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SUMMARY

Extracellular ATP activates two distinct types of P, purinorecep-
tor-mediated signaling pathways in macrophages, 1) the rapid
formation of nonselective pores/channels in the plasma mem-
brane and 2) a guanine nucleotide-binding protein-dependent
stimulation of phosphotidylinositol-specific phospholipase C, with
subsequent mobilization of intracellular Ca?*. Several studies
have suggested that the pore-forming, or P, purinoreceptor
may be involved in the cytolytic effects of ATP on macrophages
and other cell types. We have identified 3’-O-(4-benzoyl)benzoyl-
ATP (BzATP) and UTP as selective agonists for the P, purino-
receptor and Ca?*-mobilizing nucleotide receptor, respectively,
in BAC1.2F5 macrophages. In this paper we demonstrate that
BzATP and ATP (but not UTP) activate membrane depolarization
in BAC1.2F5 cells and also stimulate appropriate electrophysio-
logical responses, consistent with the expression of the P,
purinoreceptor, in Xenopus oocytes injected with poly(A)* RNA
derived from BAC1.2F5 cells. Micromolar concentrations of

BzATP or millimolar concentrations of ATP induced a sustained
increase in the membrane holding current in these voltage-
clamped oocytes. This response was significantly potentiated in
the absence of extracellular divalent cations, consistent with the
specificity of the P,, purinoreceptor for tetrabasic nucleotides.
The sustained currents induced by BzATP or ATP were distinct
from the transient and/or oscillating increases in Ca?*-dependent
CI™ currents that were stimulated by UTP but not BzATP. UTP-
stimulated transient currents and nucleotide-dependent in-
creases in aequorin luminescence in A)* RNA-injected oo-
cytes were independent of extracellular Ca** and were correlated
with the mobilization of intracellular Ca?* stores. Sucrose frac-
tionation of the poly(A)* RNA from BAC1.2F5 cells resuited in
the enrichment of mMRNA species encoding the components of
the P, purinoreceptor, as well as the Ca?*-mobilizing nucleotide
receptor, in fractions containing 2.5-4.0-kilobase species.

Extracellular ATP (and other nucleotides) can activate a
variety of cellular responses via the occupation of a class of cell
surface receptors that have been termed P, purinoreceptors
(for reviews, see Refs. 1-3). In general, the effects of extracel-
lular nucleotides acting through distinct P, purinoreceptors can
be grouped into three classes, 1) the G protein-mediated acti-
vation of phosphotidylinositol-specific phospholipase C, with
subsequent mobilization of inositol trisphosphate-releasable
Ca?* stores (via P,, and ATP/UTP receptor subtypes), 2) the
activation of cation channels (via the P, receptor subtype),
and 3) the reversible formation of nonselective pores (via the
P, receptor subtype).

ATP-induced permeabilization has been described in a num-
ber of cells including macrophages (4-6), transformed mouse
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fibroblasts (7), mast cells (8, 9), certain subtypes of lymphocytes
(10, 11), hemopoietic stem cells (12), and neuroblastoma cells
(13). The permeabilizing effect of ATP is dependent on the
concentration of ATP*~ (9, 14) and is enhanced in the absence
of divalent cations, by increased extracellular pH (15), and by
depletion of intracellular ATP (16). ATP-induced permeabili-
zation can be reversed by the direct removal of ATP*~ or by
the addition of Mg®* to form Mg-ATP complexes (17). The
mechanism of ATP-induced pore formation, however, has not
yet been determined.

Activation of P,, purinoreceptors exerts many effects on
macrophage function, including increases in Na* influx, K*
efflux, and [Ca?*];, inhibition of phagocytosis, membrane de-
polarization (4), and an increased permeability to molecules of
<900 Da (5). Sustained occupation of these receptors can result
in cytolysis (18). The lytic effects of ATP on human macro-
phages become irreversible after a short “trigger” exposure,
indicative of a programmed cell lysis. A similar effect is found
in thymocytes and certain tumor cell lines in which ATP

ABBREVIATIONS: G protein, guanine nucleotide-binding protein; SKR, substance K receptor; BSS, balanced salt solution; DEPC, diethylpyrocar-
bonate; MBS, modified Barth's saline; [Ca?*], intracellular Ca®* concentration; BzATP, 3’-O-(4-benzoyi)benzoyl-ATP; ATP{S], adenosine-5’-0«3-
thiojtriphosphate; GTP{S], guanosine-5'-O-(3-thiojtriphosphate; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol

bis(8-aminoethyl ether)-N,N,N’ N’-tetraacetic acid.
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triggers apoptosis, or programmed cell death (19). In these cells,
ATP-induced apoptosis is dependent on the concentration of
ATP*" and, as in macrophages, is selective for ATP, consistent
with the specific involvement of the pore-forming P, purino-
receptor. Pore formation alone, however, is insufficient for the
activation of apoptosis, because perforin cannot mimic the
effect of ATP. The implication of cooperative effects of pore
formation and ATP-induced responses is particularly intriguing
in light of recent evidence that occupation of the P, purinore-
ceptor leads to the activation of phospholipase D, as well as
permeabilization, in murine macrophages (20). These parallel
effects of ATP acting through the P,, purinoreceptor suggest
an important, but ill defined, role for this receptor in macro-
phage function.

Steinberg and Di Virgilio (21) have suggested that ATP may
be an important intercellular signal during cell-cell contact. T
lymphocytes have been shown to release ATP in response to T
cell antigen receptor cross-linking (22). ATP released into the
restricted space between T cells and their targets may play a
role in the killing of target cells and/or the interaction of T
cells with antigen-presenting macrophages and B cells. The
rapid degradation of ATP by ectonucleotidases and the inhib-
itory effects of divalent cations have been suggested as two
mechanisms by which the localized effects of ATP could be
terminated after dissociation of the cytolytic T lymphocyte and
target cell (21). Significantly, the sensitivity of human macro-
phages to ATP-induced lysis is enhanced by treatment with
the cytokine interferon-v. The up-regulation of ATP sensitivity
may provide a mechanism by which activated macrophages are
selectively targeted for removal by cytolytic T lymphocytes
(18).

Due to the lack of specific ligands, no ATP receptor has been
isolated to date. Several receptor ion channels and G protein-
coupled receptors have been functionally expressed, character-
ized, and cloned using the Xenopus oocyte expression system.
Two groups have independently described the expression of
Ca**-mobilizing P, purinoreceptors in Xenopus oocytes injected
with either mRNA from HL-60 granulocytes (23) or mRNA
from embryonic guinea pig brain (24). In contrast, the P,,
purinoreceptor is functionally similar to receptor ion channels
and thus may exist as an oligomeric membrane protein. We
previously confirmed the expression of this receptor in the
BAC1.2F5 murine macrophage cell line (20). In this paper we
describe for the first time the functional expression of an
exogenous pore-forming P, purinoreceptor in Xenopus oocytes,
a cell type that does not normally express this receptor.

Experimental Procedures

Materials. Collagenase type IA, 3-aminobenzoic acid ethyl ether,
DEPC, and all nucleotides, with the exception of ATP[S], were from
Sigma Chemical Co. ATP[S] and oligo(dT)-cellulose were purchased
from Boehringer Mannheim. Platelet-activating factor (1-O-stearyl-2-
acetyl-sn-glycero-3-phosphocholine) was from Calbiochem. Methyl-
mercuric hydroxide was from Alfa Products. Fura-2 and bis-oxonol
were from Molecular Probes, Inc. The SKR cDNA clone was kindly
provided by Shigetada Nakanishi (Kyoto University, Japan). BAC1.2F5
cells were a gift from Richard Stanley (Albert Einstein College of
Medicine).

Cell culture. The BAC1.2F5 cell line is a clone of the SV40-
transformed murine macrophage cell line BAC1, which is completely
dependent on colony-stimulating factor-1 for survival and growth.
BAC1.2F5 cells were routinely cultured in Dulbecco’s modified essential
medium supplemented with 15% fetal calf serum (Hyclone), 25% L

cell-conditioned medium as a source of colony-stimulating factor-1, 50
units/ml penicillin, and 50 ug/ml streptomycin, in a humidified atmos-
phere of 95% air/5% CO.. The cells were seeded in 100- X 20-mm
tissue culture dishes and grown to 80-90% confluence for 3-4 days.
Adherent cells were washed once with Ca®*/Mg?*-free Hanks’ BSS and
starved in L cell-conditioned medium-free culture medium for 15-18
hr before an experiment.

[Ca?**]; measurements. [Ca**]; was measured in BAC1.2F5 cells
using the fluorescent indicator fura-2 as described previously (20), with
the following modifications. Cells were concentrated to 4 % 10° cells/
ml in Ca%*-containing BSS (125 mM NaCl, 5 mm KCl, 1 mm MgCl,,
1.5 mM CaCl,, 25 mM HEPES, pH 7.5), supplemented with 0.1% bovine
serum albumin and 5 mM glucose, before measurements. Concentrated
cells (0.25 ml) were diluted to 5 X 10° cells/ml with 1.75 ml of Ca**-
free BSS. EGTA (375 uM) was added to chelate residual Ca?*, followed
immediately by the nucleotide, in an effort to minimize depletion of
intracellular stores. Maximal fluorescence was determined upon the
addition of 2 mM CaCl, and 50 ng/ul digitonin.

Membrane potential measurements. Quiescent BAC1.2F5 cells
were harvested by scraping in Ca**-free BSS, washed twice, and resus-
pended at 2 X 10° cells/ml in BSS supplemented with 5 mM glucose,
with or without divalent cations as indicated. Cell suspensions were
stored for up to 3 hr on ice before measurements. The cell suspension
(0.5 ml) was diluted to a final concentration of 5 X 10° cells/ml with
1.5 ml of buffer. Bis-oxonol was added to 200 nM and its fluorescence
was monitored (540-nm excitation/580-nm emission) as described (25).

Poly(A)* RNA isolation and fractionation. RNA was isolated
using the acid-guanidinium thiocyanate-phenol-chloroform extraction
method, as described by Chomczynski and Sacchi (26). Total RNA was
poly(A)* selected using oligo(dT')-cellulose chromatography. BAC1.2F5
poly(A)* RNA (500 ug) from three separate preparations was dissolved
in 10 mM Tris-HC], pH 7.6, 10 mM NaCl, 1 mM EDTA (TNE), that
had been treated with 0.1% DEPC. The sample was heated to 65° for
10 min and chilled on ice. Methylmercuric hydroxide was added to a
final concentration of 20 mM and the sample was immediately layered
on a 5-25% sucrose gradient prepared in DEPC-treated TNE. Frac-
tionation was acheived by centrifugation at 27,000 rpm for 16 hr in a
SW28.1 rotor (Beckman). Thirty 400-ul fractions were collected and
treated with 2.5 mM 2-mercaptoethanol. Aliquots of each fraction were
removed for spectrophotometric quantitation. The remaining samples
were precipitated with ethanol and dissolved in DEPC-treated water
to 1 ug/ul. Individual fractions were pooled into six groups of five
fractions each. Distribution of the RNA through the gradient was
determined by electrophoresis of several individual fractions through a
1% agarose-2% formaldehyde gel, alongside an RNA standard ladder
(Bethesda Research Laboratories).

Oocyte isolation and injection. Adult female Xenopus laevis
(Nasco) were anesthetized with 0.2% 3-aminobenzoic acid ethyl ether.
Ovarian lobes were surgically removed, washed, and incubated for 30
min in Ca**-free MBS (15 mm HEPES, 88.0 mM NaCl, 1.0 mM KCl,
2.4 mM NaHCO,, 1.5 mM MgSO,) containing 1.5 mg/ml collagenase
type IA. The oocytes were then washed extensively in MBS (same as
described above but containing 0.41 mM CaCl;, 0.3 mM CaNO;, and
0.82 mM MgSO,), manually separated, and maintained at 18-20° in
MBS supplemented with 2.5 mM pyruvate, 50 units/ml penicillin, and
50 ug/ml streptomycin or with 2.5 mM pyruvate, 50 ug/ml gentamicin,
and 0.5 mM theophylline. (No functional differences were observed
using these medium compositions.) After 1 day of recovery, oocytes
were injected equatorially with 50 nl of DEPC-treated water, poly(A)*
RNA (1 ug/ul), or purified SKR mRNA (10 ng/ul) transcribed from
the cloned SKR cDNA, as a positive translational control. Injections
were performed using a WPI pneumatic picopump (PV 820) and glass
pipettes pulled to a tip diameter of 5-7 um.

Electrophysiology. Oocytes were impaled with two glass electrodes
containing 3 M KCI and were clamped at a membrane potential of —60
mV while being bathed in 1 ml of MBS (with or without divalent
cations as indicated), using an Axoclamp 2A amplifier (Axon Instru-
ments). Additions were made by removing 200 ul of the bath solution



and adding back 200 ul of 5-fold concentrated agonist in the indicated
bath solution.

Aequorin measurements. Oocytes were injected with 25 nl of
aequorin (2 mg/ml stock solution with 20 uM EGTA) and incubated
for 3 hr before measurements. Aequorin luminescence was recorded
from individual oocytes, in relative light units integrated over 20-sec
periods, using a Lumat LB 9501 luminometer (Berthold). Basal lumi-
nescence was measured for 1 min in 80 ul of MBS (0 Ca**, 0.8 mM
Mg?*). Agonists were added from 5-fold concentrated stock solutions
in the same buffer.

Data analysis. Data were subjected to nonlinear regression analysis
using InPlot software. For all curves, r* values were >0.993.

Results

Extracellular nucleotides activate membrane depolar-
ization and Ca?* mobilization in BAC1.2F5 macro-
phages. The characteristics of the P,, purinoreceptor and the
ATP/UTP, or nucleotide, receptor are summarized in Table 1.
The occupancy of the P,, purinoreceptor activates transmem-
brane ion fluxes that result in the collapse of ion gradients and
membrane depolarization. In these studies we used membrane
depolarization as an index of P, purinoreceptor-induced pore
formation. BZATP and UTP were used as selective agonists for
the the pore-forming P,, purinoreceptor and Ca’*-mobilizing
receptor, respectively (20). In the presence of bis-oxonol, a
membrane potential-sensitive dye, BAC1.2F5 macrophages dis-
played a concentration-dependent depolarization when stimu-
lated with BzATP (Fig. 1A) or ATP (Fig. 1B). Both the kinetics
and magnitude of membrane depolarization were dependent on
the concentration of BZATP or ATP. Nucleotide dose-response
curves for the depolarizing effects of BzATP and ATP in
BAC1.2F5 cells (Fig. 2A) showed a half-maximal effective
concentration (ECy) for BzATP of 0.1 mM. ATP was less
potent, with an estimated EC;, of 0.6 mM. UTP, at concentra-
tions up to 2 mM, did not induce depolarization (Figs. 1C and
2A). All measurements were made in the presence of 1 mM
Mg?* and in the absence of added Ca®*, to eliminate any direct
effects of Ca?* influx on membrane potential. The Hill coeffi-
cients generated from these fits were >2.5 for both BzATP and
ATP. These values are consistent with previous studies in mast
cells (14) and mouse thymocytes (27) and support their conclu-
sion that at least two molecules of ATP (or BzZATP) must bind
for depolarization to occur.

In contrast, ATP (Fig. 1E) and UTP (Fig. 1F) activated
transient increases in [Ca®*]; in fura-2-loaded BAC1.2F5 mac-
rophages in the absence of extracellular Ca®*, indicative of
mobilization of Ca®* from intracellular stores. Nucleotide dose-
response curves for peak [Ca?*]; reached after nucleotide addi-
tion showed that ATP and UTP were equipotent in their ability
to mobilize intracellular Ca®*, with an estimated EC;, of 10 uM
and Hill coefficients between 1.0 and 1.25. BzATP, at concen-
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trations up to 1 mM, had no effect on [Ca®?*); under these
conditions (Figs. 1D and 2B).

BzATP-induced depolarization was highly sensitive to extra-
cellular Mg?*. Depolarization in response to 10 uM BzATP was
potentiated in the absence of Mg?* (Fig. 3A), suggesting that
BzATP* is the active agonist. Furthermore, BzATP-induced
depolarization was reversible upon the addition of 1 mm Mg**;
subsequent chelation of this Mg?* by EDTA was sufficient to
reinitiate depolarization (Fig. 3B). Cells depolarized with the
ionophore gramicidin, however, were unaffected by additions
of Mg** and EDTA (Fig. 3C), indicating that the effects ob-
served in ATP-depolarized cells are specific to the nucleotide-
induced response and not a generalized effect on depolarized
cells. The estimated ECs, values for BZATP- and ATP-induced
depolarization in the absence of Ca®>* and Mg?* were shifted to
10 uM and 80 uM, respectively (data not shown). Several studies
have suggested UTP*~ and ATP*" to be the active ligands for
the Ca?*-mobilizing receptor (28-32). However, nucleotide-in-
duced Ca®>* mobilization was not sensitive to variations in
extracellular Mg?* up to 1 mMm. The sensitivity of ATP/BzATP-
induced permeabilization to extracellular Mg®* in this range
can be used as a discriminating characteristic of the P,, puri-
noreceptor subtype.

Xenopus oocytes injected with BAC1.2F5 poly(A)*
RNA display characteristics of the expression of both
the P;, purinoreceptor and the ATP/UTP receptor. We
measured changes in membrane current in voltage-clamped
oocytes 2 days after injection of 50 ng of poly(A)* RNA isolated
from BAC1.2F5 macrophages. Two kinetically and pharmaco-
logically distinct responses to extracellular BzZATP were de-
tected in RNA-injected oocytes but not in uninjected oocytes.
A sustained increase in membrane conductance with a reversal
potential of approximately 0 mV was observed in voltage-
clamped, BAC1.2F5 poly(A)* RNA-injected oocytes stimulated
with BzATP (Fig. 4B) in the absence of divalent cations,
consistent with the activation of an expressed P,,, or pore-
forming, purinoreceptor. The expression of this response was
highly reproducible and was observed in approximately 98%
(53 of 54) of the oocytes injected with BAC1.2F5 poly(A)*
RNA.

The BzATP-induced changes in membrane current were
characterized by multiphasic kinetics consisting of three dis-
tinct components, 1) an initial rapid increase during the first 5
sec after agonist addition, 2) a plateau or reduced rate of current
increase during the next 20-100 sec (depending on BzATP
concentration), and 3) a reacceleration of the current increase
to a final, steady state rate of increase. Although the magnitude
and duration of each phase showed a clear dependence on the
concentration of BzZATP (Fig. 5), the multiphasic nature of the
conductance changes complicated straightforward evaluation

TABLE 1
ATP receptors in phagocytic leukocytes
Receptor type
G oo - pore
Cell type Neutrophils, monocytes, macrophages, and progenitors ~ Macrophages
Receptor name P,, purinergic or nucleotide P, purinergic
ATP ECg (um) 10-50 100-500
t selectivity UTP = ATP > BzATP BzATP > ATP > UTP
Effects of divalent cations No major effect Decrease of potency of nucleotide agonist
Effects on intraceliular calcium Mobilization of intracellular stores Influx across plasma membrane
Effects on membrane potential No effect or hyperpolarization (Ca>* dependent) Depolarization (Ca®* independent)
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Fig. 2. Nucleotide concentration-response curves describing depolari-
zation (A) and peak [Ca®*], changes (B) induced by BzATP (W), ATP (@),
and UTP (A) in BAC1.2F5 macrophages. Experiments were performed
under the same conditions as in Fig. 1. Depolarization was defined by
the initial rate of depolarization after nucleotide addition, normalized to
100%. Data are representative of at least three independent experiments.

of the concentration-response relationships. Analysis of these
time courses indicated that the duration of time between ago-
nist addition and the initiation of the third phase (the final,
steady state rate of current increase) was an easily measured
parameter that showed a strong inverse dependence on BzATP
concentration. Measurement of this parameter also simplified
evaluation of the dose-dependent effects of ATP and UTP on
the sustained phase of increased membrane current, as opposed
to actions of these nucleotides on transient or oscillating
changes in membrane current (see below). Nucleotide concen-
tration-response curves describing the effects of BzZATP, ATP,
and UTP on this parameter of altered membrane conductance
in RNA-injected oocytes (Fig. 5B) revealed that BzATP was
more potent than ATP; ECs, values were 35 uM and 0.3 mM,
respectively. The ATP analog ATP[S] also activated the de-
polarizing current but with an ECs, of >1 mM (data not shown).
BzATP-induced effects on the sustained current were observed
at concentrations as low as 5 uM (Fig. 5A). The corresponding
Hill coefficients were between 2.4 and 3.0, consistent with those
characterizing the effects of BzATP on depolarization in the
BAC1.2F5 macrophages (Fig. 2A). UTP, at concentrations as
high as 1 mM, did not activate this sustained current (Figs. 4
and 5).

These poly(A)* RNA-injected oocytes did respond to UTP
(100 M) with a transient inward current that was followed by
current oscillations (Fig. 4, C and D). Similar transient/oscil-
latory currents were activated in response to 1 uM platelet-
activating factor or 100 uM ATP (data not shown). The reversal
potential characterizing these UTP-induced currents was ap-
proximately —25 mV, consistent with the activation of the
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Fig. 3. Effects of Mg** on BzATP-induced membrane depolarization in BAC1.2F5 macrophages. Membrane potential in BAC1.2F5 cells was
measured in the presence of 200 nm bis-oxonol under the same conditions as in Fig. 1. A, Depolarization in response to 10 um BzATP is shown in

the presence or absence of 1 mm Mg?*. B, The addition of 1 mm MgCl, reversed the

depolarization induced by 10 um BzATP; addition of 2 mm

EDTA was sufficient to reinitiate depolarization. C, Depolarization induced by 50 nm gramicidin (gram) was unaffected by additions of 2 mm MgCl.

and 4 mm EDTA.
0.7 mM Ca 2*
0.8 mM Mg2* 0 CaZ*, Mg2*
A B
BzATP BzATP
N —
C D

uTte uTpP
v v
250 nA l

60 sec

Fig. 4. Expressed nucleotide in v ped Xeno-
pus oocytes injected with BAC1.2F5 poly(A)* RNA. Xenopus oocytes
were injected with 50 ng of BAC1.2F5 poly(A)* RNA. After 2 days, single

oocytes were voltage-clamped at a holding potential of —60 mV and
stimulated with 100 um BzATP or UTP in MBS with or without divalent
cations as indicated. Each pair of additions was performed with oocytes
from the same preparation. Upward traces, inward currents. Measure-
ments were made at 20°. Each trace is representative of the results
from at least two independent experiments.

endogenous Ca®*-activated Cl~ channel (33, 34). Expression
efficiency varied between frogs and experiments. In general,
peak currents ranged from 30 to 250 nA and were observed in
approximately 80% (22 of 28) of the mRNA-injected oocytes.
None of the tested nucleotides induced changes in membrane
current, either sustained nor transient, in control oocytes in-
jected with water or with 50 ng of cRNA encoding the SKR (0
of 10 oocytes). Moreover, in oocytes injected with mRNA
isolated from other cells that express the Ca’*-mobilizing nu-
cleotide receptor but not the pore-forming P,.-type purinore-
ceptor, only the ATP/UTP-induced transient currents were
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Fig. 5. Concentration-response relationships characterizing the effects
of BzATP on membrane current in Xenopus oocytes injected with
BAC1.2F5 poly(A)* RNA. A, Oocytes were injected and voitage-clamped
as in Fig. 4, in MBS without divalent cations, and were stimulated with
the indicated concentrations of BzZATP. - - -, Effect of 100 um BzATP
on a control oocyte injected with 50 ni (0.5 ng) of SKR cRNA. B,
Nucleotide concentration-response relationships for the effects of BzATP
(W), ATP (@), and UTP (A) on membrane conductance in RNA-injected
oocytes. The y-axis plots the inverse of the time interval between agonist
addition and peak sustained rate of change in membrane current; the
inverse times observed with different concentrations of BZATP/ATP/UTP
have been normalized to the maximal inverse time interval measured in
oocytes stimulated with 300 um BzATP. These data, obtained using a
single batch of injected oocytes, are representative of four independent
experiments using separate batchs of injected oocytes.
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observed. These included the HL-60 leukocyte cell line (35),
the DDT,MF-2 smooth muscle cell line (36), and human am-
nion cells (37) (data not shown).

The effects of extracellular nucleotides on [Ca®*}; in oocytes
were also addressed, using aequorin as an indicator of changes
in [Ca?*}).. Oocytes coinjected with BAC1.2F5 poly(A)* RNA
and aequorin displayed transient increases in aequorin lumi-
nescence in response to ATP, UTP, ADP, and ATP[S] (Fig.
6). These responses were independent of extracellular Ca**
which indicated that the increases in luminescence resulted
from the release of Ca?* from intracellular stores. Increases in
aequorin luminescence were not observed either in control
uninjected oocytes stimulated with UTP (Fig. 6F) or in RNA-
injected oocytes stimulated with 0.01-1 mM BzATP (Fig. 6A).
Thus, whereas BzATP acts as a potent and efficacious agonist
for activating the sustained membrane current, it is ineffective
as a Ca®*-mobilizing agonist.

BzATP-induced currents were attenuated in the presence of
divalent cations (0.7 mM Ca®*, 0.8 mM Mg?*) (Figs. 4A and
7B). BzZATP-induced changes in membrane conductance were
reversed upon the addition of a 20-fold molar excess of Mg**
over BzATP and were reinitiated after the chelation of the
Mg** ions with EDTA (Fig. 7A). This phenomenon was similar
to the reversible changes in membrane potential observed in
BzATP-stimulated BAC1.2F5 cells (Fig. 3B). EDTA at 2 mM
activated the sustained membrane current when BAC1.2F5
poly(A)* RNA-injected oocytes were incubated in the presence
of 1 mM MgCl; and 50 uM BzATP (Fig. 7B). In the absence of
BzATP, however, 2 mM EDTA did not elicit this response,
suggesting that the effects of EDTA were due to the chelation
of Mg?* and the generation of the BzZATP*~ species.

mRNA(s) encoding the P,,-type purinoreceptor and
Ca?*-mobilizing nucleotide receptor are enriched in a

A

2.5-4.0 kb fraction. Poly(A)* RNA isolated from BAC1.2F5
cells was size fractionated and pooled as described in Experi-
mental Procedures. Injection of 50 ng of poly(A)* RNA from
these pools into Xenopus oocytes revealed an enrichment of
both BzATP-induced sustained currents and UTP-induced
transient currents in a fraction enhanced in poly(A)* RNA in
the 2.5-4.0-kb range (Fig. 8). This fraction contained approxi-
mately 20% of the total RNA eluted from the gradient. The P,,
purinoreceptor-induced response was also observed in oocytes
injected with poly(A)* RNA from fractions containing species
of =3.0 kb. This suggests that the RNA species encoding these
receptors are in the 3.0-4.0-kb size range. Conversely, UTP-
dependent transient currents were also detected in oocytes
injected with poly(A)* RNA from a fraction enriched in 1.0-
3.0-kb species, suggesting that the mRNA species encoding this
receptor subtype are in the 2.0-3.0-kb size range.

Discussion

We have demonstrated for the first time the expression of
an exogenous pore-forming P., purinoreceptor in Xenopus oo-
cytes injected with macrophage poly(A)* RNA. BzATP and
ATP activated a sustained depolarization in the native
BAC1.2F5 macrophages and a kinetically similar increase in
membrane conductance in poly(A)* RNA-injected, voltage-
clamped oocytes. The specificity of these latter responses for
ATP*" is consistent with the expression of a pore-forming, Pg,-
type purinoreceptor. Ca’*-mobilizing nucleotide receptors, en-
coded by macrophage-derived mRNA, were also expressed in
the poly(A)* RNA-injected oocytes. UTP and ATP, but not
BzATP, activated mobilization of intracellular Ca** stores in
BAC1.2F5 macrophages. In a similar manner, ATP and UTP,
but not BzATP, produced transient increases in [Ca®*};, as
indicated by both aequorin luminescence and the activation of
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Fig. 6. Nucleotide-dependent effects on aequorin luminescence in oocytes injected with BAC1.2F5 poly(A)* RNA. Oocytes were injected with 12 ng

of aequorin 3 days after RNA injections. Luminescence was recorded from individual

oocytes, in relative light units (RLU) integrated over 20-sec

intervals. Nucleotides were added as indicated, at concentrations of 1 mm (*), 0.1 mm (+), and 10 um (ll). All measurements were made at 20° and
are representative of at least two experiments. A-E, experiments wherein oocytes were injected with macrophage mRNA; F, experiments wherein

oocytes were not injected with mRNA.
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Fig. 7. Effects of Mg?* on BzATP-induced membrane
current in Xenopus oocytes injected with BAC1.2F5
poty(A)* RNA. Oocytes were injected and voitage-
clamped as described for Fig. 4, in MBS without
divalent cations. A, An oocyte was stimulated with
50 um BzATP; 1 mm MgCl, and 2 mm EDTA were
added as indicated. B, An oocyte was stimulated
with 50 um BzATP after the addition of 1 mm Mg?*;
the response was initiated upon the addition of 2
mm EDTA as indicated. Results are representative
of at least two independent experiments.

250 v
30-55 / v
/ 250 nA

25-40

10-30

0.5-10 v v

Fig. 8. Enrichment by sucrose fractionation of mRNA
species encoding the BAC1.2F5 P, purinoreceptor and
the Ca?*-mobilizing nucleotide receptor. Total poly(A)*
RNA isolated from BAC1.2F5 celts was fractionated as
described in Experimental Procedures. Xenopus 00-
cytes were injected with 50 ng of the fractionated
poty(A)* RNA and voitage-clamped as in Fig. 4. RNA-
injected oocytes were stimulated with 50 um BzATP in
MBS without divalent cations (feft) or with 100 um UTP
in MBS (right). The size range of RNA in each fraction
is indicated at the far left. Data were obtained from a
single experiment and are representative of three in-
dependent experiments.
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transient/oscillatory inward currents, in the RNA-injected oo-
cytes. These latter responses were independent of extracellular
Ca®* and presumably resulted from the mobilization of intra-
cellular Ca?* stores and subsequent activation of the Ca®*-
dependent Cl- channels endogenously expressed in these oo-
cytes.

The lack of discriminating antagonists has hampered the
direct identification of proteins that constitute the various P,
purinoreceptor subtypes. Thus, Xenopus oocytes provide a use-

ful tool for the characterization of the mRNA species that
encode the receptor proteins. Two laboratories have used this
system to express and characterize G protein-coupled, Ca®*-
mobilizing, P,-type purinoreceptors. Murphy and Tiffany (23)
described the expression of an ATP[S]/UTP-induced “*Ca**
efflux in oocytes injected with poly(A)* RNA isolated from
differentiated HL-60 human granulocytes. Similarly, Honore
et al. (24) showed that ATP and UTP stimulate a Ca®*-activated
Cl™ current in oocytes injected with poly(A)* RNA from fetal



100  Nuttie ot al.

guinea pig brain and then depolarized from —100 mV to 20 mV.
The transient ATP/UTP-induced responses characterized in
these earlier expression studies are functionally and pharma-
cologically distinct from the sustained BzATP-induced re-
sponses observed in BAC1.2F5 macrophages and in BAC1.2F5
poly(A)* RNA-injected oocytes. In addition, the agonist selec-
tivity for the nucleotide-induced transient increases in [Ca®*];
described previously and in this paper includes a variety of
adenine nucleotides as well as UTP. Nucleotide-induced sus-
tained Ca®* influx and depolarization, in contrast, are activated
only by ATP, BzATP, and to a lesser extent ATP[S] and are
sensitive to extracellular divalent cations. These differences
strongly suggest that the BzZATP-selective responses observed
in BAC1.2F5 poly(A)* RNA-injected oocytes result from the
expression of a purinoreceptor that is distinct from those
previously expressed in Xenopus oocytes.

Fractionation of BAC1.2F5 macrophage poly(A)* RNA en-
riched the mRNA species encoding the components of both the
pore-forming P,,-type purinoreceptor and the Ca?*-mobilizing
nucleotide receptor in a fraction containing RNA in the 2.5-
4.0-kb size range (Fig. 8). This is consistent with the size range
of mRNA species encoding other G protein-coupled, Ca®*-
mobilizing receptors and suggests that the Ca®*-mobilizing
nucleotide receptor may be similarly composed of a single
polypeptide (38). The pore-forming P,,-type purinoreceptor,
which is functionally similar to the family of receptor ion
channels, is likely to exist as an oligomeric complex, as either
a hetero-oligomer or a homo-oligomer. It will be important to
determine how many unique polypeptides constitute functional
P2,-type purinoreceptors.

BzATP was initially developed as a photoaffinity probe for
the labeling of the nucleotide binding site on F,-ATPase (39).
It was subsequently identified as an agonist for a subset of the
P, purinoreceptors, including P, (40) and P, (41). Photoin-
corporated BzATP has been shown to activate early mitogenic
responses in 3T3, 3T6, and A-431 cells (42) and to promote
GTP[S] activation of phospholipase C in turkey erythrocyte
membranes (40). The putative labeling of the P,, purinorecep-
tor on turkey erythrocyte membranes was subsequently dem-
onstrated using [?P]BzATP as a photoaffinity probe (43).
Based on its potency and specificity for the P,, purinoreceptor-
induced responses in macrophages, BzZATP may be used as a
photoaffinity probe for identifying putative P, purinoreceptor
proteins in these cells.

The specific characteristics of ATP-induced permeabilization
vary in different cell types. P,, purinoreceptor-mediated re-
sponses fall into two broad catagories. In all cells expressing
this receptor subtype, ATP activates a generalized increase in
cation permeability that is characterized by enhanced Ca?* and
Na* influx and depolarization. In some cell types, such as
transformed fibroblasts (7), mast cells (8, 9), and macrophages
(5), ATP, acting through the P,, purinoreceptor, induces an
increased permeability to molecules of <900 Da. In other cell
types, however, P,, purinoreceptor-dependent permeability is
limited to smaller molecules (44-46). In CLL lymphocytes, for
example, ATP increases membrane permeability to the fluores-
cent cation ethidium (314 Da) but not to propidium (414 Da).!
The selectivity for BZATP, ATP, and ATP[S], the requirement
for a relatively high concentration of agonist, and the sensitivity

! James Wiley, personal communication.

to divalent cations suggest that these responses result from the
activation of the same or similar receptors.

The size of ATP-induced pores in a given cell type appears
to vary with ATP concentration. Cockroft and Gomperts (9)
reported a consistent loss of inorganic phosphate from mast
cells in response to 1.4 uM ATP*", whereas 8.6 uM ATP*"
increased cell permeability to phosphorylated metabolites and
nucleotides, in addition to inorganic phosphate. In other studies
in mast cells, Tatham and Lindau (14) examined the effects of
increasing ATP*~ concentrations on Ca?>*/GTP-dependent ex-
ocytosis. At relatively low concentrations of ATP*~ (2.5-5 uM),
mast cells became permeant to Ca?*, resulting in the activation
of exocytosis. At higher concentrations of ATP*", the cells also
became permeant to larger molecules, including GTP. At these
ATP*" concentrations, exocytosis was not observed, presum-
ably due to the loss of GTP from the cytosol. Only when
GTP[S] was provided in the extracellular medium did exocy-
tosis take place. Furthermore, patch-clamp studies in both mast
cells (14) and macrophages (47) revealed a wide variation in
the unit conductance of these pores. These observations suggest
that ATP-dependent pores exist as a heterologous population
and that their size varies with ATP concentration. This is
consistent with our observations that the rate and magnitude
of the P,, purinoreceptor-mediated Ca®* influx and depolari-
zation in BAC1.2F5 cells and oocytes injected with BAC1.2F5
poly(A)* RNA are dependent on the concentration of BzATP.

Variations in pore size and rate of permeabilization have
raised the possibility that additional receptor monomers are
recruited to form the larger pores in response to increasing
concentrations of ATP*~. If this is the case, then cell-specific
variations in P,, purinoreceptor-induced permeabilization may
reflect variable levels of receptor protein expression. Our data
from the sucrose fractionation of BAC1.2F5 RNA are consist-
ent with this possibility. Oocytes injected with the same amount
of RNA from fractions containing 2.5-4.0-, 3.0-5.0-, and =5.0-
kb RNA all exhibited BzATP-induced increases in membrane
current. However, the rate of this increase in response to the
same concentration of BzZATP was markedly slower in oocytes
injected with =5.0-kb RNA, compared with oocytes injected
with 2.5-4.0-kb RNA. This difference may reflect the relative
abundance of P,, purinoreceptor mRNA in these pools and,
thus, the relative number of receptors expressed in RNA-
injected oocytes. In addition, oocytes injected with the same
amount of total BAC1.2F5 poly(A)* RNA in a given experiment
displayed a faster onset of the BzZATP-induced sustained cur-
rent when assayed 2 days versus 1 day after injection.? This
suggests that the increased rate of the BzZATP-induced response
may be correlated with the relative expression level of exoge-
nous macrophage proteins.

Alternatively, variations in P,, purinoreceptor-induced per-
meabilization may reflect the presence or absence of accessory
proteins involved in pore formation. Beyer and Steinberg (48)
have reported that loss of ATP-induced permeabilization in a
mutant of the J774 macrophage cell line can be correlated with
the greatly reduced expression of connexin-43 mRNA and
protein. These data suggest that this gap junction protein may
play a role in ATP-induced pore formation. The oocyte expres-
sion system can be used to directly address the potential inter-
action of the P,, purinoreceptor with additional proteins that
may be involved in the formation of these ATP-induced pores.

2 L. Nuttle and G. Dubyak, unpublished observations.
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