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Background: Vacuolar H�-ATPases use ATP to generate a transmembrane proton motive force.
Results: Cytosolic and vacuolar pH affect proton transport rate and ATP binding of V-ATPases.
Conclusion:With decreasing pH, the dissociation of transported protons from V-ATPase seems to be hindered.
Significance: V-ATPase activity is optimized according to existing H� concentrations via close coupling between the ATP-
binding and proton-translocating complex.

Proton pumping of the vacuolar-type H�-ATPase into the
lumen of the central plant organelle generates a proton gradient
of often 1–2 pH units or more. Although structural aspects of
the V-type ATPase have been studied in great detail, the ques-
tionofwhether andhow theprotonpumpaction is controlled by
the proton concentration on both sides of the membrane is not
understood. Applying the patch clamp technique to isolated
vacuoles fromArabidopsismesophyll cells in the whole-vacuole
mode,we studied the response of theV-ATPase to protons, volt-
age, and ATP. Current-voltage relationships at different lumi-
nal pH values indicated decreasing coupling ratios with acidifi-
cation. A detailed study of ATP-dependent H�-pump currents
at a variety of different pH conditions showed a complex regu-
lation of V-ATPase activity by both cytosolic and vacuolar pH.
At cytosolic pH 7.5, vacuolar pH changes had relative little
effects. Yet, at cytosolic pH 5.5, a 100-fold increase in vacuolar
proton concentration resulted in a 70-fold increase of the affin-
ity for ATP binding on the cytosolic side. Changes in pH on
either side of the membrane seem to be transferred by the
V-ATPase to the other side.
A mathematical model was developed that indicates a feed-

back of proton concentration on peak H� current amplitude
(vmax) and ATP consumption (Km) of the V-ATPase. It pro-
poses that for efficient V-ATPase function dissociation of
transported protons from the pump protein might become
higher with increasing pH. This feature results in an optimi-

zation of H� pumping by the V-ATPase according to existing
H� concentrations.

Among the F-, A-, and V-type family of ATP synthases and
ATPases, the best characterized member is the FoF1-ATP syn-
thase (for review, see Ref. 1). It consists of a Fo and a F1 complex,
which differ in their physicochemical and functional proper-
ties. During interconversion between energy stored in an elec-
trochemical proton gradient and chemical energy stored in
ATP, the hydrophilic F1 domain binds ATP, and the mem-
brane-embedded hydrophobic Fo complex mediates transloca-
tion of protons across the membrane. ATP hydrolysis in F1 can
drive transmembrane H� transport in Fo against an electro-
chemical potential gradient, or an existing proton motive force
can be used to synthesize ATP, as in photophosphorylation and
oxidative phosphorylation. For coupling proton transport to
ATP synthesis/hydrolysis, the Fo and F1 domains function as
rotary motors (2), which are coupled by elastic mechanical
power transmission (3). To function primarily as a synthase, it
was proposed that the H�/ATP coupling ratio c reflecting the
interconversion of the energy stored in the electrochemical gra-
dient into ATP should be �4. Thus, the consumption of more
protons per ATP synthesized would assure the maintenance of
a high phosphorylation potential (2). Instead, a smaller cou-
pling value (�2) would be preferable when the enzyme acts as
anATPase. If fewer protons were pumped per hydrolyzedATP,
a larger electrochemical gradient would be maintained (2).
During the evolution of proton-translocating FoF1 com-

plexes, at least two functional conversions have probably
occurred with one leading first from an ancestral ATPase of an
anaerobe to anATPase in prokaryotes followed by the transfor-
mation of some ATP synthases to endomembrane/vacuolar
ATPases (2, 4). The latter functional transition appears to be
related to a duplication and fusion of the gene encoding the c
subunit within the Fo complex and loss of proton-binding car-
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boxylates in amino acids of the c subunit (2). This notion is
partially supported by the fact that some ATP synthases from
anaerobic Archaea, e.g. Archaeoglobus fulgidus or Methano-
thermobacter thermoautotrophicus, are characterized by dou-
ble-sized c subunits (4–6). With further bisection of the
H�/ATP coupling ratio from 4 to 2 for the change in primary
function from an ATP synthase to an ATPase, the electroen-
zymes optimize performance in response to thermodynamics,
given by the unique environments of the host organelle in ques-
tion (e.g. chloroplasts for ATP synthases versus vacuoles for
ATPases).
During photophosphorylation, the pH of the thylakoid

lumen acidifies without strong polarization of the photosyn-
thetic membrane. ATP synthases that function in photophos-
phorylation in chloroplasts thus predominately use the proton
gradient of the protonmotive force forATP formation. Instead,
under physiological conditions the vacuolar ATPase uses the
chemical energy of ATP to pump protons into the lumen of the
central plant organelle. As a result, a pHgradient, in the order of
1 to 2 pH units and more, and an electrical field across the
vacuolar membrane are generated. The latter, however, is only
weak (7, 8) because of compensatory counterbalancing ion
fluxes. The proton motive force provides a versatile energy
store that can be used on demand to e.g. accumulate metabo-
lites such as sugars in antiport with protons (9). Under experi-
mental conditions, when in patch clamp studies, a cytosol-di-
rected pH gradient was established, and ADP and Pi was
present at the cytosolic side of isolated vacuoles, the V-ATPase
can also work as an ATP synthase (10, cf. Refs. 11 and 12).
The V-type ATPase operates as an H�-pumping ATPase

under physiological conditions. At luminal proton concentra-
tions differing from cytosolic ones by an order of magnitude or
more, proper electroenzyme function should require a feed-
back via changes in luminal and cytosolic pH.Therefore, to gain
insights in the pH dependence of the V-ATPase, here, we per-
formed patch clamp experiments with isolated vacuoles from
mesophyll cells of the model plant Arabidopsis. Proton pump
kinetics and current-voltage relationships were obtained from
whole-vacuole recordings in the presence and absence of ATP
under defined cytoplasmic and vacuolar pH.

EXPERIMENTAL PROCEDURES

PlantMaterial andVacuole Isolation—Growth conditions of
Arabidopsis thaliana ecotypeColumbia (Col-0),det3-1, vha-a2
vha-a3, and tpc1-2 mutant were as described previously (9)
According to Ref. 13, mesophyll cell protoplasts were isolated
for subsequent release of the vacuoles via treatment with a
hypotonic solution (10 mM EGTA, 10 mMHEPES/Tris, pH 7.5,
osmolality of 200 mosmol kg�1 adjusted with D-sorbitol).
Electrophysiology—Following the convention for electrical

measurements on endomembranes (14), patch clamp experi-
ments on vacuoles were performed in the whole-vacuole con-
figuration as described previously (9, 15). An EPC7 or EPC10
patch clamp amplifier (HEKA) was used for macroscopic cur-
rent recordings from mesophyll cell vacuoles at a data acquisi-
tion rate of 2 ms (EPC7), 10 ms, or 100 �s (EPC10). After mac-
roscopic currents were low pass-filtered at 30Hz (EPC7) or 100
Hz (EPC10), data were digitized by an ITC-16 (EPC7)

(Instrutech Corp.) or the integral LIH8�8 of the EPC10
(HEKA). The data were stored onWindows environment com-
puters. The clamped voltages were corrected for the liquid
junction potentials (16). Different software such as Pulse,
Patchmaster (HEKA), and IGOR PRO (Wave Metrics, Inc.)
were used for data acquisition and offline analysis.Macroscopic
currentswere normalized tomembrane capacitance (Cm) of the
respective vacuole to allow quantitative comparison of the pro-
ton transport capacity among different vacuoles. The holding
potential for V-ATPase measurements was usually set to 0 mV
if not otherwise stated. Voltage ramps (1 mV/ms) were applied
in a range either between �180 mV and 100 mVwithin 270 ms
or between �250 mV to 100 mV within 340 ms.
Patch Clamp Solutions—Symmetrical bath and pipette solu-

tions were used generally composed of 100 mM KCl, 5 mM

MgCl2, and 1 mM CaCl2. The media were adjusted to an osmo-
lality of 400 mosmol kg�1 with D-sorbitol. pH values were
adjusted to pH 7.5 and 6.5 with 10 mM HEPES/Tris, to pH 5.5
with 10 mM MES/Tris, or to pH 9.5 with 10 mM Bis-Tris pro-
pane/MES. Mg-ATP (Sigma) was added from an ATP stock
solution to the bath medium facing the cytosolic side of the
vacuolar membrane. The ATP-free bath solution was replaced
by the ATP-containing one either upon bath perfusion in the
recording chamber or via an application pipette in front of
the respective vacuole (9). Variations in the composition of the
solutions are given in the figure legends.
Dependence of Coupling Ratio c on Vacuolar pH—The cou-

pling ratio c is defined as number of protons translocated per
hydrolyzed ATPmolecule. If the pump is coupled tightly and if
parallel ionic conductivities are negligible, the generalized
pump reaction,

c[H�]cyt � [ATP] ^ c[H�]vac � [ADP] � [Pi] (Eq. 1)

is at equilibrium at the transmembrane voltage Erev (17, 18),

Erev �
RT

cF
� ln

[ADP]�[Pi]�[H
�]vac

c

KATP�[ATP]�[H�]cyt
c (Eq. 2)

where KATP is the apparent equilibrium constant for ATP
hydrolysis; R, T, and F have their usual meanings; c is the cou-
pling ratio; brackets represent chemical concentrations of the
reactants; and the indices vac and cyt denote the vacuolar and
cytosolic compartments, respectively. Under constant cytosolic
conditions, the unknown value,

EATP � RT/F � ln[([ADP]�[Pi])/(KATP�[ATP])] (Eq. 3)

is constant. Therefore, the relative change of the coupling ratio
rc upon changes in vacuolar pH can be calculated as follows.

rc,13 2 �
c2

c1
�

Erev,pHvac1�2.303�
RT

F
� �pHcyt � pHvac1�

Erev,pHvac2�2.303�
RT

F
� �pHcyt � pHvac2�

(Eq. 4)
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RESULTS

ATP-powered V-ATPase Currents and Polarization of Vacu-
olar Membrane—The V-type ATPase interconverts metabolic
energy and electrochemical proton gradient. Although its
structure and biological role becomes increasingly well under-
stood (Ref. 19 and references cited therein), their quantitative
electrochemical function and regulation is not yet fully under-
stood. To gain insight into this issue, in our patch clamp anal-
ysis, we focused on the model plant A. thaliana. Following iso-
lation of mesophyll cell protoplasts, vacuoles were liberated on
demand directly in the patch clamp chamber upon selective
osmotic swelling and rupture of the plasmamembrane (15, 20).
To record ATPase-mediated currents from the entire V-type
proton pump population, the whole vacuole configuration was
established applying a short high voltage pulse in the vacuole-
attached mode. As a result, the membrane patch under the
patch pipette was broken allowing equilibration of the vacuole
lumen with the pipette electrolyte solution (9). Under this con-
dition, proton currents associated with ATP hydrolysis were
recorded. The V-ATPase population was activated upon ATP
application on the cytoplasmic side of the vacuolar membrane
via perfusion pipettes (9, 20) or bath perfusion. Different exper-
imental conditions underwhich competing transport processes
did not take place or were largely reducedwere used for record-
ing of the ATP-induced proton currents. To minimize or even
eliminate interfering background current components such
as the slow vacuolar (TPC1) channels, ATP-induced pump
currents were monitored at zero membrane voltage under
symmetrical ionic conditions and defined cytoplasmic and
vacuolar pH.When the proton pumps of vacuoles were chal-
lenged with 5 mM ATP and pH buffered to symmetrical pH
7.5 in the bath and patch pipette, outward currents of �2.5
pA/pF were measured (Fig. 1A). To test whether these cur-
rents were indeed mediated by ATP-activated V-ATPases,
the specific V-ATPase inhibitor bafilomycin (500 nM) was
added to the bath solution as soon as the steady-state level in
proton pump activity was reached. In the presence of bafilo-
mycin the ATP-dependent currents ceased (Fig. 1A). In
addition, the V-ATPase-dependent ability for membrane
polarization was tested in the current clamp mode. With
cytosolic pH 6.5 and luminal pH 7.5, proton pumps powered
by 5 mM ATP hyperpolarized the vacuolar membrane poten-
tial by �72.4 mV in wild type and �3 mV in the V-ATPase-
deficient mutant vha-a2 vha-a3 (Fig. 1B) (19).
V-ATPase Proton Pumping Requires VHA-a and -C Subunits—

V-ATPases consist of two domains with different structure and
function. The peripheral ATP-hydrolyzing V1 complex is com-
posed of eight subunits (VHA-A to -H), whereas the integral V0
complex contains six subunits (VHA-a, -c, -c�, -c�, -d, and -e)
and is engaged with proton translocation (21). Recently, we
demonstrated that the double mutant vha-a2 vha-a3 lacks
V-ATPase-mediated ATP hydrolysis and proton currents (19).
To test the effect of changes in the peripheral V1 complex on
V-ATPase activity, in a similar approach, we analyzed vacuoles
from the det3-1 mutant. In the det3 mutant, a Thr3Ala
mutation in an intron of the subunit C-encoding the VHA-C
gene causes reduced mRNA levels leading to lower VHA-C

protein levels and reduced V-ATPase activity (22). When
compared with the situation in wild type (100%), pump cur-
rents in det3-1 vacuoles with 5 mM ATP were reduced by
�62% (supplemental Fig. 1, A and B). This drop in proton
pump currents corresponds well to a previously reported
60% decrease in V-ATPase activity in the det3 mutant (22).
Because the protein level of subunit c within the V0 complex,
however, was unaltered in the det3 mutant (22), the results
are in line with the notion that the ATP-hydrolyzing V1 com-
plex is essential for the proton transport via the membrane-
spanning V0 complex.
Coupling Ratio Is pH-dependent—An ideal coupling ratio c of

two protons pumped for each hydrolyzed ATP molecule was
proposed for V-ATPases (2). Early studies onV-ATPases found
a stoichiometry of 2 (23–25), but later reports claimed variable
coupling ratios with up to 4 protons being transferred for each
ATPhydrolyzed by the vacuolar proton pump (17, 18, 26, 27). It
was hypothesized that the coupling ratio c depends on the pro-
ton concentration at both sides of the tonoplast and the mem-
brane voltage (17, 28). To address this issue, we determined the
proton pump activity of the V-ATPase as a function of pH and
membrane voltage. To avoid superimposition of the ATP-
evoked pump currents by voltage-dependent slow vacuolar

FIGURE 1. ATP-dependent activation of V-ATPase-mediated proton
currents in mesophyll vacuoles from A. thaliana. A, outward currents
were evoked upon application of 5 mM ATP to the bath solution. These
ATP-induced currents vanished upon the additional application of bafilo-
mycin (BF, 500 nM), indicating that they represent V-ATPase-mediated
proton currents. Bars above the current trace in A indicate the presence of
ATP � bafilomycin during current recording. The experiments in A were
performed under symmetrical ionic conditions at pH of 7.5. B, membrane
polarization of WT and vha-a2 vha-a3 mesophyll vacuoles. The ATP-in-
duced (5 mM) proton pump activity resulted in an increase of the tonoplast
voltage up to �72.4 mV for WT (black trace) and �3 mV in the double
mutant (gray traces) as indicated by the downward deflection of the volt-
age traces. The topmost trace represents a close-up of the middle one.
Current clamp experiments in B were performed under balanced ionic
conditions of 50 mM KCl at pHcyt 6.5/pHvac 7.5.
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(TPC1) channel-mediated cation currents, the patch clamp
experiments were conducted with vacuoles isolated from the
TPC1-loss-of-function mutant tpc1-2 (29, 30). Furthermore,
potassium-selective channels of the TPK1-type (31) were
blocked by substituting K� with Cs� in the patch clamp
solutions (32). Under defined cytoplasmic and vacuolar pH,
the response of an individual vacuole to voltage ramps (1
mV/ms) was recorded prior to and after ATP application. An
example of the macroscopic current-voltage relationships
evoked by voltage ramps in the range from �150 to �100
mV in the absence and presence of 5 mMATP at symmetrical
pH 7.5 is shown in Fig. 2A. When the current-voltage (I/V)
curve recorded in the absence of ATP was subtracted from
the one obtained with ATP, the deduced ionic currents
reflect the voltage behavior of the V-ATPase (Fig. 2B). In the
absence of a pH gradient across the vacuolar membrane,
ATP-induced proton currents changed direction at average
at �94.5 � 14.0 mV (n 	 5). After an increase in the vacuolar
proton concentration by a factor of 10 (pHcyt 7.5/pHvac 6.5),3
the V-ATPase had to transport protons against a gradient.
Accordingly, proton currents at zero membrane voltage
dropped in average from 2.9 � 0.3 pA/pF (n 	 5) to 1.9 � 0.1
pA/pF (n 	 5), and the reversal potential of the pump cur-
rents shifted from �94.5 mV to �67.5 mV � 10.6 mV (n 	 5)
(Fig. 2B). At a 100-fold gradient (pHcyt 7.5/pHvac 5.5), proton
currents at zero membrane voltage further decreased to
1.1 � 0.1 pA/pF and currents reversed in average at �49.6 �
3.9 mV (n 	 3) (Fig. 2B). From these values, we calculated
that the H�/ATP coupling ratio decreased by �25%
(r

c
7.536.5 	 0.75 � 0.17) upon a change from pHvac 7.5 to

pHvac 6.5. An additional 10-fold increase in the vacuolar pro-
ton concentration (pHcyt 7.5/pHvac 5.5) had a similar effect.
The coupling ratio decreased by another �25% (r

c
6.535.5 	

0.75 � 0.08).

V-ATPase Proton Transport Capacity, Km Value, and ATP
Hydrolysis Are pH-dependent—The pH-dependent function
of the proton pump was further quantified on the basis of
steady-state proton currents. With the membrane potential
clamped to zero mV and symmetrical cytosolic pH 7.5, a
peak steady-state proton-current amplitude of 2.4 � 0.1
pA/pF was registered from wild type vacuoles in the pres-
ence of 5 mM ATP (Fig. 3, A and B). These pump currents
only slightly changed when the luminal pH was changed
from pHvac 7.5 to 5.5 (1.8 � 0.4 pA/pF) or 9.5 (2.2 � 0.8
pA/pF) (Fig. 3B). Unlike the luminal pH, the cytosolic proton
concentration in the living plant cell only varies within a
small range. However, to drive the V-type ATPase to its
limit, the function of the proton pump fueled by 5 mM ATP
was additionally studied at a cytosolic pH of 5.5 or 9.5. A
cytosolic alkaline shift from pHcyt 7.5 to 9.5 (pHvac 7.5)
resulted in a pronounced decrease in V-ATPase-generated
proton currents from 2.4 to 0.3 � 0.1 pA/pF (Fig. 3B). Inter-
estingly, these pump current amplitudes were much smaller
than under pHcyt 7.5/pHvac 5.5, even though the direction
andmagnitude of the pH gradient were the same under these
two pH conditions. A cytosolic acidification to pHcyt 5.5
(pHvac 7.5) resulted in an increase of pump currents from 2.4
to 3.2 � 0.1 pA/pF (Fig. 3B). Finally, at pHcyt 5.5, the luminal
pH was altered from 7.5 to 5.5, and as a result, the pump
current at 5 mM ATP was reduced in amplitude by 56% (to
1.4 � 0.4 pA/pF).

Next, we asked the question whether the observed changes
in current amplitudes (Fig. 3) were caused by alterations
in ATP affinity or maximum transport capacity of the
V-ATPase. For this, we compared the following four pH con-
ditions: symmetrical pH 7.5, symmetrical pH 5.5, physiolog-
ical pH gradient (pHcyt 7.5/pHvac 5.5), and inverted pH gra-
dient (pHcyt 5.5/pHvac 7.5). When the ATP concentration
was increased stepwise up to 10 mM, peak proton pump cur-
rents raised following a saturation-type concentration
dependence. Fitting a Michelis-Menten function to the sat-
uration curve for symmetrical pHcyt/vac 7.5 revealed a maxi-

3 The abbreviations used are: pHcyt, cytosolic pH; pHvac, vacuolar pH; Erev,
reversal potential.

FIGURE 2. Voltage dependence of the V-ATPase in tpc1-2 mesophyll vacuoles. A, the macroscopic current response of an individual vacuole to a voltage
ramp in the range of �150 mV to �100 mV before (black) and after (gray) addition of 5 mM ATP under symmetrical pH 7.5 is shown. The intersection of both
curves provided the reversal potential of the electroenzyme. Each current-voltage curve (I(V)) represents the average of five I(V) values recorded from the same
vacuole. B, representative voltage-dependent net H� pump currents determined in the presence of pH 7.5 in the cytosol and three different vacuolar pH values
are shown. The net pump currents were obtained by subtracting the averaged I(V) curve (shown in A for pHvac 7.5) recorded in the absence of ATP from that in
the presence of ATP. The net pump currents under symmetrical pH 7.5 presented in B were derived from the I(V) curves given in A. The ionic conditions were
equivalent to A except that the vacuolar pH was adjusted either to pH 7.5 (light gray), pH 6.5 (black), or pH 5.5 (dark gray). The reversal potentials were
Erev(pHvac7.5) 	 �94.5 � 14.0 mV (n 	 5), Erev(pHvac6.5) 	 �67.5 � 10.6 mV (n 	 5), and Erev(pHvac5.5) 	 �49.6 � 3.9 mV (n 	 3). The experiments in A and B
were performed with symmetrical solutions containing 50 mM CsCl and without calcium.
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mal proton transport capacity (vmax) of 2.8 pA/pF and a Km
value of 0.3 mM (Fig. 4A).When the pH gradient was directed
into the cytosol (pHcyt 7.5/pHvac 5.5), vmax dropped to 1.7
pA/pF, whereas the Km value was 0.8 mM (Fig. 4B). Upon
inversion of the pH gradient (pHcyt 5.5/pHvac 7.5), proton
currents did not saturate with 10 mM ATP (Fig. 4C). How-
ever, fitting a saturation curve to the latter data set allowed us to
calculate a vmax of 4.9 pA/pF and a Km value of 2.9 mM. Finally,
we tested how the pump would respond to cytosolic acidifica-
tion. Therefore, we buffered both the vacuole lumen and bath
solution to pH 5.5 and studied the ATP dependence of proton
pumping. Under these extreme cytosolic conditions (pHcyt/vac
5.5), vmax was 1.3 pA/pF, comparable with vmax at pHcyt 7.5/
pHvac 5.5 (1.7 pA/pF), but by a factor of 4 lower to that at pHcyt
5.5/pHvac 7.5. At symmetrical pH 5.5, the Km value dropped to
0.04 mM, almost two orders of magnitude (i.e. 70-fold) lower
compared with pHcyt 5.5 and pHvac 7.5 (Fig. 4), whereas at a
vacuolar pH of either 7.5 or 5.5, a 100-fold change in proton
concentration on the cytosolic side changed the Km values 10-
or 20-fold, respectively, only (Fig. 4). Thus, in linewith the 5mM

ATP-powered proton current amplitudes (Fig. 3B), the effect of
luminal acidification on vmax and Km was much higher in the
presence of pHcyt 5.5 than pHcyt 7.5. Providing the V-ATPase
with highATP-affinity pumping at pHvac 5.5might help the cell
to recover from cytosolic acidification.
Modeling PumpKinetics—Tounderstand the behavior of the

pump (vmax and Km values) under the different conditions
tested, we developed a simple mechanistic model for the pump
cycle, shown in Scheme 1.
In this cycle, cytosolic protons associate with the protein

(Hcyt:Pump), are then transported to the vacuolar side (Pump:

Hvac) under consumption of the energy provided by ATP
hydrolysis, and dissociate there. In principle, this cycle can
function also in the inverse direction (10). To prove that at least
some of the rate constants k1�, k2, k2�, k3, and/or k3� are pH-de-
pendent, it was initially hypothesized that they are all pH-inde-

SCHEME 1

FIGURE 3. Representative ATP-induced wild-type V-ATPase outward cur-
rents. A, application of 5 mM ATP resulted in an increase of proton outward
currents given by an upward deflection of the current baseline. Current traces
were recorded at 0 mV under symmetrical pH 7.5 or pHcyt 5.5/pHvac 7.5. B, V-
ATPase outward currents in response to 5 mM ATP under different pH condi-
tions are shown. The number of experiments was from left to right (n 	 3, 6, 4,
4, 3, 6). Error bars represent the S.E.

FIGURE 4. pH dependence of the V-ATPase activity at various ATP levels.
Macroscopic proton pump currents from wild-type vacuoles in response to
different ATP concentrations were measured and plotted against the respec-
tive ATP concentration. Solid curves represent the fit of the data points with a
Michaelis-Menten function providing the parameters vmax and Km. The num-
ber of experiments were n 	 3– 6. Error bars represent the S.E. A, balanced pH
values. Filled squares show pHcyt 7.5/pHvac 7.5 with vmax 	 2.8 pA/pF and Km 	
0.3 mM. Open squares represent pHcyt 5.5/pHvac 5.5 with vmax 	 1.3 pA/pF and
Km 	 0.04 mM. B, cytosol-directed pH gradient. Open diamonds indicate pH
7.5cyt/5.5vac with vmax 	 1.7 pA/pF and Km 	 0.8 mM. Closed diamonds repre-
sent pHcyt 9.5/pHvac 7.5 with vmax 
 0.3 pA/pF. C, vacuolar-directed pH gradi-
ent. Open circles represent pHcyt 5.5/pHvac 7.5 with vmax 	 4.9 pA/pF and Km 	
2.9 mM. Filled symbols describe pHcyt 7.5/pHvac 9.5 with vmax 
 2 pA/pF.
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pendent. This alternative hypothesis was confuted. It is shown
that under this assumption, the different Km values cannot be
explained with this simple model.
In the conditions tested (especially V 	 0 mV), the direction

of proton flow is strongly biased in the cytosol3 vacuole direc-
tion. Therefore, we considered only the case k2� 	 0. With this
simplification, the proton current can be expressed as shown,

I �
vmax[ATP]

KM � [ATP]
(Eq. 5)

with

vmax � const
�k1[Hcyt]�

c

1 �
�k1�Hcyt])

c

k3
�

�k3��Hvac])
c

k3

(Eq. 6)

and

KM �
k1�k3 � k3�k1�Hcyt��

c � k1��k3��Hvac��
c

k3 � �k1�Hcyt])
c � �k3��Hvac��

c (Eq. 7)

Due to the limitation of the biological system to gain data points
for more extreme conditions, it is not possible to reliably assign
values to the free parameters of the model. However, the qual-
itative interpretation of the model allowed us to deduce far
reaching hypotheses as outlined in the following. We first con-
sidered the experimental Km values and plotted them for a bet-
ter overview in a three-dimensional plot (Fig. 5), where the x
and the y axis denote the cytosolic (pHcyt) and the vaculor pH
values (pHvac), respectively. When starting with the physiolog-
ical condition, pHcyt 7.5/pHvac 5.5, Km 	 0.8 mM, then an
increase in the vacuolar pH to pHcyt 7.5/pHvac 7.5 results in a
decrease of theKm value. Assuming pH-independent constants
in the model, such a reduction in Km upon a decrease in [Hvac]
can only be explained if k1� 
 k3 (for details, see the supplemen-

tal Appendix). Otherwise, the Km would be constant (k1� 	 k3)
or would increase (k1� � k3.) under the considered changes.
However, a relation k1� 
 k3 would be contradictory to the
observation upon a change from pHcyt 5.5/pHvac 5.5 to pHcyt
5.5/pHvac 7.5. It is observed that the Km increases; but with
k1� 
 k3 it would be predicted to decrease (see supplemental
Appendix). Thus, the initial assumption that all constants are
pH-independent is confuted. The whole set of data could be
explained qualitatively if k1� decreases upon a drop of pHcyt
(and/or k1 increases), whereas k3 increases upon an increase of
pHvac (and/or k3� decreases). Physiologically, the change in k1�
(k1) and k3 (k3�) following pHcyt and pHvac changes would have
a reasonable meaning: the pump protein would sense the cyto-
solic and the vacuolar pH, e.g. by protonation of the protein.
The dissociation of the transported protons from the pump
would be larger if the surrounding pH is high and smaller if the
surrounding pH is low.

DISCUSSION

As outlined in this study, the vacuolar proton ATPase has
peculiar features. Unlike the plant plasma membrane ATPase,
which strongly hyperpolarizes the membrane (33, 34), the pro-
ton-pumping activity of the V-ATPase does not result in a
strong hyperpolarization of the vacuolar membrane (Fig. 1B, cf.
Refs. 7 and 8), indicating that the energy from the hydrolysis of
oneATPmolecule is used to transport several protons from the
cytosol to the vacuole. This coupling is larger than the 1:1 stoi-
chiometry of plasma membrane ATPases (for review, see Ref.
35) and very likely reflects the evolutionary origin ofV-ATPases
from an ATP synthase. A drawback of such a strong coupling,
however, is that even small electrical gradients negatively inter-
fere with pump activity. Consequently, V-ATPases can only
establish larger pH gradients if the electrical gradient generated
due to the charge transport dissipates immediately either by a
shunt pathway or by other transporters harvesting this energy
for their own use. This dissipation might be accomplished by a
cation efflux from the vacuole or by an anion influx (36 and
references therein and Ref. 37). So far, there are no indications
that the V-ATPase itself mediates such a countertransport.
However, we know that several electrogenic transporters like
voltage-independent K� channels or the slow vacuolar channel
TPC1 are dominating the electrical properties of the vacuolar
membrane (36). Thus, we propose that the V-ATPase is acting
in a fine-tuned concert with these transporters.
Another observation from the voltage dependence of the

V-ATPase is the apparent pH dependence of the reversal volt-
age pointing to a pH-dependent H�/ATP coupling ratio of this
H� pump (Fig. 2). Reports on V-ATPases from Saccharomyces
cerevisiae, Beta vulgaris, andCitrus limon also claimed variable
coupling rates (17, 18, 28) From a structural point of view, a
pH-dependent, flexible coupling ratio of the vacuolar H�

ATPase is difficult to understand. However, if we assume the
possibility, that dissociation of all bound protons from the
c-ring is not mandatory for proper rotation of the pumping
machinery, the observed effects could be explained. In the case
of a neutral vacuolar pH, all protons tend to dissociate easily
from the pump and thus the proton transport rate per hydro-
lyzed ATP molecule would be relatively high. With increasing

FIGURE 5. pH dependence of Km values for ATP of the vacuolar proton
ATPase in a three-dimensional plot. Data (gray dots) were obtained from fits
with the Michaelis-Menten function to the data of Fig. 4. The spherical surface
was superimposed to illustrate the locations of the data points in space.
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proton concentration in the vacuolar lumen, dissociation from
the c-ring is less favored, and the rotary machinery may slip
without releasing all protons into the vacuole (38, supplemental
Appendix). Such a scenariowould explain the reduced coupling
ratio with decreasing vacuolar pH values (Fig. 2B). We have
indications for such a scenario. A minimal model of the pH
dependence of Km values (Fig. 5) suggests that increasing pro-
ton concentrations at either side reduces the dissociation of
protons from the pump (39).
A further inspection of the recorded pH dependences indi-

cated a possibly evenmore complex regulation of theV-ATPase
by cytosolic and vacuolar pH. As long as the pHon the cytosolic
side was kept in the physiological range, i.e. at pH 7.5, changes
in vacuolar pH had relative little effects on vmax andKm (Fig. 4),
whereas the coupling ratio decreased by 25% for a one pH unit
acidification of the vacuole. After acidifying the cytosolic side to
pH 5.5, in contrast, changes in vacuolar pH had a tremendous
effect on vmax and Km (Fig. 4). These results indicate that the
cytosolic pH controls whether vacuolar pH changes havemuch
of an effect on V-ATPase function or not. Moreover, it is unex-
pected that changes in vacuolar pH can have a more dramatic
effect on the binding affinity of the cytosolic ATP-binding site
of the V-ATPase than cytosolic pH changes have (Fig. 4). These
results indicate that pH changes on either side of the vacuolar
membrane affect the entire membrane-spanning V-ATPase
and are thereby transferred to the other side of the membrane.
Cytosolic pH controls the effects that vacuolar pH changes
have, and, the otherway around, vacuolar pH changes affect the
ATP-binding site, which is on the other side of the membrane
�10 nm away. In this context, it is interesting that lysosomal
V-ATPase in human cells has been shown recently to signal
amino acid accumulation inside the lysosome to the outside
(40).
In conclusion, we provided evidence here that the prevailing

proton concentration on both sides of the membrane feeds
back on the function of the V-ATPase. In fact, this feedback
fine-tunes the protein to act in a most efficient way and guar-
antees that the ATPase is not accidentally converted by the
physiological conditions into an ATP synthase. If the proton
gradient is low, the pumpmight act at its limit and transport as
many protons as possible. If the gradient, however, becomes
larger, the pump would increasingly face the risk to act in an
inverted way. A pH-dependent reduced dissociation from the
c-ring would eliminate this problem. The pH-tuned action of
the V-ATPase could then be compared with a car. On level
ground, a high gear can be used to accelerate the car and to keep
the speed. Uphill, however, the car keeps running in a smaller
gear only.
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