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Identification of Ectodomain Regions Contributing to
Gating, Deactivation, and Resensitization of Purinergic
P2X Receptors

Hana Zemkova, Mu-Lan He, Taka-aki Koshimizu, and Stanko S. Stojilkovic
Section on Cellular Signaling, Endocrinology and Reproduction Research Branch, National Institute of Child Health and Human Development, National
Institutes of Health, Bethesda, Maryland 20892-4510

The P2X receptors (P2XRs) are a family of ligand-gated channels activated by extracellular ATP through a sequence of conformational
transitions between closed, open, and desensitized states. In this study, we examined the dependence of the activity of P2XRs on
ectodomain structure and agonist potency. Experiments were done in human embryonic kidney 293 cells expressing rat P2X, R, P2X, R,
and P2X;R, and chimeras having the V60-R180 or V60-F301 ectodomain sequences of P2X;R instead of the 166-H192 or 166-Y310
sequences of P2X, R and P2X,; R. Chimeric P2X,,/V60-F301X,R and P2X,, /V60-F301X,R inherited the P2X,R ligand-selective profile,
whereas the potency of agonists for P2X,, /V60-R180X ;R was in between those observed at parental receptors. Furthermore, P2X,, /V60-
F301X,R and P2X,,/V60-R180X;R desensitized in a P2X, R-specific manner, and P2X,, /V60-F301X,R desensitized with rates compara-
ble with those of P2X,, R. In striking contrast to parental receptors, the rates of decay in P2X,,/V60-F301X;R and P2X,, /V60-F301X;R
currents after agonist withdrawal were 15- to 200-fold slower. For these chimeras, the decays in currents were not dependent on duration
of stimuli and reflected both continuous desensitization and deactivation of receptors. Also, participation of deactivation in closure of
channels inversely correlated with potency of agonists to activate receptors. The delay in deactivation was practically abolished in
P2X,,/V60-R180X;R-expressing cells. However, the recovery from desensitization of P2X,, /V60-F301X;R and P2X,, /V60-R180X;R was
similar and substantially delayed compared with that of parental receptors. These results indicate that both ectodomain halves partici-
pate in gating, but that the Cand N halves influence the stability of open and desensitized conformation states, respectively, which in turn

reflects on rates of receptor deactivation and resensitization.
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Introduction

Purinergic P2 receptors (P2XRs) are a family of ion-conducting
channels that activate and desensitize in response to the binding
of ATP to the extracellular ligand-binding domain, and deacti-
vate and resensitize after washout of agonist. The P2XR subunits
are composed of two transmembrane domains, placing most of
the protein extracellularly and the N and C termini intracellu-
larly. The trimeric assembly of subunits most likely accounts for
formation of functional P2XR channels (Nicke et al., 1998), and
two to three molecules of ATP are required to activate receptor
(Bean, 1990). In the absence of crystallographic data, the depen-
dence of conformation transitions between resting, conducting,
and desensitized states on P2XR structure have been incom-
pletely understood (North, 2002). P2XRs differ in their sensitiv-
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ity for ATP with ECs, values in the following order: P2X,R =
P2X,R < P2X,R < P2X,R = P2X,R < P2X,R << P2X,R. There
are other pharmacological distinctions among receptors, such as
the sensitivity to a3-methylene-ATP and antagonists (Khakh et
al., 2001), suggesting the structural specificity of the ligand-
binding pocket. The ATP binding site was partially characterized
(Jiang et al., 2001; Roberts and Evans, 2004), and P2XR ectodo-
main also contains sites for antagonists and modulators (Garcia-
Guzman et al., 1997; Clarke et al., 2000; Coddou et al., 2003). The
relevance of residues that line the channel walls was also studied
(Rassendren et al., 1997; Egan et al., 1998).

Receptors differ in their desensitization rates: P2X,R and
P2X,R desensitize rapidly, and P2X,R and P2X;R desensitize
with moderate rates, whereas P2X,R, P2XR, and P2X,R desen-
sitize slowly or do not desensitize (Ralevic and Burnstock, 1998).
The site-directed mutagenesis revealed an important role for res-
idues in the C-terminal domain of P2XRs (Brandle et al., 1997;
Simon et al., 1997; Koshimizu et al., 1998, 1999). However, other
domains also participate in desensitization (Werner et al., 1996;
Boue-Grabot et al., 2000). The recovery from desensitization oc-
curs in a minute timescale (North, 2002), but structural elements
controlling the desensitized conformation state have not been
identified. The deactivation of P2XRs is also incompletely char-
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acterized. In general, for nondesensitizing receptors, the deacti-
vation rate should depend on the kinetics of transition from open
to closed states and the rate of ligand dissociation from its bind-
ing site (Lester and Jahr, 1992). For P2XR, Rettinger and Schmal-
zing (2004) suggested that deactivation reflects predominantly
the unbinding properties of the agonist. Their conclusion was
based on finding that potency of several agonists to activate a
nondesensitizing P2X,/P2X, chimera inversely correlates with
the corresponding time constant of deactivation.

Here, we used the recombinant rat P2X,,R, P2X,, R, and
P2X,R, and their chimeras to study the dependence of the activity
of channels on ectodomain structure. Our results indicate that
changes in the receptor architecture made by chimerization had
no obvious effects on receptor activation and kinetics of desensi-
tization. However, chimerization dramatically delayed the deac-
tivation of receptors and recovery from desensitization com-
pared with parental P2XRs. These changes are consistent with a
hypothesis that conformational changes associated with channel
opening and desensitization trap agonist onto the P2XR and thus
represent the rate-limiting steps in the deactivation and resensi-
tization of receptors.

Materials and Methods

DNA constructs, cell culture, and transfection. The coding sequences of the
rat P2X,,, P2X,,, and P2X; subunits were isolated by reverse
transcription-PCR (Koshimizu et al., 1999), and subcloned into the
biscistronic enhanced fluorescent protein expression vector pIRES2-
EGFP (Clontech, Palo Alto, CA) at the restriction enzyme sites of Xhol/
Pst] for P2X, R and P2X, R, and Xhol/EcoRI for P2X,R. Chimeric
P2X,./P2X; and P2X,,/P2X; subunits, termed P2X,,/V60-F301X; and
P2X,,/V60-F301X;, contain the extracellular domain from Val®® to
Phe**! of P2X,R instead of the native Ile®®-Tyr>'° sequence of P2X, R
and P2X,.R, whereas in the P2X,,/V60-R180X; chimera, the Val®-
Arg'®® sequence of P2X,R was substituted for the Ile ®°-His '** sequence
of P2X, R (Fig. 1A). These chimeras were constructed as discussed pre-
viously (Koshimizu et al., 2002). The large-scale plasmid DNAs for trans-
fection were prepared using a Qiagen (Hilden, Germany) Plasmid Maxi
kit. Human embryonic kidney 293 cells (HEK293 cells) were used in
functional studies of wild-type and mutant P2XRs, as previously de-
scribed (He et al., 2003). HEK293 cells were cultured in MEM supple-
mented with 10% horse serum and 100 ug/ml gentamicin. Before the day
of transfection, cells were plated on 35 mm culture dishes. For each dish
of cells, transient transfection of expression constructs was conducted
using 1 ug of DNA and 7 ul of Lipofectamine 2000 Reagent (Invitrogen,
Carlsbad, CA) in 3 ml of serum-free Opti-MEM. After 6 hr of incubation,
the transfection mixture was replaced with normal culture medium. Cells
were subjected to experiments 24—48 hr after transfection. Experiments
were performed in cells with comparable GFP (green fluorescent pro-
tein) fluorescence signals (~60 arbitrary units).

Current measurements. Electrophysiological experiments were per-
formed at room temperature using whole-cell patch-clamp recording
techniques. Cells were stimulated with ATP, af3-methylene-ATP (af3-
meATP), 3'-O-(4-benzoyl)benzoyl-ATP (BzATP), adenosine-5'-O-(3-
thiotriphosphate) (ATP%yS), and 2-methylthio-ATP (2MeSATP) (Cal-
biochem, La Jolla, CA). Agonist-induced currents were recorded using
an Axopatch 200B patch-clamp amplifier (Axon Instruments, Union
City, CA) and were filtered at 1 kHz using a low-pass Bessel filter and
sampled at 2 kHz. A 40-70% series resistance compensation was used.
Patch electrodes, fabricated from borosilicate glass (type 1B150F-3;
World Precision Instruments, Sarasota, FL) using a Flaming Brown hor-
izontal puller (P-87; Sutter Instruments, Novato, CA), were heat pol-
ished to a final tip resistance of 3-5 M(). All of the current records were
captured and stored using the pClamp 8 software packages in conjunc-
tion with the Digidata 1322A analog-to-digital converter (Axon Instru-
ments). Patch electrodes were filled with a solution containing (in mm):
140 KCl, 0.5 CaCl,, 1 MgCl,, 5 EGTA, and 10 HEPES; pH was adjusted
with 1 M KOH to 7.2. The osmolarity of the internal solutions was 282—
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287 mOsm. The bath solution contained (in mm): 142 NaCl, 3 KCI, 1
MgCl,, 2 CaCl,, 10 glucose, and 10 HEPES; pH was adjusted to 7.3 with
1 M NaOH. The osmolarity of this solution was 285-295 mOsm. A 3 M
KClI agar bridge was placed between the bathing solution and the refer-
ence electrode. To avoid the impact of endogenously released ATP on the
pattern of current signaling in all of the experiments, cells were perfused
atarate of ~2 ml/min for at least 10 or 20 min before recording, depend-
ing on receptor subtypes. Agonists were applied for 2—60 sec using a fast
gravity-driven microperfusion system (BPS-8; ALA Scientific Instru-
ments, Westbury, NY). The application tip was routinely positioned
~500 wm above the recorded cell. Less than 200 msec was required for
exchange of solutions around the patched cells, as estimated from altered
potassium current (20—80% rise time).

Calculations. Concentration-response data were fitted by a four-
parameter logistic equation using a nonlinear curve-fitting program that
derives the EC, and Hill’s values (Kaleidagraph; Synergy Software,
Reading, PA). The profiles of currents evoked by prolonged agonist ap-
plication (used as a measure of desensitization) and the kinetics of cur-
rent decay evoked by washout of agonists were fitted by a single expo-
nential function [y = A, exp(—t/T) + P] or by the sum of two
exponentials [y = A, exp(—t/7)) + A, exp(—t/T,) + P] using the pro-
gram CLAMPFIT 8 (Axon Instruments), where A, and A, are the relative
amplitudes of the first and second exponential, 7, and 7, are time con-
stants, and Pis plateau. The derived time constant for desensitization was
labeled 7,4, and for current decay after agonist withdrawal, 7,4 The
recovery from desensitization was fitted using the equation =1 [1 —
exp(t/T..)], where I is the observed peak current response, I, . is the
maximum peak current recovery, f is the washing time, and 7, is the
recovery time constant. All of the numerical values in the text are re-
ported as mean * SEM, and significant differences, with p < 0.05, were
determined by Student’s ¢ test.

Results

The efficacy of purinergic agonists for wild-type and

chimeric P2XRs

When expressed in HEK293 cells under identical experimental
conditions, parental P2X, R, P2X,, R, and P2X;R responded to
ATP with a rapid rise in current, with peak amplitude dependent
on agonist concentrations. In P2X, R- and P2X, R-expressing
cells, the peak current responses were comparable in individual
ATP concentrations studied. Figure 1B illustrates the ATP con-
centration dependence of current amplitude for both receptor
subtypes combined. The threshold ATP concentration required
for their activation was 0.1 uM and the ECs, value was 2.6 uMm.
Other agonists also activated these receptors in a micromolar
concentration range, with EC,, values indicated in Figure 1C;
2MeSATP was the most potent agonist for P2X,Rs, followed by
ATP, ATP%S, and BzATP, whereas a3-meATP acted at these
receptors as a low potency agonist. P2X;R also responded to ag-
onist application in a dose-response manner. In our experimen-
tal conditions, the threshold concentration of ATP to trigger
P2X,R current was 3 nM, and the half-maximal inward current
was produced by 39 nm. Other agonists also activated this recep-
tor in nanomolar concentrations, with ECs,, values ranging from
18 to 243 nM in the following order: 2MeSATP < ATP <
BzATP < af8-meATP < ATPvS (Fig. 1C). The amplitudes of
current responses induced by saturating concentrations of all of
the agonist were highly comparable for parental receptors, indi-
cating that the maximum fraction of receptors in the active state
was close to 1, and that all of the drugs acted as full agonists.

In contrast to parental receptors, there was no experimental
possibility to examine the dose-dependent effects of agonists on
peak currents in single cells expressing chimeric P2X,, plus V60-
F301X; and P2X,;, plus V60-F301X; receptors because of almost
irreversible desensitization of a large fraction of receptors after a
single agonist application (see below). To generate dose—re-
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Figure 1.  Potency of agonists at parental and chimeric P2XRs. A, Schematic representation
of the wild-type and chimeric constructs used in this study. For details, see Materials and Meth-
ods. B, Concentration dependence of ATP-induced peak response in cells expressing wild-type
P2X; (@), wild-type P2X,, and P2X,,, combined (L_J), chimeric P2X,, /V60-F301X, and P2X,, /
V60-F301X; combined (O), and chimeric P2X,, /V60-R180X; (M) receptors. Data shown are
means % SEM, n = 5-10 per dose, and peak amplitudes to 100 rum ATP application were used
tonormalize responses. Dotted linesillustrate ECs, values. C, The ECy, values for several agonists
of parental and chimeric receptors. Data shown are mean values with SEM within 10%. Cells
expressing P2X,, /V60-F301X; and P2X,,, /V60-F301X; chimeras were stimulated with single
agonist concentrations because of their unresponsiveness during repetitive agonist stimula-
tion. The maximum in peak responses of P2X,Rs, P2X;R, and P2X,, /V60-R180X; chimeras at
saturating agonist concentrations were comparable, whereas the maximal P2X,, /V60-F301X;,
and P2X,, /V60-F301X; currents were 50 — 60% of that observed in parental receptors.

sponse curves for these receptors, cells were stimulated with a
single agonist concentration, and curves were generated from five
to eight experiments per dose. The threshold ATP concentration
for activation of P2X,,/V60-F301X, and P2X,,/V60-F301X; chi-
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meras was ~5 nM, and the estimated EC,, value was 50 nMm.
Chimeric receptor also responded to other agonists in a
concentration-dependent manner, with EC;, values ranging
from 19 to 267 nM and with comparable peak amplitudes. Figure
1, B and C, illustrates the combined results for both receptors.
However, the threshold for activation of P2X,,/V60-R180Xj chi-
mera by ATP was 10—20 nM, and the estimated ECs,, values for
ATP and other agonists were between those at P2X;R and P2X, R
(Fig. 1B, C). These results indicate that the V60-F301 ectodomain
sequence of P2X;R accounts for the ligand-selective profile of
P2X,R and that both N and C halves of this sequence contribute
to the efficacy of agonists.

Patterns of signaling by wild-type and chimeric P2XRs

The time course of P2X;R current was dependent on agonist
concentration and duration of stimuli. In a concentration range
of 10—100 nM, the sustained ATP application usually generated a
biphasic response. As shown in Figure 2 A, during repetitive stim-
ulation with 10 nm ATP (60 or 30 sec followed by 30 sec washing
period), a biphasic response was present only during the first ATP
pulse. Removal of ATP was followed by a rapid and monoexpo-
nential decline in current. The decay of P2X4R current evoked by
removal of 10 nm ATP was well fitted by a single exponential
function, with 7 ¢ 0f 506 = 18 msec (n = 12). Both the decline in
current after removal of agonist and the rise in current after re-
stimulation of cells indicate that 7 reflects P2X;R deactivation.
However, there was a gradual decrease in peak response during
repetitive stimulation with 10 nm ATP, indicating a slow desen-
sitization of receptor (Fig. 2A). At higher (100 nM to 5 um) con-
centrations, only monophasic responses were observed, and
these responses rapidly declined (Fig. 2B, C). Restimulation of
cells resulted in currents, the peak amplitude of which were com-
parable with the plateau current induced by previous ATP pulse,
indicating that the decrease in current during agonist stimulation
reflects desensitization of receptors. At 5 uMm (Fig. 2 D) and higher
ATP concentrations, P2X;R current completely desensitized
within 10 sec. Consistent with literature (Lewis et al., 1995), in
cells stimulated with 0.1-10 uM ATP, the P2X;R desensitization
profile was best described by the sum of two exponentials. Both
fast (T4e;) and slow (74.,) desensitization time constants de-
creased with increase in ATP concentration (Fig. 2E). When
stimulated with 1 um ATP, the mean value of 74, was 0.55 *
0.04 sec, and the mean value of 74, was 5.0 = 0.45 sec; both fast
and slow desensitization processes almost equally contributed to
the decay in current (Table 1).

P2X,,R and P2X,, R also responded with biphasic nondesen-
sitizing currents when stimulated with 100 nm to 5 um ATP, and
at higher ATP concentrations, these receptors usually responded
with monophasic currents. In accordance with previously pub-
lished data (Brandle et al., 1997; Simon et al., 1997; Koshimizu et
al., 1998), P2X,_ R and P2X,,R desensitized with different rates
and to different plateau levels (Table 1). In response to stimula-
tion with saturating (100 uM) ATP concentrations for 60 sec,
P2X,,R partially desensitized with slow rates, whereas P2X, R
desensitized to higher degree and more rapidly (Fig. 3A). The
desensitization decay for both receptors was usually described
with the sum of two exponentials; 7,4, contributed to the desen-
sitization decay of P2X,,R and P2X, R on average by 25 and 50%,
respectively (Table 1). Both currents declined rapidly after re-
moval of ATP. The estimated 7, values after 60 sec stimulation
with 10 uMm ATP (a time sufficient to reach the equilibrium in
current) were 294 = 33 msec (n = 15) and 231 = 19 msec (n =9)
for P2X,,R and P2X,,R, respectively. These values are in the
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Figure2. Concentration-dependent effects of ATP on P2X,R current activation, desensitiza-

tion, and deactivation. A—G, Repetitive stimulation of cells with 10nm (4), 100nm(B),and 1 um
() ATP.D, Typical trace of rapidly desensitizing currentsin response to 5 M ATP. In this and the
following figures, gray areas indicate the duration of agonist application. £, Inverse correlation
between ATP concentrations and 7, (left) and 7, (right) values. Asterisks indicate signifi-
cant differences between 0.1and 1 or 10 m. Values shown are mean == SEM, with n between
4.and 16 per dose.

range observed by others (Lietal., 1997), but in our experimental
conditions, they should be considered with reservation, because
the solution exchange time of perfusion system was too slow to
accurately measure deactivation of P2X,Rs (see Materials and
Methods).

At lower ATP concentrations, chimeric receptors also consis-
tently responded with a biphasic pattern of signaling, and at
higher concentrations, monophasic desensitizing responses were
observed. P2X,,/V60-R180X; desensitized in a manner compa-
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rable with that observed in cells expressing parental P2X,_ R. Fig-
ure 3B illustrates a typical time course of current in response to 1
uM ATP. The desensitization decay for this receptor was also best
fitted with the sum of two exponentials, and the slow desensitiz-
ing component was dominant (Table 1). After a 60 sec applica-
tion of 1 um ATP, when the equilibrium in current was usually
reached, there was a relatively rapid return to basal level, indicat-
ing that, for this receptor, the decay in current after removal of
ATP reflected the deactivation of channels. In 72% of cells, the
ATP-induced current declined monoexponentially with a 7,4
value 0f0.87 = 0.17 sec. In residual cells, a biexponential function
was the best fit for the decay of current and the second compo-
nent was in the range of 5-8 sec and contributed to the decay of
current by <20%.

Similar to parental P2X, R and P2X,, R, chimeric P2X,,/V60-
F301X; and P2X,,/V60-F301X; receptors also desensitized with
different rates (Fig. 3C). P2X,,/V60-F301X; desensitized rapidly
and monoexponentially in response to 1 uM ATP, and the desen-
sitization of the P2X,,/V60-F301X; chimera was best described
by the sum of two exponentials, and the slow component was
dominant (Table 1). However, two chimeric channels differed
from parental receptors with respect to the plateau response and
the decay of response after removal of agonist. Whereas the
P2X, R and P2X,, R desensitization current reached plateau after
60-90 sec of agonist application (Table 1), P2X, /V60-F301X;
and P2X,,/V60-F301X; currents declined to basal level during
the sustained agonist stimulation. Practically, the P2X,,/V60-
F301X; current declined to zero during 2 min exposure to 10 uM
ATP, and P2X,,/V60-F301X; reached zero level within 30 sec of
stimulation with 10 uM ATP. Furthermore, no obvious changes
in the profile of currents were observed after removal of ATP in
these chimera-expressing cells (Fig. 3C). Thus, although the ATP
potency for P2X;R and P2X,,/V60-F301X; and P2X,,/V60-
F301X; chimeras was comparable, there was >65-fold difference
in the rates of current decay between parental and chimeric re-
ceptors after agonist removal, indicating that the transfer of the
V60-F301 sequence in the backbone of P2X,Rs affects the deac-
tivation properties of receptors.

Agonist-dependent gating—deactivation coupling

The receptor specificity of current decays after agonist with-
drawal was practically independent of duration of ATP pulse.
Figure 4 A illustrates that P2X;R current declined rapidly after 10
nM ATP application of different duration. The other parental
receptor also deactivated rapidly and independently of duration
of ATP pulse (Fig. 4B). Similarly, P2X,,/V60-R180X; currents
declined with comparable rates after ATP application of variable
duration (data not shown). The delay in P2X,,/V60-F301X; (Fig.
4C) and P2X,,/V60-F301X; (D) current decays was also ob-
served after shorter ATP application.

A more detailed analysis of the kinetics of P2X,,/V60-F301X,
and P2X,,/V60-F301X; current decays after a prolonged (60 sec)
and brief (2 sec) stimulation with 1 um ATP is shown in Figure 5.
The derived time constants (shown below traces) from fitting
curves (shown by dotted lines) reflect the rates of receptor desen-
sitization (left panels) and the rates of current decay after wash-
out of ATP (right panels). The similarity in 74., and 7,4 values for
both chimeras is consistent with a hypothesis that, once activated,
P2X,,/V60-F301X; and P2X,,/V60-F301X; receptors undergo
desensitization rather than deactivation. Because the desensitiza-
tion of P2X,;,/V60-F301X; current was very rapid and was prac-
tically impossible to fit the deactivation currents recorded after
sustained agonist application, in additional studies, we used the
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Table 1. Characterization of ATP-induced desensitization decays in parental and chimeric receptors

Receptor ATP (m) Tyest (5€0) Tyest (%) Tyes2 (5€0) Des-% n

P2X; 1 0.55 + 0.04 59.0 5.00 = 045 16
P2X,, 50 6.1+08 50.2 29.8 =84 283+53 20
P2X,,/V60-F301X; 1 4303 100 8416 20
P2X,, 50 31206 253 345 %35 735 £33 24
P2X,,/V60-F301X, 1 5907 18.5 355*57 33639 10
P2X,,/V60-R180X, 5 29%09 223 31434 633 £49 17

Thefirst (Tye57) and second (74,,,) desensitization time constants were derived from a double exponential fit of the current decay in response to stimulation with saturating ATP concentrations for 1 min. The 7., (%) represents the relative
amplitude of the first exponential. Des-% represents the percentage of the current present after 60 sec of stimulation related to the peak current, and for P2X,,R, P2X,,,R, and P2X,,/V60-R180X;, this value reflects the equilibrium plateau.

Data shown are means = SEM, and n indicates the number of records.
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Figure3. Patterns of current signaling by P2X,R and chimeric receptors. A, Typical traces of

P2X,,R (top trace) and P2X, R (bottom trace) currents induced by 40 sec application of 100 wm
ATP. B, Current signaling by P2X,, /V60-R180X, chimera induced by 30 sec application of T yum
ATP. G, Superimposed responses of P2X,, /V60-F301X; and P2X,,, /V60-F301X; chimeras to 40
sec application of 1 um ATP.

slow desensitizing P2X,,/V60-F301X; and P2X,,/V60-R180X;
chimeras as receptor models to study the deactivation and resen-
sitization properties of channels.

The dose-dependent studies revealed relatively rapid decays in
P2X,,/V60-R180X; current, but not P2X,,/V60-F301X;, current,
in all of the concentrations of ATP tested (Fig. 6 A, C). Basically,
there was ~30-fold difference in 7.4 values for two chimeric
receptors, reinforcing the conclusion that the C half of ectodo-
main is critical for changes in deactivation properties of the
P2X,,/V60-F301X; chimera. Furthermore, for both chimeras,
there was an increase in 7,4 values with increase in ATP concen-
trations (Fig. 6 B, D).

To test the agonist specificity of decays in currents after their
washout, in additional experiments, cells expressing P2X,,/V60-
R180X; and P2X,,/V60-F301X; chimeras were stimulated with
different agonists for a brief period. Figure 7A illustrates the li-
gand specificity in the pattern of P2X,_/V60-R180X; current de-
cays after 5 sec agonist stimulation. In all of the cases, currents
declined to basal level relatively rapidly. In addition, there were
ligand-specific differences in the rates of P2X,,/V60-R180X; cur-
rent decay after washout of agonists, in the following order (from
slow to fast declining): 2MeSATP > ATP > BzATP > «af3-
meATP > ATP+S. The decay of P2X,,/V60-F301X; current after

application of agonists for 2 sec was also ligand specific and oc-
curred in the same rank order as in P2X,,/V60-R180X;-
expressing cells (Fig. 7B). For both chimeras, the decay of cur-
rents induced by withdrawal of 2MeSATP and ATP was best
fitted with double exponential functions, whereas monoexpo-
nential functions were best fits for decay of currents after washout
of agonists with lower potency. As in dose-response studies with
ATP, the rates of P2X,,/V60-F301X, current decays were always
4- to 24-fold slower than for P2X,,/V60-R180X; current. Because
both P2X,,/V60-R180X; and P2X,,/V60-F301X; chimeras ex-
hibited similar rank orders in their ECs, values for agonists (Fig.
1C), these results indicate that the rate of current decay after
agonist washout was influenced by ligand potency, but in a
receptor-specific manner.

The finding that decays of P2X,,/V60-F301X; currents are
considerably faster after removal of «3-meATP and ATP~yS com-
pared with high-affinity agonists (Fig. 7B), prompted us to fur-
ther examine the effects of these two agonists on current desen-
sitization and deactivation. As shown in Figure 8 A, the P2X, /
V60-F301X; chimera desensitized slowly during sustained
stimulation with 1 um ATP+S, and the decay could not be fitted
with an exponential function. However, the washout of this ago-
nistinduced a decline in current with a time constant of 5 sec (Fig.
8A), indicating that the majority of receptors deactivate when
ATP+vS was removed (see also Fig. 10C). Furthermore, 0.1 um
afB-meATP triggered a moderate desensitization of chimeric re-
ceptor, which could be fitted by a monoexponential function
with plateau, and removal of agonist near the equilibrium in-
duced an additional decline in current (Fig. 8 B). These results
clearly indicate that deactivation also participates in the decay of
P2X,,/V60-F301X; current after washout of lower affinity
agonists.

We also correlated the EC5, values for agonists with the cor-
responding 7,4 and T4 values for the P2X,,/V60-F301X; chi-
mera. The desensitization rates were calculated during the 30—60
sec stimulation, and 7 values were derived from experiments
with 2 sec stimulation with saturating concentrations of agonists.
As shown in Figure 8, there was an inverse linear-log relationship
between ECs, values and the corresponding 7, values (Fig. 8C),
in contrast to a linear relationship between ECs, values and slow
dominant 74, values for these agonists (D). The 7, values also
inversely correlated with the 74, values (r = 0.98 for the log-
linear correlation), further indicating that the decay in P2X,,/
V60-F301X; current after washout of high-potency agonists pre-
dominantly reflects continuous desensitization of receptor,
whereas the decay in current after withdrawal of low-potency
agonists predominantly reflects slow deactivation of chimera.

Finally, we compared the EC;, values for ATP and ATP+S
with deactivation kinetics of receptors to clarify whether the
chimerization-induced shift in EC5, values for these agonists par-
allels changes in the rate of receptor deactivation. To reduce the
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D F301X; chimera was 5.8-fold slower than
of the wild-type channel. Furthermore,
P2X,,/V60-R180X; chimera exhibited a
significantly higher EC, value for ATP+S,
but deactivated with rates comparable
with that observed in P2X;R-expressing
cells (Table 2). These findings indicate that
the P2XR-specific transition from open to
closed state, but not the removal of agonist
from the ligand-binding domain, repre-
sents the rate-limiting step for receptor
deactivation.

P2X. NO-FITX
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Figure 5.  Comparison of decay rates of P2X,, /V60-F301X; (A) and P2X,, /V60-F301X, (B)

currents during the long-term (left traces) and short-term (right traces) stimulation with 1
ATP. Gray traces represent experimental records, and black dotted lines illustrate fitting curves
(see Materials and Methods). The decay time constants are shown below traces. Bars above
traces indicate the duration of ATP application.

participation of desensitization to the decay of currents, the
washout of agonists was initiated when the plateau in current was
reached or application of nondesensitizing agonist concentra-
tions was used. As shown in Table 2, a significant increase in ECs
value for ATP at P2X,,,/V60-R180X, chimera compared with pa-
rental P2X;R was not accompanied with a decrease in 7,4 Be-
cause the equilibrium in decay of P2X,,/V60-F301X; chimera
could not be reached during sustained ATP stimulation, it was
incorrect to compare EC5, and 7.4 values at P2X;R and the
P2X,,/V60-F301X, chimera. However, this was not the case with
ATP+S, a low-potency agonist for three receptors. Both P2X;R
and P2X,,/V60-F301X; chimera exhibited highly comparable
EC;, values for this agonist, but deactivation of P2X,,/V60-

Independence of decay of currents after agonist withdrawal of duration of stimuli. Typical patterns of P2X, (4), P2X,,
(B), P2X,, /V60-F301X; (), and P2X,, /V60-F301X, (D) current decays in response to ATP pulses of variable duration.

and chimeric receptors, cells were stimu-
lated repetitively with 30— 60 sec of ATP or
ATP~S pulses, with a progressive increase
in the interpulse intervals (Fig. 9A, C). The
ATP pulses were sufficient to almost com-
pletely desensitize P2X, R and P2X;R,
whereas the extent of P2X,,R desensitiza-
tion at plateau was ~25% (Table 1). The
recovery of P2X, R from desensitization
occurred monoexponentially, with a time constant (7,..) of 55 sec
(Fig. 9B), and the desensitized portion of P2X, R current recov-
ered with a similar time constant (data not shown). However, the
P2X,R recovered with a 7, value of 141 sec (Fig. 9D).

Repetitive stimulation of P2X,,/V60-F301X; chimera with 30
sec pulses of 1 uM ATP led to a progressive decrease in response.
As shown in Figure 104, the current did not decline to basal level
during the first three pulses, indicating continuous desensitiza-
tion of receptors between ATP stimuli. Receptors showed only a
partial recovery of response with increase in the interpulse peri-
ods (Fig. 10A). The full recovery of response was never reached
within up to 40 min of washing period. The involvement of de-
sensitization in the decay of responses to short stimulation with
high ATP concentration was also reexamined. When stimulated
with 10 uMm ATP for 2 sec, followed by a 9.5 min washing period,
the subsequent ATP pulse generated a signal, of which the ampli-
tude was only 44% of the first peak response (Fig. 10 B). When the
washing period was decreased to 1 min, the recovery of response
was 21%. These data confirmed that the main component in
decay of P2X,,/V60-F301X, currents after washout of ATP was
attributable to desensitization of channels.

In contrast to ATP, a prolonged stimulation with 1 um ATPvS
only partially desensitized the P2X,,/V60-F301X; chimera (Fig.
10C). Furthermore, removal of agonist was followed by a rela-
tively rapid decay in current, and there was almost complete re-
covery of the nondesensitizing component of P2X,,/V60-F301X,
current when the interpulse interval was >30 sec. These data
confirmed that the main component in decay of P2X,,/V60-
F301X; currents after washout of ATPvS was attributable to de-
activation of receptors. However, there was no recovery of recep-
tors from desensitization during tens of minutes after washout of
ATP+S, indicating that not only the stability of gating state but
also the stability of desensitized conformation state is enhanced
in the P2X,,/V60-F301X, chimera.

The recovery from the desensitization state of the P2X,,/V60-
R180X; chimera, which deactivated more rapidly than the P2X,_/
V60-F301X, chimera, was also dramatically extended. Figure
10D illustrates that recovery of a nondesensitized component of
P2X,,/V60-R180X, current was fast, whereas the interpulse in-
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Figure6. Concentration-dependent effects of ATP on the patterns of P2X,, /V60-R180X; (4,

B) and P2X,,/V60-F301X; (C, D) current signaling. A, Representative traces of P2X,, /V60-
R180X; current from a single cell obtained during repetitive stimulation with increasing con-
centrations of ATP applied at 10 min interval. B, Correlation between ATP concentrations and
7,4 Values for P2X,, /V60-R180X; (mean == SEM values, with n between 4 and 26 per dose). (,
Representative traces of P2X,, /V60-F301X; current from different cells. D, Correlation between
ATP concentrations and 7, values for P2X,, /V60-F301X; current induced by 2 sec stimulation
(mean == SEM values, with n between 5 and 24 per dose). For correlation analysis, 7, values
were derived from monoexponential and biexponential fittings (for records induced by higher
ATP doses) using the dominant 7,4, component.

tervals between 30 sec and 4 min were practically ineffective in
resensitizing receptors. As with the P2X,,/V60-F301X; chimera,
the extension of washing periods up to 40 min was not sufficient
for full recovery from the desensitized state. These findings indi-
cate that the N half of the P2XR ectodomain region is influencing
the stability of the desensitized conformation state.
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rents after short-term stimulation. Traces shown in A are from a single cell obtained during
repetitive stimulation at 10 min interval, whereas traces shown in Bare from different cells. The
biexponential functions were the best fit for the effect of agonist withdrawal in all of the
experiments with 2MeSATP and in a fraction of cells (35%) with ATP applications. For all of the
otheragonists, the monoexponential functions were the best fit, and 7, values were indicated
below traces. Peak currents are shown as 1.

Discussion

Here, we studied the gating properties of three chimeras to un-
derstand the influence of ectodomain structure and agonist po-
tency on desensitization, deactivation, and resensitization of
P2XRs. In our experimental conditions, the patterns of activation
and desensitization of parental receptors were in general agree-
ment with the literature (North, 2002). Furthermore, the esti-
mated EC;, values for agonists at P2X,Rs found here were only
slightly leftward shifted compared with other studies (Brake et al.,
1994; King et al., 1996; Werner et al., 1996; Brandle et al., 1997;
Zhou et al., 1998). For P2X;R, differences were more significant;
the reported ECs values range from 0.2 to 1.8 um (Chen et al.,
1995; Lewis et al., 1995; Garcia-Guzman et al., 1997; Wildman et
al., 1999), whereas in our experimental conditions, the estimated
ECs, value for ATP was 0.04 uM.

Several factors could contribute to the differences in the esti-
mated EC5, values at P2X,R and P2X;R. Recombinant receptors
were studied when expressed in different cell types, and the host
cells could influence the responses. In our experimental condi-
tions, HEK293 (present study) and GT1 cells (He et al., 2002)
expressing P2X;R responded to ATP stimulation only if rapidly
perfused with ATP-free medium for at least 10 min before re-
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Figure8. Dissociation between desensitization and deactivation rates of P2X,, /V60-F301X,

chimera. 4, B, Relatively fast deactivation of P2X;, /V60-F301X, chimera after washout of non-
desensitizing ATP-yS (A) and comparable desensitization (7., ) and deactivation (7) time
constants of P2X,, /V60-F301X; chimera elicited by o 3-meATP ( B). The decay of current in the
presence of c[3-meATP was fitted by a monoexponential function with a plateau at 52% of the
peak current. C, Inverse linear-log correlation between EC;, and 74 values. D, Linear relation-
ship between EC;, and 7, values. The 74, and 7, values were derived from experiments in
which receptors were stimulated with saturating (1 M) concentrations of five agonists for 60
and 2-5 sec, respectively. Data points and bars represent mean == SEM values, with n = 4-20
per agonist.

cording or cultured in the presence of apyrase, an ectonucleoti-
dase. Consistent with this, GT1 and HEK293 cells release ATP
under resting conditions (He et al., 2004). Mammalian cells ex-
press one or several ectonucleotidase subtypes, which could com-
pete with P2XRs for ATP at the plasma membrane (Zimmer-
mann, 2000; Joseph et al., 2003). The estimated ECs, values for
ATP thus may reflect the equilibrium between supply of ATP and
its degradation. At low agonist concentrations, ectonucleotidase
activity may also contribute to the generation of a biphasic re-
sponse during the initial ATP application (Zemkova et al., 2003).
It has also been suggested that this phenomenon might be attrib-
utable to a history-dependent increase in permeability of the pore
(Khakh et al., 1999; Virginio et al., 1999).

Aswe reported previously (He at al., 2002), the substitution of
native 166-H192 sequence with V60-R180 sequences of P2X;R
resulted in a leftward shift in the EC, values for ATP, BZATP, and
ATP+S at chimeric channels compared with parental P2X,Rs.
Here, we show that the sensitivity of P2X,,/V60-F301X; and
P2X,,/V60-F301X; chimeras to ATP, 2MeSATP, BzATP, af3-
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Figure 9.  Recovery from desensitization of parental receptors. A, (, The example records

showing P2X,, (A) and P2X; ( () current desensitization during 60 sec application of 10 um ATP
and recovery of response to ATP after different washout times (10, 20, 30, 90, 120, 240, and 480
sec). The bars above traces indicate time of ATP application. B, D, Recovery of responses to ATP
in P2X,,R (B)- and P2X;R (D)-expressing cells, shown as the peak/first peak response and
plotted as a function of washing time. Data (means = SEM; n = 3-5) were fitted as described
in Materials and Methods.

meATP, and ATP9S is practically indistinguishable from that
observed at P2X;R, suggesting that the selected ectodomain se-
quence of P2X;R is sufficient to preserve the potency of agonists
for receptors. The finding that ECs, values for agonists at P2X,_/
V60-R180X; chimera were between those observed at parental
receptors, further indicates that both N and C halves of ectodo-
main participate in gating of P2XRs. This is in general accordance
with studies showing that several residues in both ectodomain
halves significantly affect the gating of receptors (Jiang et al.,
2001; Roberts and Evans, 2004).

Changes in the ectodomain structure of P2X,Rs also affected
the rates of deactivation and recovery from desensitization states.
The decay of current after removal of agonist is commonly used
as a measure of receptor deactivation and in nondesensitizing
receptors reflects the transition from open to closed conforma-
tion, followed by dissociation of the agonist from the closed
channel. The decay in P2X,,/V60-F301X; and P2X,,/V60-
F301X; currents after agonist withdrawal was 15-200 times de-
layed. However, there was only a threefold delay in the decay of
P2X,,/V60-R180X; current after ATP withdrawal compared with
parental P2X,_ R, indicating the relevance of the ectodomain C
half in the stability of the open conformation state. Furthermore,
the delay in P2X,,/V60-F301X, current decay was dependent on

Table 2. The lack of correlation between EC, and 7 values for P2X;, P2X,/V60-F301X;, and P2X,,/V60-R180X; receptors in response to ATP and ATP-yS stimulation

Receptor ATP: ECy, (ni) ATP: 74 (sec) ATP~S: EC5q (nm) ATPyS: 7o (sec)
P2X, 39+7 0.9 =0.1(8) 243 +127 0.6 = 0.1(5)
P2X,,/V60-F301X, 486 40.8 £ 3.8 (12) 267 =29 3.6 £0.3*(10)
P2X,,/V60-R180X, 352 = 18* 09*02(7) 751 £ 73% 0.8 = 0.1(15)

The 7, values for ATP washout were derived from experiments with 0.1 um P2X;, T um P2X,,/V60-F301X5, and 10 um P2X,,/V60-R180X;, whereas 7, values for ATPyS washout were derived from experiments with 0.1 um P2X; and
P2X,,/V60-F301X; and 1 um P2X,,/V60-R180X;. Numbers in parentheses indicate the number of records. EC5,, values for ATP and ATPyS are from Figure 1C and were derived from three to five experiments per dose.

*p << 0.05 versus P2X;R.
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Figure 10.  Recovery from desensitization of chimeric receptors. A—C, Patterns of P2X,,/
V60-F301X; current signaling during repetitive stimulation with 1 m ATP (A), 10 um ATP (B),
and 1 umATP~S (). D, P2X,, /V60-R180X; current signaling induced by repetitive application

of 10 m ATP. Gray areas indicate the duration of agonist application. The rates of current
deactivation are shown in Table 2.

the agonist used to activate receptors, but was not influenced by
the duration of the agonist stimulation. Finally, the decay in cur-
rents reflected continuous desensitization and deactivation of re-
ceptors, and participation of deactivation in closure of channels
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inversely correlated with the potency of the agonists to activate
receptor. Thus, changes in the stability of the open state could
reflect on the probability of channels to enter the desensitized
state after washout of agonist.

As discussed recently by Rettinger and Schmalzing (2004),
one may propose two scenarios for deactivation of nondesensi-
tizing P2XRs: (1) a channel-inherent slow transition from open
to closed state, followed by a faster dissociation of agonist from
receptor, or (2) fast channel closure, followed by slow dissocia-
tion of agonist from receptor. In both scenarios, the experimen-
tally observed time course of current deactivation ultimately re-
flects agonist unbinding, but it does not clarify which transition is
the rate-limiting step for this process (Colquhoun, 1998). Previ-
ously published studies by Hibell et al. (2001) revealed that the
P2X,R closure time was dependent on agonist potency. Rettinger
and Schmalzing (2004) also found that the EC5 values for several
agonists at a P2X,/X; chimera containing the ectodomain of
P2X,R inversely correlated with the rate of current decay after
washout of the corresponding agonist, and suggested that agonist
dissociation represents the rate-limiting step for current deacti-
vation. As the authors stated, this conclusion should be taken
with reservation, because they were unable to measure the deac-
tivation properties of parental P2X, R because of their rapid and
complete desensitization.

We also observed a correlation between ECs, values for
several agonists and their 7.4 values for P2X,,/V60-F301X,
and P2X,,/V60-R180X; chimeras and P2X;R, when analyzed
separately, but in our experiments, the chimerization-induced
shift in ECs, values for agonists did not reflect on rates of
receptor deactivation. In contrast, a decrease in the potency of
ATP and ATP%S for P2X,,/V60-R180X; chimera compared
with P2X,R was not accompanied with a decrease in 7. Fur-
thermore, although P2X;R and P2X,,/V60-F301X; chimera
have the same V60-F301 ectodomain sequence and ATP+yS was
equipotent for two receptors, deactivation of the P2X,,/V60-
F301X; chimera was significantly slower than of the wild-type
channel. In accordance with our findings, the affinity of ago-
nists for P2X,R is lower compared with P2X;R and P2X,R
(North, 2002), but this channel deactivates with a time con-
stant in seconds (Klapperstuck et al., 2001).

These results strongly argue against the hypothesis that
agonist dissociation from its binding site represents the rate-
limiting step for P2XR current deactivation. Our findings are
more consistent with the general view for ligand-gated recep-
tor channels that conformation changes associated with gating
do not allow agonist dissociation (Chang and Weiss, 1999).
We suggest that the stability of the open conformation state
for P2XRs reflects on deactivation kinetics and dissociation of
agonist from receptors. The gating-associated lock of agonists
onto P2X,,/V60-F301X; and P2X,,/V60-F301X; chimeric
channels lasts from three to tens of seconds, further indicating
the potential validity of chimeras in studies on dissociation of
ligands from receptors using radioligand-receptor binding
measurements.

The observation that P2X,Rs and P2X4R recovered from de-
sensitization completely and in a relatively short period (7., 2.3
min) suggests that internalization, which is a receptor-specific
phenomenon and usually requires longer time periods (Ennion
and Evans, 2001; Bobanovic et al., 2002), probably did not signif-
icantly participate in P2X,R and P2X;R desensitization and re-
covery from desensitization. Others have also observed recovery
of P2X,R with similar 7,.. (Sokolova et al., 2004). However, the

rec

full recovery from desensitization of P2X,,/V60-F301X; chime-
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ras needs >40 min, indicating that chimerization enhances the
stability of the desensitized state. In contrast to the deactivation of
channels, resensitization of chimeric channels is probably not a
ligand-specific phenomenon. In addition, although P2X,,/V60-
F301X; and P2X,,/V60-R180X; chimeras deactivated with differ-
ent rates, they exhibited comparable rates of recovery from de-
sensitization. This finding suggests the relevance of the N half of
the ectodomain in conformation changes associated with desen-
sitization and narrows the number of potential residues in addi-
tional site-directed mutagenesis studies. Because P2X;R has the
same sequence, but fully recovers within 10—15 min, these results
further indicate that the intramolecular interactions between the
N half of the ectodomain sequence and other regions of the same
subunits or between the subunits accounts for the specificity of
receptor action.

In conclusion, we show here that the insertion of P2X;R
ectodomain in the backbone of P2X,,R and P2X,,R effectively
transfers the ligand-binding properties of P2X;R to chimeric
channels (in terms of potency of agonists), indicating the rele-
vance of both ectodomain halves in ligand binding. Our results
further indicate that changes in the receptor architecture made by
chimerization dramatically increase the stability of opened and
desensitized conformation states, as indicated by slow deactiva-
tion of receptors and recovery from desensitization after washout
of agonist. The findings with chimeras that both ectodomain
halves participate in gating, but that the C half influences stability
of open conformation state and the N half of the ectodomain
influences stability of the desensitized state, support the view that
the occupancy of at least two binding sites is required for confor-
mation transitions between the resting, conducting, and desensi-
tized states of P2XRs.
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