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1. The effect of the agonist ATP on whole cell currents of Xenopus oocytes expressing either the
wild-type human P2X; receptor (hP2X), an N-terminally hexahistidyl-tagged hP2X; receptor
(His-hP2X;), or a truncated His-hP2X; receptor (His-hP2X;AC) lacking the C-terminal 156
amino acids was investigated using the two-microelectrode voltage clamp technique.

2. The activation time course of the wild-type hP2X; receptor can be described as the sum of an
exponentially growing and an additional almost linearly activating current component.

3. The amplitude of the exponentially activating current component of the wild-type hP2X;
receptor displayed a biphasic dependence on the agonist concentration, which could be best
approximated by a model of two equal high-sensitivity and two equal low-sensitivity non-
cooperative activation sites with apparent dissociation constants of about 4 and 200 uM free
ATP*, respectively.

4. The linearly activating current was monophasically dependent on the agonist concentration
with an apparent dissociation constant of about 200 y.

5. The contribution of the low-sensitivity sites to current kinetics was reduced or almost abolished
in oocytes expressing His-hP2X; or His-hP2X;AC.

6. Our data indicate that the hP2X; receptor possesses at least two types of activation sites, which
differ in ATP*" sensitivity by a factor of 50. The degree of occupation of these two sites
influences both activation and deactivation kinetics. Both N- and C-terminal domains appear
to be important determinants of the current elicited by activation of the sites with low ATP
sensitivity, but not for that mediated by the highly ATP-sensitive sites.

Many effects of extracellular ATP on cells of the immune
system have been attributed to the presence of a so-called
P27 receptor. Recent work has shown that one of the
members of the P2X family of ATP-gated receptors (Buell
et al. 1996; Soto et al. 1997; Ralevic & Burnstock, 1998;
MacKenzie et al. 1999), designated P2X;, shares many
phenotypical properties with the P2Z receptor upon heter-
ologous expression, suggesting that the two are identical.
The P2X; receptor is therefore also referred to as P2Z/P2X;
receptor (Di Virgilio, 1995; Di Virgilio et al. 1998). A
peculiarity of the P2X; subunit is its very long intracellular
C-terminal tail, which is 196 or 132 amino acids longer than
that of the P2X, or P2X, subunit isoform, respectively.

Several studies attempting to characterise the recombinant
P2X; receptor have provided information about its

complex function, which is not yet fully understood.
During short applications of ATP lasting a few seconds,
the P2X; receptor behaves like a typical P2X family
member, exhibiting permeability to small cations only.
However, upon prolonged or repeated applications of
ATP, large non-selective pores are formed in the plasma
membrane of some cells expressing P2X; (Surprenant et
al. 1996; Rassendren et al. 1997; Virginio et al. 1999),
which have been attributed to the receptor itself. On the
other hand, it has also been suggested that the pores
represent distinct entities, which become activated
subsequent to the stimulation of P2X; receptors
(Coutinho-Silva & Persechini, 1997; Schilling et al. 1999).

In native cells, ATP elicits different effects over a wide
concentration range. For instance, ATP increases the cell
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membrane permeability in T lymphocytes, but does not
cause lysis at concentrations below 100 uM (El-Moatassim
et al. 1989), whereas in the millimolar range ATP induces
cytolysis and the subsequent death of T lymphocytes (Di
Virgilio et al. 1989; Filippini et al. 1990; Zanovello et al.
1990). Furthermore, immunomodulatory effects, such as
the inhibition of human natural killer cell reactivity
(Schmidt et al. 1984) and the inhibition of macrophage-
mediated cytotoxicity (Cameron, 1984), have been
observed to occur at < 100 M ATP, whereas at least 500 uM
ATP was necessary for ATP-induced Kkilling of
mycobacteria by human macrophages (Lammas et al. 1997).
In addition to the induction of cytolytic pores in some cell
types of the immune system, P2Z receptor-dependent
activation of phospholipase D (Dubyak & El-Moatassim,
1993), NFkB (Ferrari et al. 1997) and interleukin-14-
converting enzyme (Di Virgilio et al. 1998) have been
described, as has the P2Z receptor-dependent loss of
L-selectin from human lymphocytes (Jamieson et al. 1996).

The molecular basis for the distinet behaviour of immune
cells over a broad ATP concentration range is still unclear
and may simply reflect the modification of the internal
milieu by the concentration-dependent permeabilising
effect of P2X; receptor activation. The various cellular
responses may thus be triggered by quantitatively
different changes in the intracellular Ca*", Na* or K*
concentrations due to P2X; receptor stimulation. Thus
the degree of ATP breakdown by ectoATPases, the
amount of receptor expression in the investigated cells
and the concentration of divalent cations reducing the
concentration of the ligand, free ATP'™ (Di Virgilio et al.
1998), has to be taken into account. Furthermore, the
possible involvement of other receptors with different
sensitivity to ATP has to be considered.

Here we provide electrophysiological evidence of distinct
ATP activation sites at the human P2X; receptor. The two
sites differ in their ATP sensitivity by a factor of about
50 and influence differently both the activation and
deactivation kinetics and the permeation characteristics
of the hP2X; receptor. The existence of two ATP
activation sites provides one possible explanation for the
variable pattern of signalling of hP2X;-expressing cells at
different concentrations of ATP.

METHODS

Chemicals

Chemicals were obtained from Sigma (Deisenhofen, Germany) unless
stated otherwise.

c¢DNA constructs

The isolation of a human P2X; ¢cDNA by RT-PCR from human
B lymphocytes has been described previously (Klapperstiick et al.
2000). The deduced amino acid sequence deviates in two positions
(G441 and A496) from the sequence published under accession no.
Y09561. His-P2X; was created by inserting codons for six tandem
histidine residues (His) without changing any other amino acid at an
engineered Ncol cleavage site just behind the initiating ATG. Site-
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directed mutagenesis was achieved by using the QuikChange system
(Stratagene). His-hP2X;-AC encoding a truncated mutant of His-
hP2X; lacking the uttermost 156 C-terminal amino acids was
generated by inserting a stop codon between an intrinsic BspM 1
cleavage site and an Apal site in the 3’ non-coding region. All
mutations, inserted oligonucleotides and junction sequences were
confirmed by nucleotide sequencing (Sanger et al. 1977).

cRNA synthesis

Capped cRNAs were synthesised from linearised templates with SP6
RNA polymerase (Pharmacia), purified by sepharose chromatography
and phenol—chloroform extraction (Yisraeli & Melton, 1989), and
dissolved in 5 mu Tris-HCI, pH 7.2, at 0.5 ug ul™', using the optical
density (OD) reading at 260 nm for quantitative analysis (OD
1.0 =40 ug ul™").

Oocyte treatment

The experiments followed national guidelines on animal
experimentation. Xenopus laevis females were imported from the
African Xenopus Facility (Knysna, Republic of South Aftrica). The
animals were anaesthetised in an aqueous solution supplemented
with 5 mM Hepes and 5 mM tricaine (MS222). Parts of the ovary were
removed through a small incision and kept overnight in normal
Barth’s solution (mM): NaCl 100, KCI 1, MgCl, 1, CaCl, 1; pH 7.4 with
NaOH, supplemented with 1.5 mg ml™ collagenase for defolliculation.
After several washes in nominally Ca**-free Barth’s solution, the
oocytes were placed in Petri dishes containing normal Barth’s
solution. Stage V or VI oocytes were injected with 20—50 nl of cRNA
and then kept in normal Barth’s solution supplemented with
antibiotics (10000 Uml™ penicillin, 10 mg ml™" streptomyecin) at
19°C until used 2—4 days later. Frogs were killed after the final
oocyte collection.

Electrophysiology

All experiments were carried out at room temperature (~22°C). Fast
and reproducible solution exchange was achieved using a small tube-
like chamber (0.1 ml) combined with fast superfusion (~75 uls™).
Switching between different bathing solutions was performed by a
set of computer-controlled magnetic valves using a modified U-tube
technique (Bretschneider & Markwardt, 1999). The measurement of
membrane currents was performed using the two-microelectrode
voltage clamp method. Microelectrodes were pulled from borosilicate
glass and filled with 3 M KCI. Only electrodes with resistances of
between 0.5 and 1 M€ were used. Currents were recorded and
filtered at 100 Hz using an oocyte clamp amplifier (OC-725C,
Hamden, USA) and sampled at 85 Hz. Data were stored and
analysed on a personal computer using software programmed at our
department (Superpatch 2000, SP-Analyzer by T. Bohm).

The impalement and measurement of the membrane potential of the
oocytes was carried out in normal oocyte Ringer solution containing
(mm): NaCl 100, KCI 2.5, MgCl; 1, CaCl, 1; pH 7.4 with NaOH.
Subsequent measurements of hP2X; receptor-dependent currents
were in most cases carried out in Ca’-free, Mg -free bathing
solutions (supplemented with 0.1 my EGTA) at a holding potential of
—40 mV, unless indicated otherwise. Ca** was omitted to avoid
activation of endogenous currents by Ca** influx through hP2X;
receptor channels. Mg™ was omitted to prevent Mg”™ complexation
of ATP*", since otherwise the high ATP concentrations required for
maximal activation of the hP2X; receptor would have been insoluble
(Di Virgilio, 1995; Markwardt et al. 1997). This means that in these
solutions, the concentrations of the total ATP and of the free ATP*"
are approximately the same. The removal of divalent cations from
the extracellular solution evoked a large conductance, which could be
blocked by the non-selective cation channel blocker 0.1 mM
flufenamic acid (Weber et al. 1995; Zhang et al. 1998). In some
experiments, 1 mm Ba®* was used as a divalent cation instead of Ca’",
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since Ba®" has been reported to block Ca**-induced C1”~ currents
(Barish, 1983). For bathing solutions containing divalent cations, the
total ATP concentration required to achieve a desired ATP'”
concentration was calculated by a computer program kindly
provided by R. Schubert (Schubert, 1990).

In control oocytes injected with H,0O, 1 mM extracellular ATP
induced no, or very small (<1 nA) inward, currents. In some cases
larger currents (<4 nA) were recorded, but only after the first

application of ATP.

Non-linear approximations and presentation of data were performed
using the program SigmaPlot (Jandel, Corte Madeira, USA).
Averaged data are given as means + S.D. unless stated otherwise.
Statistical data were analysed by one-way ANOVA. Statistical
significance of differences between means was tested using the
multiple ¢ test (Bonferroni) by the program SigmaStat (Jandel).
Significance was taken at P < 0.05.

RESULTS

Dependence of the activation and deactivation time
courses of the hP2X, receptor on agonist
concentration

Figure 14—C shows the time courses of ion currents in
oocytes expressing the wild-type hP2X; receptor before,

Figure 1. Dependence of hP2X; kinetics on the agonist
concentration

A-C, examples of ATP-dependent currents elicited by
different concentrations of ATP as indicated. All recordings
were obtained from the same oocyte. Divalent cation-free
oocyte Ringer solution (see Methods) was used as bathing
solution. O——O, measured currents and the approximations
of their time course. Activation and deactivation were
approximated according to eqns (1) and (2), respectively. 4,
the activation and deactivation time courses are marked. B,
the exponentially (a) and the linearly (b) activating, as well
as the fast (c) and slowly (d) deactivating, current
components are depicted as additional lines. The relation of
the slope of the linearly activating current to the steady-
state amplitude of the exponentially activating current,

8/ L1, Was calculated as 0.006, 0.017 and 0.031 s "and the
relation of the initial amplitudes of the fast and slow
deactivating current, Ly, 2/ Licar.1, Was determined as 0, 1.5
and 5.1 for 4, B and C, respectively. For statistics, see Fig. 2,
and Table 1. D, dependence of the activation time constant,
T.« (@), and of the deactivation time constants 7. (&) and
Taenct,2 () on the concentration of ATP. Data points represent
means of between 5 and 25 oocytes.

Distinet activation sites at P2X; receptor 27

during (activation) and after (deactivation) extracellular
application of ATP. With increasing agonist concent-
rations, an apparently linearly activating component
became increasingly more prominent in addition to the
exponentially activating current. Furthermore, at high
ATP concentrations the deactivation is apparently
accelerated. For quantitative analysis, the activating
part of the hP2X; receptor current ([.(f) was fitted
according to:

Jact( t) = 1&0(,00(1 - exp(_( t/Tzwt))) + st+ 11)7 (1)

where I, is the steady-state amplitude of the
exponentially activating current after infinite time of
agonist application, 7, the activation time constant, s
the slope of the linearly rising current, and I, the steady-
state current without ATP application. The ratio s/,
increases with rising concentrations of ATP, indicating a
larger contribution of the linearly activating current
component (see Fig. 1 legend).

The best approximation of the deactivating current
(Lyeacs (1)) during washout of ATP was achieved by use of’:

[de;u:t ([) = Ide;m,16Xp(_([/7daam,1)) + Ideact,zeXp(_(t/Tdeact,Z)) + [05 (2)
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where [, is the steady-state current without ATP as in
eqn (1), Lyeuers and L. » are the initial amplitudes and
Taeact,t AN Tgeae 2 are the time constants of the slowly and
fast deactivating component, respectively. As shown in
Fig. 1D, the time constant for activation is, at least for
low agonist concentrations, critically dependent on the
concentration of ATP. However, the deactivation time
constants are independent of the ATP concentration
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Figure 2. ATP concentration dependence of
different hP2X; current components

Concentration—response curves of the steady-state
activating current, /.. ., (4), of the slope of the
linearly activating current, s, (B), and of the slow
and fast deactivating current components, L, 1 vl
and Ly, (0), normalised to the corresponding
values at 1 mM ATP. Data points represent means
from between 5 and 25 oocytes. Mean data were
approximated by eqn (3) (dotted line) or eqn (4)
(continuous line). The calculated dissociation
constants are given in Table 1 (see L, S, Licact, and
Lieaer 2 for hP2X). Divalent cation-free oocyte Ringer
solution was used as the bathing solution.
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(correlation coefficients were not significantly different
from 0). A more detailed kinetic analysis is hampered by
the slow solution exchange system (Klapperstiick et al.
2000) which is rate limiting for time constants <1 s. The
activation and deactivation time constants for ATP of
the mutant receptors His-hP2X; and His-hP2X,AC (see
below) are not significantly different from the wild-type
hP2X; receptor (data not shown).

Concentration—response curves reveal at least two
activation sites with greatly different sensitivity to

ATP

To account for differences in the expression level of the
P2X receptor between different oocytes, the activating
or deactivating current components designated 4 in eqns
(3) and (4) (where A could represent I,. ., 8, Licact.1 OF Lieact.2)
were normalised to the respective components, A,
determined in the same oocyte at 1 mm ATP*™ (Figs 2,
3C-D and TA-B) or 0.1 mm ATP* (Figs 3B and70).
Models with either one Hill function (eqn (3)) or two Hill
functions (eqn (4)) were used to describe the concentration
dependence of the relative current components, 4,.:
4(0) Ao

Are 0 = = ; 9 7 3
= = a0y @

A (0)_A(C) _ Aml,oc,] _ Arel,:x},2 (4)
T A @ QOTROF (1 (107

where 4,0, Arws and A, .. are the maximal relative
current components contributing to 4,,(C) after saturation
of the activation sites with the apparent dissociation
constants Ky, Ky, and Kj,, respectively, at infinite
agonist concentrations. For all the data, a Hill coefticient
of 2 resulted in higher correlation coefficients than
models with Hill coefficients of 1 or more than 2.

Equation (3) with equal low-sensitivity non-cooperative
activation sites could be used to describe the ATP
concentration dependence of the linearly activating
current component s, (Fig. 2B) and of the deactivating
current components .. and Ly,..» (Fig. 2C).

For the steady-state values of the exponentially activating
current component I, ., the concentration—response
curve of the calculated relative amplitudes I, .. (C') was
approximated by a model of two different types (two
high-sensitivity and two low-sensitivity) of non-
cooperative activation sites (eqn (4); cf. Fig. 24). This
model fitted the data significantly better (Horn, 1987) than
the simpler model using only one Hill function (eqn (3)).

Based on the calculated Kj) values, the kinetic parameters
can be separated into two groups: (i) the concentration
dependency of both the steady-state amplitude of the
exponentially activating current I, at low agonist
concentrations (Fig. 24) and the slowly deactivating
current component I...., (Fig. 2C) are characterised by
K values of about 4 um ATP; (ii) the ATP concentration
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Table 1. Dependence of hP2X, kinetics on the ATP* concentration and on mutations at the
N- and C-terminal domains

hP2X, His-hP2X, His-hP2X,AC

Component  Divalent cations pKy, pKp pKp, Py, pKy,
Lo 0 Ca™, 0 Mg™ 52402 35402 57+02 35403 54401
s — 3.8+ 0.2 — 3.8+ 0.1 —
Tacact.n — 3.8+ 0.1 — - —
Lienct 2 49403 — — — _
Lo 0 Ca™, 3 mM Mgy 53+0.1 36+02 52+0.1 — 55+ 0.1
s 35403 — — —

1

act,00

0 Ca™, 0 Mg™, 1 mM free Ba™ 5.7 + 0.2

Statistics of apparent dissociation constants of ATP' for the different components of ATP-activated
currents. Mean pKj, values (+ S.E.M.) were approximated by eqns (3) or (4) according to Figs 2, 3 and 6. The
different means of pKp,, like those of pKj, are not statistically different, but means of pKj, are
significantly different from means of pKj . Mg, total (bound and free) magnesium.

dependence of the second group is described by high Kj,
values of about 220 uM and includes the I, . at high
agonist concentrations (Fig. 24), the slope sof the linearly
activating current component (Fig. 2B) and the fast
deactivating current component I, (Fig. 20).

This analysis also revealed that a relative enlargement of
the fast deactivating current component with increasing
ATP concentrations (Fig. 2C) is responsible for the
apparent acceleration of the deactivation (see Fig. 1).

Biphasic activation characteristics are preserved in
the presence of permeating divalent cations

Next we examined whether the biphasic kinetics and
concentration—response relationships resulted from the
use of extracellular solutions lacking divalent cations but
containing flufenamic acid. To avoid the activation of
[Ca*™]-dependent ionic currents by Ca** influx through
the hP2X; receptors, we used Ba’" as the extracellular
divalent cation. As already shown (Klapperstiick et al.
2000), the time course of current activation of P2X,
receptors by ATP*” is similar in the absence and presence
of divalent cations if ATP is applied for a few seconds
only. Figure 34 demonstrates that the biphasic time course
of current activation is virtually unchanged in the presence
of Ba** in the bathing solution (cf. Fig. 1B). However,
analysis of the deactivation using eqn (2) revealed a
deceleration compared to divalent-free conditions. This
could reflect changes in the unbinding characteristics of
ATP*". But this assumption is inconsistent with the
finding that the Kj, for ATP* is not obviously changed
by Ba™ (see below) despite increased deactivation and
decreased activation time constants (cf. Figs 15 and 24
with Figs 34 and B; see also Klapperstick et al. 2000).
Alternatively, the deactivation could be slowed by an
altered time course of the washout of the agonist. Ba™*-
and ATP-containing solutions always contained 1 mm
free Ba™, variable amounts of ATP*" and millimolar

concentrations of BaATP*". The washout of this buffering
mixture would be slower than the washout of ATP*~ alone
in divalent-free extracellular solutions. Similar changes
in the deactivation time course (data not shown) without
significant changes in the ATP*” sensitivity were found
in Mg**-containing extracellular solutions (see below).

solutions, the
concentration—response curve for 1, in the presence of
I mM Ba™ revealed at least one high-sensitivity
activation site for ATP*™ (Fig. 3B). The pKj, value of this
site was not significantly different from the value
obtained in divalent-free solution (Table 1). A second low-
sensitivity type of activation site seems to exist for Z,.
and also for s, with a pKp value of <4. However,
calculation of the exact pK; value was not possible,
because ATP*™ concentrations high enough to saturate
the activation site could not be reached in the presence of
1 mM Ba®*" (see Methods).

As in divalent-free extracellular

Extracellular Mg** decreases the potency for total
ATP at both the high- and low-sensitivity activation
site

The finding that divalent cations shift the total ATP
concentration—response relationship of P2Z/P2X;
receptors to the right is generally explained by the
assumption that free ATP*", rather than MgATP%, is the
agonist (Di Virgilio et al. 1998). To test whether both
types of ATP activation sites of the hP2X; receptor share
this characteristic, we measured concentration—response
curves for ATP in the presence of 3 mM total Mg™*. As
shown in Fig. 3Cand D, Mg*" reduces the potency of ATP
at the hP2X; receptor. This was found for the biphasic
L. ,—[ATP] relationship (Fig. 3C), as well as for the
monophasic s—[ATP] (Fig. 3D) relationship. If, however,
the calculated ATP*” concentrations rather than the total
ATP concentrations are used, the concentration—response
curves obtained in the absence and presence of external
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Mg™ become virtually identical. Likewise, the calculated
Ky, values for ATP*™ are not statistically different from
those obtained in Mg*"-free bathing solutions (Table 1).

The fast deactivating current component is related to
the linearly activating current component

We conclude that the linearly activating and the fast
deactivating current components are related to each other
because they both display a similar dependence on ATP
concentration (Figs 1 and 2). In Fig. 4 further evidence for
this assumption is provided. Prolonged ATP application

A 400 UM ATP
0 4 I
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increased the linearly activating current component as
well as the fast deactivating current component. In
contrast, the slowly deactivating current component was
independent of the duration of ATP application. This
suggests that the activation of the hP2X; receptor at the
highly ATP-sensitive site is responsible for one part of
the exponentially activating current component and the
slowly deactivating current component. This part of
hP2X,; activation seems to be complete after 3 s of ATP
application.
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Figure 3. Kinetics of hP2X; in the presence of extracellular divalent cations

A, typical example of an ATP-dependent current elicited in 1 mM free Ba**-containing extracellular
solution. Total amounts of ATP and Ba®™ were calculated as described in Methods to adjust the free
concentrations of ATP*” (as indicated) and 1 mM Ba*; 400 uM total ATP corresponds to 100 um free
ATP*". O, measured currents (superimposed continuous line), approximated time course. Activation and
deactivation were approximated according to eqns (1) and (2), respectively. The fitted parameters are:
Lo, =217 1A; 7,4, 0.358; s, =47 nA s Tiacrs, =478 NA; Toeerts 3.585 Lieaetzs =37 DA} Taeaen, 22 8.
B, dependence of the steady-state activating current, I, . (@), and the slope of the linearly activating
current, s, (A), on the concentration of ATP'™ and total ATP in 1 mM free Ba“fcontaining extracellular
solution (see Methods). Data are normalised to the values measured in Ba“—containing solution
supplemented with 400 um ATP. The calculated dissociation constant for I, .. in the concentration
range from 0.1 to 100 gM ATP*" (dotted line represents fit) is given in Table 1 (L .., 0 Ca**, 0Mg™", 1 mm
free Ba’™). ¢ and D, influence of Mg™" on the dependence of the hP2X;-related currents on the
extracellular ATP concentration. €, dependence of the steady-state activating current, /.. ... (O); D, the
slope of the linearly activating current, s, (V), on the total ATP concentration in extracellular solution
containing 3 mM total Mg. Data were normalised to the values obtained at 1 mM ATP in divalent cation-
free oocyte Ringer solution. The concentration—response curves were recalculated and redrawn using the
ATP" concentration as agonist (W, L., .; ¥, S.). For comparison, the concentration—response curve for
ATP* obtained in Mg“—free solution (same as in Fig. 24 and B) were also shown (@, L. ... &, s.). Data
points represent means of between 5 and 25 oocytes. The dependencies of 1. ., and s, on ATP*
measured in Mg**-containing solution were fitted using eqns (3) and (4) (not shown). The calculated
dissociation constants for I, . . and s, are given in Table 1 (/.. .., s, Kp, and Kj),, in 3 mM total Mg, for

hP2X,).
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N-terminal hexahistidyl tagging and C-terminal
truncation diminish receptor activation by the site
with low ATP sensitivity

Figure 54 and B shows typical current traces of the two
investigated mutant hP2X,; receptors. Capping the
N-terminus with a hexahistidyl sequence reduced the
linearly activating and the fast deactivating current
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Figure 4. Dependence of the deactivation time
course on the duration of agonist application

A-C, examples of hP2X;-dependent currents evoked
by increasing duration of ATP application. The
relation of the amplitudes of the fast to slow
deactivating current, respectively, are given as insets.
Divalent cation-free oocyte Ringer solution was used.
D, statistics of recordings from 8 oocytes performed
like those shown in A-C, the fast (Jj..2, [J) and slow
(Tieact.1, ) deactivating current components,
respectively, were normalised to the value measured
after application of 0.1 my ATP for 6 s. Only the
means for [, are significantly different.

components in relation to the exponentially activating
and the slowly deactivating current components,
respectively (cf. Figs 1C and 54). The additional
truncation of the last 156 amino acids of the intracellular
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Figure 5. Kinetics of mutated hP2X; receptors

A and B, examples of ATP-activated currents of
His-hP2X; and His-hP2X,AC, respectively. The
relation of the slope of the linearly activating current
to the steady-state amplitude of the exponentially
activating current, s/I,. .., was calculated as 0.019
and 0.0006 s~" and the relation of the initial
amplitudes of the fast and slow deactivating current,
Licact 2/ Licace.1» was determined as 0.4 and 0.0 for 4 and
B, respectively. For further explanation, see Fig. 1.

C, relation of the slope of the linearly (s) to the
exponentially (Z,..,) activating current approximated
according to eqn (1). D, relation of the amplitudes of
the fast (Ljener,2) to the slow (Ly,..1) deactivating
current as fitted by eqn (2). Currents were activated
by 1 mM ATP in divalent-free oocyte Ringer solution.
The means (from 9 to 25 oocytes) are statistically
different in Cand D.
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C-terminal tail of the P2X; receptor, which is 239 amino
acid residues long, led to a complete disappearance of both
the slowly activating and the fast deactivating current
components (Fig. 5B; for statistical analysis, see Fig. 5C
and D). According to these observations, the low-
sensitivity part of the I,,.,.—[ATP] relationship is
strongly reduced, compared to the high-sensitivity part,
for His-hP2X, (Fig. 64) and is nearly abolished for His-
hP2X;AC (Fig. 60). Nevertheless, the K, values of both
activation sites are not changed (for statistics, see Table 1)
Additionally, Mg"" apparently reduces the affinity of the
high-sensitivity activation site for total ATP in both
mutants (Fig. 658 and (). Therefore, the binding
characteristics of the high-sensitivity activation sites are
not obviously altered by the manipulations performed on
the N- and C-terminal domains.

The characteristics of the two activation sites at hP2X;
are summarised in Table 1. The mean pKj, for ATP*™ at
the high-sensitivity site for all three types of hP2X;
receptor is 5.3 + 0.3 corresponding to 4 M ATP*". For the
low-sensitivity site, an average pKj value of 3.7 + 0.2
corresponding to 220 uM ATP*” was calculated as an
average of all determinations.

A % -
5 1.5 1 r15 ©
o © sy
22 2 3
5© o o
g2 1.0 r1.0 % S
s 22
22 T
58 05 - F05 3 ®
CE% L lact,oo,re/ 'x%
c @©
B -
&
£ 1.5
o 3
ie "4
o ® [ ¥
£2 05 - . S & ATP (3Mg)
25 F { ® ATP* (3 Mg)
8 0.0"‘“‘0“4—|—|—|
8
C -
c
g 1.5
3
ig Jo¥;
2 £
é_g 1.0 1 O %
T O
22 054 ;H> % O ATP (0Mg)
58 O ATP (3 Mg)
[T 4
o é o ATP* (3 Mg)
S 00
8

7 6 5 -4 3 -2 -1
log[ATP, ATP*] (logM)

J. Physiol. 534.1

DISCUSSION
The experimental model

Some limitations of the experimental model used should
be considered.

(i) The experiments were generally carried out in divalent
cation-free external solutions to attain the high
concentrations of ATP* required to saturate the low-
sensitivity site as far as possible. However, control
measurements showed that the two distinct ATP*-
dependent activation sites including the described current
components could also be found in Ba®'- or Mg™*-
containing solutions.

(i1) Some of our kinetic data are influenced to a certain
extent by the rate of solution exchange, which is in the
range of 1.2 s and 1.8 s (10-90 % exchange times) for the
wash-in and wash-out, respectively (Klapperstiick et al.
2000). This indicates that the speed of solution exchange
was rate limiting for the time course of current activation
at > 10 gm ATP* and also for the fast deactivating
current component (Fig. 1D). Therefore, possible
different time courses of the exponentially activating

Figure 6. Characterisation of the activation of the
modified hP2X; clones, His-hP2X; and His-hP2X,AC

A, concentration—response curve for His-hP2X; of the
steady-state activating current (I, .., ®) and the slope of the
linearly activating current (s, A) normalised to the
respective component at 1 mM ATP (in divalent-free oocyte
Ringer solution). B, dependence of I, .. of His-hP2X; on
the total ATP concentration in extracellular solution
containing 3 mM total Mg (@) normalised to the values
obtained at 1 mM ATP (in divalent cation-free oocyte
Ringer solution). This concentration—response curve was
recalculated and redrawn using the ATP*™ concentration as
agonist (M). Data points represent means from between 5
and 25 oocytes. Mean data were approximated by eqn (3)
(dotted line) or eqn (4) (continuous line). C; characterisation
of the activation of His-hP2X,AC. O,
concentration—response curve of the steady-state activating
current (/.. .) normalised to this current at 0.1 mm ATP
(divalent cation-free oocyte Ringer solution). &, the
dependence of I, ., on the total ATP concentration in
extracellular solution containing 3 mum total Mg normalised
to the values obtained at 0.1 mm ATP (in divalent cation-
free oocyte Ringer solution). O, this concentration—response
curve was recalculated and redrawn using the ATP*~
concentration as agonist. Data points represent means from
between 5 and 8 oocytes. The calculated dissociation
constants are given in Table 1 (see His-hP2X; and His-
hP2X;AC).
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current components corresponding to the high- or low-
sensitivity sites as well as a possible sigmoidal onset of
current activation could not be resolved by our setup.
Moreover, we cannot exclude the possibility that the fast
deactivating current component has a time constant
<1 s. Despite these restrictions, we believe that our data
are not influenced by the speed of solution exchange for
the following reasons. Firstly, the steady-state values of
the exponentially activating current components and the
slope of the linearly activating current component are
determined after completion of the solution exchange.
Secondly, the time constant of 5s is slow enough to
determine the amplitude of the slowly deactivating
current component with reasonable precision, and
furthermore allows a sufficiently good distinction
between fast and slowly deactivating currents.

(iii) Another matter of concern is that Hill coefficients of
2 were needed to describe the concentration—response
curves of the amplitudes of the current components of
both activation sites, whereas the kinetic model of
activation and deactivation (eqn (1)) corresponds to only
one activation site. Therefore, the model of the current
kinetics should be considered as a general description of
the activation and deactivation time course. Nevertheless,
the concentration dependencies of the steady-state values
of the activating and the initial values of the deactivating
current components are not dependent on the number of
activation sites used in the model of current kinetics.

The concentration—response curves could be best
described with the highest correlation if’ Hill coefficients
of 2 were used. However, in most cases, models with Hill
coefficients of 1 or 3 were not significantly inferior.
Therefore, we feel that the number of activation sites
cannot be determined reliably by Hill plots alone as shown
in this report. Thus, if it is assumed that every subunit of
the hP2X; receptor protein forms one activation site for
ATP, our results are not incompatible with the recent
finding that three subunits may form complete P2X
receptors (Nicke et al. 1998).

(iv) High concentrations of ATP induce a very slowly
activating current component described as a linearly
activating current. As shown previously (Klapperstuck et
al. 2000), this current component does not reach a steady-
state value within 2 min of agonist application. We found
that even longer applications for up to 5 min did not
saturate this component (data not shown). Since prolonged
activation of large inward currents often harms oocytes,
the slope of the linearly activating current component
was used for quantification, although the use of non-
steady-state values for analysis by the Hill equation is of
questionable value. Thus, the calculated K}, value should
be interpreted only as an estimate of the concentration
dependence of this slowly activating current component.

The molecular mechanism underlying the linearly
activating current component is not clear. Hill plot

Distinet activation sites at P2X; receptor 33

analysis may be justified if the hP2X; receptor, once
activated by binding ATP to both types of activation site,
induces the slow rise of the cation conductance for which
the extracellular ATP concentration is not rate limiting.
A continuous activation of the low-sensitivity activation
sites seems absolutely necessary for the maintenance of
this additional conductance, since it is rapidly lost by the
removal of ATP. Single channel analysis may be helpful
to provide insights into the mechanism of hP2X;
activation at the single molecular level.

Characteristics of the two activation sites

It remains unclear if the induction of the current
components which appear at high ATP concentrations
needs the occupation of both activation sites or of the low-
sensitivity activation sites only. To address this question,
the high-sensitivity sites should be blocked by specific
antagonists or site directed mutations. But this has not
been possible to date because specific antagonists are not
available and the structure of the ATP*” activation sites
is unknown.

A similar K}, value of about 0.2 mM ATP* was determined
for: (i) the linearly activating current component; (ii) the
second exponentially activating current; (iii) the fast
deactivating current. The simplest model would assume
that these three current components are mediated by
occupation of the same low-sensitivity site. This
conclusion is supported by the fact that the slope of the
linearly activating current and the amplitude of the fast
monoexponential decay are strongly correlated with each
other. There are at least two possible explanations for the
existence of the two different types of ATP*™ activation
sites. Firstly, the hP2X; receptor carries an activation site
with intrinsically low affinity for ATP*". Secondly,
ATP*" activation sites have initially the same affinity,
but the first occupation of an activation site with the
negatively charged ATP*” molecules hampers the binding
of further ATP*" molecules. That means negative
cooperativity would be responsible for the biphasic
concentration—response curve.

The rightward shifts of the ATP concentration—response
relationship elicited by Ba** or Mg** can best be explained
by the assumption that both activation sites accept
ATP* only. This conclusion is supported by the fact that
ATP activates hP2X; in the absence of any divalent
cations. The dependence on ATP* is typical of P2Z and
P2X; receptors (Di Virgilio et al. 1998).

N- and C-terminal domains play a role in receptor
activation

It is interesting that the capping of the N-terminus of the
hP2X; subunit with a hexahistidyl tag greatly reduced
the current induced by the activation of the site with low
sensitivity to ATP'". In contrast, currents elicited by the
activation of the highly ATP* sensitive site seem not to
be affected. Moreover, the K, values at the high- and low-
sensitivity sites were the same for the wild-type P2X;
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receptor and the mutant. This indicates that the ATP*"
sensitivity of these mutant P2X; receptor is not altered,
consistent with the exclusive modification at cytosolic
domains and the extracellular location of the ATP*
activation site.

The His-tagged mutant with additional truncation of
about half of the long C-terminal tail (His-hP2X,;AC) shows
a kinetic behaviour over the entire ATP*" concentration
range, which can be solely attributed to the presence of
one single highly ATP* -sensitive site. Even high ATP*
concentrations are unable to induce the linearly
activating current component.

Altogether, this indicates that the effects of ATP*” at the
low-sensitivity activation site are mediated, at least in
part, by the N- as well as the C-terminal domains. The
evaluation of the function of the N-terminus and the
C-terminus, however, requires a more detailed analysis at
the molecular level.

Physiological relevance of the two types of ATP
activation sites

The biphasic characteristics of the concentration—
response curve for the P2X; receptor have not been
described before. One reason might be that the current
component activated by the highly ATP* -sensitive site is
small in the presence of low concentrations of divalent
cations and hence may have remained undetected.

Furthermore, in extracellular solutions containing
millimolar concentrations of divalent cations, such as
Mg* and/or Ca’", the concentration ranges of ATP*™ at
which the two different types of activation sites are
activated are less well separated, that is the ATP
concentration—current relation becomes steeper (see
Fig. 3C). This also hampers the identification of the two
different activation sites.

The reported EC;, values for concentration—current
relationships of the hP2X; or the human P2Z receptor can
be recalculated to K, values between 45 and 80 uM ATP*~
(with EC5, ~2.4 K, for our model; for calculation of total
ATP, see Methods; Bretschneider et al. 1995; Markwardt
et al. 1997; Chessell et al. 1998). This means that these
values range between the Kj, values for the high- and low-
sensitivity site calculated in the present work. It is
conceivable that Ca”" (which was between 0.3 and 2 mM in
the extracellular solution of these reported experiments)
may relatively increase the current components of the
high-sensitivity activation sites, as Ba®* did in the
present experiments (cf. Figs 24 and 3B). This would
result in a shift of the EC;, of the whole ATP*"
concentration—current curve towards the K value of the
high-sensitivity site. In divalent cation-free extracellular
solutions, the importance of the current components
induced by the high-sensitivity site may be small.
Therefore, the EC;, will be closer to the K, value of the
low-sensitivity activation site. This may explain the
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higher ECj, for ATP*" found in divalent cation-free
extracellular solutions (Klapperstuck et al. 2000).

Studies to investigate the activation and deactivation
time course have lacked detailed analysis. They may have
been hampered by the fact that most voltage-clamp
analyses of P2X; receptor-dependent currents have been
carried out in HEK 293 cells, where prolonged or repeated
application of agonists can induce large pores in the cell
membrane. This leads to a further variable current
component which deactivates slowly (Surprenant et al.
1996; Rassendren et al. 1997; Chessell et al. 1998).

In cell culture media (RPMI) containing about 0.5 mm
Ca’* and 0.5 mM Mg™, the dissociation constants
determined for ATP* of about 4 and 220 uM correspond
to KC,, values for total ATP concentrations of about
120 uM and 3 mM, respectively (see above). It is therefore
tempting to speculate that the effects on immune cells of
ATP in the low concentration range (see Introduction) are
mediated by the high-sensitivity site, whereas the cytolytic
effects are only observed after additional occupation of
the low-sensitivity ATP activation sites. However, the
measurements of rather complex cell reactions to ATP, as
mentioned in the Introduction, are not suitable for
determining the ATP affinities of the P2X; receptor. To
distinguish between biological effects of the two types
of activation sites they should be characterised
pharmacologically. Our preliminary results point to
different pharmacological profiles. They may be used to
distinguish possible different cellular responses which
may be ascribed to the occupation of the high-sensitivity
only or both ATP*~ activation sites. With this in mind, it
would be interesting to investigate whether different
types of ATP* activation sites mediate the different
effects of low and high concentrations of ATP on the
membrane potential, intracellular pH and apoptosis of
murine thymocytes (Matko et al. 1993; Nagy et al. 2000).
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