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P2X, receptors desensitize within 100 ms of channel activation, yet recovery from desensitization requires several minutes. The molec-
ular basis for this slow rate of recovery is unknown. We designed experiments to test the hypothesis that this slow recovery is attributable
to the high affinity (<1 nm) of desensitized P2X, receptors for agonist. We found that agonist binding to the desensitized state provided
a mechanism for potent inhibition of P2X; current. Sustained applications of 0.5 nm ATP inhibited >50% of current to repetitive
applications of P2X; agonist. Inhibition occurred at 1000-fold lower agonist concentrations than required for channel activation and
showed strong use dependence. No inhibition occurred without previous activation and desensitization. Our data are consistent with a
model whereby inhibition of P2X; by nanomolar [agonist] occurs by the rebinding of agonist to desensitized channels before recovery from
desensitization. For several ATP analogs, the concentration required to inhibit P2X; current inversely correlated with the rate of recovery from
desensitization. This indicates that the affinity of the desensitized state and recovery rate primarily depend on the rate of agonist unbinding.
Consistent with this hypothesis, unbinding of [ **P]ATP from desensitized P2X; receptors mirrored the rate of recovery from desensitization. As

expected, disruption of agonist binding by site-directed mutagenesis increased the IC,, for inhibition and increased the rate of recovery.
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Introduction
Over the last several decades, research has focused on the mech-
anisms involved in the desensitization of ligand-gated ion chan-
nels (Quick and Lester, 2002). However, recovery from desensi-
tization has received comparatively little attention. P2X receptors
represent an attractive model system for the study of desensitiza-
tion and recovery (North, 2002). For P2X; receptors, desensiti-
zation and recovery differ greatly in kinetic rates. Brief applica-
tion of micromolar ATP results in a rapid inward current that
desensitizes in <30 ms (Pankratov Yu et al., 2001). In contrast,
recovery of P2X; current takes >10 min and is >10,000-fold
slower than the rate of desensitization (7 ...,s) (Cook etal., 1998).
The reason for such slow recovery is unknown, but it is likely an
intrinsic property of the channel (Cook et al., 1998; Alexander et
al., 1999; Fabbretti et al., 2004). Using site-directed mutagenesis
and chimeric P2X receptors, researchers have identified several
regions that influence the rate at which P2X receptors desensitize
(Werner et al., 1996; Fabbretti et al., 2004; Zemkova et al., 2004).
However, desensitization is not simply a reversal of recovery be-
cause mutations of P2X receptors that affect the rate of desensi-
tization can have little effect on the rate of recovery.
Experiments indicate that P2X recovery from desensitization
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may be linked to agonist structure. In rat sensory neuron cul-
tures, the rate of P2X recovery from desensitization depends on
the agonist used to activate the channel (Sokolova et al., 2004).
This finding was interpreted as evidence for multiple desensitized
states with more potent agonists favoring entry into longer-lived
desensitized states. This scheme is analogous to one proposed for
nicotinic acetylcholine receptors (Elenes and Auerbach, 2002;
Paradiso and Steinbach, 2003). In this model, the rate-limiting
step to recovery from desensitization is a conformational change
of the receptor that does not involve agonist dissociation. Alter-
natively, agonist dependence of recovery could be explained if
agonist unbinding is the rate-limiting step to recovery from de-
sensitization. If true, this predicts that the slow recovery of P2X,
receptors is caused by the high affinity for agonist of the desensi-
tized state.

We explored the relationship between agonist binding and
recovery from desensitization using human, rat, and mutant
P2X, receptors. Our data are consistent with the hypothesis that
P2X; recovery from desensitization requires two steps. The first
step is a slow unbinding of agonist and is rate limiting for recov-
ery. The second step is a rapid conformational change that is
independent of agonist. As evidence for this mechanism, we find
that a high-affinity binding site on P2X; is exposed during recov-
ery from desensitization. Agonist binding to this site effectively
“traps” the receptor in the desensitized state. As predicted from
this hypothesis, the rate of unbinding of ligand from this site, and
thus the overall rate of recovery, depends on the affinity of a given
ligand for the desensitized receptor.
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Materials and Methods

Tissue culture and transfections. Human embryonic kidney 293
(HEK293) cells (American Type Culture Collection, Manassas, VA) were
grown in F12/DMEM (Invitrogen, San Diego, CA) supplemented with
10% fetal bovine serum (Atlanta Biologicals, Atlanta, GA) at 37°C in 5%
CO,/95% air. New thaws were started every 6 weeks. Stable HEK lines
containing the human P2Xj receptor (HEK-P2Xj;) (generously provided
by A. Surprenant, Institute of Molecular Physiology, University of Shef-
field, Sheffield, UK) were maintained in 300 wg/ml G418 (Sigma, St.
Louis, MO). For electrophysiological recording, the cell lines were plated
at <10% confluency. Plasmids containing sequences coding for rat wild-
type (P2X;-p481; Glaxo Wellcome, Research Triangle Park, NC) and
mutant (K65R; constructed by Mark Voigt, St. Louis University) P2X;
receptors were introduced along with a plasmid containing green fluo-
rescent protein (Invitrogen) into HEK293 cells using FuGENE 6 trans-
fection reagent (Roche Diagnostics, Basel, Switzerland) according to
manufacturer’s instructions. Transfected cells were identified using flu-
orescent optics on an Olympus (Melville, NY) IX70 inverted microscope.
Cells were used for electrophysiology 24 h after transfection.

Electrical recording. Whole-cell currents were recorded with a patch-
clamp amplifier (Multiclamp 700B; Molecular Devices, Union City, CA).
Unless indicated, holding and test potential was —60 mV. Normal inter-
nal solution contained the following (in mm): 55 KCl, 60 K,SO,, 7 MgCl,,
10 EGTA, 10 HEPES, pH 7.4 with KOH. Control extracellular solutions
contained the following (mwm): 135 NaCl, 5 KCl, 1 CaCl,, 2 MgCl,, 10
glucose, 10 HEPES, pH 7.4 with NaOH. Control and test solutions per-
fused the vicinity of the cell through 1 or 10 ul pipettes with flow con-
trolled by computer-operated solenoid valves. Solution exchange (10—
90%) typically took <20 ms. Low (nanomolar) [ATP] were applied 1-2
s after the activating (30 or 100 M) concentration of nucleotide and left
on for the time indicated. Unless indicated otherwise, the control solu-
tion bathed the cells between activating ATP applications. For rapid so-
lution exchange over the entire cell, it was necessary to remove the cell
from the bottom of the dish, or P2X; desensitization rates were signifi-
cantly slower.

ATP unbinding. To assay the rate of release of ATP from the P2X,
receptor, nontransfected HEK293 cells or transiently transfected HEK-
P2X; cells (both grown to 70% confluence) were incubated at room
temperature with 1 ml of extracellular solution containing 1 nm
[*?P]ATP (specific activity, 6000 Ci/mmol; NEN, Boston, MA), 20 nm
GTP, and 5 nm ADP. (ADP and GTP were included to decrease nonspe-
cific binding.) After a 15 min incubation, the unbound [**P]ATP was
removed by washing five times with 1 ml of ice-cold extracellular solu-
tion containing 10 wm nonradioactive ATP. After incubation, the
amount of released [ *’P]ATP was determined by removal of 100 wl of the
bath solution at the times indicated and counting in a scintillation
counter (LS 6500; Beckman Instruments, Fullerton, CA). One hundred
microliters of fresh bath solution were added to replace the test media. A
correction was made in subsequent analysis for the volume of solution
removed. At the end of the incubation, 100 ul of a 1% Triton X-100
solution was added to the culture dish. The cells were triturated gently in
the detergent solution and the resulting suspension placed in a Microfuge
tube. Cell suspensions were spun at 10,000 X g for 10 min, and a sample
of the supernatant was removed for protein determination.

Analysis. The equation I, = I,,,, [1 — exp(—#/7)]* (Cook et al., 1998)
was fit to recovery and unbinding data using the program NFIT (Univer-
sity of Texas Medical Branch, Galveston, TX), a least-squares algorithm.
Rates of entry into the desensitized state () by 3 nm ATP and of8
methyleneATP (aBmeATP) (see Fig. 6) or by 100 um ATP (see Fig. 1)
were determined by fitting with a single-exponential equation. [A sec-
ond, slower component to desensitization onset (Fig. 1) was detected for
all clones, but because of its small size, its contribution to 7, was
insignificant.] Calculated I, was used to normalize the recovery data
for multiple agonists. ICy, and EC, values were determined using the
Hill equation. Other data acquisition and analysis used pClamp 8 (Mo-
lecular Devices) and Origin 6 (Microcal Software, Northampton, MA).
Chemicals were from Sigma.

Pratt et al. @ Agonist Inhibition of P2X,

A B C
hP2X3 rP2X3 rP2X3-K65R
100uM ATP
0.2s 0.2s 0.2s
Figure 1.  Representative currents from wild-type and mutant P2X, receptors. P2X; recep-

tors from human (4), rat (B), and rat K65R mutation () were expressed in HEK cells and currents
recorded at —60 mV using whole-cell patch-clamp methods. ATP (100 um; 0.5 s) application
produced a rapidly desensitizing inward current. Mutation of a lysine residue (K65R) slowed the
rate of desensitization by twofold (7, = 26 = 3 ms; n = 8) when compared with wild-type
rat (o = 13 = Tms; n = 10) or human (7 = 12 = 1ms; n = 8) P2X, receptors.

entry

Results

P2X, recovery depends on agonist structure

Human, rat, and mutant P2X, receptors gave similar currents in
response to brief (0.5 s) applications of 100 um ATP. Current
decayed during the ATP application as a result of rapid receptor
desensitization (Fig. 1). Desensitization was long lived; reappli-
cation of ATP within 30 s of the first application resulted in no
current (Fig. 2). Recovery from desensitization required several
minutes. With respect to rates of activation and desensitization,
we saw no obvious differences in the wild-type human P2X,
(hP2X;) and rat P2X; (rP2X;) receptors. However, recovery from
desensitization was 1.5-fold slower for rat than for human P2X,
receptors (Table 1). The recovery of cloned rP2X, was approxi-
mately twofold faster than reported for native sensory neurons
(Cook et al., 1998). The reason for differences in rate of recovery
for species and expression system are not known.

The dependence of desensitization on agonist structure was
tested using three other P2X; agonists (CTP, aSmeATP, and
ATP+S) (Table 1, Fig. 2). All agonists gave similar maximal cur-
rents and indistinguishable rates of desensitization (Tgesens < 20
ms; data not shown). However, recovery from desensitization
depended strongly on agonist structure and suggested that ago-
nist affinity limited recovery. Human P2X; recovered 3.3-, 9.3-,
and 37-fold faster with aBmeATP, ATP+S, and CTP, respec-
tively, than when activated by similar [ATP] (Table 1). If differ-
ences in agonist affinity are dominated by differences in agonist
off-rate, then we might expect that agonists that promote faster
recovery should have higher EC;, values for activation. CTP pro-
moted the fastest recovery and had a 10-fold higher EC;, than
ATP. However, despite the large differences in recovery rates,
ECs, values for ATP, aBmeATP, and ATP%S did not differ sig-
nificantly. These results demonstrated that the efficacy of activa-
tion and the rate of desensitization were not strictly correlated
with the rate of recovery from desensitization.

A binding-site mutation speeds recovery

A different approach was used to test the hypothesis that agonist
binding influences recovery from desensitization. A lysine resi-
due at position 65 was changed to an arginine (P2X;-K65R) in
rP2X; with the goal of disrupting the agonist binding site. This
mutation corresponds to a residue that forms the ATP binding
site of other P2X receptor subtypes (Jiang et al., 2000; Roberts and
Evans, 2004). With 100 um ATP as agonist, peak current from
P2X,-K65R was similar in onset kinetics to current of the wild-
type receptor and, like wild-type P2Xj, yielded several nanoamps
of current (Fig. 1). The average current for wild-type rP2X; and
P2X;-K65R when fully recovered was 9.1 = 1.2 nA (n = 18) and
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Figure 2.

Error bars represent SEM.

10.0 = 2.3 nA (n = 10), respectively. P2X;-K65R current decayed
twofold slower than wild-type P2X; (Tgeqens = 13 £ 1and 26 = 3
ms for wild-type and P2X;-K65R, respectively; p < 0.001; 17 = 8
and 10 cells). In contrast to the mild effects P2X;-K65R had on
the rates of current activation and desensitization, the mutation
strongly altered recovery from desensitization (Fig. 2, bottom).
P2X;-K65R recovered 12-fold faster than the wild-type rat P2X;
receptor with ATP as agonist. However, the mutation had no
significant effect on the ECs,, for activation, consistent with a lack
of direct correlation between ECs, and recovery rate. The muta-
tion also increased to a lesser extent the recovery rate when
aBmeATP and ATPyS were used as agonists. P2X;-K65R recov-
ered 3.3-fold and 2.3-fold faster than the wild-type receptor when
desensitized with aBmeATP and ATPyS, respectively. In contrast
to the lack of effect on ECs,, for ATP, the EC;,, for «BmeATP and
ATP+S increased approximately sixfold for P2X;-K65R. These
data illustrate that mutation near the proposed binding site for
ATP can decrease the potency of agonists for channel activation
and speed the rate of recovery from desensitization, yet the data
also illustrate a complex relationship between these two
properties.

Although changes in EC5, by amino acid mutation could re-
sult from altered conformational transitions that do not involve
ligand binding (e.g., gating, desensitization, or recovery), the ef-
fects of the P2X;-K65R mutation were consistent with binding
site disruption. For example, the P2X,-K65R mutation caused a
6.5-fold increase in the EC,, for activation with ATPvyS and
aBmeATP but caused no significant increase in EC5, for ATP
(Table 1). Likewise, the change in recovery rate was more pro-
nounced for ATP (>12-fold) than ATPvS (less than threefold). If
the P2X;-K65R mutation affected conformational transitions
such as gating or recovery, one might expect similar changes for
all agonists, because these steps do not involve agonist binding
and unbinding. Moreover, the differential effects of P2X;-K65R
mutation on ATP analogs with phosphate group modifications is
consistent with this amino acid residue contributing to phos-
phate recognition (Roberts and Evans, 2004). Our data provide
no evidence for global effects caused by the P2X;-K65R mutation,

Table 1. EC;, values and recovery rates for native and mutant P2X; receptors

P2X; recovery from desensitization depends on agonist structure and is speeded by a binding-site mutation. Satu-
rating (30 wm) ATP (filled circles), ceBmeATP (open circles), ATP+S (squares), or CTP (100 wum; triangles) were applied to human
(left), rat (middle), or the mutant P2X,-K65R (right) P2X; receptors to induce desensitization. Current recovery was monitored by
reapplication of agonist at the indicated intervals. Note change of time scale for P2X,-K65R curve (right). Data are expressed as a
percentage of maximal recovery determined by a fit of the data (see Materials and Methods; n = 4 —10 cells for each data point).

dependent recovery is that agonist remains
bound to the desensitized receptor. To test
this hypothesis, cells expressing the hP2X;
receptor were grown in culture and 1 nMm
[**P]ATP was applied for 15 min to label
high-affinity binding sites (Fig. 3). Such
long applications of agonist can induce
P2X desensitization at nanomolar [ago-
nist] (Rettinger and Schmalzing, 2003). Unbound and low-
affinity binding of [ >*P]ATP was avoided by brief wash with un-
labeled nucleotide. The rate at which [ **P]ATP was released from
the hP2X;-expressing cells (7,,pinding = 213 £ 155) was similar to
the rate of recovery from desensitization as determined by elec-
trophysiological methods (Fig. 2). Cells that did not express P2X,
bound little [ **P]ATP. The slow unbinding of [ **P]ATP from the
P2X, receptor provides strong evidence that agonist remains
bound to the receptor while it is desensitized. Furthermore, the
similarity of the kinetics of unbinding and recovery suggest that
these two processes are mechanistically linked.

P2X,; inhibition by nanomolar agonist

A large increase in agonist affinity at the ATP-binding site during
desensitization could explain the weak correlation between ECs,
for activation and recovery rate. If this hypothesis is correct, the
desensitized receptor should respond to [ATP] that are far lower
than the EC;,, for activation. To test this hypothesis, we desensi-
tized P2X, receptors by brief applications of a saturating [ATP]
(30 M for 0.5 s) at 1 min intervals (Fig. 4A). As a result of slow
recovery from desensitization, this protocol gives a reproducible
current that is ~6% of the maximal current to ATP (average
current at 1 min interval, 560 * 60 pA; n = 9) (Fig. 2). During the
entire interval (=60 s) between ATP applications, 0.5-10 nm ATP
was applied. This low [ATP] suppressed the activity of P2X;, with
preincubation for 60 s of 0.5 nM ATP inhibiting >50% of P2X;
current. No additional decrease in current was seen during the
next 60 s of ATP. Although able to fully suppress subsequent
P2X, current, 10 nm [ATP] promoted no detectible current and
thus little simultaneous channel opening (Fig. 4 B). These results
indicate the presence of a high-affinity site for ATP on the desen-
sitized P2X; receptor.

State dependence of inhibition

The previous experiment does not differentiate whether nano-
molar ATP suppresses recovery from the desensitized state or
promotes desensitization after channel recovery. If the latter hy-

ATP o SmeATP ATPvS cTp

ECSO (’J‘M) 7-recovery (S) ECSO (IJ‘M) 7-recovery (S) E(SO (l"“M) Trecuvery (S) ECS(! (IJ‘M) Trecovery (S)
Human P2X, 1.6 0.1 149 £ 4 2402 45*3 2301 16 £ 1 173 £03 4x1
Rat P2X, 26*09 224 =10 27x0.1 623 23+02 16+ 1 ND ND
Rat P2X,-K65R 3604 18+1 17+08 19*+1 15*+1 7*1 ND ND

EC5, values were determined in HEK cells transfected with DNA coding for wild-type human P2X; receptors, rat P2X; receptors, or single-site mutant (P2X;-K65R) rat receptors. To calculate ECs, values, agonists were varied from 0.3 to 1000
um. ECgo was defined as the concentration of agonist required to evoke half-maximal peak current. EC5o and recovery rate values were calculated by fitting the data as described in Materials and Methods (n = 5-12 determinations for each).
Error is expressed as the SD of a least squares fit to data. ND, Not determined.



7362 - ). Neurosci., August 10, 2005 - 25(32):7359 7365

100
)
€
- 80}
o
g
< 60}
e]
(0]
Q
3 40+
e
o
20+
< .
o=~ ~ 7
0 4 8 12 16 20 24 28 32
minutes

Figure3. The dissociation rate of ATP from the hP2X, receptor follows the rate of recovery.
HEK cells expressing the hP2X; receptor (filled symbols) or nontranfected HEK cells (open sym-
bols) were incubated with 1 nm [32PJATP. Unbound [*2P]JATP was washed away, and the
amount of released [ 32P]ATP was determined by sampling the bath solution at the times indi-
cated. Released ATP was expressed as a function of total [protein]. The time course of [ 32pIATP
release was fit with the same equation as recovery from desensitization (see Materials and
Methods) and followed a similar time course. Nontransfected cells released little [ *2P]ATP. Each
point represents the mean == SEM for four independent experiments.
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Figure 4. Nanomolar [ATP] inhibit the desensitized, but not recovered, P2X, receptor. 4,
Saturating [ATP] (30 wm for 0.5 s; arrows) was applied at 1 min intervals. During the 2 min
interval between a and ¢, a low [ATP] (0.5-10 nm) was washed onto the cell. This treatment
decreased the current to a similar extent at 1 min (b) and 2 min (c) after the nm ATP wash.
Current recovered (recov) completely from inhibition when ATP was removed from the wash
during the interval between c and d. B, ATP (solid bar) at 10 nm produced no current when
applied for 60's to a cell expressing hP2X, (top trace). Immediately after the cessation of 10 nm
ATP, the cell was washed for 30 s with an ATP-free solution. ATP (30 wum) applied after washout
produced a large inward current (bottom trace), indicating that the cell was responsive to
higher [ATP]. The two currents were superimposed on a shorter time scale (inset). Data are
expressed as mean peak currents = SEM (n = 10-12).

pothesis is true, P2X; current should be reduced by nanomolar
ATP when recovered receptors are most abundant. To ensure
maximal numbers of recovered P2X; receptors, we applied 10 nm
ATP to cells that had not been exposed previously to 30 um ATP
(data not shown). We saw no significant inhibition of current
with this treatment. Mean current was 6.7 = 1.0 nA without ATP
pretreatment and 5.6 = 0.6 nA with a 60 s, 10 nm ATP pretreat-
ment (n = 10). In contrast, 10 nm ATP suppressed >90% of P2X,
current when applied for the same duration to P2X; receptors
that were desensitized with repetitive P2X; activation (Fig. 4A).
These findings demonstrate that recovered P2X, receptors do not
desensitize on this time scale when exposed to nanomolar ATP
and suggest that the high-affinity binding site is only available
after P2X; desensitization.

To further test the state dependence of ATP sensitivity, we
examined the inhibition of P2X; receptors by nanomolar ATP
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Figure5.  Potency of P2X, inhibition diminishes as channels recover from desensitization. A,

100 v ATPyS (arrows; first application not shown) was applied for 0.5 s at 60 s intervals to HEK
cells that expressed the hP2X; receptor. During the first or second half of the interval between
applications b and ¢, 1-100 nm ATP was applied for 30 s. Inhibition was monitored as the
fraction of current induced after the test ATP treatment (current at ¢/current at b). B shows a
representative experimentin which 10 nm ATP was applied “early” in the interval. The current to
subsequent 100 m ATPS (c) was diminished. (Current time scale is expanded from 4 to
visualize P2X; current; axis break, 59 5.) €, Summary of experiments as in B. Application of ATP
during the first 305 of the interval (early; triangles) was more effective atinhibiting P2X; current
than when applied for 30 s immediately before the test ATP+S application (“late”; squares).
Data are expressed as average peak current ratios == SEM (n = 6 —11 cells for each data point).

during and after recovery. This experiment took advantage of the
agonist dependence of recovery rate. P2X; channels were acti-
vated at 60 s intervals by a saturating concentration (100 um) of
ATP+vS (Fig. 5). Channels recover from ATP+S desensitization
quickly; 72% recover during the first 30 s of the interval (Fig. 2).
By changing the timing of the nanomolar ATP applications, ATP
should act on mostly desensitized (nanomolar ATP applied dur-
ing first 30 s) or mostly recovered (nanomolar ATP during sec-
ond 30 s) P2X; receptors. Because only 2% of channels desensi-
tized with ATP recover in 30 s (estimated from Fig. 2), any
channel that binds ATP should remain desensitized and result in
decreased current to subsequent ATP+S application. The amount
of inhibition should reflect the sensitivity of recovered and de-
sensitized states. Figure 5C shows that P2X; receptors are >10-
fold more sensitive to ATP in the first 30 s of the interval when
compared with the last 30 s. Only when [ATP] is =30 nM does
significant inhibition of current occur during the second 30 s.
This temporal sensitivity of P2X; to low [ATP] suggests that the
high-affinity site is preferentially exposed in the desensitized
state.

Kinetics and “use dependence” of inhibition

The rapid recovery of P2X; receptors when activated by CTP (7=
4 s) allowed us to examine the kinetics of inhibition by ATP
binding to the desensitized state (Fig. 6A). A saturating [CTP]
was applied at 15 s intervals to fully activate and desensitize the
P2X, receptors. Because CTP promotes almost complete recov-
ery within 15 s (96% of maximal recovery, estimated from Fig. 2),
each CTP-induced current reflects opening of nearly all of the
P2X, channels of the cell. Application of 3 nm ATP caused nearly
complete inhibition of the CTP-induced current (1.4 * 0.3% of
the initial current remained 90 s after start of ATP application;
n = 12) (Fig. 6A). Recovery from inhibition by 3 nm ATP fol-
lowed a time course similar to recovery after desensitization by 30
M ATP (Fig. 2). This suggests that recovery originates from the
same desensitized state whether desensitization is achieved by
binding and trapping in the desensitized state at nanomolar ATP
or after channel opening at micromolar ATP (Fig. 2). Although
the extent of inhibition was always complete at 3 nm ATP, the
current did not always recover to its original level and may reflect
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Figure 6.  Kinetics of onset and offset of inhibition by nanomolar agonist. 4, CTP (100 wm)
was applied for 0.5 s at 15 s intervals to activate and desensitize hP2X; current. This protocol
results in a stable inward current (first 3 deflections). Application of 3 nm ATP (120 s) decreased
currentto CTP >>95% within 100's (n = 12). After washout of ATP, the current to CTP recovered.
Onset of inhibition was faster than offset. B, Inhibition by nanomolar ATP was use dependent.
Application of 3 nm ATP (120 s) did not inhibit current when applied without CTP-induced
channel activation and subsequent desensitization (n = 8). C, The ATP analog ot BmeATP (3 nm
for 120 s) was less effective and had a slower onset than ATP at inhibiting current (n = 11).
Current recovery from ceBmeATP-induced inhibition was faster than with ATP.

3nM opmeATP

1nA

|

60s

current rundown. Inhibition by 3 nm ATP depended on channel
activity. If CTP was not applied during the 3 nm ATP application,
then we saw no inhibition of current (97 * 5% of the initial
current remained 130 s after start of ATP application; n = 8) (Fig.
6B). The strong use dependence of inhibition is consistent with
our hypothesis that the desensitized receptor, but not the recov-
ered receptor, binds nanomolar ATP. If ATP was replaced by 3
nM afmeATP, inhibition was incomplete and developed more
slowly (48.5 * 3.2% of the initial current remained 150 s after
start of aSmeATP application; n = 115 7,,,,,, = 25 = 2 s for ATP;
Tentry = 48 = 6 s for afmeATP) (Fig. 6C). This result indicates
that the desensitized state binds some agonists better than others.

Recovery rate depends on affinity for desensitized state

The most straightforward explanation for these data are that the
channel has one site (or multiple equivalent sites) that triggers
channel opening and that, during desensitization, this site in-
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Figure7. Agonist that promote faster recovery are less potent inhibitors of P2X, current. 4,

Half-maximal inhibition occurs at >400-fold lower concentrations than activation. For inhibi-
tion curves (filled symbols), 100 um ATP+yS was applied at 60 s intervals to evoke P2X; current.
After a stable current is established, the indicated concentration of nucleotide, ATP (@),
aBmeATP (A), ATP~yS (M), or CTP (), was applied for 60 s. The decrease in 100 um ATP-yS-
induced currentimmediately after the treatment interval is plotted against agonist concentra-
tion and fitted with the Hill equation (curves). Dose—response for activation of P2X, current is
plotted on the same graph (open symbols). Dose—response data were collected at 60 s intervals
for all agonists except ATP (120 s interval). Experiment was repeated using the binding site
mutant P2X,-K65R and ATP as desensitizing (@) or activating (O) agonist (dashed lines). B,
ICs, values for inhibition of current positively correlate to the rate of recovery from desensitiza-
tion. Like low-potency agonists, the K65R mutation increases rate of recovery and decreases
ability to promote desensitization. Error bars represent SEM.

creases its affinity for ligand. Recovery depends on the rate of
agonist unbinding from this high-affinity desensitized state. Dif-
ferences in recovery rate with different agonists reflect differences
in agonist affinity for the desensitized state. This model predicts
that an agonist with lower affinity for the desensitized state would
recover more quickly and require higher concentrations to trap
the receptor in the desensitized state. To test this hypothesis, we
compared the sensitivity of desensitized receptors to different
agonists (Fig. 7A). Channels were activated with 0.5 s of 100 um
ATP+S at 60 s intervals. (More than 95% of the channels should
recover in this interval.) This yielded a baseline current. During
the entire interval between baseline and test ATP+yS applications,
the P2X, receptors were exposed to 0.3-300 nM ATP, aSmeATP,
ATP+S, or CTP. This exposure inhibited the subsequent current
to ATPS. When compared with ATP, significantly higher con-
centrations of CTP, ATP%S, and afSmeATP were required for
inhibition. A fit of the concentration-response data for inhibi-
tion of P2X; current to the Hill equation gave values of 0.9 * 0.1
nM (1 = 1.0 = 0.2), 1.8 + 0.1 nM (= 1.2 + 0.1), 7.5 * 0.8
nM (r, = 1.2 £0.1), and 49 * 4 nM (n,; = 1.6 = 0.2) for ATP,
aBmeATP, ATPyS, and CTP, respectively. The rank order po-
tency of the four agonists was inversely related to the rate of
recovery from desensitization (Fig. 7B) and was consistent with
the hypothesis that the recovery from desensitization is deter-
mined by the affinity of the agonist for the desensitized receptor.
A similar analysis of the K65R mutant shows a decrease in the
potency of ATP for desensitization and a higher ECs,, for activa-
tion. These results are expected from a disruption of the agonist-
binding site and more rapid ATP unbinding.

Discussion

Agonist affinity at the ATP-binding site of P2X receptors has been
estimated by comparing efficacies of various ATP analogs for
current activation. However, affinity estimates yield values that
are 100-fold to 1000-fold lower than estimates based on equilib-
rium binding assays (Michel et al., 1996; Lachnit et al., 2000,
North and Surprenant, 2000). Our results provide a possible ex-
planation for this inconsistency and suggest that agonist binds to
atleast two classes of binding sites: (1) alow-affinity (micromolar
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ATP) activator site on the recovered receptor and (2) a high-
affinity (nanomolar ATP) inhibitory site that becomes available
after desensitization and when occupied traps the receptor in the
desensitized state. The slow unbinding of agonist from this high-
affinity site determines the unusually slow rate of recovery of
P2X, from desensitization.

Desensitization by low [agonist] is a common feature of li-
gand-gated ion channels and supports the existence of a
high-affinity desensitized state (Rang and Ritter, 1970a). Nico-
tinic acetylcholine receptors (nAChR), GABA, receptors, 5-hy-
droxytryptamine receptors, and P2X, receptors are desensitized
by concentrations of agonist that are lower than those required
for channel activation (Katz and Theseleff, 1957; Bartrup and
Newberry, 1996; Newell and Dunn, 2002; Paradiso and Stein-
bach, 2003). We found that 60 s of 0.5 nm ATP inhibited >50% of
P2X, current after activation by high [agonist] (Fig. 4A). This
concentration was >1000-fold lower than the ECs, for activation
of P2X; (Table 1) and indicates that exposure to high [agonist]
increases ATP affinity.

Without previous exposure to high [agonist], the recovered
P2X; receptor was insensitive to low [ATP] (Figs. 4—6). This
suggests that few desensitized P2X; receptors exist in the absence
of ligand. In contrast, low [ligand] desensitize nAChRs by bind-
ing to the significant fraction of receptors that exist in a high-
affinity desensitized state in the absence of agonist (Changeux,
1990; Quick and Lester, 2002). Higher [ATP] increase the avail-
ability of high-affinity sites by promoting P2X; desensitization.
This creates a use dependence for P2X; inhibition (Fig. 6 B) sim-
ilar to that seen in other channels (Bartrup and Newberry, 1996;
Newell and Dunn, 2002).

For a7-nAChR and P2X1 receptors, a strict correlation exists
between channel activity and the extent of desensitization at low
[ligand] (Mike et al., 2000; Rettinger and Schmalzing, 2003).
These data suggest that channels must open before desensitiza-
tion. However, not all ligand-gated channels behave in this man-
ner; for 4 32-nAChRs, desensitization at high [ligand] may not
require channel opening (Paradiso and Steinbach, 2003). For
P2X,, a 30 s exposure to 30 nm ATP (well below the ECs,, for
activation) desensitized the recovered receptor without induc-
ing macroscopic current (Fig. 5C). Although this suggests that
desensitization occurs without opening, the rapid desensitiza-
tion of P2X; and slow recovery may obscure opening with long
agonist exposures.

It is assumed that the low-affinity activating site transitions to
a high-affinity site during desensitization (Newell and Dunn,
2002). Therefore, both forms of the binding site may share simi-
lar properties. Agonists that activated P2X; current inhibited re-
covery, whereas ADP, a poor agonist at P2X5, produced only a
small inhibition (<10% at 10 nM using protocol indicated in Fig.
7). Current activation and ATP-induced trapping were altered by
a binding site mutation (Figs. 2, 7) and inhibited by the compet-
itive antagonist TNP-ATP (data not shown). This suggests that
the gating site and the high-affinity inhibitory site are physically
inseparable.

Our data are consistent with a model whereby recovery from
desensitization occurs in two steps. First, agonist unbinds from
the desensitized receptor. Second, the receptor recovers from de-
sensitization. The dependence of recovery rate on agonist struc-
ture (Fig. 2) and the equivalent time course of recovery and ATP
unbinding (Fig. 3) indicates that the first step is rate limiting.
Recovery from desensitization followed a sigmoidal time course
with a clear initial lag. This lag probably reflects an intrinsic prop-
erty of the channel as a biexponential equation best fits recovery
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data with >10-fold differences in time constants (Fig. 2). Sigmoi-
dal recovery occurs for several ligand-gated channels and could
result from recovery requiring the release of multiple agonist
molecules from interacting binding sites (Mike et al., 2000; Rob-
ert and Howe, 2003; Sokolova et al., 2004). This hypothesis is
supported by evidence for multiple ATP binding events during
P2X channel activation (Chen et al., 1995).

The rate of P2X; recovery from desensitization is speeded by
increased extracellular [Ca®" ] or [Gd>*] (Cook et al., 1998; Fab-
bretti et al., 2004). The increase in recovery rate by Ca*" was
similar to the effect of ATP analogs on P2X, recovery. It is possi-
ble that Ca®" acts by speeding agonist unbinding from desensi-
tized P2X,.

The agonist-independent recovery step (e.g., conformational
change) must be fast relative to the unbinding step and should set
an upper limit for the recovery rate (Fig. 7). Thus, it must be faster
than the overall recovery observed with CTP (rate, 0.25 s ') or
ICs, and recovery should not correlate (Fig. 7B). (The curvature
observed in Fig. 7B could indicate a more significant contribution
of this agonist-independent recovery step as the unbinding rate
increases.) However, the rate must be slow enough to allow for
rebinding of agonist before the conformational change into the
low-affinity recovered state, or we would not see inhibition. Sep-
arate unbinding and recovery steps can be distinguished in GABA
receptor channels in which both steps occur with similar time
constants (Chang et al., 2002). For such channels, the relative
rates of the unbinding and recovery steps determine whether
overall recovery rate depends on agonist structure. For receptors
with slower unbinding, such as P2Xj, recovery is agonist depen-
dent, whereas receptors that unbind more rapidly than they re-
cover show little agonist dependence.

Recently, agonist-dependent recovery was demonstrated for
P2X; current of rat dorsal root ganglia (DRG) sensory neurons
(Sokolova et al., 2004). Current recovery was speeded twofold by
afmeATP versus ATP. We saw a 3.5-fold increase using
aBmeATP as agonist for human and rat P2X, receptors (Table 1).
Our model explains the ability of afmeATP to “protect” DRG
P2X, receptors from ATP-induced desensitization, because ATP
exposure should not promote desensitization when the high-
affinity site is occupied by aBmeATP (Sokolova et al., 2004).

The agonist dependence of recovery for DRG P2X; receptors
was interpreted as evidence for multiple desensitized states in
which ligands that promote slower recovery bind more tightly to
longer-lived desensitized states (Sokolova et al., 2004). Indeed,
for nAChRs, strong evidence exists for multiple desensitized
states (Reitstetter et al., 1999; Mike et al., 2000; Elenes and Auer-
bach, 2002; Paradiso and Steinbach, 2003). Our data favor a sim-
pler model for P2X;, whereby different recovery rates arise from
differences in affinity for a single desensitized state. As evidence
for this model, the rate of release of agonist from the desensitized
receptor follows the time course of current recovery (Fig. 3).
Moreover, recovery rate and ICs, for inhibition correlate for sev-
eral agonists and for the K65R mutant (Fig. 7B). This correlation
is expected if the affinity differences (ICs,) reflect differences in
off-rates (assuming similar on-rates) from the desensitized re-
ceptor. Thus, a decrease in affinity either by changing the binding
site (K65R) or by changing the agonist (ATP+vS) has equivalent
effects on desensitization.

Nicotinic AChR recovery depends on the duration of agonist
application (Reitstetter et al., 1999). Longer applications of ago-
nist induce slower recovery and provide evidence for entry into
distinct long-lived desensitized states. In contrast, we found no
change in the recovery rate when 30 um ATP was applied for
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0.3-30 s (data not shown). In addition, the recovery rate of P2X;
was unaffected by a 10,000-fold difference in [ATP] used to de-
sensitize the receptor. Recovery rate of current after a 3 min ap-
plication of 3 nM ATP (to recently desensitized receptors) (Fig.
6 B) was indistinguishable from recovery after a 0.5 s application
of 30 uM ATP (Fig. 2). Similarly, a 10-fold increase in [agonist]
had little effect on recovery rate of P2X current from DRG
(Sokolova et al., 2004). These data show that we were unable to
induce kinetically distinguishable desensitized states by changing
either the exposure duration or concentration of agonist.

The high affinity of the desensitized P2X; receptor for ATP
sets an upper limit on the extracellular [ATP], which allows on-
going channel activity. For undamaged tissue, the extracellular
[ATP] has been estimated from high picomolar to low micromo-
lar (Lazarowski et al., 2003). In our experiments, this range of
ATP strongly inhibited P2X; recovery from desensitization. Al-
though we found that agents with a high affinity for the desensi-
tized state were also effective activators of P2X; current, this may
not be true for all compounds. Such “metaphilic” compounds
could provide a welcome addition to the paucity of potent P2X
antagonists (Rang and Ritter, 1970b).
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