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ABSTRACT Human P2X5 receptors were expressed in Xenopus laevis oocytes and single channels were recorded using the
patch-clamp technique in the outside-out configuration. ATP*~ evoked two types of P2X, receptor-mediated single channel
currents characterized by short-lived and long-lived openings. The short- and long-lasting open states had mean open times of ~5
and ~20 ms and slope conductances near —60 mV of 9 and 13 pS, respectively. The open probabilities of the short and long
openings were strongly [ATP*~]-dependent with ECsg values of ~0.3 mM and ~0.1 mM ATP*~, respectively. The channel kinetics
did not change significantly during sustained P2X; receptor activation for several minutes, as was also observed in recordings in
the cell-attached patch-clamp configuration. Activation and deactivation of the short openings followed exponential time courses
with time constants in the range of 20 ms, and displayed a shallow [ATP*~] dependence of the activation process. The kinetics of
the short channel openings at negative membrane potentials fitted well to a linear C-C-C-O model with two ATP*~ binding steps at

equal binding sites with a dissociation constant Ky of 139 uM.

INTRODUCTION

Purinergic P2X; receptors belong to the P2X family of
ligand-gated ion channels, which open in response to extra-
cellular ATP, allowing small cations to pass passively in a
nonselective manner through a transmembrane channel. P2X5
receptors are highly expressed in cells of the immune and
inflammatory system. ATP, released from different cells un-
der hypoxic conditions or during cell destruction or necrosis,
is believed to act as a danger signal to the immune system
and to exert proinflammatory and immunomodulatory func-
tions by binding to and activating P2X; receptors. For
example, P2X receptors have been shown to be involved in
the killing of intracellular bacteria and release of interleukin-
18 from macrophages (1).

P2X receptors possess peculiar characteristics that dis-
tinguish them from the other members of the P2X receptor
family, such as a C-terminal tail that is 200 amino-acids longer
and the capacity to form a large cytolytic pore upon sustained
activation (2). The time course of activation and deactivation
of whole-cell currents evoked by activation of recombinant
P2X; receptors or native P2X5-like receptors varies greatly
with species, agonist concentration, duration of agonist ap-
plication, and concentration of divalent cations such as Ca*"
or Mg?* (3). Thus, P2X; receptor-dependent or P2X-like
current kinetics have been described as exponentially ac-
tivating (4-7), biphasic fast and slowly activating (8—13),
partially inactivating (13—17), or as being kinetically even
more complex (18,19). Similarly, current deactivation was
observed to follow a monoexponential time course with time
constants <1 s (4-7,11), or to occur nonexponentially with a
delay of up to several minutes (2,9,14,18,19). Repeated long-
term agonist stimulations have been found to elicit either
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almost constant whole cell current amplitudes (4,11), or
successively increasing currents (5,11,16,20,21), or decreas-
ing current amplitudes (14,16). These contrary results have
been interpreted to result from 1), activation-dependent long-
lasting changes of the P2X; receptor conformation; 2),
activation of ion channels activated downstream of the P2X
receptor (3); or 3), the existence of distinct activation sites for
ATP on the P2X; receptor (12).

Millimolar concentrations of ATP are required for full
activation of P2X; receptor-mediated inward currents. The
observation that the ATP concentration for half-maximal
activation (ECsg) of P2X; receptors is markedly lowered by
reduction of the extracellular concentration of divalent cat-
ions is usually interpreted to indicate that free ATP*™ is the
genuine receptor agonist (3,22). However, even when based
on free ATP*~ concentrations, ECs, values as different as
3 uM (14) and 0.4 mM (11) have been reported. Again, these
discrepancies may be attributed to cell type or condition-spe-
cific factors that affect peculiar P2X; receptor conformations
by inducing lasting metabolic changes such as phosphoryl-
ation, resulting in altered agonist potency. Other possible
explanations are that second messengers are produced in
response to P2X receptor activation that, by themselves, ac-
tivate ion channels, or that ATP directly activates additional
purinergic receptors distinct from P2X; receptors. As highly
specific P2X; receptor antagonists are not yet available,
electrophysiological recordings in the whole cell configura-
tion do not really allow for discrimination between the dif-
ferent possibilities outlined above.

The goal of this study was to provide the first analysis of
recombinant P2X receptors at the single channel level and
to develop a simple kinetic model of its function. In the
excised outside-out patch configuration, P2X; receptor-me-
diated currents can be recorded under better-controlled
conditions than achievable in the whole cell configuration
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and can be clearly separated from any contaminating current
component. Moreover, because of their small size and the
surrounding very thin, unstirred layer of solution, outside-
out patches are amenable to rapid solution exchange, en-
abling time-resolved recording of the rapid time course of
activation and deactivation of P2X; receptors. The data
provide a basis for further studies aimed at elucidating struc-
ture-function relationships of the P2X; receptor.

MATERIALS AND METHODS
Chemicals

Chemicals were obtained from Sigma (Deisenhofen, Germany) if not other-
wise stated. Na,ATP was purchased from Roche (Mannheim, Germany).

P2X; receptor expression in X. laevis oocytes

A plasmid encoding the human P2X5 subunit (accession No. Y09561 (9)) was
available for a previous study (11,23). Capped cRNA was synthesized from
linearized templates with SP6 RNA polymerase (Epicentre Biotechnologies,
Madison; WI), purified by Sepharose chromatography and phenol-chloroform
extraction, dissolved in 5 mM Tris/HCl at pH 7.2 and adjusted to 0.5 pg/ul, using
the optical density reading at 260 nm for quantitative analysis (OD 1.0 =40 ug/ul).

Frogs were kept and subjected to surgical removal of part of their ovaries
according to national guidelines on animal experimentation using tricaine
methane sulfonate (MS-222, Sigma) for immersion anesthesia. After defol-
liculation by overnight incubation with collagenase (2 mg/ml; Worthington,
Biochrom, Berlin, Germany), healthy stage V-VI oocytes were manually
selected. P2X; subunit encoding cRNA was injected at ~0.1 ug/ul in 20 nl
aliquots. The oocytes were maintained at 19°C in modified Barth solution
(mM): 100 NaCl, 1 KCI, 1 CaCl,, 1 MgCl,, 5 HEPES supplemented with
10,000 U/ml of penicillin and 10 mg/ml streptomycin until used 1-3 days later.

Electrophysiology

All experiments were carried out at room temperature (~=22°C). Single
channel currents were recorded from outside-out patches of the oocyte
plasma membrane. Fast and reproducible solution exchange at the ex-
tracellular site of the patch was achieved by combining U-tube perfusion
(24) with a piezo-driven liquid filament switch (25). The speed of solution
exchange at the tip of the pipette was estimated by immersing the pipette in a
150 mM KCl bathing solution, and then shifting the pipette for 50 ms to a
100 mM NaCl solution supplied by the U-tube. From the exponential shift of
the holding current, time constants of 0.6—0.8 ms were derived.
Microelectrodes were pulled from borosilicate glass, coated with Sylgard
(Dow Corning, Midland, MI), and filled with a solution consisting of (in
mM) 90 aspartic acid, 10 KCI, 10 EGTA, 10 BAPTA, 10 HEPES, and 0.5
MgCl,, and pH 7.2 adjusted with KOH (K™ pipette solution). The Cs™
pipette solution had the same composition, except that KCI and KOH were
replaced by CsCl and CsOH, respectively. In some initial experiments,
pipette solutions were additionally supplemented with 5 mM MgATP. Patch
pipettes had resistances between 6 and 15 M() as measured in an oocyte
Ringer solution consisting of (in mM) 100 NaCl, 2.5 KCl, 1 CaCl,, 1 MgCl,,
and 5 HEPES, with a pH of 7.4. Currents were recorded and filtered at 1 kHz
(four-pole Bessel filter) using an Axopatch 1D patch-clamp amplifier (Axon
Instruments, Foster City, CA) and sampled at 1 kHz (ensemble currents) or 5
kHz (single channel data). Current traces, each 400 ms in duration, were
stored digitally and later analyzed on a personal computer using software
programmed at our department (Superpatch 2000, SP-Analyzer by T. Bohm)
and the computer program ASCD (generously provided by G. Droogmans,
Catholic University Leuven, Belgium) based on least-square algorithms for
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fitting amplitude and dwell time histograms (26). For calculation of dwell
time histograms, only apparent single channel patches (as judged by
nonexistent overlapping openings at maximal open probabilities) were used.
The minimum number of exponential terms required to describe the dwell
time histograms was determined by minimizing the sum of weighted squared
residuals.

The detection threshold for opening and closing was set at 50% of the
single channel current amplitude. Correlations between adjacent open and
shut times were calculated and tested for significance according to
Colquhoun and Sakmann (27).

For patch-clamping, the vitelline layer was removed with fine forceps
after a brief exposure of the oocyte to a hypertonic medium. To establish the
outside-out configuration, an oocyte was placed in a small chamber perfused
with oocyte Ringer solution. The pipette with the outside-out membrane
patch was then transferred to another chamber, which was perfused with a
bathing solution containing (in mM) 100 NaCl, 0.5 CaCl,, 5 HEPES, pH
7.4. The liquid filament solution flowing out of the U-tube (U-tube solution)
additionally contained free ATP*~ in concentrations indicated in the figures
and in the text. The total concentrations of ATP and CaCl, were adjusted in
such a way that the free Ca®" concentration was kept constant at 0.5 mM
(28). The total concentrations of Ca’* and ATP used to adjust the
concentrations of ATP*~ indicated in the figures are included as Supple-
mentary Material S1.

If not otherwise indicated, averaged data are given as mean = SD of
measurements in N patches. The statistical significance (P < 0.05) of dif-
ferences between means was determined by one-way ANOVA followed by a
Bonferroni multiple comparison #-test using Jandel Sigmastat statistical
software (SPSS, Chicago, IL). The Sigmaplot program (SPSS) was used for
nonlinear function fitting and graphical presentation of the data. Theoretical
values of dwell times, open probabilities, and relaxation time constants were
calculated according to (29) using the freely accessible program SCALCS
(http://www.ucl.ac.uk/Pharmacology/dc.html).

RESULTS

Different components of ATP-induced
patch currents

Fig. 1 A shows a typical example of outside-out patch currents
before, during, and after extracellular exposure to ATP*~. The
membrane patch was excised from an oocyte injected with
cRNA for the human P2X; subunit one day earlier. Two
current components are evident. One component consists of
inward single channel current events (Fig. 1 B) with a single
channel current amplitude of —1.3 pA (Fig. 1 C). Single
channel openings were observed shortly after ATP*~ appli-
cation and disappeared immediately after commencing
ATP*~ washout. The single channel current amplitude, as
well as the open probability, did not obviously change during
ATP*~ applications during a time period of several minutes.
Furthermore, the use of pipette solutions supplemented with
MgATP (see Materials and Methods) did not significantly
change the amplitude and kinetics of P2X; receptor-depen-
dent single channel currents (results not shown).

The second component is a smooth inward shift of the
holding current with an approximately exponential time
course of activation and deactivation during ATP*~ appli-
cation and withdrawal, respectively. Similar currents were
also seen in patches from P2X; subunit cRNA-injected
oocytes without single channel openings (Fig. 1 D) (N = 60),
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from oocytes injected with H,O only (N = 5), and from non-
injected oocytes (N = 8, data not shown). ADP? -, UTP47,
and GTP*™ also elicited the smooth current component, but
did not induce single channel openings in concentrations up
to 1 mM (data not shown) in patches with clear single
channel activity in response to 0.1 mM ATP*~ (N = 5).

For quantitative analysis of current activation kinetics, the
activating part of this ‘‘smooth’’ current component (7,.(¢))
was fitted to

1~del act

(1) = i X (1 e ) + 5 X (1 — tgaaa) +io, (1)

where fg4e) a1 15 the delay of the onset of the ATP* -induced
current, i,e  is the amplitude of the theoretical steady-state
plateau current after infinite time of ATP*~ application, T,
is the activation time constant, s is the slope of the linearly
increasing current, and iy is the steady-state current in the
absence of ATP*™.

The deactivating part of the smooth current component
(igeact (¢)) during washout of ATP*™ was approximated by

—Idel deact

ideacl(t) = ideact Xe Tt + i07 (2)

Biophysical Journal 92(7) 2377-2391



2380

where i has the same meaning as in Eq. 1, fge deact 1S the
delay of deactivation of the ATP* -induced current, Ideact 18
the initial amplitude, and T4e,c 1S the time constant of the
deactivating component, respectively. To allow the smooth
current component to be properly distinguished from the
single channel component, especially in multichannel patches,
the kinetics and ATP*~ dependence of the smooth current
component were investigated in more detail. Time constants
of activation and deactivation of ~400 ms were derived that
were independent of the ATP*~ concentration (Fig. 2 A). The
linearly increasing (Fig. 2 B) as well as the exponentially
activating (Fig. 2 C) current component increased with the
applied ATP*~ concentration without displaying saturation.
The amplitude of the exponentially rising component was
additionally dependent on the leak current before ATP*~
application (Fig. 2 D). This, together with the occurrence of a
similar smooth current component in water- and noninjected
oocytes as well as upon application of ADP*~, UTP*", or
GTP*™ (see above), suggests that ATP*~ exerts a nonspecific
effect on the seal between the patch membrane and the pi-
pette. Alternatively, another leak-determining conductance
of the patch may be nonspecifically increased by ATP*~. For
evaluation of P2X; receptor-dependent single channel ki-
netics, measurements of single channel current amplitudes or
dwell times started 1 s after application of ATP*~ and the
steady state or slowly increasing components of the smooth
current component were subtracted by the software used.
In some patches, ATP* -induced channel openings with
long open times of ~20 ms were observed. The probability of
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the occurrence of these opening events increased with in-
creasing ATP*~ concentrations (Fig. 3 C) and with longer or
repeated ATP* ™~ applications (Fig. 3 A). In contrast to the short
channel openings (described in detail below), the single
channel events with long duration deactivated slowly after
ATP* withdrawal. The absence of overlapping long and short
single channel currents suggests that the same channel exists in
two different gating modes in the same patch. To address the
question of whether the long openings are in any way related to
the phenomenon of ATP* -induced pore dilatation observed
in macroscopic recordings (21), we assessed the permeability
of single hP2X receptor channels to the organic cation Tris .
We expected dilatation of the hP2X; channel pore to be
reflected by a time-dependent increase in the permeability of
Tris* (diameter ~7 A) during sustained activation by ATP, as
has been observed under macroscopic conditions for even
larger cations such as N-methyl-D-glucamine (NMDG ",
diameter ~9 A). The single channel patch recording shown
in Fig. 3 B was selected to show both short and long openings
inNa*-based media. Fig. 3 B shows that only very small single
channel inward currents could be recorded after exchange of
equimolar Tris™ for external Na™. Low permeability to Tris™
is also apparent from the very negative reversal potential.
Moreover, the current amplitude did not increase in magnitude
during 20 s of sustained ATP*~ activation (Fig. 3 B) at a
holding potential (V}) as negative as —110 mV, and the
reversal potential did not shift to less negative values. This
indicates that the very low permeability of the ATP*~-opened
hP2X receptor to Tris " did not increase with time.
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smooth component) evoked by repeated ATP*~
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Na*-based extracellular solution. Bottom record
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Fig. 4 A demonstrates a patch current record with coex-
isting occurrence of short and long-lasting channel openings.
The amplitude histogram (Fig. 4 B) reveals different single
channel amplitudes of —1.3 pA and —2.0 pA. The closed
times (Fig. 4 E) were not obviously different from that
obtained from patches with short openings only (see Fig. 7
D). Compared to recordings with only short openings, the
open time histogram (Fig. 4 D) shows an additional third
dwell time component with a mean open time of 24 ms.

An analysis separating short (<9 ms) and long (>9 ms)
openings according to the open time histogram disclosed that
the short openings had the smaller single channel current

C shows typical traces of the same patch after re-
placement of Na* by equimolar Tris ™. No obvious

o 60 single channel current changes were observed dur-

= 18 ing a 20 s application of 1 mM ATP*~. The indi-

aQ 507 50 5 ] cated slope conductances y and reversal potentials
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5 (shown as straight lines) of the voltage dependence

= 30 36 of the open channel currents. (C) Dependence of the
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amplitude. The results of similar measurements carried out at
different V;, are depicted in Fig. 4 C and identified slope
conductances of 9.5 pS and 14.8 pS for the short and long
openings, respectively. To allow for statistical analysis, a
larger dataset was generated by applying the same threshold
criterion of 9 ms open time to the analysis of additional single
channel patches. Conductances were determined by fitting the
current-voltage relation in the V}, range between —80 and
0mV. The conductances of short channel openings (9.2 = 0.6
pS, mean = SE, N = 48) and long channel openings (13.1 =
0.9 pS, N = 23) were significantly different. The mean closed
times, however, were not significantly different between
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patches displaying either only short openings (23 = 4ms, N =
21) or both short and long openings (22 = 8 ms, N = 10) upon
activation by 1 mM ATP*".

The occurrence of long openings appeared to depend, in
an unpredictable way, on the particular oocyte preparation.
Approximately 30% of oocytes did not display long-lasting
openings despite the application of high ATP*~ concentra-
tions for up to 10 min, whereas patches from other oocyte
preparations were dominated by long-lasting openings.

ATP*~ dependence of P2X; receptor channels

Fig. 5 shows an example of ATP* -dependent channel
gating in a patch with obviously only short-lasting channel
openings. Channel openings were induced by a minimum
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concentration of 10 uM ATP*". The open probability in-
creased with increasing [ATP47] and was almost saturated at
1 mM ATP*". The single channel current amplitude was not
obviously altered by increasing [ATP*~]. This is substanti-
ated by the corresponding amplitude histograms, which also
demonstrate an increased closed channel noise at high
[ATP*"]. The simplest interpretation is a destabilizing effect
of high ATP*~ concentrations on the patch seal.

Fig. 6 demonstrates the stability of the measured open and
shut times. For patches without long openings, significant
correlations were found only occasionally for open times (3
of 42 patches, mean over all patches 0.02 = 0.08) as well as
for closed times (8 of 42 patches, mean over all patches 0.07
* 0.11) both at low and high [ATP47]. In contrast, patches
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with long openings in the dwell time histogram more often
displayed significant correlations (open times: 15 of 18
patches, mean over all patches 0.20 = 0.11; closed times: 10
of 18 patches, mean 0.14 £ 0.12).

Fig. 7 summarizes the ATP dependence of P2X; receptor
channels. The single channel current amplitudes were not
significantly [ATP*~]-dependent (Fig. 7 A).

Channel open probabilities (P,) were calculated from the
amplitude histogram. Only patches with no more than three
overlapping single channel events were used. The number of
channels in a patch was assumed to correspond to the max-
imal number of overlapping events at an activating ATP*~
concentration of 1 mM, at which P, is high. In cases of more
than one active channel in the patch, an equal P,, for all these
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FIGURE 6 Stability of single channel dwell times. Typical stability plot
for a record without prominent long openings. The plots are from the data
shown in Fig. 5 ([ATP*~] = 0.3 mM). The overlay demonstrates a running
average of 15 values each.

channels was assumed, and the mean P, was calculated by
the binomial distribution,

P, =1-13/P(0), 3

where 7 is the number of active channels in the patch and
P(0) is the closed probability derived from the fit of the
amplitude histogram. The open probabilities of the short and
long openings were voltage-independent at negative V}, in
the range of —160 to —0 mV (data not shown).

In the simplest case, when all the ATP*~ binding sites
have the same affinity and there is no cooperative interaction
between them, the [ATP47] dependence of the open
probability of the short and the long openings is given by

P,

IO—IOng ny
1+t
[ATP" ]

where P, . 1S the maximal open probability at ATP*™
concentrations saturating the agonist binding sites with the
apparent dissociation constant Ky. Approximations yielded
(mean = SE) maximal open probabilities of 0.26 = 0.02 and
0.30 £ 0.02, pK4 values of —3.60 = 0.11 and —3.93 £ 0.14,
and n values of 1.4 = 0.3 and 1.1 = 0.4 and for the short and
long-lasting openings, respectively. All approximated values
were not significantly different for the short and the long-
lasting openings (Fig. 7 B).

P,([ATP"]) = @)
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The [ATP*~]-dependence of the dwell times are depicted
in Fig. 7, C and D. Occasionally, some ultra-short openings
and closings (with mean dwell times at ~0.8 ms) occurred
mainly at high [ATP*"] and positive membrane voltages
(data not shown), where the current noise was most likely
enlarged due to destabilization of the patch. Under these con-
ditions, the survival time of the patches was decreased
accordingly. This suggests that the ultra-short events reflect
current noise rather than real channel states. The short mean
open times stayed nearly constant, whereas the long closed
times became shorter at increasing [ATP4_].

The increased P, at higher [ATP‘F] results from a de-
creased mean closed time of the long-lasting closings,
because indications for a change of the number of activated
channels at different [ATP*"] or changes of the mean open
time (Fig. 7 C) were not obtained. Furthermore, increasing
[ATP*"] from 0.03 to 3 mM increased the open probability
of the short openings by tenfold (from 0.03 to 0.28), and led
to a ~10 % decrease of the long-lasting closings (from 147
to 14 ms).

The large standard deviations indicate a high scattering of
the open probabilities, which, according to our experience,
results largely from variable open probabilities at the same
[ATP*"] of different oocytes. This variability seems to be a
characteristic of the particular oocyte preparation rather than
of different oocytes of the same preparation, different
patches from the same oocyte, or time-dependent changes
of the P, of channels in the same patch. Some support for this
view can be derived from the larger relative variance SD/
mean of the absolute open probability P, at 0.3 mM ATP*~
than that of the relative open probability P, . related to P, at
1 mM ATP*" in the same patch (P = Po/Po(1 mM
ATP*7)), which were calculated to be 0.57 and 0.49,
respectively.

Activation and deactivation kinetics

The activation and deactivation kinetics were studied by
using an ultra-fast solution exchange system (see Materials
and Methods). To obtain global activation and deactivation
time courses of P2X; receptors at certain ATP*~ concentra-
tions, either multichannel patches were used or patch current
measurements of repeated ATP*~ applications were aver-
aged. Because slowly deactivating long-lasting openings oc-
curred infrequently, only patches without such events were
analyzed. Fig. 8 shows typical current traces of a multi-
channel patch. The activation time course was approximated
by

_ "ldel.act _ "ldel.act
lact(t) = lyet,0,1 X [1—¢ Ml + Lact, 0 2 X|1—e ma2

+sX (t - Z‘del,act) + i07 (5)

where iy o 1 and iy 0 o are the amplitudes of steady-state
currents after infinite time of ATP application, and 7, ; and
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FIGURE 7 ATP47-dependence of P2X;
channel gating. (A) Dependence of single
channel current amplitude of short (<9 ms,
solid circles) and long (>9 ms, open
circles) channel openings. Means for both
gating modes are significantly different, but
independent of [ATP*"]. (B) Open prob-
ability calculated from amplitude histograms.

Data were fitted by Eq. 4. Po([ATP‘F])
of the short openings as calculated by the

C-C-C-O model (see Fig. 9 C) is depicted as
a dotted line. (C, D) Mean open and closed
time components measured as shown in Fig.
4. All mean open time components and the
short mean closed times (7.) were inde-
pendent of [ATP*"]. The open and closed
times predicted by the model are drawn as
dotted and dashed lines as depicted in the
inset. N = 3-18 patches from 3 to 13
different oocytes, K™ pipette solution, V}, =
—120 mV.
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Tact2 are the activation time constants of the slow and fast
activating current components, respectively. The values s,
lgelact» and ip have the same meaning as in Eq. 1. The
deactivation during fast ATP*~ washout was described by

[~ Idel deact ~Idel,deact

ldcnct(t) = ldcact,l Xe Tdeactl o ldcact,Z Xe T2 + iO; (6)

where iy and fge geace have the same meaning as in Eq. 2,
Igeact,1 And igencr o are the initial amplitudes, and Tyeue; and
Tgeactz are the time constants of the slow and fast
deactivating components, respectively.

The fast activating and deactivating components (inet, o0 2
and igeaer 2 With the corresponding time constants 7,¢» and
Tgeact,2) describe the activation and deactivation of the ATP-
dependent single channel events. The time courses of the
slow activating and deactivating components described here
correspond to activation and deactivation kinetics of the
smooth current components measured in patches without
channel openings, which most likely reflect the effect of
ATP*™ on the seal leak (see above). According to the ATP*
dependence of the smooth current component (Fig. 2, B and
(), the slow activating and deactivating components here
were prominent only at high [ATP*~]. This can be directly
seen by comparing the current traces at 0.1 and 1 mM ATP*~
in Fig. 8. So far, the nature of a slowly deactivating current
component upon washout of low [ATP*] is unexplained
(see effect of 0.01 mM ATP*™ in Fig. 8).

The dependence of the fast rising and decaying compo-
nents, reflecting single channel activation and deactivation,

0?1 1 10
[ATP*] (mM)

on membrane voltage and activating [ATP*"] was investi-
gated in more detail (Fig. 9). Activation and deactivation of
P2X; receptors were virtually voltage-independent at neg-
ative membrane potentials of —160 to —40 mV (data not
shown). The deactivation time course was largely indepen-
dent of [ATP4_] (Fig. 9 B). Surprisingly, the activation time
course was not much accelerated by increasing the activating
[ATP*"] (Figs. 8 and 9 A). If the binding of ATP*~ is the
rate-limiting step for channel opening, the activation rate
constant should increase proportional to the activating
[ATP4_]. However, a 300-fold increase of [ATP4_] in-
creased the rate constant of channel activation (R, = 1/
Tact2) less than twofold, from 1/24 ms to 1/14 ms (Fig. 9 A).
This suggests that the opening of P2X; channels is rate-
limited by a conformational change of the receptor after
ATP*~ binding (see the model below).

A model describing the kinetics of P2X,
receptor-mediated currents

We were looking for a model describing the microscopic
(dwell times) as well as the macroscopic (current relaxation
during activation and deactivation) kinetic behavior of P2X;
receptor-mediated currents. The simplest model for a ligand-
gated ion channel is one with one closed and one open state,
C and O, respectively. To describe the shallow dependence
of the macroscopic activation time course on [ATP*7], we
first adapted the rate constants of a two-step kinetic model
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FIGURE 8 Examples of activation and deactivation kinetics of P2X5
receptors. Mean currents (solid lines) of 3-12 repeated ATP*~ applications
of indicated concentrations. Dashed lines mark the current level before
agonist application. The white lines represent the approximation of the
activation and deactivation time course according to Egs. 5 and 6,
respectively. The calculated time constants of fast activation and deactiva-
tion are shown at the left and right site of the ATP* -induced current,
respectively. K" pipette solution, V};, = —120 mV.

with two closed states, C; and C,, and one open state O (29).
According to this model, agonist binding and channel
opening occur with distinct rate constants, thus accounting
for a presumably rate-limiting opening step:

koo [ATP) B

1 2
k_y a

0. @)

The values k. and k_, describe the rates of ATP*~ binding
and dissociation, and 8 and « are the rate constants for
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channel opening and closing, respectively. The following
constraints were imposed. First, & was set to 200 s~ ' to
obtain mean open times of 5 ms (Fig. 7 C) since 7, = 1/«
(29). Second, B = 66 s~ was chosen to model a maximal
open probability of 0.25 (Fig. 7 B). Finally, k_; and k| were
set to 50 s and 360 mM ' s to model the mean closed
time at 0.3 mM ATP*~ and an ECs, of ~0.3 mM ATP*",
respectively. The effect of choosing these rate constants on
the microscopic and macroscopic kinetic behavior was
checked using the program SCALCS (see Materials and
Methods). The C-C-O model described the ATP*~ depen-
dence of the dwell times, the open probability, and the ac-
tivation time course sufficiently well, but the deactivation
time constants derived from the model were too large. There-
fore, we extended the model to include a second independent
ATP*" binding step connected to the closed state, assuming
the same affinity of two binding sites. C, C,, and Cj; there-
fore represent unliganded, monoliganded, and biliganded
closed states:

2k [ATPY] kg [ATPY] B
C, +1 C, +1 C, 0. (8)

k_y 2k, @

Using the fitted kinetics parameters, the dotted and dashed
lines in Figs. 7 and 9 were calculated from the C-C-C-O
model. This model predicts three different mean closed times
(Fig. 7 D), which, however, are so similar that the scattering
of the data did not allow them to be resolved in the dwell
time histograms. Furthermore, although the model predicts
three time constants of macroscopic activation and of deac-
tivation, one of these time constants is so prominent that the
activation and deactivation time courses could both be well
approximated by single exponential functions (Egs. 9 and
10) (Fig. 9 C). The other time constants mainly give rise to
delays, which could not be resolved in our noisy measure-
ments. To compare the measured time constants with
predictions of our model, we fitted the modeled currents
by the following monoexponential activation and deactiva-
tion time courses (Fig. 9 C),

__"del act
Po,act,modcl(t) = PDch X (1 —e Tactl,model>7 (9)

~Idel deact

Po,deacl,model<t) = Po,oc X ei"deacll.model, (]())

where P, ., is the channel open probability after infinitely
long ATP* application, and Tac 2 model AN Tdeact.2,model A€
the time constants of activation and deactivation of P2X,
receptor-mediated currents. The ATP*~ dependence of these
time constants is depicted in Fig. 9, A and B.

Single channel kinetics in the oocyte-attached
configuration

To analyze the possible influence of diffusible intracellular mol-
ecules on single channel kinetics, we recorded ATP* -induced
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FIGURE 9 Dependence of activation and de-
activation of P2X; receptors on agonist concen-
tration. (A, B) The mean time constants = SD

for fast activation and deactivation correspond
to the approximations of Fig. 8. (Dotted lines)
[ATP*] dependences of the time constants
predicted by the C-C-C-O model (Eq. 8). (C)
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exponentially relaxing functions (Eqgs. 9 and 10).
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currents in the cell-attached mode from P2X; receptor-
expressing oocytes with pipette solutions containing either
0.1 or 0.3 mM ATP*". Because extracellular wash-in and
wash-out of ATP*~ was not possible in this configuration,
P2X; receptor-mediated currents were identified using the
voltage dependence of the characteristic single channel pa-
rameters. Fig. 10 shows a typical example of such a patch-
clamp recording (out of N = 5) without overlapping single
channel events as an indication for only one functional P2X;
receptor channel in the patch. The values measured for
conductance, open probability, and dwell times of single
channel currents were well within the range covered by one
standard deviation of the analogous values measured in the
outside-out configuration. The single channel characteristics
did not change for the 20 min during which the patch
remained intact. P2X5-like single channel currents were
never observed in cell-attached recordings with ATP-free
pipette solutions. From recordings at a total of five cell-
attached patches with 0.1 mM ATP*~ in the pipette, mean
open and closed times of 3.9 = 2.3 ms and 44 * 12 ms were
calculated, respectively. These values are not significantly
different from the values obtained in the outside-out
configuration (see Fig. 7, C and D).

DISCUSSION

Dissecting different ATP-induced patch currents
of P2X; receptor-expressing oocytes

The present single channel measurements allow us to confine
ATP* -induced currents reliably to a homogenous popula-

0.3

0.4

tion of single channel events characterized by a defined sin-
gle channel conductance and mean open time. The currents
described here were the only single channel events that could
be activated rapidly and repeatedly by ATP*~. Other single
channel events occurred infrequently and were only loosely
coupled to ATP*~ application or withdrawal. This, together
with the finding that these ion channel activities occurred
only in membrane patches from P2X; receptor-expressing
oocytes, ensures that P2X; receptor-mediated currents were
recorded rather than other secondarily evoked currents.

In the present patch-clamp experiments, an additional
current component was persistently observed, which did not
show resolvable single channel events (Figs. 1 and 2). Most
likely, this current component results from an unspecific
effect of negatively charged purines on the seal leak, because
it 1), was independent of P2X; receptor expression; 2), did
not show a saturating dependence on [ATP47]; 3), did not
change its time course with [ATP47]; 4), was also observed
at 1 mM ADP37, UTP47, or GTP47, which did not evoke
single channel currents; and 5), was related in magnitude to
the leak current recorded before ATP*™ application, i.e., the
seal resistance. An ATP-induced shift of the holding current
had already been observed in measurements of native P2Z
receptor-dependent single channel currents, which almost
certainly represent P2X; receptor-mediated currents (30).
The smooth current component must be taken into account in
the analysis of quasimacroscopic currents obtained from
multichannel patches or averaged single channel records when
single channel events become hardly visible. We used this
type of measurement mainly for analyzing the macroscopic
kinetics of P2X; receptor-mediated currents. Fortunately,
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the nonspecific current could be easily distinguished in the
excised patch configuration from the P2X; channel currents
by its comparably slow time course of onset and offset and
its fully reversible nature. In the whole cell configuration,
however, where the rate of solution exchange is slower than
in the excised patch configuration, the nonspecific current
component may bias ATP* -induced currents. At 1 mM
ATP*™ and a leak current of 10 pA at —120 mV (corre-
sponding to a seal resistance of ~12 G() if linearly related
to the applied voltage), the nonspecific current amounts to
~5 pA (Fig. 2 D), which represents a significant background
contribution to the measured current, particularly when P2X;
receptor expression is low.

Single channel kinetic measurements

In contrast to most whole cell currents assigned to
P2X; receptor activation (2,9,11,13-15,17-19,31), single
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P2X; channel currents obey rather simple and fast activation
and deactivation kinetics. There are at least two possible
explanations for the discrepancy between these observations.
First, the P2X; receptor may be subjected to modulation by
cellular constituents such as second messengers or kinases as
long as the internal milieu of the cell is relatively unperturbed
by the electrophysiological recordings. Particularly in the
excised patch configuration, the complete washout of cel-
lular constituents may be accompanied by a loss of a specific
function. However, in contrast to this view, the P2X;
receptor-mediated current kinetics were similar in the cell-
attached and outside-out patch configurations. Since cell-
attached patches retain intracellular constituents, washout
alone cannot fully account for the observed changes in cur-
rent kinetics. Second, additional ionic conductances may be
induced in the whole cell configuration. An obvious can-
didate mechanism for the activation of such conductances is
the increase in the intracellular Ca>* concentration ([Ca2+]i).
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In the excised patch-clamp experiments, Ca>" in the pipette
solution was buffered to low levels by EGTA and BAPTA.
Moreover, unlike in whole cell current experiments, the
single channel events occurring in the excised patches are
probably not accompanied by a large-scale Ca®" flux across
the cell membrane. In fact, in whole cell voltage clamp
measurements carried out with strong [Ca®™); buffering in
human B lymphocytes (4) or in experiments using reduced
extracellular Ca>* concentration (7,11,20), simple P2X,
receptor-mediated current kinetics were observed. Further-
more, a comparison between ATP-induced currents recorded
in cell-attached and whole cell configurations provided
evidence that Ca®" is involved as a second messenger in the
P2X; receptor-mediated pore formation (32). Species differ-
ences may also play a significant role, because kinetics are
more complex in studies of the rat P2X; receptor (2,14,
15,17,19) than of the human P2X; receptor (4,9,11).

Based on single P2X; channel activation, an ECsq of ~0.3
mM ATP*~ was obtained, which compares well with similar
values found in whole cell recordings for recombinant or
native P2X; (P2Z) receptors of mice (7,20,31), toad (5), and
human (4,11). In contrast, the rat P2X receptor seems to be
activated by ATP*~ with a higher potency, with ECs, values
as low as 3-30 uM (2,14). From two-electrode voltage
clamp recordings of human P2X, receptors expressed in
Xenopus oocytes, we obtained evidence for distinct ATP*~
binding (activation) sites (12). At the single channel level,
the ATP*~ binding site leading to P2X; channel activation
seems to correspond to the low affinity site with an ECs, of
0.3 mM ATP*".

Long-lasting single channel openings

In whole cell current recordings, delayed deactivation was
frequently observed after repetitive or sustained P2X; re-
ceptor activation by high ATP concentrations (2,9,18,19).
The appearance of slowly deactivating currents was mostly
accompanied by a loss of selectivity of the channel pore for
small inorganic cations as indicated by a time-dependent
increase in the permeability to large organic cations such as
Tris™ and NMDG ™. This phenomenon has been attributed to
a progressive increase in the diameter (dilation) of the cation-
conducting pore of the P2X; receptor from initially 7 A to up
to 40 A (21). Using similar sustained activation protocols in
the single channel configuration, we recorded, particularly at
high ATP*~ concentrations, a second single channel com-
ponent characterized by longer lasting channel openings than
usual and a slower deactivation time course, which could
reflect pore dilatation. However, no long openings were
observed during sustained activation by ATP*~ when
extracellular Na™ was replaced by Tris*, indicating that
the long openings are not associated with an increase in pore
diameter to a Tris"-permeable size. We conclude that the
apparent pore dilatation of P2X; receptors observed in
macroscopic current recordings (21,23) has no equivalent at
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the single channel level, suggesting further that the P2X;
receptor-induced permeability increase is secondary to P2X;
receptor activation. Abrupt changes in open times (as ob-
served here) or closed times or both, despite constant exper-
imental conditions, is a characteristic of many ion channels
including acetylcholine receptors (33) and NMDA receptors
(34) that is designated as modal gating. From this we suggest
that the transitions between short and long openings reflect a
modal gating behavior of the hP2X; receptor rather than a
change in the permeation characteristics to cations.

The wide scattering of open probabilities and mean shut
times was found to be largely attributable to the biological
variability between oocytes of different donors and, to a
lesser extent, to the variability between different patches
from the same oocyte. Metabolic modifications such as the
phosphorylation state of the receptor may account for this
variability. Tyrosine phosphorylation, in particular, has been
shown to influence the amplitude and time course of P2X,
receptor-dependent whole cell currents (16). The appearance
of long-lasting channel openings may reflect metabolic modi-
fications that are obviously independent of soluble intracel-
lular components, as they occurred with outside-out patches.
Accordingly, long-lasting openings were clearly related with
particular batches of oocytes.

Kinetic model of P2X; receptor channel gating

The timescale of ~20 ms for activation and deactivation of
the short openings of the P2X; receptor is too fast to be
resolved in the whole cell configuration. However, using the
outside-out configuration, we were able to measure the mac-
roscopic and microscopic kinetics of the channel and to de-
scribe them by a C-C-C-O model (Eq. 8), which was kept as
simple as possible. The mean number of shuttings per burst,
which is given by the rate constants for forward and back-
ward reactions from the Cs state to O and C, states (35),
respectively, was calculated to be 66/100 = 0.66. This sug-
gests that the P2X; receptor does not exhibit a pronounced
bursting behavior, which is consistent with the experimental
data. It should be mentioned, however, that other ligand-
gated ion channels such as nicotinic and glycine channels
show a component of very short shut times in the range of
10-30 ws (27). Since the small amplitude of hP2X; single
channel events necessitated relatively strong filtering, such
very short shut times would remain completely undetected.
In the case that P2X; receptor channels also contain such a
short shut time component, the ‘‘open times’” would have to
be interpreted as burst lengths.

Further support for a nonbursting behavior comes from the
calculation of autocorrelation functions of the measured
dwell times: for patches without long openings, no correla-
tions between adjacent open or closed times were found.
This also argues against the existence of additional open
configurations that would be, in principle, detectable by our
method. The significant correlations found for patches with
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long openings may be interpreted as switching between long-
lasting sojourns either in short or long opening gating modes.

The largest deviation of the experimental data from the
model exists for the mean closed times at low ATP*~
concentrations. Seemingly, the detection of dwell times with
a maximum of 500 ms due to our recording procedure is the
main reason. At 10 uM ATP47, the mean shut times are
estimated to be on the order of several seconds. Measure-
ments of such long shut times would need very long-term
recording in the single channel configuration, which can
hardly be achieved, even though a few patches were stable
for almost 1 h. Furthermore, at high activating ATP*~ con-
centrations, the activation time course was found to be
slower than predicted by the model. Although the solution
exchange setup used is the fastest repeatable system known,
we cannot rule out entirely the possibility that the solution
exchange rate was limiting for such high concentration
jumps. Also, small fluctuations of the position of the liquid
filament due to slightly inconstant U-tube or bathing cham-
ber flows may lead to small deviations of the onset of ATP*~
application and washout. This may tend to blur, and there-
fore slow down, the measured activation and deactivation
time courses of averaged currents, which were used for the
analysis of the macroscopic channel kinetics.

We did not attempt to model the kinetics of the long-
lasting openings, since they occurred too infrequently and
the activation mechanisms appeared to be very complex (see
Fig. 3). In principle, long-lived openings might be described
by an additional open state that is entered and left with small
rate constants, thus explaining slow activation, deactivation,
and long mean open times.

Descriptions of the kinetics on the single receptor/channel
level of heterologously expressed P2X receptors are avail-
able so far only for P2X, receptors (36) and, at least in part,
for P2X, receptors (37). Except for the slight inward recti-
fication, the fast activation by ATP, and the similar single
channel conductance of the P2X, receptor, the P2X, and
P2X, receptors display characteristics different from those of
the P2X; receptor. In particular, the large mean open time of
~5 ms seems typical for the P2X; receptor. The ATP-
dependent single channel current characteristics measured in
human lymphocytes (30) are indistinguishable from those
shown here, corroborating the view that the native human
P27 receptor is a genuine P2X; receptor. The identical chan-
nel behavior in native cells and a recombinant system sug-
gests further that the basic electrophysiological properties of
the P2X; receptor remain unchanged upon heterologous
expression in Xenopus oocytes.

The proposed C-C-C-O model describes the most prox-
imal receptor activation events after ATP binding. It may
help to separate genuine P2X; receptor-mediated currents
from downstream effects produced by activation of intracel-
lular or membrane-delimited pathways, as implicated by both
the complex whole cell kinetics and the multiple intracellular
interaction partners of the P2X; receptor (16,38,39).
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SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.
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