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(Bacl(ground: P2X receptors are localized both to the cell surface and within intracellular vacuoles. Mechanisms activating
Results: The P2X receptor ATP binding site faces into the vacuole lumen. ATP translocation triggers P2X receptor-dependent
Conclusion: Vacuolar P2X receptors are luminal ATP sensors releasing stored calcium in response to luminal ATP

Significance: Intracellular P2X receptors are calcium release channels.
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P2X receptors (P2XRs) are ATP-activated calcium-permea-
ble ligand-gated ion channels traditionally viewed as sensors of
extracellular ATP during diverse physiological processes
including pain, inflammation, and taste. However, in addition to
a cell surface residency P2XRs also populate the membranes of
intracellular compartments, including mammalian lysosomes,
phagosomes, and the contractile vacuole (CV) of the amoeba
Dictyostelium. The function of intracellular P2XRs is unclear
and represents a major gap in our understanding of ATP signal-
ing. Here, we exploit the genetic versatility of Dictyostelium to
investigate the effects of physiological concentrations of ATP on
calcium signaling in isolated CVs. Within the CV, an acidic cal-
cium store, P2XRs are orientated to sense luminal ATP. Appli-
cation of ATP to isolated vacuoles leads to luminal translocation
of ATP and release of calcium. Mechanisms of luminal ATP
translocation and ATP-evoked calcium release share common
pharmacology, suggesting that they are linked processes. The
ability of ATP to mobilize stored calcium is reduced in vacuoles
isolated from P2X,R knock-out amoeba and ablated in cells
devoid of P2XRs. Pharmacological inhibition of luminal ATP
translocation or depletion of CV calcium attenuates CV func-
tion in vivo, manifesting as a loss of regulatory cell volume
decrease following osmotic swelling. We propose that intracel-
lular P2XRs regulate vacuole activity by acting as calcium
release channels, activated by translocation of ATP into the vac-
uole lumen.

P2X receptors (P2XRs)> comprise a family of calcium-per-
meable cation channels directly activated by adenosine
5'-triphosphate (ATP). P2XRs are evolutionarily conserved
among mammals (1), trematode (2), amoeba (3), and single-
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celled algae (4), yet absent in higher plants, yeast, fruit flies, and
nematodes (5). A traditional view of P2XRs is that of cell surface
sensors for extracellular ATP, sensing ATP released in physio-
logical processes including pain, inflammation, taste, mechan-
ical stress, and tissue necrosis (6). However, P2XRs also popu-
late membranes of intracellular compartments in mammalian
and other eukaryotic cells, including lysosomes (7-9), phago-
somes (10), and the contractile vacuole (CV) of the amoeba
Dictyostelium discoideum (3, 11). The best evidence that intra-
cellular P2XRs are functional within the cell comes from study-
ing P2XRs in Dictyostelium amoeba. In Dictyostelium, the
genome encodes five receptors (P2X,—P2X;) of which P2X,,
P2X;, and P2X; form functional receptors when heterolo-
gously expressed in mammalian cells (3, 11). Contrary to mam-
malian cells, Dictyostelium P2XRs are exclusively intracellular,
populating the membranes of the CV, the major osmoregula-
tory organelle in protists (3, 11). Genetic disruption of P2XRs in
Dictyostelium causes an aberration in regulatory cell volume
decrease (RCVD) following osmotic swelling (3, 11), although
the severity of this phenotype shows some strain variance.
Genetic disruption of P2X , in AX4 strain amoeba causes a loss
of RCVD, described previously in our own study (3). However,
disruption of all five receptors in AX2 strain amoeba causes a
significant delay in RCVD but not aloss (11). The reason for this
difference in phenotype between strains is unknown, although
aberration in RCVD observed in both strains suggests that
P2XR knock-out does impair CV function though the underly-
ing mechanism is not described (3, 11). Genetic variation in
laboratory strains of Dictyostelium is widespread (12), and phe-
notypic differences between AX2 and AX4 strains are apparent
from previous studies (13-15). Despite this difference, AX4
Dictyostelium remains the best genetically amenable model
organism with which to investigate intracellular P2XR function
and their mechanism of activation.

The CV is an acidic calcium store closely related to acidocal-
cisomes found in animal cells, possessing both bafilomycin-
sensitive vacuolar proton pumps (V-H"-ATPase) and vana-
date-sensitive Ca®>" pumps (Ca”>*"-ATPase) (16). The CV is
decorated with calcium-sensitive signaling proteins, including
calmodulin (3, 17), and there is some evidence that the CV
participates in receptor-mediated calcium influx (18). Voiding
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of the CV is not via a conventional exocytosis, rather the CV
membranes are recycled after emptying (19). During voiding
the CV and plasma membrane are transiently connected by a
channel permitting ejection of the CV content without
exchange of plasma and CV membranes (19-21). This has
important implications for potential mechanisms of intracellu-
lar P2XR activation in Dictyostelium, suggesting that receptors
are not exposed to the extracellular face of the cell and extra-
cellular ATP is not a source of agonist. In addition, Ludlow et al.
(11) provide some evidence that the postulated ATP binding
site is orientated within the CV lumen and not the cytoplasm.
We here use Dictytostelium as a model to test the hypothesis
that intracellular P2XRs operate as calcium release channels
and investigate how intracellular P2X receptors are activated.

EXPERIMENTAL PROCEDURES

Cell Culture and Transformation—AX4 strain amoebae were
cultured in shaking flasks containing HL5 medium with glucose
at 22 °C. Amoeba were transformed with plasmids encoding
P2X,-GFP, dajumin-GFP (Prof. Gunther Gerisch, Max-Plank
Institute for Biochemistry), or calreticulin-GFP (Dictybase
depository), and selected with G418. P2X, knock-out amoeba
were generated as described previously (3) using a targeting
vector conferring blasticidin resistance (Dr. Steve Ennion, Uni-
versity of Leicester). Quintuple P2X receptor knock-out AX2
strain was generously provided by Dr. Steve Ennion.

Fluorescence Microscopy and Protease Protection Assay—
Amoeba expressing a P2X, C-terminal GFP fusion protein
were seeded on glass and washed with phosphate-buffered
saline (PBS). Endosomes were labeled with TRITC-dextran (1
mg/ml, 30 min; Invitrogen) and lysosomes labeled with Lyso-
Tracker Red DND-99 (500 nM, 45 min; Invitrogen). When per-
forming the protease protection assay, amoeba expressing
either P2X ,-GFP or calreticulin-GFP were seeded on glass and
washed with PBS containing 2 mm MgCl,. Selective permeabi-
lization of the plasma membrane was achieved by incubating
cells with 20 uM digitonin for 2 min at room temperature. Cells
were washed with PBS and then exposed to 5 mm trypsin (22).
Fluorescence intensity was captured at 15-s intervals using
a time lapse IX71 Olympus microscope equipped with a
Hamamatsu digital camera. Images were captured using Simple
PCI software (Digital Pixel).

Isolation of Vacuoles—For isolation of calcium-loaded vacu-
oles, 2.5 X 10° amoeba were sedimented, washed with PBS, and
resuspended in ice-cold lysis buffer (125 mm sucrose, 50 mm
KCIL, 0.5 mm EDTA, 5 muM dithiothreitol, and 20 mm HEPES, pH
7.2) and protease inhibitor mixture. For isolation of calcium-
depleted vacuoles, amoebae were shaken in Sorenson’s phos-
phate buffer containing 5 mm EGTA for 5 h prior to sedimen-
tation, washing, and lysis. All cells were lysed by repetitive
vortexing with glass beads (Sigma) followed by clarification of
lysate at 1,500 X g for 10 min at 4 °C. Pellets were resuspended
in lysis buffer and homogenized using a 22-gauge needle. The
homogenate was fractionated on a discontinuous iodixanol
gradient (Optiprep; Sigma). The discontinuous gradient was
centrifuged at 50,000 X g for 1 h at 4 °C, followed by collection
of 40 1-ml fractions. Estimations of protein concentration in
fractions and whole cell lysates were by Bradford assay.
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Estimation of Fraction Purity—The enzymatic activity of
marker enzymes and the distribution of GFP-tagged organelle
markers were used to establish successful purification of intact
contractile vacuole. Marker enzyme assays for acid phospha-
tase (lysosome), alkaline phosphatase (ALP, contractile vacu-
ole), and succinate dehydrogenase (mitochondria) were carried
out on all fractions. Reaction volumes were 250 wl and initiated
by addition of a 12.5-ul fraction. Acid phosphatase and ALP
reactions contained 5 mM p-nitrophenol phosphate in 250 mm
glycine-HCI, pH 3.0, for acid phosphatase assay or in 100 mm
Tris, 100 mm NaCl, 1 mm MgCl,, pH 9.5, for ALP assay. Reac-
tions were incubated at 25 °C for 1 h or 15 min for ALP and acid
phosphatase assay, respectively, and terminated by the addition
of 1 ml of 1 M NaOH. Liberation of p-nitrophenol was measured
at 405 nm. Succinate dehydrogenase assay reaction buffer con-
tained 100 mMm sodium phosphate, pH 9.5, 20 mm sodium suc-
cinate, and 0.6 mMm nitro blue tetrazolium. Reactions were incu-
bated at 25 °C for 30 min and terminated by addition of 1 ml of
2% SDS. Assays were measured at 630 nm. Enzymatic activity
was expressed as a percentage of total cellular activity, as deter-
mined from whole cell lysates. Latent enzymatic activity, deter-
mined in the presence of Triton X-100, was calculated in an
effort to demonstrate the intactness of the contractile vacuole
and other organelles.

ATP Translocation Assay—Fractions 1-3 were pooled and
diluted 1:3 with transport buffer (50 mm KCl, 2 mm MgCl,, 3%
sucrose, 6 ug/ml antimycin A, 6 ug/ml oligomycin, 100 ug/ml
NaNj;, and 10 mm HEPES, pH 7.2) and centrifuged at 18,500 X
g for 30 min at 4 °C; the pellet was resuspended in transport
buffer. 1-ml reactions contained 200 ng/ml protein fraction
and were incubated at 23 °C for 15 min. Reactions were initiated
by the addition of 4 mm ATP and quenched at stipulated time
intervals by the addition of 1 ml of ice-cold transport buffer
followed by immediate centrifugation at 18,500 X g for 10 min
at 4 °C. Pellets were washed three times in 2 ml of ice-cold
transport buffer. 100 ul of supernatant from the final spin was
collected to estimate background ATP, and the pellet was
resuspended in 100 pl of transport buffer. Samples were briefly
heated at 105 °C for 2 min immediately prior to assay. ATP was
quantified using the luciferase-luciferin assay (Roche Applied
Science), and protein was estimated by the Bradford assay.
Background ATP readings were subtracted from pellets, and
measurements at time zero were subtracted from all time
points. For experiments including ATP regeneration, 4 ug/ml
creatine kinase (CK) and 5 mM creatine phosphate (CP) (Roche
Applied Science) were added, and reactions were initiated by
the addition of ATP.

Identification of Vacuolar Nucleotides—Nucleotide extrac-
tion was performed following the methodology of zur Nedden
et al. (23) using fractions 1-3. 200-ul fractions were diluted 1:3
with ice-cold transport buffer and centrifuged at 18,500 X g for
30 min at 4 °C. Pellets were resuspended in either luciferase
buffer for quantitation by the luciferase-luciferin assay (Roche
Applied Science) or in homogenization buffer for HPLC analy-
sis. Perchloric acid (5% final concentration) was added and
mixed thoroughly followed by centrifugation at 16,060 X g for 2
min at 4 °C. Supernatants were precipitated by the addition of
400 pl of tri-n-octylamine in 1,1,2-trichlorotrifluoroethane (1:1
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FIGURE 1. P2X, is a permanent contractile vacuole resident. A, absence of P2X, from lysosomes and endosomes. Live P2X,-GFP expressing AX4 amoeba
labeled with TRITC-dextran (endosomes; upper panels) or Lysotracker (lysosomes; lower panels). Arrows indicate contractile vacuole localization. Scale bars, 5
um. B, association of P2X, with the contractile vacuole during voiding and filling. Overlapping differential inference contrast (DIC) and fluorescence (GFP)
images were taken from a time lapse video (supplemental Video) showing P2X,-GFP association with the contractile vacuole during both voiding (top panels)
and filling (bottom panels) phases. Time is in seconds (top right). Scale bars, 5 wm. P2X ,-GFP localization is shown in the expanded view (inset). Arrows indicate

QVv.

v/v) and incubating on ice for 10 min. After centrifugation at
12,100 X g for 2 min at 4 °C, organic extraction was repeated
twice with the upper aqueous phase. The aqueous phase was
mixed 1:1 with Buffer A and incubated on ice for 15 min. For
quantification of ATP, 10 ul of nucleotide extract was added to
90 wl of luciferase assay buffer and 100 ul of luciferase reagent
(Roche Applied Science). Bioluminescence for measured in a
Modulus luminometer (Turner Biosystems). For ion-pair
reverse phase HPLC, the mobile phase consisted of Buffer A (65
mM potassium phosphate, 39 mm K,H phosphate, 26 mm KH,
phosphate, and 4 mM tetrabutylammonium hydrogen sulfate,
pH 6) and Buffer B (65 mm potassium phosphate, 39 mm K,H
phosphate, 26 mm KH, phosphate, and 25% methanol, pH 6).
Buffers were prepared in deionized water and filtered through a
0.4-pm filter. A Supercosil LC-18-T column (Sigma) was equil-
ibrated with 10 column volumes of Buffer B and 30 column
volumes of Buffer A at a flow rate of 1 ml/min. Analytical sam-
ples were injected after two blank injections and compared with
nucleotide standards.

Measurement of Vacuole Calcium Release—For preparation
of calcium-depleted vacuoles, amoeba were cultured in PBS
containing 5 mm EGTA for 4 h prior to fractionation. Fractions
were diluted 1:3 with transport buffer and centrifuged at
18,500 X g for 30 min at 4 °C, and pellets were resuspended in
transport buffer. 200 ug/ml protein fractions were assayed for
calcium release in transport buffer contained 0.5 um fluo-3
(Invitrogen). 1.6-ml reactions were incubated for 15 min at
23 °Cin a quartz cuvette with constant mixing in a fluorescence
spectrophotometer (Hitachi F-2000), 505-nm excitation and
526-nm emission. Reactions were initiated by injection of 2 mm
ATP. Competing nucleotides were added at 1 mm.

Real-time Measurement of Cell Size—Changes in cell size
were monitored by right-angled light scattering using a Hita-
chi F-2000 spectrophotometer. 1 X 10° cells/ml were
exposed to hypotonic stress by complete replacement of HL5
medium with distilled water. Scattered light was collected at
600 nm. For depletion of CV calcium, cells were preincu-
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bated in Sorenson’s medium containing 10 mm EGTA for 4 h
prior to experimentation.

Statistical Analysis—Average results are expressed as the
mean *= S.E. from the number experiments indicated (mini-
mum of three for all). Data are analyzed by an unpaired two-
tailed Student’s ¢ test to determine significant differences
between data groups.

RESULTS

Intracellular P2XRs Are Orientated to Sense Changes in
Luminal ATP—W e reported previously that P2X, localizes to
the CV in Dictyostelium. However, whether this is an exclusive
localization or a dynamic association remains unclear. The
nature of P2X, localization is important when considering its
involvement in regulating CV function, as some proteins asso-
ciate with both CV and endosomal compartments in Dictyoste-
lium, including V-H™-ATPase (20) and rab4-like GTPase (24).
To this end, we examined the association of P2X ,-GFP with
lysosomes and endosomes using fluorescent marker dyes. The
use of GFP as a tag has been used extensively to localize proteins
in Dictyostelium (3, 11, 19, 21). P2X,-GFP labeled both the
bladder and tubular network of the CV, showing no overlap
with LysoTracker dye (lysosomes) or TRITC-dextran (endo-
some)-labeled compartments (Fig. 14). P2X , remained associ-
ated with the CV network during both filling and voiding of the
vacuole (Fig. 1B). A supplemental video shows P2X,-GFP
movement. Cell surface P2XRs are orientated to sense extracel-
lular ATP as the ATP-binding ectodomain faces outward (25),
with the receptor N and C termini residing within the cyto-
plasm (Fig. 2A4). We used two independent techniques to deter-
mine whether P2X, is orientated to sense cytoplasmic or lumi-
nal ATP. First, we sought to determine the localization of the
receptor C terminus by performing a fluorescence protease
protection assay (22) with amoeba expressing a C-terminal GFP
fusion of P2X, (3). P2X,-GFP- or calreticulin-GFP- (a mem-
brane-bound endoplasmic reticulum (ER) marker) expressing
cells were briefly exposed to digitonin to enable selective per-
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FIGURE 2. P2X receptor is orientated to sense luminal ATP. A, schematic representation of P2XR topology. B and C, fluorescence protease protection
performed using cells expressing calreticulin or P2X, both with C-terminal GFP tags. Relative fluorescence from representative experiments was captured
following trypsin addition to permeabilized cells. Trypsin was added a time 0. Inset, representative images captured at time points 1 and 2. Scale bar, 10 um.
D, peptide sequence of Dictyostelium P2X , showing predicted N-linked (yellow) and O-linked (blue) glycan acceptor sites. Transmembranes are highlighted in
gray. E, immunoblot for P2X,-GFP showing anti-GFP immunoreactivity probed in lysates treated with PNGase F (+) or control lysates (—). No anti-GFP
immunoreactivity is detected in parental AX4 cells (AX4). Molecular masses are in kDa.

meabilization of the plasma membrane, followed by addition of
trypsin. Calreticulin-GFP fluorescence showed no significant
depreciation with upon trypsin addition (Fig. 2B). In stark con-
trast, P2X , -GFP fluorescence decayed rapidly (Fig. 2C). Calre-
ticulin-GFP became trypsin-sensitive only after prolonged per-
meabilization (data not shown). The susceptibility of the P2X ,
receptor C terminus to proteolytic degradation by trypsin dem-
onstrates that the C terminus resides within the cytoplasm and
is not membrane-bound within the cell. Second, the P2X,
receptor has six predicted glycan acceptor sites (five N-linked
and one O-linked), all of which are within the ectodomain (Fig.
2D). Immunodetection of P2X,-GFP from enriched vacuole
fractions revealed two distinct bands: a lighter band (~70 kDa)
corresponding to the predicted mass of unmodified P2X ,-GFP
and a heavier more diffuse band sensitive to degradation by
PNGase F endoglycosylidase (Fig. 2E). Anti-GFP immunoreac-
tivity was not detected in parental AX4 amoeba (Fig. 2E). These
data suggest that the P2X, receptor is modified by N-linked
glycosylation. As the only N-linked glycan sites are predicted to
be within the ectodomain (Fig. 24), this indirectly suggests that
the receptor ectodomain is exposed to the Golgi lumen during
maturation, placing the ectodomain with the CV lumen by def-
inition of the biosynthetic pathway of membrane proteins in
eukaryotes. These data are in good agreement with the receptor
orientation as determined by Ludlow et al. (11) and suggest that
the receptor may serve to sense vacuolar ATP.

Identification of Receptor Ligand within Vacuole Lumen—If
intracellular P2XRs are activated by luminal ATP, then ATP
must be present within the CV lumen. To test this we adopted a
strategy to isolate intact CV from cultures and ensure freedom
from contaminated intact mitochondria, ER, and lysosomes.
Only the latent activity of biochemical markers was taken into
account to determine isolation of intact organelles. Impor-
tantly, because ATP is a major cytoplasmic component we
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opted to liberate the water-soluble components of CVs by
organic extraction (23) only after extensive washing to remove
any trace of contaminating bound cytoplasmic ATP. The dis-
tribution of intact CVs was determined by assaying ALP activ-
ity, which is present with the CV (26). More than 40 fractions
peak latent ALP activity were detectable in the most buyont
fractions, with ~50% total cellular latent ALP activity recov-
ered in fractions 1-3 (Fig. 3A). Peak succinate dehydrogenase
activity peaked at fraction 21 and represented <1.5% total cel-
lular activity in fractions 1-3 (Fig. 3B). No significant latent acid
phosphatase activity (lysosomes) was detectable in fractions
1-16, although nonlatent activity did show a nonuniform dis-
tribution across fractions (supplemental Fig. S1). Nonlatent
acid phosphatase activity was ~4% total activity cellular activity
in fractions 1-3. These data reveal that lysosomes isolated using
this protocol are not intact and therefore negated as a source of
ATP in fractions 1-3.

Because the purity of the CV preparation is critical to deter-
mination of luminal ATP, we further demonstrate the purity of
isolated CVs by determining the distribution of several GFP-
tagged organelle markers across isolated fractions. The distri-
bution of CV markers P2X , -GFP and dajumin-GFP (19) corre-
lated well with the distribution of latent ALP activity (Fig. 3B).
The peak ER fraction, as labeled by calreticulin-GFP, was dis-
tinct from that of the buoyant CV-enriched fractions peaking at
fraction 18 (Fig. 3B). These data demonstrated that fractions
1-3 do not contain intact mitochondria, lysosomes, or ER, and
intact CVs are successfully purified. Following pooling, sedi-
mentation, and extensive washing of fractions 1-3, organic
extraction liberated ATP detectable by both HPLC (Fig. 3, C
and D) and luciferase-luciferin assay (Fig. 2E). Importantly,
nominal amounts of ATP were detectable in the supernatant
following sedimentation of vacuoles (Fig. 3E), suggesting that
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FIGURE 3. Detection of P2X receptor ligand in vacuole lumen. A, purification of intact contractile vacuoles by subcellular fractionation. Latent activity of ALP
(CV, red) and succinate dehydrogenase (mitochondria, green) is shown and is expressed as percentage total cellular activity. n = 4 fractionations. B, distribution
of GFP-tagged organelle markers across different fractions. Markers are for contractile vacuole (P2X, and dajumin) and ER (calreticulin). GFP fluorescence is
expressed as percentage peak fluorescence. Representative traces of four independent fractions are shown. C and D, ion-pair reverse phase HPLC analysis of
ATPinisolated vacuoles. Separation of adenine nucleotide standards (1 um each) (C) or water-soluble contents liberated from isolated vacuoles (D) are plotted.
ATP standard is given as a reference. Representative traces are from four independent experiments. E, detection of ATP liberated from vacuole pellet versus
supernatant as determined by luciferase-luciferin assay. n = 4;*, p < 0.01; error bars, S.D.

washing had successfully removed any cytoplasmic ATP and
that any liberated ATP is derived from inside isolated vacuoles.

ATP Translocation Triggers ATP-evoked Calcium Release in
Isolated Vacuoles—Millimolar quantities of free cytoplasmic
ATP establish a large chemical gradient across the membranes
of organelles, yet ATP is a strong anion at physiological pH and
unable to diffuse passively. The detection of ATP within the CV
lumen suggests the presence of a mechanism to facilitate ATP
transport (27) or a mechanism for ATP synthesis de novo (10).
HPLC analysis of vacuole nucleotides failed to detect any sig-
nificant amounts of AMP or ADP (Fig. 3D), suggesting that
substrates necessary for ATP synthesis are not present or are
present at levels below the detection limit of HPLC. To this end,
we tested for the presence of an ATP-translocating mechanism.
Using 4 mm ATP to mimic cytoplasmic conditions, purified
vacuoles accumulated ATP in a time-dependent manner at an
initial rate of 1.8 * 0.4 nmol/mg per min (n = 3) (Fig. 4A). The
translocation of ATP was initially very rapid, reaching a plateau
after 2 min (Fig. 44). ATP regeneration using a CK-CP system
significantly increased both the initial rate of ATP translocation
(3.2 = 0.1 nmol/mg of protein per min; n = 5, p < 0.01) and the
total amount of ATP transported at steady state with respect to
ATP alone (Fig. 4A). These data suggest that ATP may be
hydrolyzed to ADP upon addition to isolated vacuoles and that
CK-CP increases the amount of free ATP for transport. Not
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surprisingly, ATP is hydrolyzed rapidly upon addition to vacu-
oles (supplemental Fig. S2). Translocation of ATP was attenu-
ated by the addition of other nucleotides to varying degrees,
with ADP causing the greatest inhibition (Fig. 4B). HPLC anal-
ysis of luminal ATP revealed transport of ADP, although GTP
and UTP were not transported (supplemental Fig. S3). These
data are indicative of adenine nucleotide-selective transport
and suggest that CK-CP addition may facilitate ATP transport
(Fig. 44) by depleting the pool of ADP, derived from ATP
hydrolysis, available to attenuate ATP transport. ATP transport
was inhibited by Evans Blue, quercetin, and vanadate, but
insensitive to the mitochondrial ATP/ADP exchanger antago-
nist atractyloside (Fig. 4B).

The Dictyostelium P2X , receptor, like other P2XRs, is highly
permeable to calcium (3). Moreover, the combination of the
receptor orientation and the presence of an ATP-translocating
mechanism suggest that ATP translocation into the vacuole
lumen may be a means to activate vacuolar P2XRs and trigger
release of stored calcium. To test this hypothesis we mimicked
the experimental conditions used to observe ATP translocation
(Fig. 4A) but instead measured extravacuolar calcium using the
membrane-impermeable indicator fluo-3. Strikingly, addition
of ATP to vacuoles evoked a release in calcium which pro-
gressed over several minutes (Fig. 4C). Subsequent addition of
CK-CP caused a rapid rise in calcium release which slowed but
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FIGURE 4. Luminal ATP translocation triggers release of stored calcium. A, time-dependent luminal ATP translocation in the presence of 4 mm ATP alone or
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progressed over several minutes (Fig. 4C). Addition of ATP or
CK-CP caused no rise in fluo-3 fluorescence in the absence of
vacuoles, nor could creatine or inorganic phosphate substitute
for CP in evoking a calcium release in the presence of vacuoles
(data not shown). ATP-evoked calcium release was inhibited by
ADP (76.4 + 2.4%; n = 4), GTP (44.2 + 1.2%; n = 3), and UTP
(15.4 = 1.2%; n = 3) (Fig. 4D). Vanadate ablated ATP-evoked
calcium release (95 = 5.2%; n = 4), but atractyloside was inef-
fective (1.2 * 3.2%; n = 3) (Fig. 4D). These data demonstrate
common pharmacology between the ATP translocation and
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ATP-stimulated calcium release. We found that Evans Blue and
quercetin directly quenched fluo-3 fluorescence at concentra-
tions that inhibit ATP translocation (Fig. 4B) and therefore
could not be used to probe calcium release. ADP, AMP, and
GTP, which do not activate recombinant Dictyostelium P2XRs
(3, 11), did not evoke calcium release, suggesting an effect spe-
cific to ATP (Fig. 4E). B,y-Imido-ATP also could not evoke
calcium release (Fig. 4E). To rule out the possibility that ATP-
evoked calcium release is not specific to CV, we tested the abil-
ity of ATP to mobilize calcium in fractions enriched with other
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organelles. ATP evoked a calcium release in crude whole cell
lystates (Fig. 4F), although the magnitude of the response was
greater in CV-enriched fractions (Figs. 3, A and B, and 4F). ATP
did not mobilize calcium in fractions enriched in the ER and
mitochondria (fraction 21) or denser fractions (fraction 38)
(Fig. 4F); indeed, addition of ATP caused a decrease in fluo-3
fluorescence in these fractions indicative of ATPase-dependent
calcium loading (16).

The Ability of ATP to Mobilize Calcium Is Dependent on the
Calcium State of the Store—Detergent solubilization of vacu-
oles used in this study releases calcium ~30-fold that of the
magnitude of the ATP-stimulated release, demonstrating that
the vacuoles are preloaded with calcium (Fig. 54). Previous
studies examining movement of calcium in isolated CVs from
Dictyostelium have used CVs isolated following deletion of cel-
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lular calcium for several hours with EGTA (18, 28) to allow
Ca®"-ATPase-dependent loading stimulated by ATP addition.
We confirm that the effect of ATP addition on vacuolar calcium
is opposite in CVs from cultures following EGTA buffering.
Similar to previous studies (16, 18) robust vanadate-sensitive
uptake of calcium is observed upon ATP addition in calcium-
depleted vacuoles (Fig. 5B). Interestingly, these data suggest
that the net movement of calcium across the vacuole mem-
brane evoked by ATP is dependent upon the calcium state of
the vacuole. Although ADP alone could not evoke calcium (Fig.
4E), ADP in the presence of CK-CP could (Fig. 5C). In these
experiments creatine could not replace CP (data not shown),
suggesting that it is the conversion of ADP to ATP that stimu-
lates release (Fig. 5C). The initial rapid calcium release evoked
by ADP plus CK-CP was significantly less than that evoked by
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ATP plus CK-CP (Fig. 5C), but the magnitude of calcium was
similar after 10 min (Fig. 5C). In good correlation, the magni-
tude of luminal ATP translocation at steady state was not sig-
nificantly different if ATP or ADP was the ATP source, yet the
initial rate of ATP translocation was significantly less if ADP
was the source and not ATP (Fig. 5D). An explanation for these
data is that the processes of luminal ATP translocation and
ATP-evoked calcium release are coupled. A direct comparison
of ATP translocation in vacuoles isolated from wild-type and
P2X, knock-out cells revealed no significant difference (Fig.
5E).

ATP-evoked Calcium Release Is Dependent upon P2XRs—To
test for an involvement of P2XRs in mediating ATP-evoked
calcium release, we compared the magnitude of release in wild-
type AX4 and P2X, knock-out amoeba (3). The magnitude of
calcium release stimulated by ATP was reduced by 72% (F/F,
0.17 = 0.02 versus 0.05 * 0.01 AX4 wild-type versus P2X,, KO
cells; n = 6-7, p < 0.01) in knock-out cells (Fig. 6, A and B).
ATP plus CK-CP could also evoke a calcium release in P2X,
knock-out cells but with a 42% reduced response (F/F, 2.76 =
0.18 versus 1.5 = 0.12 wild type versus KO; n = 7, p < 0.01) (Fig.
6, A and B). The latent activity of ALP in CV-enriched fractions
(pooled fraction 1-3) was not significantly different in wild-
type versus P2X, knock-out cells (supplemental Fig. S4A4).
Moreover, the specific activity of ALP was not significantly dif-
ferent between wild-type and knock-out cells (supplemental
Fig. S4B), demonstrating that the amount of vacuole per mass of
protein used to assay calcium release was not significantly dif-
ferent between the two cell types and cannot account for the
decreased magnitude in P2X, knock-out cells. One possible
reason underlying the reduced ATP-stimulated calcium release
in P2X, knock-out cells is that ATP translocation is also
reduced in these cells versus parental cells. These data can be
explained if the P2X , receptor mediates some of the ATP-stim-
ulated calcium release. To test whether the residual ATP-
evoked calcium release was dependent upon other P2X recep-
tor subtypes present in the vacuole (11), we used a quintuple
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knock-out strain devoid of P2X, . Strikingly, ATP mobiliza-
tion of CV calcium was ablated in the quintuple knock-out
strain (F/F, 0.06 = 0.001 versus —0.02 = 0.01 wild-type versus
KO cells; n = 5, p < 0.01) (Fig. 6A). Indeed, a significant
decrease in extravesicular calcium is observed upon addition of
ATP in P2XR-null cells, indicative of calcium loading (Fig. 6A).
Release of calcium evoked by the addition of ATP plus CK/CP
was inhibited by 78% (F/F, 0.491 = 0.08 versus 0.107 % 0.05
wild type versus KO; n = 5, p < 0.01) in P2XR-null cells (Fig.
6B). ATP-evoked calcium mobilization was significantly
smaller in AX2 versus AX4 strains.

Antagonists of Luminal ATP Translocation and ATP-evoked
Calcium Release Impair Osmoregulation—In Dictyostelium
RCVD following osmotic swelling is achieved by the expulsion
of water from the CV. In an effort to link the information gained
from purified vacuoles with cellular function, we sought to test
the requirement of normal osmoregulation for ATP-evoked
calcium release from the CV using antagonists that block lumi-
nal ATP translocation and ATP-evoked calcium release. Expo-
sure of Dictyostelium to hypotonic stress caused a robust cell
swelling followed by RCVD of ~50% in control experiments
(Fig. 7, A and C). Culturing cells in the presence of EGTA to
deplete cellular CV calcium (Fig. 5B) abolished RCVD (Fig. 7, A
and C). The effect of EGT A was not likely to be due to a pertur-
bation of general intracellular calcium signaling as inhibition of
the ER by thapsigargin had no effect on RCVD (Fig. 7A). More-
over, cells treated with Evans Blue, quercetin, or vanadate all
attenuated RCVD in response to osmotic swelling (Fig. 7, B and
C). RCVD was insensitive to atractyloside (Fig. 7B). These data
suggest that common antagonist pharmacology is shared by
luminal ATP translocation, P2X receptor-dependent CV cal-
cium release, and RCVD.

DISCUSSION

In this study we demonstrate that translocation of ATP
into the vacuole lumen is a mechanism by which intracellular
P2XRs can be activated. This mode of activation is atypical
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FIGURE 7. Inhibitors of luminal ATP translocation or depletion of CV calcium impairs recovery from osmotic swelling. A and B, measurement of real-time
changesin cell size by right-angled light scattering. A, cell swelling and recovery in response to hypotonic stress in control cells or cells with depleted ER calcium
(thapsigargin; 10 um, 30 min) or depleted CV calcium (EGTA depletion). B, effect of luminal ATP translocation inhibitors on cell swelling and recovery. Control
traces are superimposed (gray) for comparison. C,images of control cellsimmediately after exposure to distilled water (top right time 0) and following 60- min
exposure to water with and without (control) inhibitors (bottom left). D, average data on peak swelling.n = 4; *, p < 0.05.

among other calcium release channels which are activated by
ligands, including nucleotides. Activation of the inositol
1,4,5-trisphosphate receptor, ADP-ribose-activated TRPM2
channels and presumably NAADP activation TPC channels
is via interaction with ligand on the cytoplasmic face of cal-
cium stores (29-31). Our evidence for the orientation of
intracellular P2XRs in Dictyostelium with the ATP-binding
site facing in the CV lumen is consistent with previous work
(11) and also consistent with the postulated orientation of
the P2X4 receptor in mammalian lysosomes (7). Unlike the
ATP-binding site of P2X4 which can become exposed to the
extracellular environment following lysosome exocytosis
(7-8), this study and the study of others (19, 32) argue that
the membranes of CV and plasma membrane do not mix
upon exocytosis and hence that intracellular P2XRs in Dic-
tyostelium would never be exposed to the extracellular space.
The P2X, receptor would be a rather ineffective sensor of
cytoplasmic ATP as one would predict the receptor to exist
in a permanently desensitized state because of the millimolar
amounts of ATP in the cytoplasm (3). Despite the detection
of ATP we have not determined the absolute concentration
of ATP within the lumen of a single vacuole, nor can we
estimate such from our assays carried out on populations of
vacuoles. This is for a number of reasons: (i) the number of
vacuoles varies per cell, and the absolute number of vacuoles
assayed is not known; and (ii) the volume of CV is dynamic
and changes with time due to swelling by water accumula-
tion. Whatever the absolute concentration of ATP, translo-
cation of ATP in isolated vacuoles is capable of raising the
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luminal ATP concentration high enough to activate P2X,
(EC5o ~170 uM) (3). The observation that ATP-stimulated
calcium release is significantly attenuated but not abolished
in P2X , knock-out cells is suggestive of a level of redundancy
between vacuolar P2XRs. Indeed, P2X,; and P2X; have
recently been shown to form functional receptors, although
ATP is 3—5-fold less potent at activating B and E receptor
subtypes compared with P2X, (3, 11). It is therefore inter-
esting to observe that the calcium release evoked during ATP
regeneration is only reduced by 42% in P2X, KO cells com-
pared with the 72% reduced in calcium released by ATP
alone. Our data suggest that the rate and steady-state
amount of ATP translocated are significantly greater with
ATP regeneration than without and that during these con-
ditions there is less dependence on P2X , for calcium release.
One possible explanation for this observation is that differ-
ent receptor subtypes, with higher ATP EC,, e.g. P2Xj and
P2X; (11), contribute to calcium release at higher initial and
steady-state rates of luminal ATP translocation. This may
allow the vacuole to fine tune a response to ATP, as observed
for the complex repertoire of cell surface P2XRs in mamma-
lian cells (1). Experiments with P2XR-null cells clearly dem-
onstrate that ATP-evoked calcium mobilization is entirely
dependent upon P2XRs. In combination with experiments
with P2X,, these data support a role for multiple receptor
subtypes in releasing calcium in response to ATP. Intrigu-
ingly, the response to ATP plus CK/CP is heavily suppressed
(78%) but not abolished in P2XR-null cells. It should be
noted that the quasi-instantaneous release observed upon
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addition of ATP plus CK/CP is only observed in the presence
of vacuoles and therefore not an artifactual effect of CK/CP
on fluo-3 fluorescence. The molecular basis for the residual
rapid component is unclear at present, but P2XR activation
represents the major component.

Our data show that luminal ATP translocation increases
~25% in the presence of an ATP-regenerating system than
without, yet ATP regeneration triggers an immediate cal-
cium release of some ~500%, although these data do dem-
onstrate that increased ATP translocation increases the
magnitude of calcium release. It is more difficult to explain
the differences observed in the magnitudes of responses
without knowing the absolute change in luminal ATP con-
centration which results from a 25% enhancement of ATP
translocation. The relationship between ATP concentration
and receptor activation is not linear and steep for Dictyoste-
lium P2XRs (3, 11), and it is therefore possible that small
changes in luminal ATP could result in large real-term
changes in receptor activity. The rapid release of calcium
stimulated by ATP regeneration is not observed in the
absence of vacuoles or if creatine phosphate is substituted
for creatine, suggesting that vacuoles and ATP regeneration
are required. More importantly, the magnitude of calcium
release stimulated by ATP regeneration is dependent upon
P2X,.

One outstanding issue is the molecular correlate of the vac-
uolar ATP translocator. Vesicular adenine nucleotide trans-
porters have been identified in diverse organisms (33, 34) and
are found in secretory vesicles of neurons (35), chromaffin cells
(27), and pancreas (36). The ATP translocator identified in this
study was inhibited by micromolar Evans Blue in common with
some mammalian ATP transporters (27, 35, 36). One interest-
ing observation of this current study is that the translocation of
ATP may be dependent upon ATP hydrolysis. Vanadate sensi-
tivity suggests that ATP hydrolysis may be required. In addi-
tion, the nonhydrolyzable ATP analog B,y-imido-ATP is
10-fold more potent that ATP at activating P2X, (3) and
~3-fold more potent at activating P2Xj (11). Despite this, B,y-
imido-ATP does not evoke calcium release. Our data demon-
strate that this transporter is capable of transporting ATP and
ADP, but not GTP or UTP. Recently, putative ABC transport-
ers have been identified in a proteomic analysis of CV from
Trypansoma cruzi (37). Indeed, MRP-type ABC transporters
are responsible for the accumulation of ADP in secretory gran-
ules of platelets (38). The Dictyostelium genome encodes a
plethora of ABC transporters, including some homologous to
mammalian MRP-type transporters (39). The subcellular local-
ization of ABC transporters in Dictyostelium is not well defined,
but they remain potential candidates underlying the vacuolar
transportation of ATP described here. We have revealed that
ATP controls the net movement of calcium across the vacuole
membrane by two counteracting mechanisms: (i) ATP hydrol-
ysis to drive calcium uptake and (ii) ATP activation of P2XRs to
release calcium. Although this may initially appear counterin-
tuitive, it should be noted we have studied this phenomenon on
a macroscopic scale. Signaling events on a local level may be
different, and indeed Ca?*-ATPases and the ATP translocator
may utilize different pools of ATP (40). A more refined view will
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come from further investigation into the modulation of this
signaling system.

In this study we tested the hypothesis that intracellular
P2XRs can act as vacuolar calcium release channels in vitro in
an attempt to understand why genetic disruption of P2X,
impairs CV activity in AX4 Dictyostelium in vivo (3). Although
we have not presented direct evidence that hypotonic stress
triggers a calcium release from the CV in vivo there are some
excellent examples from other studies which hypothesize that
calcium signaling is important for normal CV function. These
include (i) the CV is an acidic calcium store (16, 18), (ii) the CV
is decorated with calcium-responsive signaling proteins (3, 17),
(iii) calcium-permeable ion channels are exclusive CV residents
(3, 11), and (iv) CV calcium release and signaling necessitate
osmoprotection and CV function in other protists (41, 42). In
this study we suggest that P2XR-dependent release of calcium
triggered by vacuolar ATP translocation is necessary for normal
CV function and this may explain the impairment of CV func-
tion following disruption of the P2X , gene (3). We demonstrate
that conditions that deplete CV calcium lead to loss of RCVD,
which is not mimicked by depletion of ER calcium by thapsi-
gargin. We have provided evidence that the mechanisms we
have described in purified vacuoles are important for cellular
function and that pharmacological inhibitors of vacuolar ATP
translocation and ATP-evoked release phenocopy the osmotic
swelling observed in P2X, knock-out cells (3). It is difficult to
ascertain whether the compounds that we have used to inhibit
RCVD are selective for ATP transport and ATP-evoked release,
for example vanadate is a generic inhibitor of ATPase function.
However, the observation that thapsigargin and atractyloside,
inhibitors of other major ER and mitochondrial calcium pools,
respectively, do not impair RCVD gives some degree of confi-
dence of specificity. A pharmacological approach remains the
only option until the molecular correlate of the CV ATP trans-
porter is elucidated, allowing a genetic approach to be taken in
future studies.

The identification of intracellular P2XRs as calcium
release channels in the model eukaryote Dictyostelium
makes it is tempting to speculate that a similar role exists for
P2XRs that reside in intracellular compartments of mamma-
lian cells. A potential candidate for this is the mammalian
P2X, receptor which targets to lysosomes (7-9). The recep-
tor is protected from degradation in this compartment,
which is suggestive of a requirement for function. P2X,
receptors are regulated by pH (43), and lysosomes can accu-
mulate ATP (44). Our observations further suggest that the
compartmentalization of ATP by translocation allows ATP
to act as a discrete signaling molecule, either by its release
into the extracellular space or shuttling into an intracellular
compartment as described here. The evolutionary conserva-
tion of the intracellular residency of P2XRs between amoeba
and mammals is highly suggestive of a conserved function.
This study also suggests that cell signaling by the compart-
mentalization of ATP has early evolutionary beginnings (5)
and may have evolved to include plasma membrane events.
Further work is required to elucidate any functional role for
intracellular P2X receptors in mammalian cells.
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