
Inhibition of the yeast V-type ATPase by cytosolic ADP

Carsten Kettnera;1, Gerhard Obermeyerb, Adam Bertla;�

aBotanisches Institut I, Universita«t Karlsruhe (TH), Kaiserstrasse 12, 76128 Karlsruhe, Germany
bInstitut fu«r P£anzenphysiologie, Universita«t Salzburg, Hellbrunnerstrasse 34, A-5020 Salzburg, Austria

Received 28 October 2002; revised 13 December 2002; accepted 16 December 2002

First published online 8 January 2003

Edited by Ulf-Ingo Flu«gge

Abstract The activity of the vacuolar Hþ-ATPase has been
characterized in isolated vacuoles of the yeast Saccharomyces
cerevisiae by means of the patch-clamp technique. With cyto-
solic calcium at virtually zero (6 1039 M), Mg-ATP induced a
transient, ba¢lomycin A1-sensitive current corresponding to the
£ow of positive charges from the cytoplasmic surface to the
vacuolar lumen. The Mg-ATP-dependent current reached its
maximum amplitude (30* 8 mA m32 with 5 mM Mg-ATP,
n=34) within 15^20 s and declined slowly over a period of
about 15^20 min even in the continuous presence of Mg-ATP.
This decline of pumping activity was independent of the cyto-
solic KCl concentration, suggesting an inhibitory mechanism
di¡erent from the high salt-induced dissociation of V0 and V1
reported for the V-ATPase of plants and fungi. Cytosolic ADP
was found to modulate the pump activity since Mg-ATP-in-
duced pump current was smaller if monitored in the presence
of 5 mM ADP and addition of 5 mM ADP in the presence of
5 mM Mg-ATP reduced the pump current by more than 50%.
Furthermore, reduction of the cytosolic ADP concentration by
the ATP-regenerating system creatine phosphate/creatine kinase
partially relieved the endogenous inhibition of the V-ATPase,
con¢rming that interaction of cytosolic ADP with the V-ATP-
ase is the reason for the transient nature of the pump current in
yeast vacuoles.
: 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.

Key words: V-ATPase; Vacuole; Patch-clamp;
Creatine kinase; Ba¢lomycin; Hþ pump

1. Introduction

Vacuolar type Hþ-ATPases (V-ATPase) are best known as
Hþ-translocating enzymes located in the vacuolar membrane
of plants and fungi. However, V-ATPases have been identi¢ed
in all eukaryotic cells and have been shown to play key roles
in diverse physiological processes such as receptor-mediated
endocytosis, protein degradation and processing, protein sort-
ing and targeting and other processes that require intraorgan-
ellar acidi¢cation and energization of organelle membranes.
In plants and fungi, including yeast, vacuolar acidi¢cation
mediated by V-ATPases is essential for driving proton-

coupled cotransport of ions and metabolites across the vacu-
olar membrane and therefore for the accumulation of Ca2þ,
amino acids, carbohydrates, and phosphates in the vacuole
[1,2].
V-ATPases from fungi, plants, and animals share a high

degree of structural similarity. Like F-type ATPases in mito-
chondria, chloroplasts and bacteria and A-type ATPases from
archaea, V-type ATPases are heteromeric protein complexes
consisting of more than 10 di¡erent subunits assembled into
two functional domains. A membrane-associated domain (V0)
de¢nes the proton channel and a soluble catalytic domain (V1)
is involved in ATP hydrolysis. Considering the importance of
the cellular functions that depend on V-ATPase-mediated in-
traorganellar acidi¢cation, this ion translocation system
would be expected to be essential for survival of the cell.
This seems to be true for all eukaryotic cells including Neuro-
spora [3,4], but not for yeast, since yeast cells devoid of any
detectable V-ATPase activity are viable, at least under certain
circumstances. These yeast mutants seem to be capable of
acidifying the vacuolar lumen via endocytotic pathways under
acidic external conditions [5,6]. For this property, yeast has
become an important experimental tool in the V-ATPase re-
search which has revealed important insights into subunit
composition, targeting and assembly, as well as into the func-
tion and regulation of the V-ATPase (for review see [7]).
Because of the already mentioned importance of this en-

zyme for various cellular processes, its activity should be
tightly regulated. One level of regulation is the dissociation
and reassembly of the V1 and V0 subunits, as repeatedly re-
ported from plant cells [8^11]. Dissociation and reassembly
depend on various stress factors, including cytosolic salt
concentrations, temperature, and energy status of the cell
[2,8,9,12]. In Saccharomyces cerevisiae dissociation of V1 and
V0 can be induced by shifting from glucose to galactose
or ra⁄nose as carbon source. Reassembly is then readily
achieved by switching back to glucose feeding [13].
Another way of regulating V-ATPase activity has been re-

ported from higher plants, where mRNA and protein amount
of V-ATPase subunits change depending on metabolic condi-
tions and in response to salt stress [14]. ATPase activity might
also be modulated by interaction with regulatory proteins, as
shown for the V-ATPase in the kidney [15], or for the plasma
membrane Hþ-ATPase, Pma1, in yeast [16].
Besides its activity of hydrolyzing ATP, the V-ATPase ex-

hibits Hþ transport activity, which can be directly measured
using electrophysiological recording techniques, provided the
ATPase or the membrane harboring this enzyme is accessible
to these techniques. Electrophysiological studies on V-type
ATPases were until very recently restricted to plants. Mg-
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ATP-dependent electrical current mediated by a V-type ATP-
ase has been demonstrated in isolated vacuoles from Cheno-
podium rubrum [11,17] and sugar beet (Beta vulgaris, [18]).
This trans-tonoplast current was shown to result in a vacuolar
acidi¢cation, just as expected from the operation of a Mg-
ATP driven Hþ-ATPase in the vacuolar membrane. More
detailed studies have been carried out by Davies and col-
leagues, who examined the operational transport coupling
ratio of the V-ATPase from red beet vacuoles and the pH-
dependency thereof [19^21]. The feasibility of applying elec-
trophysiological techniques to study the activity of the vacu-
olar Hþ-ATPase in isolated yeast vacuoles has been demon-
strated in vacuoles from a tetraploid strain [22] and in
vacuoles isolated from giant haploid yeast cells [23].
Here, we used the patch-clamp techniques to directly study

the transport activity of the yeast vacuolar Hþ-ATPase and to
elucidate the mechanism that leads to the spontaneous inacti-
vation of this enzyme.

2. Materials and methods

General methods for growing, handling, and protoplasting yeast
and for isolating vacuoles have been previously described (for details
see [22]).
A tetraploid strain of S. cerevisiae (Y588; [24]) was used through-

out the experiments because of its larger cells as compared to haploid
cells. It should be noted that patch-clamp experiments are usually not
limited by the size of the cells. Nevertheless, large cells remain more
convenient and easier to work with than small cells (see also [22,25]).
Current recordings from isolated yeast vacuoles were performed in

the whole-vacuole mode as described [22]. For continuous data re-
cording we used the HEKA software package Pulse/pulse¢t 8.0 for
Macintosh, supplemented with the chart recorder extension X-Chart,
in combination with the EPC-9/ITC-16 ampli¢er/data acquisition sys-
tem (HEKA, Lamprecht, Germany). Data were ¢ltered at 100 Hz,
using a built-in eight-pole Bessel ¢lter, sampled at 1 kHz (for cur-
rent^voltage (I^V) analysis) or 30 Hz (for continuous current record-
ings), and stored on the computer hard drive.
The sign convention proposed by Bertl et al. [26] for membrane

voltage and current was used throughout.
Standard composition of the pipette solution, representing the vac-

uolar content in the whole-vacuole recording con¢guration, contained
150 mM KCl, 5 mM MgCl2, 0.5 mM EGTA, bu¡ered to pH 7.5 with
Tris/MES. Experiments were started under symmetrical conditions,
i.e. pipette solution equaled bath (cytosolic) solution, with continuous
perfusion of the recording chamber.
ATP and ADP, respectively, were added to the bath solution as its

potassium salt (K2-ATP) and KCl concentration were adjusted to
compensate for the additional potassium. In the tests designed to
determine the e¡ect of an ATP-regenerating system the disodium
salt of creatine phosphate (5 mM Na2-CP) was used. Consequently,
the pipette solution was supplemented by 10 mM NaCl in these ex-
periments and the same concentration of NaCl was added to the bath
solution during the CP-free period of current recording to ensure
symmetrical ionic conditions.

3. Results and discussion

3.1. Mg-ATP induces ba¢lomycin-sensitive currents in
yeast vacuoles

The patch-clamp technique has been employed in the
whole-vacuole con¢guration to study the function of the
V-type ATPase in isolated yeast vacuoles. Experiments were
started under symmetrical conditions and the vacuolar lumen
was allowed to equilibrate with the pipette solution for several
minutes after breakthrough. Perfusion of the recording cham-
ber (cytosolic face of the vacuolar membrane) with 5 mM Mg-
ATP induced an electrical current of about 14 pA in a vacuole

of 12 Wm in diameter (Fig. 1A). The direction of this current
corresponds to the £ow of positive charges from the cytosolic
side to the vacuolar lumen. Current amplitudes elicited by
5 mM Mg-ATP were in the range of 7^30 pA for vacuoles
of 8^17 Wm in diameter. Cytosolic GTP was also able to in-
duce currents of the same direction, an observation also re-
ported for plant vacuoles [27]. In isolated yeast vacuoles, cur-
rents induced by 5 mM cytosolic Mg-GTP reached on average
46% the current amplitude induced by 5 mM Mg-ATP in that
same vacuole (data not shown, n=6).
Considering the di¡erent sizes of the vacuoles and relating

the current amplitudes to the membrane area, the mean cur-
rent densities in isolated yeast vacuoles induced by 5 mM Mg-
ATP were 30S 8 mA m32 (n=34), which is in the same range
as the current densities reported from plant vacuoles. In 5 mM
Mg-ATP, the current densities observed in patch-clamp ex-
periments in plant vacuoles were 23 mA m32 [28] and 5 mA
m32 [29] in sugar beet, and 10 mA m32 in red beet [19]. From
giant yeast vacuoles Mg-ATP induced currents as high as 100
pA have been reported [23], corresponding to a current den-
sity of 100 mA m32. However, in that study all ¢gures, but
¢g. 5, show much smaller currents in the range of 15^20 pA
(with mM concentrations of Mg-ATP). With a size of 20^30

c

Fig. 1. ATP-induced, ba¢lomycin-sensitive current recorded from an
isolated yeast vacuole with the membrane clamped to 0 mV. A: Mg-
ATP (5 mM) induced an outward current of about 14 pA. Note
that the current starts to decline slowly, even in the continuous
presence of ATP. Addition of 100 nM ba¢lomycin A1 caused a fast
decline of the current to the zero current level. At the times indi-
cated by the arrows, I^V curves were taken using voltage ramps.
B: I^V characteristics, in the absence of Mg-ATP (a) and in the
presence of Mg-ATP (b), taken at the times indicated in A. The dif-
ference of the two curves represents the I^V characteristics of the
pump (b33a). Curve a is almost identical to curve c (gray curve),
which represents the membrane characteristics in the presence of
both Mg-ATP plus ba¢lomycin A1.
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Wm as reported for these vacuoles, the current densities for
most of the experiments shown (except Fig. 5) would result in
current densities of maximum 16 mA m32 (for 20 pA and
20 Wm), which is well within the range of current densities
reported here and reported from plant vacuoles.
In order to identify the Mg-ATP-induced current with the

activity of the V-ATPase and to distinguish the pump current
from possible other ATP-induced ionic currents, we tested this
current for ba¢lomycin A1 sensitivity. Ba¢lomycin A1 and
other ba¢lomycin-derived agents are known to be highly spe-
ci¢c and potent inhibitors of V-type ATPases, whilst F-type
and P-type ATPases are only slightly inhibited or completely
insensitive [30,31]. Therefore, ba¢lomycin A1 is well suited to
distinguish between V-ATPase activity and the activity of
other ATP-dependent transport systems. The Mg-ATP-in-
duced current was sensitive to the speci¢c V-type ATPase
inhibitor ba¢lomycin A1. Addition of 100 nM ba¢lomycin
A1 to the cytosolic solution resulted in a fast and complete
inhibition of the ATP-induced current (Fig. 1A), which is
consistent with the observation of Yabe et al. [23], who
showed 50% inhibition with 10 nM and s 90% inhibition
with 40 nM ba¢lomycin A1. The complete inhibition of the
ATP-induced current in isolated yeast vacuoles by ba¢lomycin
A1 indicates that the observed current is mediated by a V-type
Hþ-ATPase and that under our experimental conditions Mg-
ATP does not induce any other ionic current at the vacuolar
membrane.

From the current density of 30 mA m32, corresponding to
3U1032 C s31 m32, and assuming a transport rate of about
100 Hþ s31, as reported from plants [11,32,33], the density of
V-ATPases in the yeast tonoplast can be estimated to be
about 1900 Wm32. From electronmicrographs visualizing the
ball-and-stalk structure of the peripheral V1 domain of the
Neurospora crassa V-ATPase [34], a density of about 1500
Wm32 can be determined and the V-ATPase densities in plant
vacuolar membranes have been reported to be in the same
range (1100^3000 Wm32 ; [35]).
It should be mentioned that plant vacuolar membranes are

equipped with two types of proton pumping enzymes [36,37],
a V-ATPase and a pyrophosphatase (PPase). No homolog to
the plant PPase can be found in the yeast genome and con-
sistent with this, cytosolic pyrophosphate does not induce any
electrical current in isolated yeast vacuoles (data not shown).

3.2. Current^voltage (I^V) characteristics of the V-ATPase
In order to gain more detailed information of the properties

of the V-ATPase, a I^V analysis of the vacuolar membrane
has been performed under symmetrical ionic conditions.
For I^V analyses (Fig. 1B), currents were recorded in re-

sponse to voltage ramps, clamping the vacuolar membrane
from 350 to +50 mV within 2.5 s and the resulting currents
were plotted against the applied voltage. Voltage ramps were
applied before addition of ATP, in the presence of ATP when
the current reached its maximum, and in the presence of ATP
plus ba¢lomycin A1.
In the absence of ATP, the I^V curve of the vacuolar mem-

brane is nearly linear over the voltage range of S 50 mV with
a conductance of 100 pS, representing an unspeci¢c leak con-
ductance caused by the seal between membrane and patch
pipette. The I^V curve intersects with the voltage axis at
0 mV (trace a, obtained at the arrow marked a in Fig. 1A),
just as expected for a non-energized membrane under sym-
metrical ionic conditions. Addition of 5 mM Mg-ATP re-
sulted in a parallel shift of the I^V curve towards negative
voltages (trace b, obtained at the arrow marked b in Fig. 1A),

Fig. 2. A: Whole-vacuole current recorded at 0 mV membrane vol-
tage. Under standard conditions (symmetric, 150 mM KCl, 5 mM
MgCl2, 0.5 mM EGTA, pH 7.5 with Tris/MES) an outward current
of about 10 pA was induced by perfusion of the recording chamber
(cytosolic side of the membrane) with 10 mM Mg-ATP. The current
reached its maximum within less than 20 s and declined slowly, re-
turning nearly to the zero current level within 15^20 min, even in
the continuous presence of ATP (bar at the bottom of the current
trace). B: Time course of the pump current recorded in symmetric
low KCl (15 mM KCl in pipette and bath solution compared to
150 mM in standard solutions). Osmolality of the solutions was ad-
justed with sorbitol (270 mM). Note that even in low salt concen-
tration, the ATP-induced current (ATPase activity) declined in the
continuous presence of cytosolic ATP, suggesting that the transient
nature of the pump current, observed in Fig. 2A, is not due to a
high salt-induced dissociation of the V1 and V0 subunits.

Fig. 3. Modulation of ATP-induced current by cytosolic ADP. Cur-
rent recording from a vacuole which has not been treated either
with ATP or with ADP before. In the presence of 5 mM ADP, the
ATP-induced outward current is just about 40% of the current seen
initially with 5 mM ATP. The small downward de£ection observed
upon ADP addition is due to complete removal of residual ATP.
After a washing period of about 4 min to remove both ATP and
ADP, the subsequent ATP application induced a current which
reached almost the initial magnitude. Addition of 5 mM ADP on
top of ATP reduced the current to roughly the level observed before
with ATP in the presence of ADP.
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displaying a short circuit current (current at 0 mV) of about
12 pA. The di¡erence of the curves representing the energized
membrane (b) and the non-energized membrane (a), respec-
tively, describes the I^V characteristics of the V-ATPase
(b33a), which is nearly linear, almost voltage-independent
and does not intersect the voltage axis within the voltage
range of S 50 mV (Fig. 1B).
The observation here, that the I^V curve of the V-ATPase

is rather voltage-independent within the voltage range tested,
i.e. S 50 mV, indicates that this voltage range is rather far
from equilibrium. This however is not surprising given the
experimental conditions used. With only Mg-ATP present at
the cytosolic side and no ADP and Pi supplied, the reversal
voltage, at which the current reverses the sign or the ATPase
reaction cycle reverses direction, should become rather nega-
tive (tend towards 3r), because [ADP]W[Pi]/[ATP] becomes
very small (tends towards 0). Using similar conditions with
only Mg-ATP present and no ADP and Pi supplied, Yabe et
al. [23] found that the I^V curve of the ATP-dependent pump
does not become negative even at su⁄ciently low potentials
(370 mV) and they concluded from this observation that the
Hþ pump does not work in the negative direction [23]. Never-
theless, a Hþ/ATP ratio of 3.5 was estimated from these ex-
periments. Experimental determination of the reversal voltage,
which is the intersection of the pump I^V curve with the vol-
tage axis, is crucial for calculating the ratio of transported Hþ

per ATP hydrolyzed. This, however, is only possible with all
three components Mg-ATP, ADP, and Pi present at the cyto-
solic side, because only then, the reaction cycle of the V-ATP-
ase can reverse direction and the I^V curve will intersect with
the voltage axis, as shown previously in yeast vacuoles [22]
and in plants [19,20,29].
The I^V characteristics of the vacuolar membrane in the

presence of both Mg-ATP and the speci¢c V-ATPase inhibitor
ba¢lomycin A1 (Fig. 1B, trace c, gray curve) are superimpos-
able to the I^V curve of the non-energized vacuolar mem-
brane, before addition of Mg-ATP. This indicates that under
our experimental conditions there is no ATP-inducible current

in isolated yeast vacuoles other than that mediated by the
V-type ATPase. Moreover, Mg-ATP does also not induce
any ba¢lomycin-insensitive conductance, which is evident
from the virtually identical I^V curves of the non-energized
vacuolar membrane and the membrane in the presence of
both Mg-ATP and ba¢lomycin A1.

3.3. Spontaneous inactivation of V-ATPase activity
V-ATPase activity, monitored as Mg-ATP-induced electri-

cal current from isolated yeast vacuoles, displays spontaneous
inactivation. The ¢rst signs of such an inactivation can be
seen in the current trace of Fig. 1A, but the full extent be-
comes evident in longer lasting recordings such as Fig. 2A.
Upon addition of 10 mM Mg-ATP, the pump current reached
a maximum of about 10 pA (q=11 Wm) within 10^15 s and
declined slowly over a period of 15^20 min even in the sus-
tained presence of a constant Mg-ATP concentration. Similar
spontaneous inactivation of V-ATPase activity was also ob-
served in a patch-clamp study from plant vacuoles [11], but
the mechanism underlying this inactivation has not been in-
vestigated or discussed. It was recently reported that in plants
and fungi ba¢lomycin-sensitive ATPase transport activity is
lost in high (v 150 mM) salt solution when ATP is simulta-
neously present [1,8^10,13]. This inactivation has been shown
to result from the dissociation of the V1 and V0 domains,
which could potentially also account for the transient nature
of the observed pump currents in yeast vacuoles.
In order to test this hypothesis, we compared the magnitude

and time courses of the ATP-induced currents in symmetric
high (150 mM) and low (15 mM) KCl. An example of a
current recording in low KCl is shown in Fig. 2B. Like in
high KCl, the current elicited by 5 mM Mg-ATP in low
KCl (15 mM) is transient with a peak current similar to
that in high KCl concentration (Fig. 2A).
Overall, current densities in the peak produced by 5 mM

Mg-ATP were 29S 3 mA m32 (n=3) in 15 mM KCl and
30S 8 mA m32 (n=34) in 150 mM KCl, respectively. The
reduction of the cytosolic KCl concentration from 150 to 15
mM did neither a¡ect the peak current induced by 5 mM Mg-
ATP, nor prevent the current from declining in the continuous
presence of Mg-ATP. In fact, the current decay in low salt
appears to be even faster than in high salt. However, for the
lack of su⁄cient repeats (n=3), we would not decide on the
statistical signi¢cance of this di¡erence in time course. Hence,
for the observed transient nature of the pump current in iso-
lated yeast vacuoles an inhibitory action has to be postulated
which is di¡erent from the high salt-induced V1/V0 dissocia-
tion reported from plants.

3.4. Inhibition of the V-ATPase by cytosolic ADP
A ¢rst clue on the nature of the current inhibition might be

obtained from the data in Fig. 3. Mg-ATP (5 mM) added to
the bath solution induced an outward current of about 28 pA
(q=16 Wm), which showed the previously observed sponta-
neous decline in the presence of ATP. Upon removal of ATP,
the outward current showed a fast decay, similar to that ob-
served by inhibition of the V-ATPase with ba¢lomycin A1
(compare with Fig. 1).
No measurable outward current was observed upon perfu-

sion of the recording chamber with 5 mM Mg-ADP, but
addition of 5 mM ATP on top of Mg-ADP elicited a clear
outward current. However, the magnitude of this ATP-in-

Fig. 4. Spontaneous inactivation of the vacuolar ATPase is partly
relieved by the addition of CP/creatine-phosphokinase. Addition of
5 mM Mg-ATP to the cytosolic solution induced an outward cur-
rent, which spontaneously declined as already observed in Fig. 3.
After the current has declined to about 70% of the maximum, 5 mM
CP and 1 mg ml31 CK were added to the bath solution with ATP
still present. The current recovered to almost the initial maximum
before it declined again. Upon CP/CK addition, the fast compo-
nents in both current activation and current decline are no longer
observed, which probably re£ects the velocity of the rate limiting
CK-mediated phosphorylation reaction.
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duced current was only about 40% of that initially induced by
Mg-ATP in the absence of ADP. Nearly the full response was
elicited by 5 mM Mg-ATP after ADP and ATP had been
washed out for about 4 min. Addition of 5 mM ADP on
top of the Mg-ATP resulted here in a fast reduction of the
current to a level comparable to that observed with ATP in
the presence of 5 mM Mg-ADP. This suggests that ADP
interacts with the V-ATPase and inhibits Hþ transport. Mod-
ulation of V-ATPase activity through binding of nucleoside
diphosphates has been reported from the chroma⁄n granule
enzyme [38] and V-ATPase-mediated proton transport in
chicken kidney and osteoclasts is inhibited by submillimolar
concentrations of ADP [39]. Since these ¢ndings have been
reported from experiments performed in di¡erent systems
with di¡erent experimental approaches, the inhibition of the
V-ATPase by cytosolic ADP does not seem to be an exper-
imental artifact, but rather an important physiological process
for saving energy at times of energy shortage, when the con-
centration of ADP is expected to be high.

3.5. Partial relief of the inhibition by an ATP-regenerating
system

If ADP binding to the V-ATPase was indeed the reason for
the transient nature of the pump current and the reduced
current amplitude in the presence of ADP, this inhibition
should be prevented and/or reversed by reduction of the
ADP concentration via the ATP regeneration system creatine
phosphate/creatine kinase (CP/CK). Fig. 4 shows an experi-
ment where the ATPase activity has been elicited by addition
of 5 mM Mg-ATP to the bath solution, resulting in the typical
transient pump current. The current reached a maximum of
15 pA (q=12 Wm) within about 15 s and declined in the
continuous presence of Mg-ATP.
This pump inhibition could be partially relieved by the ad-

dition of 5 mM CP plus 1 mg ml31 CK, con¢rming that ADP
binding is involved in the inhibition of the V-ATPase, which
leads to the transient nature of proton pumping activity even
in the continuous presence of Mg-ATP. However, the reacti-
vation or release of pump inhibition by CP/CK treatment was
not complete and sustained, indicating that the V-ATPase
inactivation consists of a CP/CK-sensitive and an CP/CK-in-
sensitive component. In giant yeast vacuoles an overshoot of
the pump current was observed upon addition of 1 mM Mg-
ATP, which was absent if studied in the presence of CP/CK
[23]. In that study, pump current was nearly constant over the
recording periods of about 5 min in the presence of CP/CK,
however, the current amplitudes were just about 15% of those
observed with Mg-ATP only. Since these experiments have
been performed on di¡erent vacuoles of (probably) di¡erent
size, it is hard to judge whether the observed di¡erence in
pump current is due to the di¡erent experimental conditions
or simply the result of a di¡erent size of the vacuoles. Our
data in Figs. 3 and 4 showing temporary relief of the sponta-
neous V-ATPase inhibition by CP/CK suggest that ADP ex-
hibits a dual inhibitory e¡ect on the yeast V-ATPase. This
could be explained by the existence of two di¡erent types of
binding site for ADP, which was found in the chroma⁄n
granule enzyme by analyzing binding of radiolabeled Mg-
ADP to the enzyme [38]. The two components (fast and
slow) of current decline observed in yeast vacuoles might re-
£ect the involvement of two ADP-binding sites, one display-
ing high a⁄nity and one displaying low a⁄nity for ADP bind-

ing. Phosphate was also found to inhibit V-ATPases in
membrane preparations from chicken osteoclast and kidney
with a Ki of 10.5 and 5.5 mM, respectively [39], and more
than 10 mM phosphate was required to decrease the ATPase
activity in tonoplast vesicles from plant cells signi¢cantly [40].
Since no extra phosphate was supplied in our experiments and
phosphate is not expected to accumulate to these high con-
centrations during continuous perfusion of the recording
chamber, phosphate is not very likely to account for the
CP/CK-insensitive component of spontaneous ATPase inhibi-
tion.
In conclusion, the activity of yeast vacuolar Hþ-ATPase is

inhibited by cytosolic ADP, probably involving two di¡erent
binding sites. In vivo, the cytosolic ATP/ADP ratio might be
an important parameter for controlling V-ATPase activity.
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