluorescence quenching. The reaction mixture (2.2 ml)
comprised 0.5 mM sodium PP;, 0.25 M sorbitol, 25 mM
Hepes/bistrispropane, pH 7.2, 50 mM KCl, and 1M
acridine orange. Thirty micrograms of vacuolar membrane
protein was typically used. The reaction was started at 25°C
with 1 mM MgSO,. Fluorescence quenching was monitored
with a Shimadzu RF-5000 fluorescence spectrophotometer
set at 493 nm for excitation and 540 nm for emission.

Gel Electrophoresis—SDS-PAGE in a 12% polyacryl-
amide gel was performed by the method of Laemmli (29).
Samples were heated in 50 mM Tris-HCI, pH 6.8, 2% SDS,
20% glycerol, and 2% 2-mercaptoethanol at 70°C for 7 min
prior to electrophoresis. Two-dimensional PAGE was
carried out by the method of O’Farrell (30). Protein
samples were suspended in 8 M urea, 2% Pharmalite (pH
4-6.5), 2.5% Triton X-100, 10 mM DTT, and 0.2% SDS.
For gel analysis, samples were deposited on tube gels (2.5
mm, 8 cm) for IEF in the first dimension as described by
O’Farrell (30). The second dimension was performed in a
12% polyacrylamide slab gel system with 0.1% SDS.

Immunoblot Analysis—Antibodies against subunits A
and B of the mung bean vacuolar H*- ATPase were prepared
as described previously (31). For preparation of antibodies
to peptides, the synthesized peptides were linked with
keyhole limpet hemocyanin (KLH) using m-maleimidoben-
zoyl- N-hydroxysuccinimide ester (32). The conjugates
were homogenized with Freund’s complete adjuvant for the
initial injection and Freund’s incomplete adjuvant for the
booster injections. The homogenates were injected into
rabbits once a week for 5 consecutive weeks. IgG fractions
were purified by Ampure PA (Amersham) column chro-
matography. For immunoblotting, proteins were separated
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by SDS-PAGE and then transferred to a PVDF membrane
(Millipore) with a semidry blotting apparatus by standard
procedures (33). The membrane was blocked with 5% skim
milk prior to reaction with the primary antibody. After
rinsing, antibodies bound to the antigen were detected with
horseradish peroxidase-coupled protein A and chemilu-
minescent reagents (Amersham).

RESULTS

Preparation of Peptide-Specific Antibodies—The vacu-
olar H*-PPase of mung bean is a single 80-kDa polypeptide
composed of 766 amino acids (Nakanishi and Maeshima,
unpublished data). Despite its simple structure, its func-
tional domains have not yet been determined. The two
configurations, D(X),DXK(X),D and (E/D)(X).KXE, have
been deduced to be catalytic sites of vacuolar H*-PPases,
because these configurations are homologous to those of
soluble-type PPases, such as yeast cytosolic PPase (26).
The second motif is conserved as DVGADLVGKVE at
position 253 of mung bean H*-PPase, but the first motif is
not conserved in the mung bean enzyme. In order to
determine whether the second motif is an actual catalytic
site or not, we prepared antibodies against the peptide,
DVGADLVGKVEC, conjugated with KLH protein. Also, to
determine the location of the carboxyl terminal domain in
the vacuolar membrane and its enzymatic significance,
antibodies were prepared against the conjugate of KLH and
the C-terminal sequence ATHGGLLFKIFC. Both anti-
bodies clearly reacted with the mung bean H*-PPase (Fig.
1). The corresponding authentic peptide completely in-
hibited the immunochemical reaction in each antibody
preparation, indicating the specificity of the antibodies. The
antibodies to the putative substrate-binding site (DVGAD-
LVGKVE) and the C-terminal domain (ATHGGLLFKIF)
are referred to as antibody-S and antibody-C hereafter.

Immunoblotting with the Peptide Antibodies—Figure 2A
shows immunoblots of H*-PPases prepared from different
plant species with antibody-S and antibody-C. Antibody-S
reacted with the H*-PPases from sugar beet, Kalancho¢
(crassulacean acid metabolism plant), and Conocephalum
(moss) in addition to the mung bean enzyme. The immuno-
reaction with the peptide-specific antibody suggests that
the PPases of Conocephalum, Kalanchoé, and sugar beet
contain the same sequence in their primary structures. Two
isoforms of H*-PPase have been reported for sugar beet

Peptide . + 5 +

H+*-PPase ™ "™ o

Ab-S Ab-C

Fig. 1. Specificity of antibodies to the putative substrate-
binding site and the carboxyl-terminal domain of mung bean
H*-PPase. The purified mung bean H*.-PPase (about 0.5 ug) was
subjected to SDS-PAGE, and then transferred onto PVDF mem-
branes. The membranes were immunostained with antibody-S (Ab-S)
and antibody-C (Ab-C) in the presence or absence of the correspond-
ing peptides (DVGADLVGKVEC for Ab-S, ATHGGLLFKIF for
Ab-C) at the concentration of 2 gg/ml.
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(18). Both isoforms contain the same sequences of putative
substrate-binding sites as those of mung bean. Although the
H*-PPase of Acetabularia acetabulum reacted with the
antibody to the whole enzyme (15), antibody-S did not
react with the H*-PPase of A. acetabulum. This suggests a
slight difference in a few residues of the sequence.

In contrast, antibody-C only recognized mung bean H*-
PPase, i.e. not the PPases from other plants. The absence of
a reaction with antibody-C suggests a difference in their

Conocephalum

Mung bean
Kalanchoe
Sugar beet

H*-PPase »

@ N e Ab-S

H*-PPase » 0 Ab-C

B

(a)
mung bean Asp-Val-Gly-Ala-Asp-Leu-Val-Gly-Lys-Val-Glu

sugar beet Asp-Val-Gly-Ala-Asp-Leu-Val-Gly-Lys-Val-Glu

(b)
mung bean Ala-Thr-His-Gly-Gly-Leu-Leu-Phe-Lys-Ile-Phe

sugar beet Ala-Thr-His-Gly-Gly-Leu-Leu-Phe-Lys- Leu-Phe
sugar beet Ala-Thr-His-Gly-Gly-Leu-Leu-Phe-Lys- Iyr-Leu

Fig. 2. Immunoblotting of the vacuolar H*-PPases of four
plant species with antibody-S and antibody-C. Vacuolar mem-
branes were prepared from Conocephalum, Kalanchoé¢ and sugar
beet, and used for immunoblotting. A: Immunoblots with antibody-S
(Ab-S) and antibody-C (Ab-C). In the case of antibody-C, incubation
of the membrane filter with the antibody was performed in the
presence of 1% Triton X-100. B: Comparison of the putative sub-
strate-binding sites (a) and the carboxyl-terminal domains (b) of
mung bean H*-PPase and sugar beet isoforms. The primary sequence
of the sugar beet enzyme is cited from Kim et al. (18).

Triton X-100 - +
(1%)
H+-PPase » - -
1 2 3 4

Fig. 3. Effect of a detergent on the immunological reaction of
antibody-C on immunoblotting. The purified mung bean H*-PPase
(lanes 1 and 3, 0.2 ug; lanes 2 and 4, 0.6 ug) was subjected to SDS-
PAGE and then transferred onto a membrane filter. The membrane
was incubated with the antibody solution in the presence (+) or
absence (—) of 1% Triton X-100.
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primary sequences in the carboxyl terminus. Indeed, one or
two residues of the sugar beet H*-PPase isoforms is
different from in the mung bean enzyme. Note that the
peptide antibodies recognize a difference in a single amino
acid substitution.

Antibody-C could give an immunostained band on an
immunoblot only in the presence of Triton X-100 in a
reaction mixture containing the primary antibody (Fig. 3).
These findings suggest that the C-terminus of mung bean
H*-PPase may face the hydrophobic interior space on the
membrane filter in the absence of a detergent. Probably,
Triton X-100 is necessary for exposure of the C-terminus
to the solution.

The partially purified preparation of H*-PPase was
subjected to two-dimensional PAGE and immunoblot
analysis to examine the presence of isoforms of the enzyme.
As shown in Fig. 4, H*-PPase gave a single spot with an
isoelectric point of 5.9. While subunits A and B of mung
bean H*-ATPase gave two immunostained spots with
different isoelectric points for each subunit (subunit A: pl,
5.7 and 5.6; subunit B: pl, 5.4 and 5.3). At the cDNA level,
our previous data suggest the absence of isoforms of the
H*-PPase protein. Although there are two copies of the
H*-PPase gene in mung bean, the protein-coding regions of

pH
a 6.5 6.0 55 5.0 4.5
A — 1 I 1 1 1
H*-PPase P~ .
pH
b 65 60 5.5 5.0 4.5
B — 1 1 1 1 1
subunitA » o -
subunitB P e -

Fig. 4. Two-dimensional PAGE of crude preparations of
vacuolar H*-ATPase and H*-PPase, and immunoblotting with
peptide antibodies. The first and second electrophoreses comprised
isoelectric focusing and SDS-PAGE, respectively. H*-PPase (A) and
H*-ATPase (B) partially purified from mung bean vacuolar mem-
branes were subjected to two-dimensional PAGE and immunoblot-
ting. A: Immunoblot with antibody-S. B: Immunoblot with a mixture
of antibodies against subunits A and B of mung bean vacuolar H*-
ATPase. Lanes a and b, the purified preparations of H*-PPase and
H*-ATPase, respectively. Arrowheads indicate the subunits of the

enzymes.
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the two genes are identical. This indicates at the protein
level the absence of isoforms of H*-PPase in at least
hypocotyl tissue.

Inhibition of Substrate Hydrolysis and Proton Trans-
location of H?*-PPase by the Peptide Antibodies—As
discussed above, there may be a single species of H*-PPase
protein. Therefore, all the H*-PPase of mung bean may
react with the antibodies. If the corresponding site func-
tions as a substrate-binding site, the activity may be
reduced on binding with the antibody. Considering the
control values, antibody-S inhibited H*-PPase to 30% of
the activities of PP, hydrolysis and proton translocation
(Fig. 5). The antibody molecules interact with the epitopes
on the outer surface of the membrane vesicles. This indi-
cates at least that the amino acid sequence, DVGADLVG-
KVE, faces the cytosolic side. Antibody-C also partially
inhibited not only the PP,-hydrolysis but also the proton
pumping, suggesting that the C-terminal part faces the
cytoplasmic side in the vacuoles.

Enzymatic Properties—Vacuolar H*-PPase hydrolyzed
triphosphate and tetraphosphate at relatively low rates as
shown in Fig. 6. In the case of triphosphate, the first

A
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B 100
Control
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R
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=
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e Ab-C
< 50~
£
=3
[-%
w
=
g =
[l
+ Ab-S
=
0 T 1 L T
0 25 50 75 100

Antibody (p/ assay)

Fig. 5. Effects of the peptide antibodies on the substrate
hydrolysis and proton pumping of H*-PPase. A: The purified
H*-PPase (0.5 zg) was pre-incubated for 10 min at 25°C with the
indicated amounts of antibody-S (5.0 mg/ml), antibody-C (7.0 mg/
ml), or control IgG (7.0 mg/ml) prior to the addition of PP,. The
control activity of H*-PPase was 4.0 ymol/min/mg. B: The vacuolar
membrane vesicles (30 ug) were pre-incubated for 20 min at 25°C
with the antibodies prior to the addition of PP;. The control activity
of PP,-dependent pumping showed a 38% change in fluorescence/min.
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100
lon)
R 75+
~ triphosphate
£
2
< 50
«
2
I tetraphosphate
B 25
R

0 T T T
0 25 5 7.5
Substrate (mM)

Fig. 6. Substrate specificity of H*-PPase. The assay medium for
the purified H*-PPase contained PP;, triphosphate or tetraphosphate
at the indicated final concentrations. The concentrations of MgCl, in
the reaction mixture were 1, 1.5, and 2.0 mM for PP,, triphosphate
and tetraphosphate, respectively. The contro! activity of H*-PPase
for PP; was 4.5 gmol/min/mg.

100

»

~
h
1

50 -

PPase Activity (%)

25 <

0 T T T
0 0.2 0.4 0.6

Phytic Acid (mM)

=

159

PPase Activity (%)

0 0.'2 0!4 016 0!8 1.0
MgZ* (mM)

Fig. 7. Inhibition of H*-PPase by phytic acid. A: The purified
H*-PPase was pre-incubated with phytic acid at the indicated concen-
trations at 0°C for 10 min, and then the enzyme activity was measured
at 25°C for 10 min. The final concentration of MgCl, was 1.0 mM for
each assay. B: The effect of Mg?* on the H*-PPase inhibition by phytic
acid. The enzyme was pre-incubated with phytic acid in the presence
of Mg?* at the indicated concentrations (open circles). The enzyme
was pre-incubated with phytic acid in the absence of MgCl, (open
squares). The control activity without phytic acid was 4.2 ymol/min/
mg.
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PPase Activity (%)

0 05 1 1.5 2
DCCD (mM)

Fig. 8. Effect of Mg®* on the inhibition of H*-PPase by DCCD.
The purified H*-PPase was pre-incubated with DCCD at the indicated
concentrations in the presence (open circles) or absence (open tri-
angles) of 1 mM MgCl, at 0°C for 10 min. Then the enzyme activity
was assayed at 25°C. DCCD was dissolved in methanol, and the
solvent did not affect the enzyme activity at less than 5%.

reaction produces P; and PP,, and then in the second
reaction PP, is hydrolyzed quickly. Therefore, the amount
of P, in the reaction mixture is the total of the first and
second reactions. The rate of the first reaction for triphos-
phate was calculated to be about 12% of the rate for PP;.
The hydrolysis of tri- and tetraphosphates by H*-PPase
suggests that one side of pyrophosphate is relatively free in
the catalytic pocket of the enzyme.

Figure 7A shows the inhibitory effect of phytic acid
(myo-inositol hexaphosphate), a major store of phosphate
in seeds. The concentration of phytic acid for half inhibition
was about 150 M. In seeds, phytic acid exists as a complex
with magnesium and calcium ions. There is a possibility
that phytic acid competes for Mg?* with the H*-PPase.
However, the activity was not recovered so extensively on
the addition of Mg®** to the pre-incubation medium. This
suggests that the inhibition by phytic acid is due to the
direct interaction of phytic acid with the enzyme molecule.
Imidodiphosphate inhibited mung bean H*-PPase by only
50% at 1 mM even after pre-incubation for 10 min.

A potent inhibitor of proton transduction, DCCD, inhib-
ited H*-PPase at high concentrations (Fig. 8). The inhibi-
tion by DCCD was partly reversed in the presence of Mg?*
at 1 mM. This is consistent with the previous observation of
Maruyama et al. (25). As reported previously (34, 35), the
H*.PPase has a binding site for free Mg?*, and the binding
of Mg®* is essential for its enzymatic activity and functional
structure. The present results suggest that Mg?* binding to
the enzyme molecule prevents the binding of DCCD.

DISCUSSION

Vacuolar H*-PPase is an attractive enzyme with a simple
structure compared with other types of proton pumps.
Information concerning its primary sequence has been
accumulated with the ¢cDNA cloning for vacuolar H*-
PPases of A. thaliana (3), barley (4), sugar beet (18),
tobacco (19), and rice (20). On comparison between H*-
PPase and soluble PPases, Rea et al. (26) proposed that two
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(253-263)
-DVGADLVGKVE-

Cytoplasm

Vacuole

motifs, DxxxxDxKxxxxD and (E/D)xxxxxxxKxE, are
putative catalytic sites of H*-PPase. Although the first
motif is not common to H*-PPase of mung bean, tobacco,
beet, or barley, the second motif is conserved as the
sequence, DVGADLVGKVE, among all H*-PPases except
for that of Arabidopsis (DVGADLVGKIE). In this study,
we prepared an antibody to the common sequence. The
inhibitory effect of the antibody on both the activities of PP,
hydrolysis and proton pumping strongly indicates that the
sequence is an actual substrate-binding site and is involved
in the catalytic function in the cytoplasm. An antibody
specific to the carboxyl terminal sequence consisting of 11
amino acids was also inhibitory toward enzymatic activity.
Therefore, the carboxyl terminus is thought to face the
cytosol.

In conclusion, we propose the schematic model of the
membrane topology of H*.-PPase shown in Fig. 9. The
putative binding-site is in cytoplasmic loop e. There are ten
negatively charged residues and five positively charged
residues in loop e, and the net charge of the loop is negative.
It is suitable for binding of the MgPP; complex and other
free Mg®* ions. Previously we proposed that the actual
substrate for H*-PPase is MgPP, (34). More detailed
investigations revealed that a substrate for the enzyme is
Mg, PP, (35-37). Then a magnesium ion is essential for the
stabilization and activation of H*-PPase (23, 34-36). The
enzyme contains high- and low-affinity Mg**-binding sites
with K, values in the range of 20 to 42 uM and 0.25-0.45
mM, respectively. Cooperman et al. (38) deduced for a
soluble type PPase, such as yeast cytosolic PPase, that the
active site is filled with a PP, molecule, three Mg?* ions and
a water molecule for PPase catalysis of PP, hydrolysis.
From the high affinity of the enzyme with Mg?*, we
speculate that the active site pocket is highly negatively
charged. Thus, cytoplasmic loop e containing the DVGAD-
LGKVE sequence is a good candidate for the main chain of
the active site. Probably, several cytosolic loops including
loops e and & comprise the tertiary structure of the catalytic
part. The C-terminal part may be close to the catalytic site,
and the antibody binding to this segment may cause steric
hindrance of PP, catalysis by the enzyme. The C-terminal
part seems to be more important for the function than the
N-terminal part, because the sequence homology of the

A. Takasu et al.

Fig. 9. Hypothetical model of the membrane
topology of vacuolar H*-PPase. Thirteen mem-
brane-spanning domains were predicted for mung
bean H*-PPase (M1-M13). In our model, the
putative substrate-binding site at position 253 is in
cytosolic loop e, and the carboxyl terminal short
part also faces the cytosol. The N-ethylmaleimide
reactive Cys®° demonstrated previously (21, 22) is
shown in cytosolic loop k. Maruyama et al. (25)
demonstrated that DCCD binds to Glu 747 in M13.

C-terminal part (90%) among various H*-PPases is higher
than that of the N-terminal part (less than 40%).

To clarify the functional domain and catalytic residues of
H*-PPase by site-directed mutagenesis, we must establish
an expression system in Escherichic coli or yeast. A
successful attempt has been reported by Kim et al. (21).In
addition to molecular genetic approaches, direct cbserva-
tion of the tertiary structure of the enzyme protein is also
expected. Recently, Heikinheimo et al. (39) reported the
high-resolution structure of yeast soluble PPase. Fortu-
nately, plant vacuolar membranes of young tissues contain
a relatively high amount of H*-PPase, i.e. about 10% of the
total membrane protein (2). We must obtain two-dimen-
sional crystals of H*-PPase, as reported for aquaporin (40),
and three-dimensional crystals using fragments of specific
antibodies as reported for cytochrome ¢ oxidase (41). The
antibodies prepared in this study may be useful for the
preparation of such crystals.
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