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1 Although extracellular adenosine 5'-triphosphate (ATP) is the natural ligand for the P2Z receptor of
human lymphocytes it is less potent than 3'-O-(4-benzoylbenzoyl)-ATP (BzATP) in opening the
associated ion channel, which conducts a range of permeants including Ba2+ and ethidium+. We have
quanti®ed the in¯ux of ethidium+ into lymphocytes produced by BzATP, ATP, 2-methylthio-ATP
(2MeSATP) and ATPgS, studied competition between ATP and BzATP and investigated the e�ects of
KN-62, a new and potent inhibitor of the P2Z receptor.

2 BzATP and ATP stimulated ethidium+ in¯ux with EC50 values of 15.4+1.4 mM (n=5) and
85.6+8.8 mM (n=5), respectively. The maximal response to ATP was only 69.8+1.9% of that for
BzATP. Hill analysis gave nH of 3.17+0.24 (n=3) and 2.09+0.45 (n=4) for BzATP and ATP,
suggesting greater positive cooperativity for BzATP than for ATP in opening the P2Z receptor-operated
ion channel.

3 A rank order of agonist potency of BzATP4ATP=2MeSATP4ATPgS was observed for agonist-
stimulated ethidium+ in¯ux, while maximal in¯uxes followed a rank order of BzATP4ATP42Me-
SATP4ATPgS.
4 Preincubation with 30 ± 50 mM oxidized ATP (ox-ATP), an irreversible P2Z inhibitor, reduced the
maximal response but did not change the steepness of the Ba2+ in¯ux-response curve produced by
BzATP (nH 3.2 and 2.9 for 30 and 50 mM ox-ATP, respectively (n=2)).

5 ATP (300 ± 1000 mM) added simultaneously with 30 mM BzATP (EC90) inhibited both ethidium+ and
Ba2+ ¯uxes to a maximum of 30 ± 40% relative to the values observed with BzATP alone. Moreover,
ATP (300 mM) shifted the concentration-response curve to the right for BzATP-stimulated Ba2+ in¯ux,
con®rming competition between ATP and BzATP.

6. KN-62, a new and powerful inhibitor of the lymphocyte P2Z receptor, showed less potency in
antagonizing BzATP-mediated ¯uxes than ATP-induced ¯uxes when maximal concentrations of both
agonists (BzATP, 50 mM; ATP, 500 mM) were used.
7 These data suggest that the natural ligand, ATP, is a partial agonist for the P2Z receptor while
BzATP is a more e�cacious agonist. Moreover the competitive studies show that only a single class of
P2-receptor (P2Z class) is expressed on human leukaemic lymphocytes.
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Introduction

Extracellular adenosine 5'-triphosphate (ATP) mediates a wide
range of e�ects by acting on P2-receptors expressed on many
tissues throughout the body. Stimulation of P2-receptors ra-
pidly elevates cytosolic Ca2+ concentration, either by in¯ux
from the extracellular medium via cation channels or by re-
lease of Ca2+ from internal stores subsequent to activation of
the phospholipase C signalling cascade (Dubyak & El-Moa-
tassim, 1993). Most functional e�ects mediated by extracellu-
lar ATP result from this rise in cytosolic Ca2+ concentration.
The two di�erent signalling mechanisms and the molecular
structure of cloned P2-receptors form the basis of classifying
these receptors into 2 major families (Burnstock & Kennedy,
1985; Fredholm et al., 1994). The P2X family of receptors have
a putative structure of 2 transmembrane domains connected by
a large extracellular loop (North, 1996) and are mainly ex-
pressed on neurones and smooth muscle cells. At these sites,
ATP functions as a co-transmitter and spasmogen respectively
(Burnstock, 1990; Dubyak & El-Moatassim, 1993). The P2Y
family of receptors have the seven transmembrane spanning
regions typical of G-protein coupled receptors and are found
on many di�erent tissue types, including endothelium and

excitable tissues, where they exert multiple e�ects, including
secretion and smooth muscle relaxation (Dubyak & El-Moa-
tassim, 1993; Barnard et al., 1996). These two families of P2-
receptors have been further divided into a number of sub-
classes (P2X1 ± P2X6 and P2Y1 ± P2Y7) based on pharmacolo-
gical pro®les of agonist responses and structures of the cloned
receptors (Abbracchio & Burnstock, 1994; Burnstock, 1996). A
possible third group of P2-receptor, originally termed P2Z, is a
ligand-gated ion channel which forms a pore and shows se-
lectivity for the ATP4 species (Fredholm et al., 1994). Recently,
a P2Z receptor was cloned from rat brain and the ®rst 395
amino acids shown to have 35 ± 40% homology with P2X re-
ceptors. This cloned receptor, designated P2X7 on the basis of
this homology, contains a long carboxyl terminal domain not
found in other P2X subtypes, which confers the unique per-
meability of P2Z-channels to large cations such as ¯uorescent
dyes (Surprenant et al., 1996). The P2Z pore-forming receptor,
which is mainly expressed by cells of haemopoietic and im-
mune origin (Wiley et al., 1990; 1992; Pizzo et al., 1991; Du-
byak & El-Moatassim, 1993), may mediate apoptosis of rat
thymocytes and murine lymphocytes and macrophages, since
extracellular ATP causes release of lactic dehydrogenase and
cytolysis (Di Virgilio, 1995). In human leukaemic lymphocytes,
we have previously shown that extracellular ATP exerts mul-
tiple e�ects by occupancy of the P2Z receptor expressed on1Author for correspondence.
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these cells. Thus extracellular ATP increases the permeability
of lymphocytes to Ca2+, Ba2+ and ethidium+ (Wiley et al.,
1990; 1993; 1994; 1996), stimulates phospholipase D activity
(Gargett et al., 1996) and induces shedding of the surface ad-
hesion molecule L-selectin (Jamieson et al., 1996).

Agonists for the P2Z receptor show a rank order of potency
which clearly distinguishes these receptors from other P2-re-
ceptors. In murine macrophages (El-Moatassim & Dubyak,
1992; Nuttle et al., 1993), human lymphocytes (Wiley et al.,
1994; 1996) and HEK cells expressing P2X7 receptors (Sur-
prenant et al., 1996) 3'-O-(4-benzoyl)benzoyl ATP (BzATP)
was a far more potent agonist than ATP. Indeed, BzATP sti-
mulated Ba2+ in¯ux with an EC50 of 8 mM compared with
89 mM for ATP in lymphocytes suspended in divalent cation
free KCl medium (Wiley et al., 1994). In addition to its greater
potency relative to ATP, BzATP showed greater maximal sti-
mulation of P2Z-mediated responses such as Ba2+ in¯ux in
human lymphocytes (Wiley et al., 1994), phospholipase D
(PLD) activity in both human lymphocytes and murine mac-
rophages (El-Moatassim & Dubyak, 1992; Gargett et al., 1996)
and current amplitude in J744 macrophages and HEK cells
transfected with P2X7 receptors (Surprenant et al., 1996).
Di�erences in maximal response elicited by agonists have also
been demonstrated for both native and cloned P2Y1 receptors,
for which it was concluded that ATP acted as a partial agonist
(Barnard et al., 1996). Partial agonism is a well recognised
feature of many agonist-receptor interactions and is generally
attributed to a diminished ability of the agonist to change re-
ceptor conformation, which results in lower measured re-
sponses, even at maximal receptor occupancy (Limbird, 1996).

Cells often co-express several P2-receptor subtypes and thus
maximal responses to a variety of ATP analogues may be due
to the additive responses of these co-expressed receptors
(O'Connor et al., 1991). In the present study we have used four
agonists to stimulate ethidium+ in¯ux through the P2Z re-
ceptor-operated ion channel. The results suggest that ATP,
2MeSATP and ATPgS are partial agonists for the P2Z re-
ceptor, while BzATP functions as a more e�cacious agonist.
Competitive inhibition by ATP of responses to BzATP with or
without preincubation with ox-ATP, showed that a single class
of P2-receptor is expressed on human leukaemic lymphocytes.

Methods

Source of lymphocytes

Peripheral blood lymphocytes were obtained from patients
with B-cell chronic lymphocytic leukaemia whose cells showed
permeability responses to ATP in our previous studies (Wiley
et al., 1993; 1994; Gargett et al., 1996).

Lymphocyte preparation

Venous blood (20 ml) from patients was added to heparin anti-
coagulant and diluted with 2 vol of HEPES bu�ered saline
(composition mM: HEPES 10, pH 7.4, NaCl 145, KCl 5, CaCl2
1, D-glucose 5 and bovine serum albumin (BSA) 1 g l71).
Mononuclear cells were separated by density gradient centri-
fugation over Ficoll-Paque and washed twice in HEPES buf-
fered saline. Contaminating monocytes were removed by
incubation of the cells in plastic culture ¯asks for 60 min at
378C. Cytocentrifuge preparations showed that499% of cells
were small mature lymphocytes, while 96% had B-cell phe-
notypes of CD5+, CD20+.

Ethidium+ in¯ux measurement by time resolved ¯ow
cytometry

Washed lymphocytes (108 ml71) suspended in HEPES bu�ered
saline were diluted to 106 ml71 in 1 ml of 150 mM KCl medium
containing HEPES 10 mM, pH 7.4, BSA 1 g l71 and D-glucose
5 mM. These samples were stirred and maintained at 378C, the

agonist added, followed 2 min later by addition of 25 mM
ethidium+. Cell associated ¯uorescence signals were analysed
for 5 min by a Coulter Elite ¯ow cytometer (Coulter, Hialeah,
FL) with an argon laser excitation at 488 nm and ¯uorescent
emission collected with a 590 nm long-pass ®lter. Data were
collected at a rate of 500 cells s71 and analysed by computer by
use of Elite software, version 4.0 to produce histograms of
¯uorescence intensity (channel number) at consecutive 6 s in-
tervals. The mean channel of ¯uorescence intensity was then
calculated for each of the 6 s intervals and plotted against time.

Cytosolic Ba2+ measurements by ¯uorometry

Washed lymphocytes (107 ml71) suspended in HEPES bu�ered
saline were loaded with 2 mM fura-2-acetoxymethyl ester by
incubation at 378C for 20 min in the dark. Cells were then wa-
shed twice with HEPES bu�ered saline and stored in the dark at
208C. Lymphocytes (108 ml71) were diluted to 2.06106 ml71 in
3 ml of HEPES bu�ered 150 mM KCl medium and stimulated
withATP 1 min after additon of 3 ml BaCl2 (®nal concentration,
0.25, 0.4 or 0.5 mM). Fluorescent signals were monitored at
378C in a stirred cuvette by a Johnson Foundation Fluorometer
with excitation at 340 nm and emission at 500 nm. Calibration
of Fmax and Fmin was performed after each run by adding digi-
tonin (25 mg ml71, ®nal concentration) followed by EGTA (®-
nal concentration, 6 mM in 50 mMTris, pH 8.5) (Grynkiewicz et
al., 1985). Control experiments showed that addition of ATP
did not release Ca2+ from the internal stores of lymphocytes
suspended in medium containing EGTA.

Materials

Ficoll-Paque (density 1.077) was obtained from Pharmacia
(Uppsala, Sweden). ATP, BzATP, 2',3'-dialdehyde ATP (oxi-
dized ATP), ethidium bromide, barium chloride and bovine
serum albumin (BSA) were from Sigma Chemical Co. (St.
Louis, MO). Fura-2-acetoxymethyl ester was from Molecular
Probes (Eugene, OR). Adenosine 5'-[g-thio]triphosphate and
HEPES were from Boehringer Mannheim (W. Germany). 2-
Methylthio-ATP and KN-62 (1-[N, O-bis(5-isoquinolinesul-
phonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine) were from
Research Biochemicals, Inc. (Natick, MA). KN-04 (N-[1-[N-
methyl-p-(5 isoquinolinesulphonyl)benzyl]-2-(4 phenylpipera-
zine)ethyl]-5-isoquinoline sulphonamide) was from Seikagaku,
(Tokyo, Japan). ARL-67156 (6-N,N-diethyl-D-b,g-dibromo-
methyleneATP) was a gift from Dr P. Le� (Astra Charnwood,
Loughborough, U.K.).

Calculations of ATP47 species concentration

Calculation of the relative concentrations of ATP47,
BaATP27, and free Ba2+ for solutions containing varying
concentrations of ATP and Ba2+ were calculated by use of an
updated version (3.0) of a previously published programme,
Bound and Determined (Brooks & Storey, 1992).

Data presentation and analysis

Concentration-response curves were obtained by non linear
regression analysis by use of the programme Flexi®t (Guar-
dabasso et al., 1988). Hill plots were constructed from these
curves from the Hill equation, and Hill coe�cients calculated
by linear regression analysis of slopes from individual experi-
ments. Data are presented as mean+s.e.mean (n), unless
otherwise stated in ®gure legends.

Results

BzATP produced a greater maximal response than ATP

The in¯ux of ethidium+ through the lymphocyte P2Z receptor-
operated ion channel was studied with concentrations of
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BzATP and ATP known to give maximal Ba2+ in¯ux (Wiley et
al., 1994). Addition of 500 mM ATP or 50 mM BzATP to
lymphocytes suspended in Ca2+-free KCl medium induced an
uptake of ethidium+, which was linear with time as measured
by an increase in mean channel ¯uorescence over 5 min (Fig-
ure 1). Ethidium+ in¯ux was greater for BzATP compared to
ATP. Concentration-response curves for BzATP and ATP
were then analysed and uptake slopes gave EC50 values of
15.4+1.4 mM (mean+s.e.mean, n=5 experiments from 4 pa-
tients) and 85.6+8.8 mM (n=5 experiments from 3 patients),
respectively (Figure 2). The maximal response for ATP was
only 69.8+1.9% (n=5) of that for BzATP. Hill analysis of
these data (Figure 3) gave Hill coe�cients (nH) of 3.17+0.24
(n=3) and 2.09+0.45 (n=4) for BzATP and ATP, respec-
tively. Similar Hill plots derived from Ba2+ uptake data (Fig-

ure 5b, Wiley et al., 1994) gave nH of 3.27+0.43 (n=3) and
2.36+0.22 (n=5) for BzATP and ATP, respectively. Our
group has previously obtained Hill coe�cients of 2.3 and 2.5
for ATP-stimulated ¯uxes of Ba2+ and 86Rb+ (Wiley et al.,
1992; 1993).

Other ATP analogues were partial agonists of the P2Z
receptor

Our previous work has shown that 2MeSATP and ATPgS are
also agonists for the P2Z receptor, since both induce Ba2+

in¯ux through the associated ion channel (Wiley et al., 1994).
Both 2MeSATP and ATPgS induced ethidium+ in¯ux into
lymphocytes and analysis of the concentration-response curve
for 2MeSATP gave an EC50 value of 77.5+8.0 mM (n=3). An
EC50 was not determined for ATPgS, since in 2 out of 4 ex-
periments the response to the highest concentration tested was
not maximal, although it was greater than 300 mM. The max-
imal responses of 2MeSATP and ATPgS were 34.6+3.5%
(n=3) and 13.1% (n=2 of the 4 experiments shown) of that
observed for BzATP (Figure 2). These values were compared
to those found previously for the e�cacy of four agonists in
stimulating Ba2+ in¯ux and phospholipase D (PLD) activity.
All four agonists produced the same rank order of maximal
P2Z responses, with similar relative values, whether measured
by ethidium+ uptake, Ba2+ in¯ux or phospholipase D acti-
vation (Table 1).

BzATP concentration-response curves after partial
receptor inactivation

To examine whether the steeper concentration-response
curve to BzATP relative to ATP was due to the presence of
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Figure 1 BzATP- and ATP-stimulated ethidium+ in¯ux in human
lymphocytes. Cells (106 ml71) suspended in Ca2+-free HEPES
bu�ered KCl medium were pre-incubated for 2 min at 378C with
either 50 mM BzATP or 500 mM ATP (260 mM ATP47) before the
addition of 25 mM ethidium+. Control cells were incubated with 25 mM
ethidium+ alone. Mean channel of cell associated ¯uorescence was
measured at 6 s intervals by ¯ow cytometry. Data were collected at a
rate of 500 cells s71 for 5.5 min. Arrows indicate the sequential
addition of agonist and ethidium+. Results from a single experiment
are shown, representative of 6.
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Figure 2 Concentration-response curves for ethidium+ in¯ux
stimulated by ATP analogues. Lymphocytes (106 ml71) were
suspended in Ca2+-free HEPES bu�ered KCl medium and incubated
with BzATP, ATP, 2MeSATP or ATPgS for 2 min at 378C before
the addition of 25 mM ethidium+ and ethidium+ in¯ux measured by
¯ow cytometry. Initial rates of agonist-stimulated ethidium+ in¯ux
were calculated by linear regression analysis of uptake slopes and
results expressed as a percentage of maximal response to BzATP,
which was de®ned as 100% response. The curves shown were
calculated by non linear regression analyses. Mean values+s.e.mean
from 3 ± 6 experiments on 6 patients are shown.

2�

1�

0�

–1�

–2

–5.5                        –4.5        –4.0         –3.5        –3.0
log BzATP (M)

Ethidium+

Ba2+

lo
g

 Y
 / 

(1
–Y

)

2�

1�

0�

–1�

–2

–5.5          5.0        –4.5                        –3.5        –3.0
log ATP (M)lo

g
 Y

 / 
(1

–Y
)

b

a

Figure 3 Hill plot analyses of BzATP- and ATP-stimulated cation
¯uxes. Data obtained from the concentration-response curves for (a)
BzATP- and (b) ATP-stimulated ethidium+ (Figure 2) and Ba2+

uptake (Figures 4 and 1b, Wiley et al., 1994) were analysed by the
Hill equation and plots for ethidium and Ba2+ constructed from the
means of 3 ± 5 experiments. Y is the fractional response, V/Vmax,
where V is the initial rate of ethidium+ or Ba2+ in¯ux for each
agonist concentration and Vmax is the rate at maximal agonist
concentration. Hill coe�cients were calculated by linear regression
analysis of slopes from individual experiments and reported as
means+s.e.mean for n experiments.
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spare receptors, the irreversible P2Z antagonist, oxidized
ATP (ox-ATP) (Murgia et al., 1993; Wiley et al., 1994),
was used to inactivate a fraction of the P2Z receptors.
Initial rates of BzATP-induced Ba2+ in¯ux were measured
¯uorometrically, since Ba2+ and Ca2+ produce similar
changes in the excitation and emission spectra of fura-2
(Schilling et al., 1989). Ba2+ was used as a permeant of the
P2Z ion channel because the increase in ¯uorescent signal
only re¯ects Ba2+ in¯ux, since the Ba2+ taken up is neither
pumped nor sequestered (Wiley et al., 1994). Fura-2 loaded
cells were pretreated for 20 min at 378C with 30 or 50 mM
oxidized ATP. After washing, the cells were resuspended in
Ca2+-free KCl medium, 0.5 mM Ba2+ added and BzATP-
induced Ba2+ in¯ux measured. Figure 4 shows that the
maximal response to BzATP in ox-ATP-treated cells was 66
and 50% (30 and 50 mM, respectively) of that for untreated
cells (n=2). Hill analysis of the data gave nH values for
BzATP of 3.0, 3.2 and 2.9 for cells pretreated with 0, 30,
and 50 mM ox-ATP, respectively (n=2), while EC50 values
for BzATP were 16.1, 17.3 and 13.8 mM, respectively
(Figure 4).

ATP, a competitive inhibitor of BzATP-mediated
responses

To ascertain whether ATP binds to the same receptor as
BzATP, classical full/partial agonist interaction studies were
carried out. The putative partial agonist (ATP) was allowed to
compete with the more e�cacious agonist (BzATP), to ®nd if
the combination reduced the maximal response to BzATP.
Cells were incubated with increasing concentrations of ATP
(50 ± 1000 mM) added simultaneously with a constant concen-
tration of BzATP (30 mM; EC90) and ethidium+ ¯uxes mea-
sured. Concentrations of ATP less than 300 mM added
concurrently with 30 mM BzATP did not a�ect the maximal
response to BzATP (designated 100%) (Figure 5a). However,
at concentrations of ATP above 300 mM, a progressive de-
crease in the rate of BzATP-stimulated ethidium+ uptake was
observed, such that the response at 1 mM ATP plus 30 mM
BzATP matched that of 1 mM ATP alone (Figure 5a). A si-
milar protocol was used to test ATP/BzATP competitive ef-
fects on Ba2+ in¯ux. Fura-2 loaded cells, suspended in Ca2+-
free KCl medium containing 0.25 mM Ba2+, were stimulated
with ATP alone (50 ± 1000 mM), or 30 mM BzATP added si-
multaneously with ATP (50 ± 1000 mM). Again, low ATP
concentrations did not alter the Ba2+ uptake stimulated by
BzATP, but increasing the concentration of ATP to greater
than 150 mM, gradually reduced the rate until it approximated
that produced by ATP alone (Figure 5b). Another experiment
was performed to show that ATP competes with BzATP for
the same receptor. A ®xed concentration of ATP (300 mM) was
added together with BzATP (1 ± 80 mM) in cells pretreated with
ox-ATP (50 mM for 20 min at 378C). After thorough washing,
cells were incubated with BzATP with or without ATP and
Ba2+ ¯uxes measured (Figure 6). In the presence of ATP
(300 mM) plus low concentrations of BzATP (1 ± 10 mM) the
response was the same as ATP alone. However, at BzATP
concentrations above 10 mM, an additive e�ect due to BzATP
became apparent, although the concentration-response curve
¯attened and shifted to the right of the curve of BzATP alone
(Figure 6).

KN-62 was a less potent inhibitor of BzATP than of
ATP-mediated responses

Recently we described the isoquinolinesulphonamides (KN-62
and KN-04) as potent inhibitors of the lymphocyte P2Z re-
ceptor, which are active in the low nanomolar range (Gargett
& Wiley, 1997). Cells were preincubated with the more potent
of these two inhibitors, KN-62 (5 ± 2000 nM) for 15 min at
378C before the measurement of ethidium+ or Ba2+ ¯uxes
both in the presence and absence of ATP or BzATP. With
maximally e�ective concentrations of these agonists, KN-62
produced much greater inhibition of responses to ATP than to
BzATP (Figure 7a, b). Similar results were obtained with KN-
04 (results not shown). However, when BzATP (18 mM) was
used at a concentration equiactive with a maximally e�ective
ATP concentration, KN-62 showed the same inhibitory po-
tency (Figure 7a, b).

E�ect of an ecto-ATPase inhibitor on P2Z-mediated
responses

Since B-cell lymphocytes (Segel et al., 1985; Barankiewicz et
al., 1988) express an ecto-ATPase on the cell surface, it is
possible that the lower potency of ATP may be due to its
more rapid hydrolysis compared to BzATP. ARL-67156
(300 mM), a recently described ecto-ATPase inhibitor (Crack
et al., 1995), was preincubated with fura-2 loaded cells for
5 min at 378C, which were then stimulated with ATP or
BzATP in the presence of 0.25 mM Ba2+. ATP- and BzATP-
induced Ba2+ ¯uxes were not potentiated by ARL-67156 but
rather inhibited by about half (results not shown), indicating
that the ecto-ATPase inhibitor has other pharmacological
e�ects. Ecto-ATPase is both Ca2+- and Mg2+-dependent

Table 1 Maximal P2Z-mediated responses induced by ATP
analogues

Maximal response
Agonist Ethidium+ in¯ux Ba2+ in¯ux§ PLD activity{

BzATP
ATP
2MeSATP
ATPgS

100+3.5
69.8+1.9
34.6+3.5
13.1

(3)
(5)
(3)
(2)

100+6
52.9+2
35.4+2
13.2+4

(3)
(3)
(3)
(3)

100+18
72.6+7
28.4+1
13.8+1

(5)
(5)
(3)
(3)

Maximal responses are expressed as a percentage relative
to maximal responses for BzATP and are means+s.e.mean
for (n) observations. Maximal rates for ethidium+ in¯ux
were calculated by non-linear regression analysis of
concentration-response plots by use of the programme
Flexi®t (Guardabasso et al. 1988). §Derived from data
presented in Wiley et al. (1994) and {from Gargett et al.
(1996).
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Figure 4 E�ect of partial receptor inactivation on the BzATP
concentration-response curve. Fura-2 loaded lymphocytes
(26106 ml71) suspended in HEPES bu�ered saline medium were
either untreated or pretreated with ox-ATP for 20 min at 378C,
washed twice, resuspended (26106 ml71) in Ca2+-free HEPES
bu�ered KCl medium at 378C in a stirred ¯uorometer cuvette and
Ba2+ (0.5 mM) was added 1 min before incubation with BzATP.
Initial rates of Ba2+ in¯ux were measured and results expressed as a
percentage of maximal response to BzATP of untreated cells, which
was de®ned as 100% response. Results from a single experiment are
shown, representative of 2.
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(Ziganshin et al., 1994) and since neither of these cations
were present in our experiments, it is unlikely that ecto-
ATPase signi®cantly a�ected the concentration-response
curves of nucleotide agonists.

Discussion

ATP was a partial agonist for the lymphocyte P2Z
receptor

This study showed that extracellular ATP, the natural ligand
for the lymphocyte P2Z receptor, is a partial agonist, while
BzATP is a more e�cacious agonist for this receptor. Several
lines of evidence support this conclusion. Firstly, maximal
responses to ATP were less than BzATP for three di�erent

P2Z-stimulated responses: ethidium+ uptake, Ba2+ ¯uxes and
activation of phospholipase D (Table 1). Secondly, high con-
centrations of ATP competitively inhibited BzATP-stimulated
cation ¯uxes in cells with and without partial receptor inacti-
vation (Figures 5 and 6). These results also suggest that ATP,
BzATP and the irreversible antagonist, ox-ATP all bind to the
same P2Z receptor.

ATP is not only a partial agonist for the P2Z receptor, but
also for the chick brain P2Y1 receptor, giving 70% of the re-
sponse elicited by 2MeSATP (Barnard et al., 1996), while for
the P2Y receptor of rat brain microvascular endothelial cells,
ATP produced a response that was only 55% of that for the
full agonist, ADP (Feolde et al., 1995). However, ATP is
generally a full agonist for cloned and native P2X1±6 receptors,
while various synthetic ATP analogues such as 2MeSATP,
ATPgS and BzATP are partial agonists (Surprenant, 1996).
2MeSATP and ATPgS, like ATP also appeared to be partial
agonists for the lymphocyte P2Z receptor (Figure 2, Table 1,
Wiley et al., 1994).

Steep concentration-response curves for the e�ects of
ATP have been documented for permeability responses
mediated by both P2X and P2Z receptors, with nH values of
approximately 3 and 2, respectively (Tatham & Lindau,
1990; Wiley et al., 1990; 1992; 1993; Pizzo et al., 1991; Bean,
1992). These steep responses have been attributed to allos-
teric e�ects mediated by ATP on putative multisubunit ion
channels (Bean, 1992; North, 1996). In this study, greater nH
values derived for BzATP (3.3 and 3.2; Figure 3a) compared
with ATP (2.1 and 2.4; Figure 3b) suggest that in the
lymphocyte P2Z system the more e�cacious agonist exerts a
greater positive co-operative e�ect than a partial agonist.
The steepness of the BzATP concentration-response curve
cannot be explained by the presence of spare receptors, since
reduction of available receptors by the irreversible antago-
nist, ox-ATP, had little e�ect on either the location para-
meter (EC50) or the steepness of the curve (nH values&3.0)
(Figure 4).

Di�erential inhibitory potency of KN-62 for ATP- and
BzATP-mediated responses

The isoquinolinesulphonamide derivative, KN-62, was found
to be a potent inhibitor of ATP-stimulated Ca2+, Ba2+ and
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Figure 5 Partial inhibition of BzATP-stimulated cation ¯uxes by
ATP. (a) Lymphocytes (106 ml71) were suspended in Ca2+-free
HEPES bu�ered KCl medium and incubated with either ATP alone
or 30 mM BzATP added simultaneously with ATP for 2 min at 378C
before the addition of 25 mM ethidium+. (b) Fura-2 loaded
lymphocytes (26106 ml71) were suspended in Ca2+-free HEPES
bu�ered KCl medium at 378C in a stirred ¯uorimeter cuvette,
0.25 mM Ba2+ was added 1 min before the incubation with either
ATP alone or 30 mM BzATP added simultaneously with ATP. Initial
rates of ethidium+ or Ba2+ in¯ux were measured and results
expressed as a percentage of response to 30 mM BzATP alone, which
was de®ned as 100% response. The concentration-response curves
were calculated by non linear regression analyses. Mean values, with
vertical lines showing s.e.mean, from 3 experiments on 3 patients are
presented.
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Figure 6 ATP inhibition of BzATP-stimulated Ba2+ in¯ux. Fura-2
loaded lymphocytes (26106 ml71) suspended in HEPES bu�ered
saline medium were pretreated with 50 mM ox-ATP for 20 min at
378C, washed twice and resuspended (26106 ml71) in Ca2+-free
HEPES bu�ered KCl medium at 378C in a stirred ¯uorimeter
cuvette. Ba2+ (0.5 mM) was added 1 min before incubation with
either BzATP alone or 300 mM ATP added simultaneously with
BzATP. Initial rates of Ba2+ in¯ux were measured and results
expressed as a percentage of maximal response to BzATP alone of
ox-ATP pretreated lymphocytes, which was de®ned as 100%
response. Means of duplicates from a single experiment are shown
(values showed less than 12% variation from respective means).
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ethidium+ ¯uxes (IC50 of 13 nM), ATP-stimulated PLD ac-
tivity (IC50 6 nM) and ATP-induced shedding of L-selectin,
which are all P2Z-mediated responses of the human lympho-
cyte (Gargett & Wiley, 1997). The speci®city of KN-62 has
been shown by its lack of e�ect on the neutrophil P2Y2 re-
ceptor (Gargett & Wiley, 1997) or the P2X1 receptor of guinea-
pig urinary bladder (Cocks, T. Gargett C.E. and Wiley, J.S.,
unpublished observation). In this study, KN-62 was an in-
complete and less potent inhibitor of cation ¯uxes mediated by
maximal BzATP concentrations (Figure 7). Furthermore, high
concentrations of BzATP overcame the inhibitory e�ect of
KN-62 after a delay of approximately 1 min (results not
shown). Our previous data suggest that KN-62 may bind to
one of the multiple agonist binding sites, since nH values
of&1.0 were obtained for the KN-62 inhibitory e�ect on P2Z-
mediated responses (Gargett & Wiley, 1997). It has been sug-
gested that the isoquinoline sulphonamides are competitive
antagonists for the ATP-binding site of protein kinases, since
they occupy the cleft that binds ATP (Xu et al., 1996), but the
locus of the KN-62 e�ect on the P2Z receptor has not been
de®ned.

Human leukaemic lymphocytes only express the P2Z
receptor subtype

The presence of multiple P2-receptor subtypes complicates any
analysis of relative potencies and maximal activities of an
agonist series. For example, mast cells co-express P2Y1 and
P2Z receptors (Cockcroft & Gomperts, 1979; Osipchuck &
Cahalan, 1992) and macrophages both P2Y2 and P2Z recep-
tors (Nuttle et al., 1993). In the above cells, any observed
nucleotide or antagonist potency order will depend on the
proportions of di�erent types of P2-receptors present
(O'Connor et al., 1991). Competitive experiments between
di�erent agonists distinguish true partial agonism from inter-
action of agonists with di�erent classes of P2-receptors. For
example, the failure of 2MeSATP, the putative partial agonist,
to inhibit responses of piglet aortic endothelium to the full
agonists ATP, UTP or ATPgS, aided the discovery of coex-
isting P2Y1 and P2Y2 receptors on endothelial cells (Needham
et al., 1987; O'Connor et al., 1991). In contrast, a single class of
P2-receptors was shown on the B10 clone of rat brain micro-
vascular endothelial cells by competitive inhibition of ADP
responses by the partial agonist ATP (Feolde et al., 1995).
Likewise, our data (Figures 5 and 6) show that only one class
of P2-receptor (P2Z class) is expressed on human leukaemic
lymphocytes.
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Council of Australia (to J.S.W.), the Ramaciotti Foundation (to
J.S.W.), and an Australian Postgraduate Research Award (to
C.E.G.).

References

ABBRACCHIO, M.P & BURNSTOCK, G.R. (1994). Purinoceptors: are
there families of P2X and P2Y purinoceptors? Pharmacol. Ther.,
64, 445 ± 475.

BARANKIEWICZ, J., DOSCH, H.M. & COHEN, A. (1988). Extracellular
nucleotide catabolism in human B and T lymphocytes. The
source of adenosine production. J. Biol;. Chem., 263, 7094 ± 7098.

BARNARD, E.A., WEBB, T.E., SIMON, J. & KUNAPULI, S.P. (1996).
The diverse series of recombinant P2Y purinoceptors. In P2
Purinoceptors: Localisation, Function and Transduction Mechan-
isms. ed. Chadwick, D.J. & Goode, J.A. CIBA Foundation
Symposium 198. pp. 166 ± 180. Sussex: John Wiley & Sons.

BEAN, B.P. (1992). Pharmacology and electrophysiology of ATP-
activated ion channel. Trends Pharmacol. Sci., 13, 87 ± 90.

BROOKS, S.J.P. & STOREY, K.B. (1992). Bound and determined: A
computer program for making bu�ers of de®ned ion concentra-
tions. Anal. Biochem., 201, 119 ± 126.

BURNSTOCK, G. (1996). P2 purinoceptors: historical perspective and
classi®cation. In P2 Purinoceptors: Localisation, Function and
Transduction Mechanisms. ed. Chadwick D.J. & Goode J.A.
CIBA Foundation Symposium 198. pp. 1 ± 28. Sussex: John
Wiley & Sons.

BURNSTOCK, G. (1990). Co-transmission. Arch. Int. Pharmacodyn.
Ther., 304, 7 ± 33.

BURNSTOCK, G. & KENNEDY, C. (1985). Is there a basis for
distinguishing two types of P2 purinoceptor? Gen. Pharmacol.,
16, 433 ± 440.

COCKCROFT, S. & GOMPERTS, B.D. (1979). ATP induces nucleotide
permeability in rat mast cells. Nature, 279, 541 ± 542.

100�

75�

50�

25�

0
–9               –8              –7              –6               –5

E
th

id
iu

m
 +  

in
fl

u
x


(%
 m

ax
im

al
 r

es
p

o
n

se
 in

 a
b

se
n

ce
 o

f 
K

N
-6

2)

log KN-62 (M)

100�

75�

50�

25�

0
–9               –8              –7              –6               –5

B
a2+

 in
fl

u
x


(%
 m

ax
im

al
 r

es
p

o
n

se
 in

 a
b

se
n

ce
 o

f 
K

N
-6

2)

log KN-62 (M)

BzATP 50 µM


BzATP 18 µM 


ATP 500 µM

a

b

Figure 7 Inhibition of ATP- and BzATP-stimulated cation ¯uxes by
KN-62. (a) Lymphocytes (106 ml71) suspended in Ca2+-free HEPES
bu�ered KCl medium, were preincubated with KN-62 for 15 min at
378C followed by addition of BzATP or ATP and 25 mM ethidium+.
(b) Fura-2 loaded lymphocytes (26106 ml71) were suspended in
Ca2+-free HEPES bu�ered KCl medium, preincubated with KN-62
for 15 min at 378C in a stirred ¯uorometer cuvette, and 0.4 mM Ba2+

was added 1 min before the incubation with BzATP or ATP. Initial
rates of ethidium+ or Ba2+ in¯ux were measured and results
expressed as a percentage of maximal response to 50 mM BzATP in
the absence of KN-62, which was de®ned as 100% response. Results
from a single experiment are shown, representative of 2.

ATP is a partial agonist for the lymphocyte P2Z receptor916 C.E. Gargett et al



CRACK, B.E., POLLARD, C.E., BEUKERS, M.W., ROBERTS, S.M.,

HUNT, S.F., INGALL, A.H., MCKECHNIE, K.C.W., IJZERMAN,

A.P. & LEFF, P. (1995). Pharmacological and biochemical analysis
of FPL 67156, a novel, selective inhibitor of ecto-ATPase. Br. J.
Pharmacol., 114, 475 ± 481.

DI VIRGILIO, F. (1995). The P2Z purinoceptor: an intriguing role in
immunity, in¯ammation and cell death. Immunol. Today, 16,
524 ± 528.

DUBYAK, G.R. & EL-MOATASSIM, C. (1993). Signal transduction via
P2-purinergic receptors for extracellular ATP and other nucleo-
tides. Am. J. Physiol., 265, C577 ±C606.

EL-MOATASSIM, C. & DUBYAK, G.R. (1992). A novel pathway for
the activation of phospholipase D by P2Z purinergic receptors in
BAC1.2F5 macrophages. J. Biol. Chem., 267, 23664 ± 23673.

FEOLDE, E., VIGNE, P., BREITTMAYER, J.P. & FRELIN, C. (1995).
ATP, a partial agonist of atypical P2Y purinoceptors in rat brain
microvascular endothelial cells. Br. J. Pharmacol., 115, 1199 ±
1203.

FREDHOLM, B.B., ABBRACCHIO, M.P., BURNSTOCK, G., DALY,

J.W., HARDEN, T.K., JACOBSON, K.A., LEFF, P. & WILLIAMS, M.

(1994). Nomenclature and classi®cation of purinoceptors.
Pharmacol. Rev., 46, 143 ± 156.

GARGETT, C.E., CORNISH, E.J. & WILEY, J.S. (1996). Phospholipase
D activation by P2Z-purinoceptor agonists in human lympho-
cytes is dependent on bivalent cation in¯ux. Bioehem. J., 313,
529 ± 535.

GARGETT, C.E. & WILEY, J.S. (1997). The isoquinoline derivative
KN-62 a potent antagonist the P2Z-receptor of human
lymphocytes. Br. J. Pharmacol., 120, 1483 ± 1490.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new
generation of Ca2+ indicators with greatly improved ¯uorescence
properties. J. Biol. Chem., 260, 3440 ± 3450.

GUARDABASSO, V., MUNSON, P.J. & RODBARD, D. (1988). A
versatile method for simultaneous analysis of families of curves.
FASEB J., 2, 209 ± 215.

JAMIESON, G.P., SNOOK, M.B., THURLOW, P.J. & WILEY, J.S. (1996).
Extracellular ATP causes loss of L-selectin from human
lymphocytes via occupancy of P2Z purinoceptors. J. Cell.
Physiol., 166, 637 ± 642.

LIMBIRD, L.E. (1996). Cell Surface Receptors: A short Course on
Theory and Methods, 2nd ed. pp. 1 ± 26. Boston: Kluwer
Academic.

MURGIA, M., HANAU, S., PIZZO, P., RIPPA, M. & DI VIRGILIO, F.

(1993). Oxidised ATP. An irreversible inhibitor of the macro-
phage purinergic P2Z receptor. J. Biol. Chem., 268, 8199 ± 8203.

NEEDHAM, L., CUSACK, N.J., PEARSON, J.D. & GORDON, J.L.

(1987). Characteristics of the P2 purinoceptor that mediates
prostacyclin production by pig aortic endothelial cells. Eur. J.
Pharmacol., 134, 199 ± 209.

NORTH, R.A. (1996). P2X receptors: a third major class of ligand-
gated ion channels. In P2 Purinoceptors: Localisation, Function
and Transduction Mechanisms. ed. Chadwick, D.J. & Goode, J.A.
CIBA Foundation Symposium 198. pp. 91 ± 105. Sussex: John
Wiley & Sons.

NUTTLE, L.C., EL-MOATASSIM, C. & DUBYAK, G.R. (1993).
Expression of the pore-forming P2Z purinoceptor in Xenopus
oocytes injected with Poly(A)+ RNA from murine macrophages.
Molec. Pharmacol., 44, 93 ± 101.

O'CONNOR, S.E., DAINTY, I.A. & LEFF, P. (1991). Further
subclassi®cation of ATP receptors based on agonist studies.
Trends Pharmacol. Sci., 12, 137 ± 141.

OSIPCHUCK, Y. & CAHALAN, M. (1992). Cell- to cell spread of
calcium signals mediated by ATP receptors in mast cells. Nature,
359, 241 ± 244.

PIZZO, P., ZANOVELLO, P., BRONTE, V. & DI VIRGILIO, F. (1991).
Extracellular ATP causes lysis of mouse thymocytes and activates
a plasma membrane ion channel. Biochem. J., 274, 139 ± 144.

SCHILLING, W.P., RAJAN, L. & STROBL-JAGER, E. (1989). Char-
acterisation of the bradykinin-stimulated calcium in¯ux pathway
of cultured vascular endothelial cells. Stability, selectivity and
kinetics. J. Biol. Chem., 264, 12838 ± 12848.

SEGEL, G.B., RYAN, D.H. & LICHTMAN, M.A. (1985). Ecto-
nucleotide triphosphatase activity of human lymphocytes:
studies of normal and CLL lymphocytes. J. Cell. Physiol., 124,
424 ± 432.

SURPRENANT, A. (1996). Functional properties of native and cloned
P2X purinoceptors. In P2 Purinoceptors: Localisation, Function
and Transduction Mechanisms. ed. Chadwick, D.J. & Goode, J.A.
CIBA Foundation Symposium 198. pp. 208 ± 219. Sussex: John
Wiley & Sons.

SURPRENANT, A., RASSENDREN, F., KAWASHIMA, E., NORTH,

R.A. & BUELL, G. (1996). The cytolytic P2Z receptor for
extracellular ATP identi®ed as a P2X receptor (P2X7). Science,
272, 735 ± 738.

TATHAM, P.E.R. & LINDAU,M. (1990). ATP-induced pore formation
in the plasma membrane of rat peritoneal mast cells. J. Gen.
Physiol., 95, 459 ± 476.

WILEY, J.S., CHEN, R. & JAMIESON, G.P. (1993). The ATP47

receptor-operated channel (P2Z-class) of human lymphocytes
allows Ba2+ and ethidium+ uptake: inhibition of ¯uxes by
suramin. Arch. Biochem Biophys., 305, 54 ± 60.

WILEY, J.S., CHEN, J.R., SNOOK, M.B., GARGETT, C.E. & JAMIESON,

G.P. (1996). Transduction mechanisms of P2Z purinoceptors. In
P2 Purinoceptors: Localisation, Function and Transduction
Mechanisms. ed. Chadwick, D.J. & Goode, J.A. CIBA Founda-
tion Symposium 198. pp. 149 ± 160. Sussex: John Wiley & Sons.

WILEY, J.S., CHEN, J.R., SNOOK, M.B. & JAMIESON, G.P. (1994). The
P2Z-purinoceptor of human lymphocytes: actions of nucleotide
agonists and irreversible inhibition by oxidised ATP. Br. J.
Pharmacol., 112, 946 ± 950.

WILEY, J.S., CHEN, R., WILEY, M.J. & JAMIESON, G.P. (1992). The
ATP47 receptor-operated ion channel of human lymphocytes:
Inhibition of ¯uxes by amiloride analogs and by extracellular
sodium ions. Arch. Biochem Biophys., 292, 411 ± 418.

WILEY, J.S., JAMIESON, G.P., MAYGER, M., CRAGOE JR, E.J. &

JOPSON, M. (1990). Extracellular ATP stimulates an amiloride-
sensitive sodium in¯ux in human lymphocytes. Arch. Biochem.
Biophys., 280, 263 ± 268.

XU, R.M., CARMEL, G., KURET, J. & CHENG, X. (1996). Structural
basis for selectivity of the isoquinoline sulphonamide family of
protein kinase inhibitors. Proc. Natl. Acad. Sci. U.S.A., 93,
6308 ± 6313.

ZIGANSHIN, A.U., HOYLE, C.H.V. & BURNSTOCK, G. (1994). Ecto-
enzymes and metabolism of extracellular ATP. Drug Dev. Res.,
32, 134 ± 146.

(Received July 3, 1997
Accepted July 21, 1997)

ATP is a partial agonist for the lymphocyte P2Z receptor 917C.E. Gargett et al


