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The V-ATPase membrane domain is a sensor of
granular pH that controls the exocytotic machinery
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everal studies have suggested that the VO domain

of the vacuolar-type H*-adenosine triphosphatase

(V-ATPase) is directly implicated in secretory ves-
icle exocytosis through a role in membrane fusion. We
report in this paper that there was a rapid decrease in
neurotransmitter release affer acute photoinactivation of
the VO al-l subunit in neuronal pairs. Likewise, inactiva-
tion of the VO al-I subunit in chromaffin cells resulted in a
decreased frequency and prolonged kinetics of ampero-
metric spikes induced by depolarization, with shortening

Introduction

Vacuolar-type H*-ATPases (V-ATPases) transport protons
across the membrane of various organelles (e.g., lysosomes,
endosomes, trans-Golgi network, and secretory granules), and
the acidification of these organelles is required for many cellular
processes (e.g., maturation or degradation of proteins, receptor-
mediated endocytosis, and proton-coupled transport of small
molecules; Forgac, 2007). V-ATPases are large multimeric en-
zymes organized in two domains, V1 and V0. The cytosolic
V1 domain contains eight different subunits (A-H), with sub-
unit A catalyzing ATP hydrolysis (Forgac, 2007). The VO mem-
brane domain translocates protons and contains five copies of
proteolipid subunit ¢ and single copies of subunits a, ¢'’, d, and e
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of the fusion pore open time. Dissipation of the granular
pH gradient was associated with an inhibition of exocy-
tosis and correlated with the V1-VO association status in
secretory granules. We thus conclude that VO serves as
a sensor of intragranular pH that controls exocytosis and
synaptic transmission via the reversible dissociation of V1
at acidic pH. Hence, the V-ATPase membrane domain
would allow the exocytotic machinery to discriminate fully
loaded and acidified vesicles from vesicles undergoing
neurotransmitter re|oading.

(Forgac, 2007). In vertebrates, four isoforms of subunit a (al—a4)
have been identified with specific cellular and tissues distri-
butions (Toei et al., 2010). Four variants of al are generated by
alternative splicing, with al-I being specifically addressed to
nerve terminals (Morel et al., 2003; Poéa-Guyon et al., 2006).
The V-ATPase activity generates a large electrochemical proton
gradient in synaptic vesicles in neurons and in chromaffin
granules in neuroendocrine chromaffin cells, their internal pH
reaching pH 5.2-5.5 (Michaelson and Angel, 1980; Fiildner
and Stadler, 1982) and 5.5 (Johnson and Scarpa, 1976; Pollard
et al., 1979), respectively. This electrochemical proton gradient
energizes the accumulation of neurotransmitters in synaptic
vesicles by specific vesicular transporters or of catecholamines
in chromaffin granules. A low intragranular pH is also required
for catecholamine binding to chromogranins within the secre-
tory granules (Camacho et al., 2006).

Independently of its well-established role in proton trans-
location, VO has been implicated in neurotransmitter release
(Hiesinger et al., 2005), in intracellular membrane fusion events
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(Peters et al., 2001; Peri and Niisslein-Volhard, 2008; Williamson
et al., 2010; Strasser et al., 2011), and in exocytosis (Liégeois
et al., 2006), suggesting that VO could be directly involved in
the fusion between two membrane compartments. The exocy-
totic release of transmitter molecules packaged in synaptic
vesicles or secretory granules is a highly regulated process that
allows vesicles to fuse with the plasma membrane. This rapid
process requires the formation of a fusion pore that opens and
then expands, leading to full membrane fusion upon an increase
in the cytosolic calcium level (Jahn and Fasshauer, 2012).
Among the proteins involved in membrane fusion, the SNARESs
have been proposed to constitute the core of the fusion machinery
(Rizo and Rosenmund, 2008; Wickner and Schekman, 2008).
The formation of a SNARE complex between the vesicle-
associated SNARE VAMP-2 (synaptobrevin-2) and the plasma
membrane t-SNAREs syntaxin-1 and SNAP-25 allows vesicle
docking to the plasma membrane and provides the energy re-
quired for membrane fusion (Jahn and Fasshauer, 2012). It has
been proposed that VO could be a component of the fusion pore
(Morel et al., 2001; Peters et al., 2001) or, alternatively, that it
could favor lipid mixing and the formation of a lipidic fusion
pore (El Far and Seagar, 2011; Strasser et al., 2011). Indeed, VO
has been shown to interact with SNARE proteins (Galli et al.,
1996; Peters et al., 2001; Morel et al., 2003; Hiesinger et al.,
2005; Di Giovanni et al., 2010). In addition, VO could also
behave as a pH sensor (Hurtado-Lorenzo et al., 2006; Hosokawa
et al., 2013), which could participate in the priming steps that
render secretory vesicles competent for exocytosis (Morel,
2003). These pioneer studies relied on the genetic impairment
of specific VO subunits that perturbed organelle membrane fusion
while preserving their acidification. But, with long-term VO
inactivation, it is difficult to exclude the possibility that the ob-
served membrane fusion deficits result indirectly from alterations
in membrane protein or lipid metabolism or trafficking rather
than from the impairment of VO itself. The acute and selective
inactivation of VO should bypass such limitations. We thus made
use of the chromophore-assisted light inactivation (CALI) tech-
nique (Tour et al., 2003; Jacobson et al., 2008). The protein
of interest is genetically modified by insertion of a small TC
(tetracysteine) motif, which specifically binds membrane-
permeant biarsenical dyes. Upon illumination, these dyes release
short-lived reactive oxygen singlets that locally and specifically
inactivate the TC-tagged protein (Tour et al., 2003; Yan et al.,
2006). This approach has already been successfully validated
for the study of synaptic transmission in Drosophila melano-
gaster (Marek and Davis, 2002).

Our results show that the photoinactivation of the VO al-I
subunit leads to a rapid impairment of synaptic transmission
in neurons and of catecholamine release in chromaffin cells.
This effect is clearly different from the delayed effect of either
pharmacological inhibition of proton transport or photoinac-
tivation of the V1 catalytic subunit A, strongly arguing that VO
regulates fusion independently from proton transport. We also
observed that granule exocytosis in neurosecretory PC12 cells
is dependent on the intragranular pH and that VO appears to
behave as an intragranular pH sensor that regulates the exocy-
totic machinery.
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Results

Photoinactivation of the VO subunit a1-I
impairs neurotransmitter release

To test the effect of an acute inactivation of VO on synaptic
transmission, we expressed a TC-tagged subunit al-Iin neurons.
We chose to modify this isoform of the VO subunit a because it
is present in synaptic vesicles and chromaffin granules (Morel
et al., 2003; Poéa-Guyon et al., 2006; Saw et al., 2011). Syn-
aptic transmission was then monitored in connected neuronal
pairs before and immediately after the photoinactivating flash.
The recombinant VO subunit al-I (or V1 subunit A) carrying
the TC motif FLNCCPGCCMEP was generated by insertion
of the motif between either an N- or C-terminal Flag tag and
the al coding sequence (Fig. 1 A). Binding of FIAsH-EDT,,
a biarsenical derivative of fluorescein, to the TC motif allows
the acute photoinactivation of the tagged protein when a brief
light pulse is delivered (Tour et al., 2003). The insertion of
small tags either in N- or C-terminal positions did not modify
targeting of the al-I subunit to nerve endings (Pog€a-Guyon
et al., 2006) or to secretory granules in PC12 or chromaffin cells
(Figs. S1 and S4 C). In addition, in our experimental condi-
tions, FIAsH-EDT;, selectively bound to granules in PC12 cells
expressing the Flag-TC-tagged al-I subunit (Fig. S1 C). Like-
wise, the subcellular distribution of the V1 subunit A (Fig. S1 E)
is not modified by the insertion of a Flag-TC tag at the N-terminal
position (Fig. S1 D). These data illustrate that the localization
of these recombinant V-ATPase subunits matched that of the
endogenous proteins.

Neurons in primary culture were transfected to coex-
press GFP and the recombinant V-ATPase subunit. The release
of neurotransmitter from GFP-expressing neurons was moni-
tored by recording postsynaptic currents elicited by a series of
single action potentials delivered at 0.03 Hz to the presynaptic
element in neuronal pairs (Figs. 1, B and C; and S2), before
and after a 1-min photoinactivating flash. The photoinactivation
procedure did not affect the baseline neurotransmitter release
from neurons that express GFP alone (Fig. 1 C, open circles).
In contrast, neurotransmitter release from neurons expressing
the TC-tagged al-I was dramatically decreased after the flash
(Fig. 1 C, filled circles). This decrease occurred within 2 min
after the flash, and the postsynaptic response amplitude then
stabilized to a plateau that was maintained for several minutes.
This was observed with both GABAergic and glutamatergic
neurons expressing the recombinant al-I, and the position of
the TC tag (N vs. C terminal) did not affect the outcome of
photoinactivation (Figs. 1 C and S2 A). When averaged across
the whole dataset, the decrease in the postsynaptic response
amplitude was 50.3 £ 6.0% (P < 0.001, n = 6; Fig. 1 D). The
observed effect appeared to be independent of the transport of
protons by the V-ATPase because incubation of neurons with the
specific V-ATPase inhibitor concanamycin A did not impair the
baseline neurotransmitter release (spikes frequency of 0.03 Hz)
monitored for over 10 min (Fig. S2 B). However, increasing
spike frequency to 1 Hz in the presence of concanamycin A led
to a rapid and important suppression of synaptic transmission
(Fig. S2 B) as previously reported (Hong, 2001; Cavelier and
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Figure 1. Photoinactivation of the a1-I subunit of VO impairs synaptic transmission. (A) Representation of the VO a1 subunit with the Flag (blue) and TC
tags in the N- or Cterminal position. (B) Micrograph illustrating the experimental configuration with a patch-clamped presynaptic GFP-expressing neuron
(stimulated neuron, colorized in green) and a connected untransfected neuron (voltage clamped to measure the postsynaptic response). Bar, 20 pm.
(C) Evolution of the postsynaptic current amplitude in response to presynaptic action potentials (stimulation every 30 s) of rat hippocampal neurons ex-
pressing GFP alone (open circles) or GFP + VO TC+agged al-l subunit (filled circles). Current amplitudes were expressed in the percentage of their mean
amplitude before the photoinactivating flash. Neurons were successively incubated with 1 pM FIAsH-EDT, for 10 min and 1 mM BAL without modification
of the postsynaptic responses. Photoinactivation was carried for 1 min (gray area). Data shown are from single representative experiments out of three
(open circles) or four (filled circles). Typical presynaptic action potentials (Pre) and postsynaptic responses (Post) either before (1) or after (2) the flash are
shown. Dotted lines correspond to the mean amplitude of the postsynaptic responses before (top line) or after the photoinactivating flash (bottom line).
(D) Averaged effects of VO al-l subunit photoinactivation on synaptic transmission. Pooled results include six neuronal pairs, either GABAergic or gluta-

matergic (paired Student's ttest).

Attwell, 2007). In addition, neurotransmitter release from neu-
rons expressing a V1 subunit A with an N-terminal TC tag was
not photoinactivated (unpublished data). These data show that
the photoinactivation of the VO al-I subunit of nerve endings
results in a rapid (within 2 min) and large (50%) decrease in the
release of transmitter, which is independent of the transport of
protons by the V-ATPase.

Photoinactivation of the VO a“1-l or the

V1 A subunits have different effects on

the release of catecholamines

To investigate the mechanisms underlying the decrease in neu-
rotransmission, we conducted similar photoinactivation experi-
ments on chromaffin cells expressing Flag-TC—tagged V-ATPase
subunits. Here, we monitored the exocytosis of catecholamines
(triggered by KCI depolarization) by carbon fiber amperom-
etry (Vitale et al., 2001; Chasserot-Golaz et al., 2005) and
gained direct access to several exocytosis parameters (Fig. 2 C).
Catecholamine release from untransfected or GFP-expressing
cells was not affected by incubation with FIAsH-EDT, and BAL
(2,3-dimercapto-1-propanol) or by illumination (Table S1). Fur-
thermore, catecholamine release from chromaffin cells express-
ing recombinant V-ATPase subunits, either the VO al-I subunit

with N- or C-terminal tags or the V1 A subunit with an N-terminal
Flag-TC tag, was identical to that of untransfected cells (Table S1).
This showed that the insertion of the TC and Flag tags in these
V-ATPase subunits did not impair the enzyme activity, gran-
ule acidification, and catecholamine content. We estimated
the relative amounts of the endogenous and recombinant VO
al subunits in transfected PC12 cells that coexpress the Flag-
TC-tagged al-I subunit and GFP. The total al subunit content
in cells increased by 132 + 6% (n = 3) after transfection, whereas
the subunit ¢ content was not affected (Fig. S3). Considering
that only 7% of cells were effectively transfected in these condi-
tions, we can estimate that the level of recombinant al subunit
is four to five times higher than that of endogenous al in trans-
fected cells.

Illumination of chromaffin cells transfected with the
TC-tagged al-I subunit (either in N- or in C-terminal position)
modified catecholamine release as shown by the decrease in
the exocytotic spike frequency (Fig. 2, A and B, 5 min after
flash). Although the total amount of current during the spikes
was not modified, the half width was increased, and the mean
spike amplitude was reduced (Fig. 2 D). In agreement with
the notion that spikes were smaller and broader, we also found
a significant increase in the rise time value in cells expressing
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Figure 2. Photoinactivation of the VO al-l or V1 A subunits impairs chromaffin cell catecholamine release in different ways. Chromaffin cells coexpressing
either the VO a1 or the V1 A subunits bearing a Flag-TC tag and GFP were successively incubated with the FIAsH-EDT, probe that specifically binds to the
TC motif and T mM BAL. Photoinactivation was obtained by a 1-min illumination. Catecholamine release was evoked by a 10-s application of 100 mM
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TC-tagged VO al-I and illuminated (Fig. 2 D). Furthermore,
significant variations in the prespike or foot parameters were
observed (Fig. 2 E). Although the percentage of the spikes that
presented a detectable foot was not modified (~25% in the
different conditions), chromaffin cells exhibited significantly
shorter feet (nearly twofold reduction in duration) after photoin-
activation of VO al-I, with a significant reduction in amplitude.
Consequently, the total foot charge was dramatically reduced
after VO al-I photoinactivation. Altogether, these results showed
that VO al-I photoinactivation modifies the fusion pore char-
acteristics as well as the frequency and kinetics of exocytotic
events without altering the granule catecholamine content.

Photoinactivation of the catalytic V1 subunit A yielded
dramatically different results. Indeed, no significant changes
in the release frequency nor in the spike or foot parameters
were observed when cells were recorded shortly (5 min) after
the flash (Fig. 2, A and D). However, when cells were recorded
30 min after the flash, a nearly twofold decrease in the peak cur-
rent amplitude and in the total amount of current in the spikes
was observed, with no significant changes in the spike frequency
or kinetics (Fig. 2, A and D). The mean current of the recorded
feet was significantly decreased, whereas their duration remained
unchanged (Fig. 2 E). These effects most probably reflect an
inhibition of proton transport by chromaffin granule V-ATPases
because they were very similar to those observed after applica-
tion of bafilomycin Al, a specific V-ATPase inhibitor (Fig. 2,
A and D). Thus, the decrease in current amplitude observed
after a 30-min V-ATPase inhibition most likely reflects a de-
crease in the catecholamine content of granules with no change
in the exocytosis itself.

Using siRNAs targeting bovine al mRNAs, we reduced
the amount of endogenous al subunit expressed after 96 h by
60% (Fig. S4, A and B). This reduction was associated with
modifications of catecholamine release measured by amperom-
etry (Fig. S4 D). All parameters of the amperometric response
measured were affected, showing that both the granule cate-
cholamine content and exocytosis were affected. All these de-
fects were effectively rescued by coexpressing the rat al-I
subunit resistant to the siRNAs targeting the bovine sequence
(Fig. S4 D), suggesting that this recombinant subunit is cor-
rectly incorporated in a functional granule V-ATPase.

In summary, photoinactivation of two subunits of the
same protein complex resulted in very different alterations in
catecholamine release, with inactivation of the VO al-I sub-
unit affecting the fusion pore stability and exocytosis, whereas

inactivation of the catalytic V1 A subunit impaired progres-
sively the catecholamine content of secretory granules. This
illustrates the exquisite selectivity of the CALI procedure. In
addition, the rapidity and temporal control of VO inactivation
allowed by the CALI procedure rendered possible the descrip-
tion of a VO-specific effect on exocytosis occurring before the
appearance of the V1-V0-dependent effects on the granular cat-
echolamine content, and this had not been possible after silencing
of the endogenous VO al expression.

Granule exocytosis is inhibited after
dissipation of the intragranular pH gradient
Even though V-ATPase—dependent proton transport is not re-
quired for transmitter release, the intragranular pH might still
be a critical parameter for granule exocytosis. To test this hy-
pothesis, we used neurosecretory PC12 cells and measured in
parallel the pH of their secretory granules and exocytosis after
various pharmacological treatments expected to affect the in-
tragranular pH.

Measurements of catecholamine release cannot be used
to follow exocytosis because catecholamines leak out into the
cytosol when the granular pH raises (Camacho et al., 2006).
Therefore, we generated a PC12 cell line (2B2) that stably ex-
presses a protein of the granule matrix, CgA (chromogranin A),
fused with embryonic alkaline phosphatase (EAP), allowing a
sensitive measure of granule exocytosis (Taupenot et al., 2005).
This chimeric protein was correctly targeted to chromaffin gran-
ules (Fig. S1) and remained inside the secretory vesicles inde-
pendently of their internal pH. A second cell line (2B2-95) that
stably expresses CgA-EAP and a VO al-I subunit carrying an
N-terminal Flag-TC tag was also generated to allow the purifi-
cation of the granular V-ATPase.

We took advantage of the pH sensitivity of the fluores-
cence lifetime of the ECFP and developed a method that al-
lows the measurement of the intragranular pH in living PC12
cells (Poéa-Guyon et al., 2013). 2B2 or 2B2-95 PC12 cells
were transfected to express CgA-ECFP that was correctly
targeted to the secretory granules (Poéa-Guyon et al., 2013).
Fluorescence lifetime imaging (FLIM) of CgA-ECFP within
secretory granules was performed at 37°C on cells incu-
bated with nigericin-containing KCl solutions buffered at vary-
ing pH. The fluorescence lifetime of CgA-ECFP increased
from 1.40 to 2.05 ns as the pH was raised from pH 5.0 to 7.0
(Fig. 3 A). A calibration curve was established for further con-
version of the fluorescence lifetime data into intragranular pH

KCl onto the recorded cell and measured by carbon fiber amperometry. Control release was measured from untransfected cells in the same culture dish or
from cells that express GFP alone (both submitted to the FIAsH-EDT, and BAL treatments and the flash of light). For comparison, catecholamine release from
untransfected cells that were only treated by 0.4 pM bafilomycin A1 was measured in parallel. (A) Typical amperometric recordings from a control cell
(control); a cell expressing the VO recombinant al-l subunit, 5 min after the photoinactivating flash (Flag-TC-a1- 5’); cells expressing the V1 recombinant
A subunit, 5 or 30 min after the flash (Flag-TC-A 5" and 30", respectively); and untransfected cells after 5 or 30 min of bafilomycin A1 application (bafilo-
mycin 5" and 30, respectively). (B) Number of amperometric spikes detected per cell in the various conditions (means + SD from 25 to 55 cells). Control
cells, 5 or 30 min after the flash (control 5" and 30, respectively); cells expressing the VO al-l subunit with the Flag-TC tag in N- or C-terminal position,
5 min after the flash (TC-al-l and a1--TC); cells expressing the V1 Flag-TC-A subunit, 5 and 30 min after the flash (TC-A 5 and TC-A 30, respectively);
and cells bafilomycin A1 treated for 5 or 30 min (bafilo 5" and 30’). (C) Scheme showing the different parameters of the amperometric response that were
measured. A foot current was detected for ~20-30% of amperometric spikes, regardless the conditions tested. (D) Main characteristics of amperometric
spikes in the different conditions tested (as in B). (E) Characteristics of foot currents in the different conditions tested (as in B). Data are means + SEM (except

for B). *, P < 0.05; ***, P <0.001.
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Figure 3.  Manipulation of intragranular pH in PC12 cells. PC12 cells expressing CgA-ECFP were used to measure intragranular pH using FLIM. (A) Calibra-
tion curve of fluorescence lifetimes of CgA-ECFP in the function of intragranular pH. PC12 cells were incubated in calibration solutions that contain 10 pM
nigericin and 140 mM KCl buffered at the indicated pH. Data are means = SEM (n = 15-42 cells from six independent experiments). (B) Schemes illustrating
how nigericin (N), NH,CI, or V-ATPase inhibitors affect intragranular pH. (C) Intragranular pH plateau values measured in various conditions. In resting
conditions (control [ctrl]) pH was 5.51 + 0.04 (n = 92 cells). After treatment with 5 pM nigericin (nig), granular pH was 7.15 + 0.06 (n = 30). Increasing
concentrations of NH,Cl led to increasing granular pH, 6.31 = 0.03 (n = 23) at 5 mM, 6.58 + 0.04 (n = 37) at 10 mM, and 6.78 + 0.04 (n = 46) at
20 mM, an effect that was reversible after washing (W) out NH,CI, pH 5.92 + 0.05 (n = 20). The V-ATPase inhibitors bafilomycin A1 (B) and saliphenyl-
halamide A (S) at 0.4 pM raised the pH to 6.80 + 0.05 (n = 13) and 6.21 + 0.06 (n = 19), respectively. **, P < 0.01; ***, P < 0.001. (D) Time course of
granular pH variations after NH,Cl, bafilomycin A1, or nigericin addition (arrow). Typical experiments are shown that were repeated at least four times.

values (Fig. 3 A). Under physiological conditions, the intra-
granular pH was identical for 2B2 and 2B2-95 cell lines (5.51 +
0.04, n = 92), showing that expression of a tagged al-I sub-
unit did not affect H" translocation by the V-ATPase. This value
is in good agreement with previously reported determinations
measured by alternative methods (Johnson and Scarpa, 1976;
Pollard et al., 1979).
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Then, we used nigericin, NH,Cl, or V-ATPase inhibi-
tors to manipulate the intragranular pH (Fig. 3 B). Nigericin
is a K* ionophore that exchanges protons for K*. NH,Cl is in
equilibrium with the weak base NH;, which is membrane per-
meable and enters acidic compartments where it binds a pro-
ton. These two treatments lower the granular pH gradient with
little effect on the granular transmembrane potential. Inhibition



of V-ATPase activity by specific inhibitors (concanamycin A,
bafilomycin A1, and saliphenylhalamide A) blocks proton entry
into the granules, and the proton gradient progressively dis-
sipates through consumption of internal protons in exchange
for substrates by various granular transporters (Fig. 3 B). The
FLIM approach allowed repetitive pH measurements, before
and after application of the drugs (Fig. 3 D), and estimations of
the kinetics of the granular pH changes. From all pH modula-
tors tested, nigericin was the most efficient and raised rapidly
the intragranular pH to a plateau value of 7.15 + 0.06 (Fig. 3,
C and D). The effect of NH,CI on the granular pH was dose de-
pendent and reversible, with the granular pH going from 6.78 +
0.04 in the presence of 20 mM NH,CI to 5.92 + 0.05 after the
wash (Fig. 3 C). In contrast to nigericin and NH,CI, the effect
of V-ATPase inhibitors on the granular pH developed slowly
(Fig. 3 D), with the granular pH gradient clearly dissipating
after 15 min (Fig. 3 C). Hence, these different treatments were
used to monitor the influence of the granular pH on exocytosis.

Chromaffin granule exocytosis was estimated by mea-
suring CgA-EAP release after depolarization of 2B2 or 2B2-
95 PC12 cells. NH,CI treatment reduced CgA-EAP release in
a dose-dependent manner (Fig. 4, A and B), an effect completely
reversed after NH,Cl washout, although the reversion was less ef-
ficient in the presence of concanamycin A, suggesting that it is
partially dependent on V-ATPase activity (Fig. 4 A). Inhibition
of CgA-EAP release was even stronger after nigericin treat-
ment (>75% inhibition of release), but washing did not reverse
this effect (Fig. 4 C). When nigericin-treated cells were washed
in the presence of the K* ionophore valinomycin (allowing K*
to escape from secretory granules), a significant recovery of
CgA-EAP exocytosis was observed, an effect partially inhib-
ited by concanamycin A (Fig. 4 C). Two V-ATPase inhibitors,
bafilomycin Al or concanamycin A, sharing the same binding
site on VO (Bowman et al., 2006) and having similar effects on
V-ATPase activity, did not affect CgA-EAP release (Fig. 4 D).
Saliphenylhalamide A, another V-ATPase inhibitor that binds to
a different site on VO (Xie et al., 2004), decreased CgA-EAP
release by 20% (Fig. 4 D). Therefore, with the exception of
bafilomycin Al and concanamycin A, treatments that raise the
intragranular pH inhibited exocytosis of CgA-EAP, an effect
that was in a large part reversible (Fig. 4 E).

The effects of intragranular pH modulators

are independent from Ca®*

influx, internal
calcium stores,; or ATP metabolism

Because exocytosis is triggered by the influx of calcium
through voltage-dependent calcium channels that open after
cell depolarization, we first tested whether the decreased exo-
cytosis observed in the presence of nigericin or NH,Cl could
be caused by a weaker influx of external calcium. When Fura-
2-loaded PCI12 cells were maintained under resting condi-
tions and in the absence of external calcium, the cytosolic Ca%
concentration remained low and stable even in the presence of
20 mM NH,CL Nigericin triggered a progressive increase in
the basal Ca’* level, probably through a release from internal
stores (Fig. 5 A), but this cytosolic Ca** raise was insufficient
to trigger any CgA-EAP release (not depicted). When cells

were depolarized in the presence of calcium, their cytosolic
Ca”" levels increased rapidly and remained high as long as the
KClI depolarization was maintained (Fig. 5 A). However, this
Ca” influx was not affected by nigericin or NH,CI treatments
(Fig. 5 B). In addition, NH,CI inhibited the exocytosis of
CgA-EAP to the same extent when it was induced by the cal-
cium ionophore A23187 in the presence of external Ca®* or by
KClI depolarization (Fig. 5 C). All these data strongly argue that
the inhibitory effects of NH,CI and nigericin on exocytosis were
not linked to an alteration of the influx of Ca** through voltage-
dependent calcium channels.

We then tested the involvement of internal calcium stores
on the exocytosis of CgA-EAP either by incubation with thapsi-
gargin, an inhibitor of the reticular calcium pump, or by addition
of the calcium ionophore A23187 in the absence of external cal-
cium (Fig. 5 D). These treatments did not trigger any significant
increase of the basal CgA-EAP release in resting conditions
(unpublished data). Upon KCl depolarization, CgA-EAP exo-
cytosis was increased after A23187 or thapsigargin treatments,
as compared with control conditions (Fig. 5 D), demonstrating
that the release inhibition observed after nigericin or NH,Cl
treatments could not be attributed to perturbations of intracel-
lular calcium stores.

Finally, we excluded a possible metabolic effect via an
inhibition of mitochondrial ATP synthesis because oligomycin
A, a specific inhibitor of mitochondrial F1FO-ATPase, induced
only a moderate inhibition of CgA-EAP release (Fig. S5 A).
Valinomycin, a K* ionophore, had no effect on CgA-EAP exo-
cytosis (Fig. S5 B).

Altogether, these experiments showed that nigericin and
NH,CI treatments had an effect on CgA-EAP release, which
was independent from Ca?* influx, depletion of internal calcium
stores, or ATP metabolism. Because the inhibition of CgA-EAP
release after nigericin or NH,4Cl treatments appeared to be cor-
related to variations of the intragranular pH (Fig. 4 E), we pro-
pose that the intrinsic exocytotic machinery could be controlled
by the intragranular pH status.

V-ATPase, a sensor of intragranular pH

for the exocytotic machinery?

In marked contrast with the granular pH elevation induced by
nigericin or NH,Cl treatments, the inhibition of V-ATPase activ-
ity by bafilomycin A1 and concanamycin A induced a dissipation
of the granular pH gradient that was not associated with a modifi-
cation of CgA-EAP release (Fig. 4 E). To test whether binding of
these V-ATPase inhibitors directly perturbs the control of exocy-
tosis by the intragranular pH, cells were incubated with V-ATPase
inhibitors before nigericin or NH,4Cl treatments. Indeed, preincu-
bation with V-ATPase inhibitors, which did not significantly alter
the effect of nigericin or NH,4CI treatments on the intragranu-
lar pH (unpublished data), impacted their effect on CgA-EAP
release. Inhibition of CgA-EAP release by 20 mM NH,Cl
(Fig. 6 A) or nigericin (Fig. 6 B) was less pronounced after a
preincubation with bafilomycin A1, concanamycin A, or sali-
phenylhalamide A. Notably, binding of bafilomycin A1 to the V-
ATPase VO domain protected CgA-EAP release more efficiently
than binding of saliphenylhalamide A, in both treatments.
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Figure 4. Treatments that dissipate the granular pH gradient affect exocytotic release of CgA-EAP from PC12 cells. (A) PC12 cells stably expressing
CgA fused with EAP (CgA-EAP) were used to estimate exocytosis of secretory granules induced by KCI depolarization (control [ctrl]). Preincubation with
20 mM NH,Cl for 15 min decreased CgA-EAP release by 52% (NH4), and this was reversed by NH,Cl washout (w). Washing performed in the presence
of concanamycin A (w - C) led to partial reversion. (B) Dose dependence of the effect of NH,Cl on CgA-EAP release. Release was 64.2 + 3.1 (n = 10),
55.2+2.5(n=13), and 44.4 + 2.2% (n = 19) of control release at 5, 10, and 20 mM NH,CI, respectively. (C) A 15-min preincubation with 5 yM nige-
ricin (nig) markedly reduced CgA-EAP release: 24.4 + 1.2% (n = 19) of control release. This effect was not reversed after removal of nigericin (washing),
20.8 + 1.5% (n = 11), unless the K* ionophore valinomycin (5 pM) was present (washing + valinomycin [V]), a partial reversion that was inhibited by
0.4 pM concanamycin A (washing + valinomycin and concanamycin A [VC]). (D) Effects of 0.4 yM V-ATPase inhibitors. Concanamycin A (C) or bafilomycin
A1 (B) did not affect CJA-EAP release, with 99.8 + 2.5 (n = 25) and 101.1 + 3.1% (n = 21) of control release, respectively. Saliphenylhalamide A (S)
slightly but significantly depressed CgA-EAP release, with 78.5 + 6.5% (n = 12) of control release. (E) Correlation of CgA-EAP release and intragranular
pH in the presence of vehicle (1); reversion of 20 mM NH,CI (2); 5, 10, and 20 mM NH,CI (3, 4, 5, respectively); nigericin (6); bafilomycin A1 (B); and
saliphenylhalamide A (S). Data are means = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Because the V1 and VO domains of V-ATPase can re-
versibly dissociate in different physiological situations (Toei
et al., 2010), we tested whether the V1-VO0 association was
modified in conditions affecting the intragranular pH. We esti-
mated the relative amounts of V1 associated to VO in chromaf-
fin granules isolated from the 2B2-95 PC12 cell line, under
resting conditions or after a 15-min incubation with nige-
ricin or bafilomycin Al (Fig. 6 C). Cells were treated while
attached to collagen-coated culture flasks. After the 15-min
incubation, V1-V0 interacting domains were cross-linked
by dithiobis-succinimidyl propionate (DSP; see Morel et al.,
1998) to preserve their association during disruption of the
cells and isolation of chromaffin granules in sucrose density
gradients. Granules were followed by their CgA-EAP content.
The amount of VO was estimated by probing the endogenous
VO c subunit or the al-I subunit carrying a Flag tag on Western

blots. V1 was detected using antibodies to the catalytic A sub-
unit. After normalization at equal VO contents, the relative
amount of A subunit associated to chromaffin granules after
nigericin treatment significantly increased compared with the
resting conditions (254 + 37%, n = 3), whereas it was lower
after bafilomycin A1 binding (Fig. 6 C). The amount of A as-
sociated to granules after nigericin treatment was ~300% of
that found after incubation with bafilomycin A1 (Fig. 6, F and
G). When cells were pretreated with bafilomycin Al before
nigericin treatment, the amount of A associated to the granules
was only increased by ~50% (Fig. 6, D and E), indicating
that bafilomycin A1l binding to VO favored the dissociation of
V1 from V0. In contrast, larger amounts of A were associ-
ated to granules after saliphenylhalamide binding (Fig. 6 E),
in accordance with previous data obtained with the salicyli-
halamide A analogue (Xie et al., 2004).
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Figure 5. Incubation with nigericin or 20 mM NH,Cl does not affect exocytosis by impacting Ca?* influx or calcium internal stores. (A) PC12 cells loaded
with Fura-2 were used to estimate variations of the cytosolic Ca?* concentration. The basal Ca?* concentration in the cytosol was not affected by the
presence of 20 mM NH,Cl. 5 pM nigericin elicited a progressive increase of cytosolic Ca?* (probably from infernal stores because no external Ca**
was present). K* depolarization in the presence of 2 mM external calcium induced a marked increase of the cytosolic Ca?* concentration, which was not
much affected by nigericin or NH4Cl. Curves are means from 38 or 39 cells from three to four independent experiments (for clarity, SDs that were always
inferior to 10% of the means are not shown). (B) Quantification of the Fura-2 signals resulting from a 5-min-long K* depolarization, without (control [ctrl])
or in the presence of 5 pM nigericin (nig) or 20 mM NH,Cl (NH4). Means + SEM from 38 or 39 cells from three to four different cell cultures. (C) NH,CI
(10 and 20 mM) similarly reduced CgA-EAP release induced by KCl depolarization or by the calcium ionophore A23187 (A23187) in the presence of
2 mM external calcium. Data are means + SEM. (D) PC12 cells expressing CgA-EAP were preincubated 15 min with 10 pM thapsigargin (Thapsi) or with
10 pM calcium ionophore A23187 in the absence of external calcium before triggering CgA-EAP release by KCI. Data were obtained from four (A23187)
or three (thapsigargin) different cell cultures. Data are means + SEM. *, P < 0.05; ***, P < 0.001.

These results suggest that the intragranular pH regulates
the dissociation of V1 from V0. Acidic pH, or bafilomycin Al
binding to VO, favors V1 dissociation, rendering VO free for
other protein interactions that might be important for the exo-
cytotic machinery.

Discussion

Most of the standard cell biology approaches (e.g., RNA in-
terference and dominant-negative mutants) are difficult to use
to probe the function of VO in exocytotic membrane fusion
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Figure 6. V-ATPase association acts as a sensor of intragranular pH. (A) CgA-EAP release after a 20-mM NH,Cl incubation (45.9 + 1.8% of control
release, n = 31) was rescued by preincubation (Pre-inc) with 0.4 pM bafilomycin A1 (B; 73.1 + 3.2%, n = 15) or concanamycin A (C; 66.9 = 3.2%,
n = 16). Protection by 0.4 yM saliphenylhalamide A (S) was less effective (57.6 + 4.0%, n = 10). (B) CgA-EAP release after 5 yM nigericin (nig) incubation
(22.5 + 1.2% of control release, n = 29) was rescued by preincubation with 0.4 yM bafilomycin A1 (57.5 + 4.1%, n = 9) or concanamycin A (49.5 +
2.6%, n = 19). Saliphenylhalamide A was less effective (35.9 + 4.7%, n = 8). (C) PC12 cells stably expressing CJAEAP and Flag-TC-al- VO subunit
were incubated with 5 pM nigericin (N), 0.4 pM bafilomycin A1, or without treatment (O) for 15 min at 37°C. Cells were incubated with DSP to cross-link
the V1-VO domains before cell lysis and chromaffin granules isolation. The amount of V1 subunit A associated to granules (A) was estimated on Western
blots, normalized at equivalent amounts of the endogenous VO c subunit (c) or Flag a1 (not depicted). Band intensities were quantified by comparison
with increasing amounts of pooled granule fractions (2, 5, and 10). (D) Cells were preincubated for 30 min with 0.4 pM bafilomycin AT before nigericin
treatment (BN) or in physiological medium and then treated with 5 pM nigericin or bafilomycin A1 and treated as in C. (E) Cells treated with 0.4 pM
saliphenylhalamide A and as described for D. (F and G) Quantification of the amount of V1 subunit A bound to chromaffin granules, normalized at con-
stant VO endogenous ¢ subunit (F) or VO Flag-a1- subunit (G), expressed in the percentage of bafilomycin Al-treated samples (from three to five different
experiments). Data are means + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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because of its ubiquitous and essential role in proton translo-
cation, which is important for cell viability, many cellular pro-
cesses, and required for secretory vesicle loading. Nevertheless,
a direct additional role of VO in exocytosis has been suggested
after the observation that impairment of an organelle-specific
isoform of the VO a subunit generated exocytotic membrane
fusion deficits that other subunit a isoforms were unable to res-
cue, whereas these subunit a isoforms were able to compen-
sate for organelle acidification (Hiesinger et al., 2005; Liégeois
et al., 2006). But it remained difficult to completely rule out
indirect effects because other acidic compartments and mem-
brane traffic events were affected in these experiments (Liégeois
et al., 2006; Williamson et al., 2010). Hence, we have set up an
acute and selective inactivation of VO to bypass such limitations
by using the CALI technology. This approach is known to allow
acute and temporally controlled inactivation of a TC-tagged
protein (Tour et al., 2003; Jacobson et al., 2008). Excitation
of the chromophore FIAsH-EDT, bound to the TC motif leads
to irreversible damage of the tagged protein. The destructive
effects of CALI are mediated by a singlet oxygen within a ra-
dius of 3-50 nm (Tour et al., 2003; Yan et al., 2006) so that only
the protein of interest is inactivated (Marek and Davis, 2002).
This is especially evident in our results because the photoinac-
tivation of two subunits within the same protein complex, the
VO al-I or the V1 A subunits, led to clearly different functional
alterations of synaptic transmission and granule exocytosis, in
spite of the fact that the TC motifs were exposed to the cytosol
in both cases.

The photoinactivation of the presynaptic VO al-I subunit
in neurons resulted in a rapid and dramatic decrease of neu-
rotransmitter release. Similarly, the inactivation of the chromaf-
fin granule VO al-I subunit modified catecholamine release as
shown by the decrease in exocytotic spike frequency. In these
experiments, the recombinant TC-tagged al-I subunit was esti-
mated to be four to five times more abundant than the endoge-
nous protein (Fig. S3), correctly addressed to the granules and
able to rescue V-ATPase activity after silencing of the endoge-
nous subunit (Fig. S4). Therefore, most of the VO should con-
tain the recombinant subunit and be inactivated. The fact that
we observed no complete loss of neurotransmission or cate-
cholamine release suggests that either the photoinactivation of
VO results in a partial loss of function or alternatively that VO
might be a modulator of the membrane fusion machinery
(Di Giovanni et al., 2010).

Amperometric recordings have shown that the inacti-
vation of al-I affects the exocytotic spike frequency but also
their kinetics, with a broadening of the spikes and shortening
of the foot current duration. VO inactivation therefore affects
the fusion pore stability and slows down the membrane fusion
process. Hence, VO could participate in the organization of the
fusion pore, possibly via VO-SNARE interactions (Galli et al.,
1996; Morel et al., 2003; Hiesinger et al., 2005; Di Giovanni
et al., 2010). VO could also speed up membrane fusion by favor-
ing lipid mixing between the interacting membranes (Strasser
et al., 2011) and the expansion of the fusion pore. In agreement
with the later hypothesis, VO contains a hexameric proteolipid
ring made of very hydrophobic subunits that are soluble in

organic solvents (Israél et al., 1986), and mutations impairing lipid
mixing were identified in these subunits (Strasser et al., 2011).
The role of VO on secretory vesicle exocytosis is indepen-
dent of proton transport because the photoinactivation of the V1
catalytic A subunit or the blockade of proton transport by ba-
filomycin A1l did not affect exocytosis itself but only led to a
delayed decrease of the granule catecholamine content resulting
from the progressive dissipation of the granular pH gradient
(Fig. 3) and catecholamine leakage into the cytosol (Camacho
etal., 2006). Nevertheless, independently of proton transport
itself, the intragranular pH might be important for exocytosis
as shown in several different organelle traffic events (Kuijpers
et al., 1989; Ungermann et al., 1999; Barg et al., 2001; Camacho
et al., 2006; but see Cousin and Nicholls, 1997). Using CgA-EAP
release as a marker for granule exocytosis, we found that nigericin
or NH,CI treatments inhibited exocytosis, whereas CgA-EAP
granule content was unaffected. This inhibition was not caused by
a modification of the influx of Ca®* through voltage-dependent
calcium channels and intracellular Ca** levels during depolar-
ization (Fig. 5, A and B), nor to an alteration of internal calcium
stores (Fig. 5 D), or to an altered mitochondrial ATP synthesis
(Fig. S5). The cytosolic pH, which was not modified after incu-
bation with bafilomycin Al and slightly raised after NH,Cl
or nigericin treatments (unpublished data), remained within a
physiological range that does not affect exocytosis (Thomas
etal., 1993; Lindgren et al., 1997). Therefore, granule exocyto-
sis impairment after NH,Cl or nigericin treatments appeared to
be directly related to the rise in the intragranular pH, an efficient
exocytosis requiring acidic granules. We propose that the intra-
granular pH regulates the exocytotic machinery by inducing
VO conformational changes. At acidic intragranular pH, VO
would be in a fusion-permissive conformation that favors exo-
cytosis. In addition, bafilomycin A1 or concanamycin A binding
to VO would stabilize this fusion-permissive conformation, both
inhibitors sharing the same binding site on VO (Bowman et al.,
2006). This would explain why inhibiting the V-ATPase activity
with bafilomycin A1 or concanamycin A dissipated the granular
pH gradient without affecting exocytosis, whereas saliphenyl-
halamide A, which binds to a different site on VO (Xie et al.,
2004), affected both the granular pH and exocytosis. This would
also explain why a preincubation with bafilomycin A1l or con-
canamycin A partially protected exocytosis from the inhibition
caused by NH,CI or nigericin (Fig. 6). At acidic pH, or after
binding of bafilomycin A1, VO appeared to be in a conformation
that favors the dissociation of the catalytic V1 domain, whereas,
at neutral pH, VO is in association with V1 (Fig. 6). Similarly,
the alkalization of yeast vacuoles has previously been shown
to increase V1 association (Shao and Forgac, 2004). Saliphenyl-
halamide A, in contrast to bafilomycin Al, increased the VO-V1
association (Fig. 6), as previously reported with its analogue
salicylihalamide A (Xie et al., 2004). This strongly suggests that
what accounts for the reduced exocytosis is a conformational
state of VO after bafilomycin Al binding, rather than the inhibi-
tion of V-ATPase activity. Mutagenesis of yeast vacuole VO pro-
teolipid subunits identified amino acids that are important for
membrane fusion (Strasser et al., 2011), some of them being
part of the bafilomycin A1 binding site (Bowman et al., 2006).
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The identified mutations were also shown to modify the associ-
ation of VO with V1 (Strasser et al., 2011). Reversible dissocia-
tion of the V1 and VO V-ATPase domains occurs in various
physiological situations as a means to regulate the enzymatic
activity (Forgac, 2007; Toei et al., 2010). Upon V-ATPase dis-
sociation, the V1 subunit C is released and V1 (minus subunit
C) is detached from VO; their reassociation to VO is an energy
consuming process that requires the cytosolic RAVE (regulator
of the H*-ATPase of the vacuolar and endosomal membranes)
protein complex (Smardon and Kane, 2007). Recent structural
data suggested that the insertion of subunit C within the V1-V0
complex requires “spring loading” structural constraints (Oot
et al., 2012). Inversely, a minor structural deformation trans-
mitted to subunit C should be sufficient to dissociate V1 (Stewart
and Stock, 2012). The VO subunit a, which interacts with sub-
unit C via its cytoplasmic domain (Oot and Wilkens, 2012), is
a good candidate to link intragranular pH changes and con-
formational changes of the proteolipid subunits to the V1-VO
subunit C interface.

The dissociation of V1 renders VO free to interact with
other proteins. This could allow the recruitment of ARNO (ADP
ribosylation factor nucleotide-binding site opener; cytohesin-2)
and the GTPase Arf6 to the membrane by the V-ATPase, which
has been proposed as a sensing mechanism of endosomal pH
(Hurtado-Lorenzo et al., 2006; Hosokawa et al., 2013). Interest-
ingly, Arf6 has been shown to modulate exocytosis in various
cellular models, including chromaffin cells, mainly through the
production of fusogenic lipids (Vitale et al., 2002; Aikawa and
Martin, 2003; Bader and Vitale, 2009; Béglé et al., 2009). The
possibility that the association/dissociation of VO-V1 also con-
tributes in part to the regulation of fusogenic lipid synthesis
through the ARNO-Arf6-PLD pathway remains, however, to
be established. VO has also been shown to interact with SNAREs.
The association of VO with the v-SNARE VAMP-2 occurs prob-
ably as a cis-complex within the same neurosecretory vesicles
(Galli et al., 1996; Morel et al., 2003; Di Giovanni et al., 2010).
Because this VO-VAMP-2 interaction persists when VAMP-2
is engaged in a SNARE complex (Morel et al., 2003), the
VO-VAMP-2 complex could remain operative during the late
steps of membrane fusion. An interaction of VO with the t-SNARE
syntaxin-1 has also been reported (Hiesinger et al., 2005). It is
probably not relevant as an intravesicular pH sensing mecha-
nism because it involves either a trans-interaction between a
vesicular VO and syntaxin-1 in the presynaptic membrane and,
therefore, concerns a limited number of already docked synap-
tic vesicles or a cis-interaction within the presynaptic plasma
membrane, unrelated to secretory vesicles, because VO is also
present within the nerve terminal plasma membrane (Morel
et al., 2003). It should be stressed here that only one or two
molecules of V-ATPase are present per synaptic vesicle (Hicks
and Parsons, 1992) as compared with ~30 VAMP-2 molecules
(Takamori et al., 2006). This places these one or two VO mole-
cules in a strategic position. The role of VO in sensing the intra-
vesicular pH probably concerns a priming step that confers to
secretory granules the competence for release, before the forma-
tion of trans-SNARE complexes (Ungermann et al., 1999; Barg
et al., 2001). The role of VO in controlling fusion pore stability
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and membrane lipid mixing, based on yeast vacuole fusion
experiments, should occur after trans-SNARE pairing (Peters
et al., 2001; Strasser et al., 2011).

Estimates of the amount of transmitter released by single
exocytotic events and of the size of vesicles suggest that, in
accordance with the quantal hypothesis, fully loaded vesicles
are released in preference to partially filled ones (Albillos
et al., 1997; Bruns et al., 2000; Tabares et al., 2001). Because
in many synapses postsynaptic receptors are not saturated by
the released neurotransmitter, the control of the neurotransmit-
ter content of synaptic vesicles is critical for neuronal function
(Edwards, 2007). As previously discussed (Edwards, 2007), syn-
aptic vesicle exocytosis does not appear to be influenced by the
inhibition of vesicular neurotransmitter transporters and there-
fore by the vesicular neurotransmitter concentration. Sensing
the loading status of synaptic vesicles might therefore rely on
V-ATPase conformational changes in response to variations of
the intravesicular pH. The VO domain might be of decisive im-
portance in signaling to the exocytotic machinery if a synaptic
vesicle is undergoing neurotransmitter reloading (i.e., consum-
ing its pH gradient) or if it is fully loaded (i.e., acidic) and ready
to be released into the synaptic cleft (Morel, 2003).

Materials and methods

Reagents

The following reagents were obtained from Sigma-Aldrich: bafilomycin
A1, concanamycin A, oligomycin A, valinomycin, thapsigargin, ionophore
A23187, BAL, and proteases inhibitor cocktail (P8340). Nigericin was
obtained from Tocris Bioscience. Saliphenylhalamide was a gift from J.K.
De Brabander (University of Texas Southwestern Medical Center, Dallas,
TX). FIAsH-EDT, was purchased from Invitrogen or had been synthesized
for us by Orga-link according to Adams and Tsien (2008). Antibodies to
rat VO ¢ subunit were a generous gift from S. Okhuma (Kanazawa Univer-
sity, Kanazawa, Japan). Affinity-purified antibodies to the V1 A and VO al
subunits were prepared in the laboratory as previously described (Morel
et al., 2003; Poéa-Guyon et al., 2006). In brief, antisera were raised in
rabbits by immunization with peptides corresponding to C-terminal epitopes
(EDMQNAFRSLED for V1 A and FSFEHIREGKFDE for VO al) linked to the
carrier protein KLH via an added K (V1 A) or C (VO al) in the N-terminal po-
sition. Antibodies were then affinity purified on the corresponding peptides
linked to Sepharose beads (Ultralink lodoacetyl or Sulfolink gels obtained
from Thermo Fisher Scientific for V1 A and VO a1, respectively) according
to manufacturer’s instructions. Anti-Flag and anti-EAP antibodies were from
Sigma-Aldrich and EMD Millipore, respectively. DSP was obtained from
Thermo Fisher Scientific. Fura-2—acetoxymethyl (AM) and BCECF-AM were
purchased from Invitrogen and Molecular Probes, respectively.

Plasmids

The following plasmids were used to direct the expression of recombinant
proteins. All inserted coding sequences and the junctions with the vectors
were verified by sequencing. Plasmids p104, p165, and p166 contain the
coding sequences for FlagTC-al, al--TC-Flag, and Flag-TC-A, respec-
tively, inserted in the pIRES-humanized recombinant-GFP 1a bicistronic
expression vector (Agilent Technologies) and direct the coexpression of
the recombinant proteins and of EGFP. In all cases, the sequence encod-
ing the TC tag (peptide FLNCCPGCCMEP containing the tetracysteine
motif; Martin et al., 2005) was inserted by restriction between the Flag
tag and the subunit sequence. Plasmid pcDNA6-CgA-EAP, obtained from L.
Taupenot (University of California, San Diego, La Jolla, CA; Taupenot et al.,
2005), was used to generate PC12 cell clones that stably express CgA-
EAP. Plasmid p95 contains the Flag-TC-a1-l coding sequence inserted in
the p3xFlag-CMV26 vector (Sigma-Aldrich) that confers resistance to the
antibiotic G418.

Photoinactivation of the VO al-I subunit and synaptic transmission
Primary cultures of rat hippocampal neurons or mouse cortical neurons
were performed essentially as described previously (Goslin et al., 1998;



Poéa-Guyon et al., 2006). Hippocampi and cortex sections of 18-and 17-
d-old rat and mouse embryos, respectively, were removed and mechani-
cally dissociated after a mild trypsin digestion. For rat cultures, cells were
plated onto poly--lysine—coated glass coverslips and allowed to settle for
2 h. They were then transferred onto a glial cell monolayer in the Neuro-
basal medium supplemented with B27 (Invitrogen). For mouse cells, neu-
rons were directly plated on polyornithine-coated glass coverslips in culture
medium containing bovine fetal serum. Proliferation of nonneuronal cells
was prevented by addition, 1 d after plating, of cytosine arabinoside (5yM
final concentration). Neurons were transfected at 7 d in vitro with the
indicated plasmids using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. They were used 7-12 d after transfection. Cov-
erslips containing transfected and untransfected neurons were transferred
to a recording chamber and continuously perfused with a bubbled (95%
Oy/5% CO,) artificial cerebrospinal fluid containing (mM): 126 NaCl, 26
NaHCO;, 10 glucose, 2 CaCl,, 1.5 KCl, 1.5 MgSOy, and 1.25 KH,PO,,
pH 7.5 (310-320 mOsm at 37°C). Stable whole-cell pair recordings were
obtained under video-enhanced differential interference contrast using an
upright microscope (Axioskop 2 FS+; Carl Zeiss). Patch pipettes (of 5-7 MQ
resistance) contained the following intracellular solution (mM): 140
K-gluconate, 10 Hepes, 4 ATP, 2 MgCl,, 0.4 GTP, and 0.5 EGTA, pH 7.3
(adjusted with KOH; 280-290 mOsm). A single action potential was elic-
ited in transfected neurons expressing GFP (by a brief depolarizing step
under current clamp) to generate a postsynaptic response in a neighboring
untransfected neuron (recorded under voltage clamp). Synaptically con-
nected neurons were exposed to 1 yM FIAsH-EDT, (diluted in O,/CO,-
saturated artificial cerebrospinal fluid) for 10 min. Then, neurons were
perfused with 1 mM BAL. Finally, wholefield illumination was achieved
through the microscope 40x obijective for 1 min to allow the photoinactiva-
tion of the TCtagged V-ATPase subunits (light was delivered by a 120-W
xenon lamp [X-Cite 120Q; Exfo] via an optical fiber). Presynaptic action
potentials and postsynaptic currents were continuously monitored, before
and after the photoinactivating flash. Postsynaptic responses were ex-
pressed as a percentage of the mean amplitude of postsynaptic currents re-
corded during the 5 min preceding the flash. Only neuronal pairs showing
stable baseline before flash and changes in resting membrane potential
inferior to 25% were kept for analysis.

Photoinactivation of VO al-l and V1 A subunits and

catecholamine release

Freshly dissected primary bovine chromaffin cells were cultured in DMEM
in the presence of 10% fetal calf serum, 10 pM cytosine arabinoside,
10 pM fluorodeoxyuridine, and antibiotics as described previously (Vitale
et al., 1993). Bicistronic plasmids expressing V-ATPase subunits and GFP
were introduced into chromaffin cells (5 x 10° cells) by transfection systems
(Amaxa Nucleofector; Llonza) according to manufacturer’s instructions.
48/72 h dfter transfection, cells were exposed to 1 yM FIAsH-EDT; in
Locke’s buffer for 10 min and subsequently incubated with 1 mM BAL for
10 min. Locke's buffer is composed of 140 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCly, 1.2 mM MgSO,, 15 mM Hepes, and 11 mM glucose, pH 7.4.
Medium was replaced with Locke’s buffer before a 1-min illumination
through the microscope setup using a high power lightemitting diode
(BLCC-2; Prizmatix). Catecholamine secretion was evoked by applying
100 mM K* in Locke’s solution without ascorbic acid for 10 s to single cells
by means of a glass micropipette positioned at a distance of 30-50 pm
from the cell. Electrochemical measurements of catecholamine secretion
were performed using 5-pm-diameter carbon fiber electrodes (ALA Scien-
tific Instruments) held at a potential of 650 mV compared with the reference
electrode (Ag/AgCl) and approached closely to the transfected cells es-
sentially as described previously (Chasserot-Golaz et al., 2005). Ampero-
metric recordings were performed with an amplifier (AMU130; Radiometer
Analytical), sampled at 5 kHz, and digitally low pass filtered at 1 kHz.
Analysis of amperometric recordings was performed with a macro (ob-
tained and freely available from R. Borges laboratory [Analysis program
3.3]) written for Igor software (WaveMetrics), allowing automatic spike de-
tection and extraction of spike parameters (Segura et al., 2000). The num-
ber of amperometric spikes was counted as the total number of spikes with
an amplitude >5 pA.

Generation of PC12 cell lines and CgA-EAP exocytosis measurements

PC12 cells were transfected with the plasmid pcDNA6-CgA-EAP 48 h
before selection for blasticidin S resistance (essentially as in Taupenot
et al., 2005). PC12 cells were cultivated in high glucose DMEM contain-
ing L-glutamine (Invitrogen) with 10% horse serum (Sigma-Aldrich), 5%
fetal bovine serum (Biowest), penicillin, and streptomycin (Invitrogen).
Cells, seeded on rat tail collagen type | (Jacques Boy Institute)—coated

plastic dishes (10 pg/cm?), were transfected with the plasmid pcDNA6-
CgAEAP (Lipofectamine 2000; Invitrogen). Blasticidin S-resistant PC12
colonies were selected with cloning rings and further grown in 24-well
collagen-coated culture plates, in the continuous presence of 10 pg/ml
blasticidin S. Clones were screened for regulated CgA-EAP release by
chemiluminescence. The 2B2 cell line was selected and used throughout
this work. It was also transfected with plasmid p95 that confers resistance
to 0.5 mg/ml Geneticin G418 to generate the 2B2-95 cell line that stably
expresses CgA-EAP together with the Flag-TC-a1- VO subunit. Detection of
EAP activity release from CgA-EAP—expressing PC12 cells was achieved
by chemiluminescence using the Phospha-Light assay (Roche; Applied
Biosystems), according to manufacturer’s instructions, in a microplate lumi-
nometer (Mithras; Berthold). In brief, cells were grown in collagen-coated
24-well culture plates for 48 h to 60-90% confluency. They were incu-
bated at 37°C in 300 pl/well of the physiological medium M (128 mM
NaCl, 5 mM KCI, T mM MgCl,, 1 g/liter glucose, 10 mM Hepes, 10 mM
NaHCO;, and 2 mM NaH,PO,, pH 7.35) with or without drugs as indi-
cated. Basal release was measured at 37°C in 150 pl/well of medium
M after a 5- or 15-min incubation. Evoked release was measured after
a 5- or 15-min incubation at 37°C in the stimulation medium S (63 mM
NaCl, 70 mM KCl, 2 mM CaCly, T mM MgCly, 1 g/liter glucose, 10 mM
Hepes, 10 mM NaHCOj3, and 2 mM NaH,POy, pH 7.35). In these con-
ditions, 2B2 and 2B2-95 cells displayed a 10-fold increase in CgA-EAP
release after cell depolarization. CgA-EAP release (measured in triplicate)
was expressed as a percentage of total EAP activity within the cells be-
fore stimulation. Total cellular EAP activity is the sum of the released EAP
activity plus the activity remaining in the cells (measured after 0.2% Triton
X-100 addition). It was not affected by the various pharmacological treat-
ments used in this work.

FLIM of intragranular pH

ECFP was amplified by high fidelity PCR from the pECFP-N1 vector (Takara
Bio Inc.) with a forward primer designed to introduce a Kpnl restriction site
just before the initial ATG and a reverse primer introducing the Notl restric-
tion site just downstream from the TAA stop codon. The amplified ECFP
sequence was inserted into the pcDNAS-CgA-EAP vector (see Plasmids) in
place of the EAP coding sequence using the Kpnl-Notl restriction sites. 2B2
or 2B2-95 PC12 cells, cultured on poly--ornithine-coated glass slides, were
transfected with the CgA-ECFP-encoding vector using Lipofectamine 2000
(10 pg DNA/25 pl Lipofectamine 2000), and experiments were performed
48 h after transfection. PC12 cells were incubated at 36 + 2°C in the physi-
ological medium M with or without 5 pM nigericin, NH,Cl (5, 10, or 20 mM
in place of equivalent amounts of NaCl), or 0.4 pM V-ATPase inhibitors (ba-
filomycin A1, concanamycin A, or saliphenylhalamide A). For pH calibra-
tion, cells were incubated in buffers containing 15 mM MES, 15 mM Hepes,
140 mM KCl, and 10 pM nigericin at pH ranging from 5 to 7.5. Time-
resolved, laser-scanning, time-correlated single photon counting microscopy
was performed on a homemade setup based on a microscope (TE2000;
Nikon) equipped with a 60x, 1.2 NA water immersion objective and a
fiber-coupled scanning head (C1; Nikon) already previously described in
defail elsewhere (Erard et al., 2013). The FLIM setup allows realtime moni-
toring of ECFP lifetime variations and provides highly reproducible results
(Poga-Guyon et al., 2013).

Fura-2 imaging

Cells plated on polyornithine-coated coverslips were loaded with 5 pM Fura-
2-AM in HBSS for 30 min (37°C) and rinsed for 10 min with fresh cul-
ture medium (DMEM containing 10% fetal bovine serum). Coverslips were
mounted in a perfusion chamber in medium M (see Generation of PC12
cell lines and CgA-EAP exocytosis measurements) before imaging with a
videomicroscope (DMI600O; Leica) fitted with a high-speed filter changer
(Lambda DG-4; Sutter Instrument) to rapidly change excitation between 340
and 380 nm, and fluorescence emission was collected at 510 nm by a
band pass filter. Acquisition of fluorescence and image analysis were per-
formed using a digital imaging system (SimplePCI; Hamamatsu Photonics).
The fluorescence ratios for 340- and 380-nm excitations (R340/380) were
measured at 2-s intervals during perfusion with medium M, alone or with
5 pM nigericin, 0.4 pM bafilomycin A1, or 20 mM NH,Cl and after switch-
ing to the stimulation medium S (with or without the drugs) for 5 min.

BCECF imaging

The intracellular pH of PC12 cells was determined using BCECF according
to the manufacturer’s instructions (Invitrogen). In brief, plated cells were in-
cubated for 1 h (at RT) in HBSS containing 2 yM BCECF-AM and rinsed for
1 h with fresh culture medium (at 37°C). Coverslips were mounted in the
perfusion chamber as described for Fura-2 imaging in the videomicroscope
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(excitation filters were 440AF21 for 440 nm and 490DF20 for 490 nm
and the emission filter was 535DF25). The fluorescence ratios for 490- and
440-nm excitations (R4e0/440) were measured at 20-s intervals. For cytosolic
pH calibration, cells were perfused with 10 pM nigericin-containing buffers
(see FLIM of intragranular pH), and R490/440 was determined at five differ-
ent pH values (between 6.8 and 7.6).

Association of the V1 A subunit to secretory granules

The 2B2-95 PC12 cells were grown in 75cm? collagencoated culture flasks
to ~70-90% confluency. They were washed with 10 ml of medium M (see
Generation of PC12 cell lines and CgA-EAP exocytosis measurements) and
incubated with the indicated drugs in medium M for 15 min at 37°C. V1-VO
crosslinking (Morel et al., 1998) was then performed at 20-22°C for 30 min
in the presence of the various drugs in medium M that also contained 1 mM
DSP (from a freshly prepared 0.6 M solution in DMSO). Unreacted DSP was
then quenched by the addition in the culture flasks of 0.5 ml of 0.5-M Tris buffer,
pH 7.5 (25-mM final concentration), for 15 min at 20-22°C. Cells were then
harvested by scraping the flasks and pelleting the cells (800 gy for 10 min).
Cells were resuspended in 2 ml (for cells from a 75-cm? flask) of the fraction-
ation medium F (300 mM sucrose, 1 mM EGTA, and 10 mM Tris buffer, final
pH 7.4) supplemented with a mix of protease inhibitors (Sigma-Aldrich).
They were disrupted in a cell homogenizer (16-pm clearance bead; Isobio-
tec). The lysate was centrifuged (800 gpax for 10 min). The supernatant was
layered on top of a semicontinuous sucrose gradient made of four layers
that were allowed to diffuse (1.5 ml of 1.4-, 1.2-, and 1.0-M sucrose and
3 ml of 0.8-M sucrose in 1 mM EGTA and 10 mM Tris buffer, final pH 7.4).
After centrifugation (40,000 rpm for 120 min in the rotor [SW 41; Beck-
man Coulter]), 0.5-ml fractions were collected and tested for CgA-EAP
activity by chemiluminescence and sucrose concentration by refractometry.
The granule-containing fractions, identified as a peak of EAP activity at
~1.2 M sucrose, were pooled and diluted in medium F, and granules were
pelleted (45,000 rpm for 60 min on a rotor [TI50; Beckman Coulter]). Gran-
ulecontaining pellets were resuspended in the SDSysis buffer (containing
5% 2-mercaptoethanol) and heated at 95°C for 5 min. Proteins were sepa-
rated by electrophoresis in 5-15% acrylamide gradient gels and electrob-
lotted onto nitrocellulose, and blots were probed with anti-A, anti-c, or
anti-Flag antibodies. Immunoreactive bands were visualized after secondary
peroxidase-conjugated antibody binding by chemiluminescence (SuperSig-
nal West Pico or Dura; Thermo Fisher Scientific). Band luminescence was
captured in an imager (GeneGnome; Syngene Bio Imaging) and quantified
using the GeneSnap software (Syngene Bio Imaging).

Immunostaining and imaging

Cells were fixed with 4% paraformaldehyde and labeled with a rabbit
polyclonal anti-Flag antibody (Sigma-Aldrich) and FITC-labeled goat anti—
rabbit antibody (Molecular Probes) or a mouse monoclonal anti-EAP anti-
body (EMD Millipore) and Alexa Fluor 568-labeled goat anti-mouse
antibody (Molecular Probes). Images were acquired using a confocal mi-
croscope (LSM 700; Carl Zeiss) with Plan Apochromat 63x/1.4 NA oil
immersion objective lenses and ZEN (Carl Zeiss) as the image acquisition
software. All images were taken at RT. Images for figures were processed
with Image] software (National Institutes of Health) to enhance brightness
using the brightness/contrast function and smoothened (0.5-pixel o radius)
using the Gaussian blur function.

Statistical analysis

Data are presented as mean values + SEM. Statistical comparisons
(Student’s t test) were performed with the Prism 4 software (GraphPad
Software). Significant differences were marked *, P < 0.05; **, P <0.01;
and ***, P <0.001.

Online supplemental material

Fig. S1 shows that the insertion of the Flag-TC tags does not affect targeting
of al-l or A subunits fo secretory granules in PC12 cells. Fig. S2 shows that
photoinactivation of the neuronal a1-1 VO subunit impairs neurotransmitter re-
lease independently from V-ATPase proton transport. Fig. S3 shows relative
amounts of recombinant Flag-TC~tagged a1-l and endogenous al subunits
in transfected PC12 cells. Fig. S4 shows that overexpression of a siRNA-
resistant TC-a 1+ construct rescues catecholamine release defects after VO al
silencing. Fig. S5 shows that CgA-EAP release is only slightly inhibited by
the mitochondrial F1FO-ATPase inhibitor oligomycin A. Table S1 shows the
effect of CALl treatment and V-ATPase subunit overexpression on catechol-
amine release from chromaffin cells. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.201303104/DC1.
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