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Time-Resolved Measurement of State-Specific P2X2 Ion
Channel Cytosolic Gating Motions
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ATP-gated P2X2 channels undergo permeability changes through a process that is incompletely understood. In the present study, we used
fluorescence resonance energy transfer (FRET) and electrophysiology to measure cytosolic gating motions in P2X2 channels as they enter
a state with increased permeability. P2X2 channels underwent permeability changes with a time course that was similar to decreases in
FRET between cyan fluorescent protein and yellow fluorescent protein attached to the cytosolic domain of P2X2 channels. Wild-type and
mutant channels that did not undergo permeability changes also did not show evidence of cytosolic gating motions. Moreover, immobi-
lizing the cytosolic domain by tethering it to the plasma membrane prevented the switch in permeability and impaired the cytosolic gating
motions. Both of these phenotypes were restored when the immobilizing tether was cleaved. The data provide a time-resolved measure of
state-specific gating motions and suggest how a cytosolic domain may control ion channel permeability.
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Introduction
Transmitter-gated ion channels are key synaptic proteins that
bind neurotransmitter and convert this presynaptic chemical sig-
nal into a postsynaptic signaling event (Hille, 2001). A large fam-
ily of transmitter-gated ion channels are the ATP-gated P2X
channels (Khakh, 2001; North, 2002). There is strong evidence
for the physiological role of distinct P2X channels throughout the
body, including in the nervous system, from a combination of
physiological, molecular, and behavioral approaches (Khakh,
2001; North, 2002). P2X subunits (P2X1–P2X7) are the products
of seven distinct genes and form at least 11 heteromeric channels
(Torres et al., 1999). P2X channels are likely trimeric (Nicke et al.,
1998; Stoop et al., 1999; Jiang et al., 2003), and each subunit
possesses two transmembrane domains. The cytosolic domain of
the protein consists of N and C termini. P2X channels are cation
selective, but aspects of their ion permeability are dynamic, such
as their ability to change ion permeability in an activation-
dependent manner on a time scale of seconds (Surprenant et al.,
1996; Khakh and Lester, 1999; Khakh et al., 1999, 2001; Virginio
et al., 1999a; MacKenzie et al., 2001; Schlichter et al., 2002).

In the case of heterologous expression experiments, perme-
ability changes were first reported for P2X7 channels and subse-
quently for neuronal P2X2 and P2X4 channels, but there is evi-
dence for variability between studies (Surprenant et al., 1996;

Petrou et al., 1997; Khakh et al., 1999; Virginio et al., 1999a;
Eickhorst et al., 2002; Smart et al., 2003; Fujiwara and Kubo,
2004). P2X2 permeability changes were measured for heterolo-
gously expressed channels as well as for natively expressed P2X2

subunit-containing channels in sympathetic and sensory neu-
rons (Khakh et al., 1999; Virginio et al., 1999a). These studies
provided a molecular explanation for early observations on
pheochromocytoma 12 cells, in which ATP evoked inward cur-
rents when bathed in extracellular solutions comprising organic
cations, whereas ACh acting on nicotinic channels did not (Na-
kazawa et al., 1991). More recently, evidence has also emerged
that permeability changes may occur at P2X-expressing dorsal
horn neurons during ATP synaptic transmission (Schlichter et
al., 2002).

Activation-dependent changes in ionic selectivity are not
unique to P2X channels and have been documented for several
ion channels, including those gated by voltage, second messen-
gers, and neurotransmitters (Khakh and Lester, 1999; Hille,
2001). Collectively, these data suggest that the selectivity filter in
some channels is dynamic and undergoes conformational rear-
rangements to switch its preference between ions (Khakh and
Lester, 1999; Hille, 2001). To address the mechanisms involved,
we sought to measure conformational changes in P2X2 channels
as they move from a state with high ionic selectivity (I1) to a state
(I2) that discriminates poorly between ions (I2) (Khakh et al.,
1999; Virginio et al., 1999a). We used electrophysiology com-
bined with fluorescence resonance energy transfer (FRET) (Kim
et al., 2003; Riven et al., 2003) between fluorophore-labeled P2X2

subunits and a genetically encoded tag to measure conforma-
tional changes in the cytosolic domain of P2X2 channels.

Materials and Methods
Molecular biology. The starting vectors were wild-type (wt) P2X2 and
P2X2-green fluorescent protein (GFP) in HindIII (5�) and XbaI (3�) sites
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of pcDNA3.1 (Khakh et al., 2001): XhoI and XbaI flanked GFP. By PCR
(PCR Core kit; Qiagen, Crawley, UK), the P2X2 stop codon was removed
and an XhoI site was inserted to generate P2X2XhoI. We generated P2X2-
XFP by amplification of cyan fluorescent protein (CFP) and yellow flu-
orescent protein (YFP) from pECFP-1 and pEYFP-1 (Clontech, Oxford,
UK), with in-frame 5� XhoI sites and 3� XbaI sites. These were cloned into
XhoI and XbaI sites of P2X2-GFP. P2X1-C, P2X1-Y, P2X2-pleckstrin ho-
mology (PH), P2X2-PH-C, and P2X2-PH-Y were generated using similar
methods (where C equals CFP, and Y equals YFP). Site-directed mu-
tagenesis was performed on the cDNAs using synthetic oligonucleotides
to generate T18A mutants (Quickchange; Stratagene, La Jolla, CA). cD-
NAs were propagated in DH5� Escherichia coli, and plasmids were puri-
fied using standard techniques. For transient expression in human em-
bryonic kidney (HEK) 293 cells, we used 0.5–1 �g of plasmid cDNA
(Effectene; Qiagen).

Electrophysiology. HEK 293 cells were used for recordings 24 – 48 hr
after transfection, gently mechanically dispersed, and plated onto glass
coverslips 2–12 hr before use. We included this step (Egan et al., 1998) to
ensure adequate voltage clamp during reversal potential measurements
from single spherical cells. The extracellular recording solution was com-
posed of (in mM): 150 NaCl, 1 MgCl2, 1 (or 0.1) CaCl2, 10 HEPES, and 10
glucose, pH 7.4, and the pipette solution was composed of (in mM): 154
NaCl (or CsCl or CsF), 11 EGTA, and 10 HEPES. For some experiments,
where stated, we replaced Na � with equimolar substitutions of
N-methyl-D-glucamine (NMDG) � (Khakh et al., 1999; Virginio et al.,
1999a). Whole-cell voltage-clamp recordings were made with 5 M� bo-
rosilicate glass electrodes (World Precision Instruments, Stevenage, UK),
using an Axopatch-1D amplifier controlled by a computer running
pClamp 8.1 software via a Digidata 1366 interface (Axon Instruments,
Foster City, CA). Data were filtered at 0.5–2 kHz and digitized at 1–5
kHz. Drugs were applied to single cells using a Picospritzer (Intracell,
Royston, UK) or in the bathing medium, which flowed at 2–3 ml/min.
For pressure application (�20 psi), we used 2– 4 M� pipettes; solution
exchange occurred in �10 msec. We have previously used similar con-
ditions to measure ATP-evoked currents from rapidly desensitizing
T18A mutants and natively expressed P2X3 channels in sensory neurons
(Khakh et al., 2001). Solution exchange with bath application occurred in
�10 –20 sec, and the only agonist applied in this way was UTP for the
experiments shown in Figures 10 and 11; all other experiments used
rapid pressure applications. Voltage ramps (0.5 sec duration) were usu-
ally applied every 0.5–1 sec, but in the case of T18A and P2X1, 0.1 sec
duration ramps every 0.1 sec were also tested. On the basis of initial
experiments, the voltage range was adjusted to be �40 – 60 mV either
side of the reversal potential for each construct. We performed extensive
controls on wt P2X2 channels and found that the speed of the ramps
(0.1–1 sec) or their frequency (0.2–10 Hz) did not affect the extent of
permeability changes. In the case of channels that desensitize quickly, it is
probable that even the first current–voltage relationship missed the peak
response, but this is unlikely to affect our interpretation because the
pNMDG �/pNa � of these channels is fixed and almost identical to the I1

state of wt P2X2 (see Table 1) (Khakh et al., 1999) (i.e., there is no
evidence that these channels show any enhanced permeability for the first
current–voltage relationship we could record or subsequent ones). We
never-recorded permeability changes for T18A P2X2 mutants and P2X1

channels regardless of whether we used single or repetitive pulses of ATP
(100 �M).

FRET microscopy. We used an Olympus (Southall, UK) BX50 scope
equipped with an Imago cooled CCD camera, lamp, and condenser (all
from TILL Photonics, Munich, Germany) and an Image Splitter (Cairn
Research Ltd., Faversham, Kent, UK) with an adjustable pinhole. The
control of excitation and image acquisition was achieved using TIllVision
software, hardware, and drivers (TILL Photonics). We used the following
filters for acquiring CFP, YFP, or FRET images (order is exciter, dichroic,
emitter in nanometers; Glen Spectra, Stanmore, UK): CFP (440AF21,
455DRLP, 480AF30), YFP (500AF25, 525DRLP, 545AF35), and FRET
(440AF21, 455DRLP, 545AF26). For the time-resolved measurements of
FRET, we used 440 nm light from a monochromator, a 440AF21 and
455DRLP filter in the rotating sextuplet of the microscope, a DQ505LP
dichroic mirror in the Image Splitter, and 480/30 and 535/25 filters in the

emission paths of the CFP and YFP images, respectively. The Image
Splitter ensures that CFP and YFP images are captured in the same frame
on the CCD chip. To photo destroy the YFP, we used 525 nm light from
the monochromator and a 525 DRLP dichroic. Three-cube FRET imag-
ing was performed essentially as described previously (Erickson et al.,
2001). Occasionally we came across cells that expressed both fluoro-
phores but paradoxically showed no FRET or showed no change in FY/
FC. For our most complete data set (P2X2 channels), this amounted to 7
of 55 and 6 of 26 cells, respectively, which were not studied further. We
do not have a complete explanation for this but suggest it may represent
cells that preferentially assembled a mixture of channels with just donors
and acceptors, which we expect from previous work to not support FRET
(Cha et al., 1999). If assembly of trimeric channels has no specificity and
follows a binomial distribution, we expect 50% of channels to contain at
least one donor and one acceptor and thus support FRET (see Results).

Total internal reflection fluorescence microscopy. Briefly, we used an
Olympus IX70 scope equipped with a Princeton Instruments (Trenton,
NJ) cooled I-PentaMAX camera with High Blue Gen III Intensifier
(Roper Scientific, Trenton, NJ). The control of excitation and image
acquisition was achieved using MetaMorph software and drivers (Uni-
versal Imaging, Marlow, UK) and shutters, filter wheels, and a Proscan II
control box (Prior Scientific, Cambridge, UK). The beams of 488/515 nm
argon (150 mW) and 442 nm helium cadmium (12.5 mW) lasers (Melles
Griot, Carlsbad, CA) at �5% power (constant for all experiments re-
ported) were combined and controlled with an IX2-COMB (Olympus),
Uniblitz Shutters (Prior Scientific) and acoustoptical tunable filter and
controller (AOTF; AA Optoelectronics, Les Chevreuse, France) and fed
into a fiber optic (FV5-FUR; Olympus) for entry into the total internal
reflection fluorescence (TIRF) condenser (IX2-RFAEVA-2; Olympus).
Cells were plated onto glass-bottom Petri dishes (170 nm thick; Willco
Wells BV, Amsterdam, The Netherlands) 24 – 48 hr before imaging and
viewed with a 60� oil immersion objective lens with a numerical aper-
ture of 1.45 (Olympus). FRET was determined with three-cube methods
and donor dequenching, as described below. The gain was adjusted for
maximum signal-to-noise for each cell and kept constant for all image
acquisitions.

Confocal microscopy. We used confocal microscopy to measure
changes in the distribution of PH-YFP during addition of UTP (50 �M).
Cells plated on glass-bottom Petri dishes (MatTek, Ashland, MA) were
placed on the stage of a Nikon (Tokyo, Japan) Eclipse TE300 scope
equipped with a Bio-Rad (Hemel Hempstead, UK) Radiance 2000 con-
focal imaging setup and computer running Laser Sharp 2000 software
(Bio-Rad).

Analysis. For donor dequenching experiments, the FRET efficiency
was calculated as follows:

e � 1 � � IC-before

IC-after
� � 100,

where IC-before is the donor fluorescence intensity before photodestruc-
tion, and IC-after is the intensity after photodestruction. The photode-
struction of the YFP should proceed with a rate equivalent to the de-
quenching of the donor, and plotting the photorecovery versus
photodestruction yields a linear plot (see Fig. 1 F). We routinely used
such linear plots and extrapolated to 100% acceptor photodestruction to
calculate the maximum donor dequenching for epifluorescence micros-
copy (see Fig. 1 F); FRET efficiency (e) is given by the y-axis intercept. For
TIRF microscopy, we estimated FRET e from a single time point when
the acceptor was �90% destroyed (�1 min with the 515 nm laser line at
100%) and extrapolated to 100% destruction by constraining the linear
regression to pass through the origin. To approximate distances, we used
the Forster equation:

e � R0
6/	R0

6 � R6
,

where R0 includes terms for quantum efficiency, the solvent refractive
index, the orientation factor (� 2 � 2⁄3), and the overlap of the donor
emission and acceptor absorption spectra. R0 is the distance at which e is
50% for any given fluorophore pair, at 5 nm for CFP and YFP. We
corrected the calculated distance R for the center-to-center of fluoro-
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phore distance by subtraction (Michalet et al., 2003). In the case of GFP,
which contains the fluorophore buried in the center of a �-can structure,
this distance is equal to two radii, at �30 Å (Tsien, 1998). We also used
the three-cube method to determine the FRET ratio (FR). This nonde-
structive method uses three filter cubes and a set of predetermined con-
stants. The methods used are essentially identical to those used previ-
ously (Erickson et al., 2001) and are reproduced here only for
completeness. FR, the value representative of the increase in acceptor
emission caused by FRET from a sample containing both donor and
acceptor fluorophores, is given by the following:

FR �
�IFRET � � � IC�

	 � �IY � � � IC�
,

where IFRET is the fluorescence intensity measured using the FRET filter
cube, IC is the fluorescence intensity measured using the CFP filter cube,
and IY is the fluorescence intensity measured using the YFP filter cube.
This equation contains the following experimentally determined con-
stants:

� �
IFRET

IC
� �

IY

IC
	 �

IFRET

IY
,

where � is the intensity ratio of CFP fluorescence passing through the
FRET and CFP filter cubes with data collected from cells that express just
donor, � is the fluorescence intensity ratio of CFP through the YFP and
CFP filter cubes from cells expressing just donor, and 	 is the fluores-
cence intensity ratio of YFP through the FRET and YFP filter cubes from
cells expressing just acceptor. We determined constants for �, �, and 	 in
cells expressing P2X2 tagged with CFP or YFP as well as for cytosolic CFP
or YFP. These were similar to those reported by Erickson et al. (2001) at
0.345  0.011 (n � 51), 0.014  0.001 (n � 51), and 0.064  0.002 (n �
61) for �, �, and 	, respectively, for CFP and YFP. The values for P2X2-C
and P2X2-Y were 0.465  0.005, 0.005  0.001, and 0.04  0.001 (n �
6 – 8), and for T18A P2X2-C and T18A P2X2-Y they were 0.461  0.005,
0.015  0.011, and 0.034  0.002 (n � 6 –9) for �, �, and 	, respectively.
For TIRF microscopy, the values for P2X2-C and P2X2-Y were 0.359 
0.03, 0.012  0.003, and 0.066  0.009 (n � 12–17), for �, �, and 	,
respectively. Effective FRET efficiency (Eeff) can be estimated as follows:

EEff � 	FR � 1
�
Y	440
/
C	440
�,

where 
Y(440)/
c(440) � 0.094 as the ratio of YFP and CFP molar extinc-
tion coefficients (Erickson et al., 2001). When comparing donor de-
quenching and three-cube methods, we back-calculated FR using the
above function from estimates of e from linear plots such as those shown
in Figure 1. For the FRET experiments, we chose regions of interest (ROI)
post hoc. Our criteria were that ROI: (1) were bright in both CFP and YFP
images, (2) were located at the edge, presumably the plasma membrane
of the cell, (3) did not change or drift in intensity during the control
period, (4) did not go out of focus during the entire experiment, and (5)
did not move when ATP was applied.

Ion permeability ratios were calculated from shifts in reversal poten-
tials using the following function:

pNMDG � /pNa� � exp	�ErevF/RT
,

where pNMDG� is the permeability to NMDG �, pNa� is the perme-
ability to Na �, �Erev is the shift in reversal potential, and F, R, and T have
their usual meaning (Eickhorst et al., 2002). In some of the electrophys-
iological traces, we used adjacent point averaging. Data in the text and
graphs are shown as mean  SEM from n determinations, as indicated.
All ramps shown in the figures are leak subtracted.

Results
This study has three main parts. First, we show that fluorophore-
labeled P2X2 channels are functional and undergo FRET. Second,
we present evidence for cytosolic conformational changes corre-
lated with permeability changes. Third, we use a genetically en-

coded tag to reversibly hinder permeability changes and cytosolic
conformational changes.

Fluorophore-labeled P2X2 channels are functional and
located predominantly in the plasma membrane
Our previous work mainly concerned P2X4 (Khakh et al., 1999),
but in the present study, we focused on P2X2, because they are
stably expressed in the plasma membrane and do not undergo
endocytosis in response to ATP (Khakh et al., 2001; Bobanovic et
al., 2002). CFP and YFP undergo FRET if they are within �70 Å.
Fusion of CFP and YFP (Tsien, 1998) onto the cytosolic
C-terminal domain of P2X2 subunits (Khakh et al., 2001) (Fig.
1A) to generate P2X2-C and P2X2-Y, respectively, resulted in
functional channels (Fig. 1B; supplemental material, available at
www.jneurosci.org). HEK 293 cells expressing P2X2-C and
P2X2-Y channels fluoresced blue and yellowish-green when ap-
propriately excited (Fig. 1A). The highest-intensity fluorescence
was in the perimeter, which we interpret as plasma membrane,
with little in the subperimeter regions and lower but significant
levels inside cells, which may represent endoplasmic reticulum
(Fig. 1Aii–iv). ATP EC50 values for P2X2-C and P2X2-Y were
7.4  2.7 and 7.1  1.5 �M (n � 6 and 7, respectively), which are
similar to wt P2X2 (Khakh et al., 2001). Moreover, the ATP-
evoked currents (100 �M for 1–30 sec) at P2X2, P2X2-C, P2X2-Y,
and P2X2-C/P2X2-Y channels in Na� and NMDG� solutions
were indistinguishable (Fig. 1B; supplemental material, available
at www.jneurosci.org).

FRET in closed P2X2 channels
We used the donor dequenching method (Michalet et al., 2003)
to estimate FRET e for channels expressed in HEK 293 cells (Fig.
1C–F). We measured a marked decrease in P2X2-Y fluorescence
intensity with a time course that followed that of the P2X2-C
increase (Fig. 1C–E) when the acceptor was optically destroyed.
Maximum P2X2-C photorecovery when P2X2-Y was 100% pho-
todestroyed (Fig. 1F) corresponds to FRET e, which in the case of
P2X2-C/P2X2-Y channels near the cell perimeter was 35.4  5.0%
(n � 14), whereas for the whole cell, e was 12.3  2.7% (n � 7).
We suggest that FRET near the perimeter of the cell represents
functional channels in the plasma membrane, whereas intracel-
lular FRET may represent partially assembled channels as well,
perhaps located in the endoplasmic reticulum (Nashmi et al.,
2003). In subsequent studies, we restricted our measurements to
fluorescence near the cell edges.

With TIRF microscopy, we determined FRET e within �100
nm of the plasma membrane (Steyer and Almers, 2001; Riven et
al., 2003). FRET e was quantified with donor dequenching and
with a linear unmixing three-cube method (Erickson et al., 2001)
for ROI that covered the area of the cell in close apposition to
glass within the evanescent field of illumination, an area we call
the footprint. The intensity of the footprint was 13.4  3.3% (n �
13) of that for the whole cell imaged with epifluorescence illumi-
nation (Fig. 2A,B), and the footprint represented �16 –35% of
the total cell surface area at 376  54 �m 2 (n � 13; with cell
capacitance at 10 –20 pF) (Fig. 2C–F). This corresponds to
�600 –1200 channels within the footprint, or on average approx-
imately two to three channels per square micrometer (Khakh et
al., 2001). The FRET e for channels in the footprint determined
by donor dequenching and three-cube FRET was 33.2  4.1 and
32.5  5.4%, respectively (FR, 4.5  0.6; n � 18). This compares
well with our determination of FRET e for membrane ROI with
epifluorescence imaging at 35.4  5.0% (n � 14) (Fig. 1). There
was a strong correlation (Fig. 3) between FRET estimates deter-
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mined with donor dequenching and three-
cube methods for both epifluorescence and
TIRF microscopy (Erickson et al., 2001).
With the assumption that P2X2 channels are
trimeric (Nicke et al., 1998; Stoop et al., 1999;
Jiang et al., 2003), the fluorophores attached
to the P2X2 channel cytosolic domain tips
may sit at the corners of a triangle of sides
�25 Å in length. This estimate is within the
range of sizes reported for cytosolic domains
of channels of known shape or structure
(Chang et al., 1998; Miyazawa et al., 1999;
Sokolova et al., 2001; Higgins et al., 2002;
Jiang et al., 2002; da Fonseca et al., 2003; Kuo
et al., 2003).

We performed experiments with cyto-
solic proteins and Yellow cameleon 2.1 to
be confident that our instrumentation and
measurements of e were reliable and con-
sistent with past data (Erickson et al.,
2001). With these controls in hand (Fig.
3), we suggest that FRET e is 35.4  5.0%
in closed P2X2 channels.

Slow entry into and slow recovery from
the P2X2 channel I2 state
Previous work on rat P2X2 channels shows
that ATP- and time-dependent permeabil-
ity changes occurred in 40% of HEK cells
(Virginio et al., 1999a). However, consis-
tent with previous work on Xenopus oo-
cytes (Eickhorst et al., 2002), we recorded
permeability changes in all HEK cells with
100 �M ATP (56 of 56 cells from 13 trans-
fections). Variability in expression levels
(Fujiwara and Kubo, 2004) may explain
these differences between our work and
that already published (Virginio et al.,
1999a). Given these differences, we con-
sidered it important to examine the essen-
tial features of permeability changes in
HEK cells (Fig. 4). The channels initially
opened to the I1 state with a reversal po-
tential near �60 mV (Fig. 4A,B), repre-
senting a low permeability to NMDG�,
and with time they entered the I2 state with
a reversal potential �20 – 40 mV more
positive (Fig. 4A,B), representing a higher
permeability to NMDG�. The channels
opened to I1 in �100 msec, whereas the
transition from I1 to I2 occurred with a 10 –
90% rise time of �13 sec (rate, 0.17  0.06
sec -1; n � 11) (Fig. 4D). Overall, these data
are consistent with those presented previ-
ously for a subpopulation of HEK 293 cells
(Virginio et al., 1999a) and Xenopus oocytes
(Eickhorst et al., 2002). Interestingly, once
the channels had opened to I2 with a �20 sec pulse of ATP, they also
readily opened to I2 with a subsequent brief puff of ATP (100 �M;
100 msec). This has not been reported previously (Figs. 4A,C,D)
and suggests the existence of a long-lived nonconducting state
that is permissive for I2. P2X2 channels recovered from this per-
missive state in �200 sec (�, 62  12 sec; n � 11) (Fig. 4A,C,D).

Some P2X channels undergoing permeability changes display
biphasic or sustained inward Na� currents (Khakh and Lester,
1999; Khakh et al., 1999; North, 2002), with the sustained or slower
current being attributable to the I2 state. Thus, a rapidly desensitiz-
ing current may indicate opening to only I1 in physiological solu-
tions, whereas a sustained current may represent opening to I2

Figure 1. FRET in closed P2X2 channels. Ai, Diagram representing the presently understood membrane topology of a P2X
subunit, with a fluorophore attached to the C-terminal tail. The photomicrographs show YFP and CFP images of two cells express-
ing P2X2-Y/P2X2-C channels, acquired with the confocal aperture sufficiently open to allow good signal-to-noise for the entire cell.
Aii, Bar graph of fluorescence intensity for ROI on the perimeter of the cell, the subperimeter, and from intracellular areas; the
values are normalized to 100% at the perimeter. iii, iv, Examples of confocal sections (left) and surface plots (right) used to
generate the graph in ii from cells expressing P2X2-Y. B, Diagram (i–iv) representations of wt, P2X2-Y, P2X2-C, and P2X2-C/P2X2-Y
channels; only two subunits are represented. Traces show normalized ATP-evoked currents. C, D, Donor ( C) and acceptor ( D)
emission images of an HEK cell expressing P2X2-C/P2X2-Y channels before and after photodestruction of the YFP. E, Donor
emission intensity increases concomitantly (�, 8.7  1.5 min) with the decrease in the acceptor emission (�, 8.3  0.4 min). F,
Plot of donor recovery versus acceptor loss for P2X channels at the cell perimeter (plasma membrane) and across the entire cell.
Error bars represent SEM.
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(Khakh et al., 1999; North, 2002). All P2X2 channel-expressing
cells displayed slowly desensitizing ATP-evoked currents (�,
74.5  14.4 sec; n � 11 of 11 cells; 100 �M ATP) and a sustained
plateau current in the presence of ATP (�46% of peak) and
recovered from desensitization in �200 sec. In contrast, wt P2X1

channels and mutant T18A P2X2 channels desensitized quickly
(�100 msec; 100 �M ATP) (Fig. 5, Table 1), displayed minimal
plateau currents, and did not undergo increases in NMDG� per-
meability (Table 1). Our experiments do not reveal the mecha-
nism of desensitization, but we suggest that in physiological so-
lutions, the P2X2 I1 state is followed by the I2 state, which can be
seen as a plateau current that desensitizes slowly over tens of
seconds, whereas the lack of the I2 state may result in rapidly
desensitizing currents such as those measured for T18A P2X2 and
wt P2X1 channels.

Slow entry into and recovery from a conformational change
in the cytosolic domain
The seconds timescale I1–I2 transition is appropriate for FRET
experiments (Michalet et al., 2003). Our experiments in

NMDG� solutions to track I2 at the same time as measuring the
YFP to CFP ratio (FY/FC) were thwarted because NMDG�, or a
component of this buffer (154 mM NMDG�), quenched the flu-
orophores as it flowed into the cell during entry into I2. To cir-
cumvent these limitations, we measured and plotted FY/FC over
time, from cells in which we also measured ATP-evoked mem-
brane currents in Na� solutions at the same time (30 �M ATP)
(Fig. 6A–C) and used the presence of a slowly desensitizing pla-
teau current as a reflection of entry to the I2 state in physiological
solutions (see above section, Fig. 5). For 20 sec applications of
ATP (30 �M ATP), we recorded inward currents of �5836  660
pA (Fig. 6A) and a 38.4  3.6% (n � 11) decrease in FY/FC,
implying a decrease in FRET (Fig. 6A,B). There was a trend for
the 10 –90% rise time for the decrease in FY/FC (18.0  4.1 sec;
n � 11) to be longer than the experimentally determined 10 –90%
rise time for the increase in permeability to NMDG� at 10.9 
4.2 sec (Fig. 4D), but this did not reach statistical significance (the
calculated 10 –90% rise time of �13 sec for a single exponential
process with a rate constant of 0.17  0.06 sec -1 is within the error
limits of the experimental data). Next, we puffed ATP for only
100 msec, briefer than that required to trigger permeability
changes, monitored membrane current and FY/FC , and recorded

Figure 2. FRET for P2X2 channels in the plasma membrane determined with TIRF micros-
copy. A, The diagram illustrates the principle of TIRF (Steyer and Almers, 2001). Laser light was
focused onto the back focal plane of the objective lens, and its position was adjusted so that it
emerged into the immersion oil at an angle shallower than the critical angle. This created an
evanescent field of illumination of depth �100 nm into the cell, which was adhered to the
coverslip. B, The top panel shows an epifluorescence image of two HEK cells expressing P2X2-
C/P2X2-Y channels, and the bottom panel shows the footprint of these cells onto the glass
coverslip viewed with TIRF microscopy. The intensity of the footprint was �1⁄20th that of the
entire cell (see Results), and so for presentation, the images are artificially scaled. C–F, Donor (E,
F ) and acceptor (C, D) emission images of an HEK cell footprint expressing P2X2-C/P2X2-Y
channels before and after photodestruction of the YFP.

Figure 3. Comparison of FR determined by donor dequenching and three-cube FRET for
epifluorescence and TIRF microscopy. Our measurements in closed channels (see Results) rely
on determination of e with donor dequenching. To be confident of our data, we compared our
values of FRET determined with donor dequenching with FR determined with a recently intro-
duced unmixing method, called the three-cube method. This latter method extracts values for
FR (see Materials and Methods) using an algorithm that is described briefly in the data analysis
section but more extensively by Erickson et al. (2001). To make this comparison possible, we
converted our measurement of FRET e determined with donor dequenching to FR by back-
calculation (see Materials and Methods) and compared these values with FR determined with
the three-cube method. We performed this analysis for fluorescence from whole cells express-
ing cytosolic CFP/YFP, YC2.1, P2X2-C/P2X2-Y, and T18A P2X2-C/T18A P2X2-Y. We repeated the
comparison for TIRF experiments with ROI encompassing whole footprints (n � 18). Note that
the FR value for P2X2-C/P2X2-Y channels is higher in the membrane determined by TIRF rather
than in whole cells and not significantly different from the calculated value of FRET e for mem-
brane ROI using the EPI scope (see Results). For both TIRF and epifluorescence FRET microscopy,
there was good agreement between FR determined by the three-cube and donor dequenching
methods. Moreover, our values of FR for cytosolic CFP/YFP and YC2.1 are almost identical to
those determined previously with both donor dequenching and three-cube methods. Collec-
tively, these data provide strong evidence to indicate that our measurements of FRET are (1)
consistent with past data and (2) consistent between two independent methods. Error bars
represent SEM.
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a significant change in FY/FC of only 14.1  2.0% and an inward
current of �4805  988 pA (n � 9; 30 �M ATP) (Fig. 6). The
change occurred with a 10 –90% rise time (12.5  3.2 sec; n � 9)
that was also not significantly different from that for permeability
changes (10.9  4.9 sec) or for the change in FY/FC for 20 sec ATP
applications. There was little correlation between the magnitudes
of �FY/FC and peak ATP-evoked currents (r � 0.2). The change
in FY/FC decayed back to baseline slowly, and in some cases in-
completely, compared with the ATP-evoked current (Fig. 6B).
The slow reversal of the FY/FC (�, 52  7 sec for 100 msec puffs
and 77  12 sec for 20 sec pulses of ATP; n � 6 and 3) was similar
to the recovery from the I2 permissive state (62  12 sec; n � 11)
(Fig. 4C,D). The incomplete nature of FY/FC recovery in some
cells has been noted previously in FRET experiments and may
additionally represent long-lived dark states of the fluorophores
(Zheng et al., 2003). These data imply that the change in FY/FC

has the same time course as the I1 to I2 transition and that its
return to baseline follows the time course of recovery from the I2

permissive state. Thus, FRET-based measures provide evidence
for a state in which the cytosolic domain persists in a conforma-
tion that is permissive for I2, even when ATP is removed and the
pore is closed (Figs. 4, 6). The cytosolic domain can also be re-
cruited to this state by brief puffs of ATP, possibly explaining the
history dependence of permeability changes in P2X channels
(Khakh et al., 1999) (Fig. 4A–D).

The above experiments assume that P2X2 channels actually
undergo permeability changes in physiological solutions. There is
evidence for this already (Khakh et al., 1999; Virginio et al.,
1999a), but we repeated the key experiments to be sure this oc-
curred under our experimental conditions (Fig. 7). Single-cell
imaging experiments confirmed that P2X2 channels become per-
meable to the propidium dye YOPRO-1 in Na� solutions (with 1
or 0.1 mM Ca 2�) for 20 sec applications of 30 �M ATP (n � 5 and
12) (Fig. 7). We also performed a specific set of experiments to

determine whether P2X2 channel NMDG� permeability in-
creased by the same amount in solutions containing either 0.1 or
1 mM Ca 2�. The data were clear: the NMDG� reversal potential
shifted equally by �39.8  4.3 and �32.6  2.5 mV for solutions
containing 0.1 and 1 mM Ca 2�, respectively (from �56.6  3.3
and �54.6  2.3 mV; n � 7 for 0.1 mM and n � 17 for 1 mM

Ca 2�; p � 0.05). YOPRO-1 permeates only the I2 state (Khakh et
al., 1999; Virginio et al., 1999a). Because YOPRO-1 uptake and
NMDG� permeability changes occurred in 1 mM Ca 2�, these
data support the hypothesis that P2X2 channels undergo perme-
ability changes in the Na�-based physiological solutions used for
the dual electrophysiology and imaging experiments (see above,
Fig. 7).

Cytosolic conformational changes are absent in channels that
lack the I2 state
To test the relationship between the I2 state and changes in FY/FC

further, we studied channels that carry a mutation in the cytosolic
N terminus (T18A), because they display normal I1 but no I2

(Khakh et al., 2000). ATP-evoked currents (in Na� solutions; 100
�M ATP) at T18A-P2X2 (Boue-Grabot et al., 2000) and T18A-
P2X2-C/T18A-P2X2-Y were transient and decayed with a rate

Figure 4. Permeability changes at wt P2X2 channels. A, Steady-state current at �60 mV
from an HEK cell expressing P2X2 channels in extracellular buffer containing NMDG � instead of
Na � (154 mM). The ATP was applied for the periods indicated by the solid bars above the graph,
initially for �20 sec and then periodically for �100 msec (100 �M ATP). B, Current–voltage
relationships during the response evoked by the initial 20 sec pulse of ATP, starting at the peak
outward current (I1 ) and finishing at the peak inward current (I2 ). C, Current–voltage relation-
ships during the response evoked by brief 100 msec puffs of ATP (at the times indicated) after
the initial priming 20 sec pulse of ATP. D, A graph of average data from 11 cells showing the time
course of the shift in the reversal potential in NMDG � during the development of I2 and during
its reversal over time after ATP washout. Error bars represent SEM.

Figure 5. ATP-evoked currents for P2X channels in physiological solutions. The recordings
show ATP-evoked currents at �60 mV with 30 �M ATP applied for the times indicates by the
solid bars.
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constant (5.3  0.7 sec -1; n � 16) 30-fold faster than the transi-
tion from I1 to I2 (0.17  0.06 sec -1; n � 4) (Fig. 5). Moreover, no
time-dependent increase in NMDG� permeability could be
measured for T18A mutants (Table 1). We next determined
FRET e for T18A-P2X2-C/T18A-P2X2-Y channels in the resting
state, which was 26.3  6.2% (n � 6) (Fig. 8A,B) and not signif-
icantly different from that for P2X2-C/P2X2-Y channels (Figs. 1,
2), implying that the cytosolic domains are similar. At cells ex-
pressing T18A-P2X2-C/T18A-P2X2-Y channels, we measured ro-
bust ATP-evoked inward currents but no changes in the FY/FC

ratio during or after ATP (30 �M ATP) (Fig. 8C,D; traces for wt
P2X2 channels are superimposed for comparison). We suggest
that the T18A mutant lacks I2 because the permissive conforma-
tional change in the C-terminal tail is impaired. Consistent with
this hypothesis, previous work has suggested that the N and C
termini of P2X2 channels may interact (Boue-Grabot et al., 2000).

In the case of another member of the P2X family, P2X1-C/
P2X1-Y channels (Li et al., 2000) were also functional, gave robust
transient ATP-evoked currents (�774  174 pA) (Figs. 5, 8G),
displayed normal NMDG� permeability in the I1 state (Table 1),
and displayed significant FRET with an e of 18.9  4.3%, lower
than P2X2-C/P2X2-Y channels (Table 1, Fig. 8E,F). However,
P2X1 channels did not undergo permeability changes in response
to ATP (30 �M ATP) (Table 1) and also did not display changes in
FY/FC measured from cells in which ATP-evoked currents were
concomitantly recorded (Fig. 8G,H). Thus, wt (P2X1) and mu-
tant channels (T18A P2X2) lacking I2 also lack ATP-evoked
changes in FY/FC but otherwise function normally. This supports
the suggestion that changes in FY/FC are specific for conforma-
tional changes leading to the I2 state rather than the I1 state.

Immobilizing the cytosolic domains of P2X2 channels with a
genetically encoded tag hinders the I2 state and cytosolic
conformational changes
If increases in NMDG� permeability require a cytosolic confor-
mational change to occur, then it may be possible to prevent
permeability changes with an appropriate tag that impairs the
cytosolic conformational change. We used the PH domain of
phospholipase C 	 (PLC	) to test for this (Ferguson et al., 1995).
The PH domain displays micromolar affinity for membrane
phosphatidylinositol biphosphate (PIP2) and has been used
extensively to recruit proteins such as GFP to the membrane

Figure 6. Simultaneous electrophysiological recording and FY/FC imaging from the same
cells suggests a cytosolic conformational change. A–C, Pulses of ATP (20 sec; 30 �M). A, ATP-
evoked inward currents from HEK cells expressing P2X2-C/P2X2-Y channels (mean  SEM; n �
11 of 13; 2 cells showed robust currents but no change in FY/FC). B, Top, Representative trace for
FY/FC. Bottom, The average ratio of FY/FC for the same cells as in A. There was variability in the
recovery phase, but on average the FY/FC ratio at a time point corresponding to 200 –300 sec
was not significantly different from baseline before ATP. Superimposed are records from cells
(n � 13) in which we imaged the cell but did not puff any ATP. C, The same data superimposed
on an expanded time scale. D–F, Brief puffs (100 msec; 30 �M) of ATP. C, ATP-evoked inward
currents from HEK cells expressing P2X2-C/P2X2-Y (mean  SEM; n � 9 of 13; 4 cells showed
robust currents but no change in FY/FC). E, Top, Representative trace for FY/FC. Bottom, The ratio
of FY/FC for cells in D. F, The same data superimposed on an expanded time scale. In this and
other figures, the average current traces are shown with points for SEM at the times indicated.
For the FY/FC traces, the underlying traces are averages, but SEMs are shown only for every 10th
acquisition point. The asterisks indicate those data points that were significantly different from
the control period before ATP as judged by Dunnett’s tests with p � 0.05 taken as significant.

Table 1. Comparison of permeability changes, �FY /FC, and desensitization kinetics in physiological solutions for wt and engineered P2X channels tagged with CFP and YFP

wt P2X2 T18A P2X2 wt P2X1 P2X2-PH P2X2-PH � UTP n

Permeability
I1 NMDG� Erev (mV) �64.9  1.0 �62.1  1.5 �58.7  3.2 �64.2  1.1 �75.1  1.7c

5–23I1 pNMDG�/pNa 0.08  0.003 0.08  0.005 0.10  0.01 0.08  0.004 0.05  0.004
Erev I1 to I2 (mV) �23.9  2.7 �2 �2 �4.0  0.9 �19.5  5.5

5–23
Fold change in pNMDG�/pNa� 2.8  0.4 �0.1 �0.1 0.2  0.04 2.8  0.8
I2 Yes No No No Yes

FRET
Basal FRET e (%) 35.4  5.0 26.3  6.2 18.9  4.3 17.2  2.0 ND 6 –23
�FY/FC (%) �14.1  2.0 �1.7  2.2a �4.5  3.4a �1.9  1.8a �9.3  1.8 9 –23

Desensitization
�fast (sec) 74.5  14.4 0.22  0.04 0.058  0.008 8.8  1.6 35.3  6.7

5–14Amplitudefast (%) 54.0  5.3 84.0  3.0 93.7  2.0 29.5  3.6 65.1  5.5
�slow (sec) b 2.9  0.8 b 91.4  16.5 b

5–13Amplitudeslow (%) b 12.3  1.5 b 61.1  4.9 b

Plateau current (%) 46 4 6 9 35

ND, Not determined.
aThese values were not significant compared with the control period (Fig. 8).
bThese desensitization data were best fit by a single exponential (Fig. 5).
cThis value was significantly different from the others for I1 NMDG � Erev (see Results for discussion). The ATP concentration was 30 –100 �M.
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(Ferguson et al., 1995; Kobrinsky et al., 2003). We speculated
that the PH tag would tether the tips of the P2X2 cytosolic
domain to the plasma membrane. Reproducing the published
data, we found that the PH domain can recruit YFP to the
membrane (Fig. 9 A, B). We next tested P2X2 channels tagged
on their C termini with the PH domain (P2X2-PH, P2X2-
PH-C, and P2X2-PH-Y). We imaged (0.5–1 �m) confocal sec-
tions of cells expressing P2X2-Y and P2X2-PH-Y and noted
very profound membrane fluorescence in cells expressing
P2X2-PH-Y (Fig. 9D), whereas in cells expressing P2X2-Y,
there was additional intracellular fluorescence (Khakh et al.,
2001) (Fig. 9C). Fusion of the PH domain to the cytosolic
domain of P2X2 channels increased the current density ap-
proximately two- to fivefold (Fig. 9E), suggesting that the PH
tag results in increased plasma membrane expression of P2X2

channels. FRET e in cells expressing P2X2-PH-C/P2X2-PH-Y
at 17.2  2.0% (n � 5) (Fig. 10 A–D) was significantly lower
than that for P2X2-C/P2X2-Y channels at 35% (Figs. 1, 2). This
suggests that the PH tag splays the tails, but not to the extent
that the distance between them is so great that there is no
FRET at all. We suppose that the extent of splaying is a product
of the length and flexibility of the C tail and the size of the PH
domain itself (Ferguson et al., 1995). We next determined the
consequences of the PH tether on permeability changes by
testing for any differences between wt P2X2 channels and
P2X2-PH channels with respect to increases in pNMDG �/
pNa �. As expected, wt channels showed a robust 2.8  0.4-
fold increase in pNMDG �/pNa � (�23.9  2.7 mV shift in

Figure 7. Permeability changes occur in solutions used for electrophysiology and imaging.
A, Photomicrographs of an HEK cell bathed in YOPRO-1 (10 �M) containing extracellular solu-
tion (0.1 mM Ca 2�) before and at various times in ATP (30 �M). Note that clear increases in
YOPRO-1 fluorescence can be seen within 6 sec. B, C, Average time course for the increase in
YOPRO-1 fluorescence in response to ATP with 1 mM (B; n � 5) or 0.1 mM (C; n � 12) Ca 2� in
the extracellular buffer. The peak responses differed by �33%. It is problematic to interpret
this difference precisely, because the magnitude of the YOPRO-1 signal depends on the number
of channels in the membrane, the size of the cells, and the amount of nucleotides per cell and is
therefore not directly related to the extent of permeability changes. These experiments simply
indicate that YOPRO-1 uptake occurs in extracellular solutions containing Na � with 0.1 or 1 mM

Ca 2�. B, C, Images were acquired every second (the line shows the mean), but for clarity error
bars are only shown for every 10th point. D, Steady-state current at �60 mV from an HEK cell
expressing P2X2 channels in extracellular buffer containing NMDG � instead of Na � (154 mM)
with 1 mM Ca 2�. The ATP was applied for the periods indicated by the solid bars above the
graph. The bottom panel plots current–voltage relationships during the ATP-evoked response
at the peak outward current (I1 ) and at the peak inward current (I2 ). E, Same as in D but with 0.1
mM Ca 2� in the extracellular buffer. See Results for average data. Error bars represent SEM.

Figure 8. T18A P2X2-C/T18A P2X2-Y and P2X1-C/P2X1-Y channels expressed in HEK cells.
A–D, Data for T18A P2X2-C/P2X2-Y channels. A, A graph of the donor and acceptor intensity over
time during acceptor photodestruction for cells expressing T18A P2X2-C/T18A P2X2-Y. Note that
the donor emission intensity increases with a time course similar to the decrease in the acceptor
emission. B, Plot of donor fluorescence recovery versus acceptor loss. The y-axis intercept was
26.3  6.2% (n � 6), which is equal to FRET e for T18A P2X2-C/T18A P2X2-Y channels. C,
ATP-evoked inward currents from HEK cells expressing T18A P2X2-C/T18A P2X2-Y channels. D,
The ratio of FY/FC plotted on the same time axis for these cells. The ATP was applied for �100
msec (30 �M ATP); there was no change in FY/FC. Superimposed for comparison are responses
for wt P2X2-C/P2X2-Y channels for 100 msec and 20 sec applications of ATP (see Fig. 6). E–H,
Data for P2X1-C/P2X1-Y channels. E, A graph of the donor and acceptor intensity over time
during photodestruction of YFP for cells expressing P2X1-C/P2X1-Y. Note that the donor emis-
sion intensity increases with a time course similar to the decrease in the acceptor emission. F,
Plot of donor fluorescence recovery versus acceptor loss. The y-axis intercept was 18.9  4.3%
(n � 8), which is equal to FRET e for P2X1-C/P2X1-Y channels. G, H, ATP-evoked inward currents
from an HEK cell expressing P2X1-C/P2X1-Y channels (G), and the ratio of FY/FC plotted on the
same time axis for these cells (H). The ATP (30 �M) was applied for �100 msec; there was no
change in FY/FC. Error bars represent SEM.
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Erev; n � 17) and slow desensitization in Na � solutions (Fig.
5). In marked contrast, P2X2-PH channels showed no signifi-
cant increase in pNMDG �/pNa � (0.2  0.05-fold; �4.0  0.9
mV shift in Erev; n � 15) (Fig. 11 A) and displayed significantly
faster desensitization (Fig. 5, Table 1). These data support the
hypothesis that the physiological correlate of I2 is a slowly
desensitizing plateau current in Na � solutions. Based on our
work with wt, T18A mutant, and P2X1 channels (see above),
we would expect that P2X2-PH-C/P2X2-PH-Y channels would
also not show changes in FY/FC. This was the case; although we
measured robust ATP-evoked inward currents, we found no
evidence of changes in FY/FC (�1.9  1.8% change; n � 5)
(Fig. 11 B). Seemingly, P2X2 channels with immobilized–
splayed cytosolic domains do not undergo permeability
changes, display a faster component to desensitization, and do
not display changes in FY/FC.

Freeing the immobilized cytosolic domain restores the I2 state
and cytosolic conformational changes
If tethering the cytosolic domain of P2X2 channels leads to im-
paired permeability changes, is it possible to cleave the tether and
restore permeability changes? This experiment is feasible because
the PH domain has high affinity for inositol 1,4,5 triphosphate

(IP3) (�2 nM) relative to PIP2 (�3 �M). In a resting cell, this
means that PH-Y is bound to plasma membrane PIP2, but when
PIP2 is cleaved and IP3 is generated, the PH-Y molecule is freed
and moves in to the cytosol in seconds (Stauffer et al., 1998). We
tested for this under our conditions by imaging PH-Y over time
in HEK cells expressing hP2Y4 receptors (Filippov et al., 2003)
that are expected to cleave PIP2 through activation of PLC. We
used the hP2Y4 receptor as the trigger to cleave PIP2 because it is
activated by UTP and not by ATP (Filippov et al., 2003). In con-
trast, ATP and not UTP activates P2X2 channels (North, 2002).
After UTP addition to the bathing medium, translocation of
PH-Y to the cytosol was observed in �10 sec, was maintained for
�20 –30 sec in the presence of UTP, and then reversed such that
the fluorescence returned back to the periphery of the cell (n �
10) (Fig. 10E–H). We used these conditions to cleave PIP2 in an
attempt to free the cytosolic domain from its nonpermissive con-
formation in P2X2-PH channels and then applied ATP to
voltage-clamped cells to determine NMDG� permeability (UTP
itself did not affect the function of P2X2 channels). Under these
conditions, the channels did show an increase in NMDG� per-
meability (Fig. 11C). Thus, when we applied UTP in the bathing
medium for �20 sec and then pulsed ATP for �30 sec to measure
changes in pNMDG�/pNa�, we recorded a significant 2.8 
0.8-fold increase in NMDG� permeability (�19.1  5.4 mV shift
in Erev; n � 11; 100 �M ATP) (Fig. 11C) that was almost identical
to wt P2X2 channels but significantly larger than the minor
changes recorded from P2X2-PH channels with no UTP applied
(Fig. 11A). Interestingly, application of UTP also converted fast
desensitization of P2X2-PH channels measured in Na� solutions
to a slower form, which more closely resembled wt P2X2 (Fig. 5,
Table 1). Interestingly, for cells expressing P2X2-PH-C/P2X2-
PH-Y channels (after a 20 sec pulse of UTP), we measured robust
ATP-evoked inward currents and significant changes in FY/FC

(�9.3  1.8%; n � 7) (Fig. 11D) that were not significantly
different from those observed with P2X2 channels (Fig. 11D, su-
perimposed in gray for comparison; Table 1).

We did not measure significant changes in FY/FC for P2X2-
PH-Y/P2X2-PH-C channels after UTP application alone (1.7 
3.1% change in FY/FC; n � 6), although UTP application restored
permeability changes and ATP-evoked changes in FY/FC (Fig.
11). This suggests that the most distal parts of the C tail may
remain splayed even after UTP application, whereas functional
domains within the tails that are permissive for permeability
changes and cytosolic conformational changes are restored. Ad-
ditional details must await high-resolution structural informa-
tion, but our previous work suggests that residues permissive for
the I2 state are indeed located �20 residues before the last amino
acid (Eickhorst et al., 2002). Interestingly, in the presence of UTP,
P2X2-PH channels displayed an initial reversal potential (in
NMDG�) that was �10 mV more negative than either P2X2 or
P2X2-PH channels (Table 1). This suggests that after PIP2 cleav-
age and untethering of the cytosolic tail, P2X2-PH channels adopt
a conformation whereby the permeability to NMDG� is low in
the I1 state. However, these channels still show shifts in reversal
potential and increases in permeability that are identical to those
for wt P2X2 channels and significantly smaller than those for
P2X2-PH channels in the presence of ATP (Table 1). We interpret
these data to indicate that by untethering the cytosolic domain,
the ability to undergo permeability changes and enter the I2 state
is restored. Overall, there was good correlative agreement be-
tween ATP-evoked increases in NMDG� permeability and
changes in FY/FC in terms of activation time (Table 1) and mag-

Figure 9. The PH domain recruits YFP to the plasma membrane and increases P2X2 current
density in the plasma membrane. A, Photomicrograph of HEK cells expressing cytosolic YFP.
Note the cytosolic distribution of fluorescence revealed in the line profile. B, Photomicrograph of
two neighboring HEK cells expressing PH-YFP; fluorescence is localized to the plasma mem-
brane. C, Photomicrograph of HEK cells expressing P2X2-Y with membrane and intracellular
fluorescence. D, Photomicrograph of HEK cells expressing P2X2-PH-Y. Note the fluorescence
localized predominantly to the plasma membrane. E, Summary bar graph showing peak ATP-
evoked current densities from HEK cells expressing various cDNAs, as indicated (n � 6 –15).
Error bars represent SEM.
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nitude (Fig. 12), suggesting that the two
measures may report a common–related
conformational transition(s) in P2X2

channels.

Discussion
The data suggest that the cytosolic domain
of P2X2 channels undergoes a conforma-
tional change that is correlated with per-
meability changes and in the simplest case
is consistent with an expansion and/or ro-
tational movement within this domain.
Our experiments cannot discriminate be-
tween changes in interfluorophore dis-
tance and relative orientation. Previous
work suggested that CFP and YFP adopt
random orientations when tagged to the C
termini of other proteins, allowing FRET
to be interpreted in terms of distance
(Riven et al., 2003; Zheng et al., 2003). Re-
gardless, together, our data suggest a link
between state-specific cytosolic conforma-
tional changes and entry into the I2 state.
The most salient findings are summarized
in a model available as supplemental ma-
terial (available at www.jneurosci.org).

In a recent model of G-protein-gated
inwardly rectifying K� channels, a confor-
mational change in the cytosolic domain
was proposed to be sufficient to open the
pore (Riven et al., 2003). From this work, it
was unclear whether the cytosolic confor-
mational change occurred before channel
opening or was a consequence of it (Evans
and Yue, 2003; Riven et al., 2003), primar-
ily because access of the agonist to the re-
ceptors was slow. We have managed to cir-
cumvent this limitation, because P2X2

channels are predominantly found in the
plasma membrane and are amenable to
study with rapid agonist applications.
FRET efficiencies for P2X2 channels with
epifluorescence and TIRF microscopy
were nearly identical, implying that sub-
membrane fluorescence contributed little
to our measurements. Time-resolved
measurements favor the idea that cytosolic
conformational changes are not simply a
reflection of changes in the pore, because
they persist even when the pore is closed.

How does the disposition and movement of the cytosolic do-
main relate to changes in the pore? Previous work (Eickhorst et
al., 2002) suggested that the narrowest region of the P2X2 pore
dilates by �3 Å, resulting in an increase in the area by at least
60 –72 Å 2. Interestingly, the FRET efficiency for P2X2 channels
with long C termini (�120 residues) was significantly higher than
for P2X1 channels with smaller C termini (�20 residues) at 35
and 19%, respectively (Table 1). This approximates to distances
of 25 and 34 Å between the three tips of the C termini in a trimeric
channel. Assuming that P2X channels have similar transmem-
brane domain organization, this implies that the P2X2 cytosolic
domain may narrow by �9 Å, like an inverted tripod, from near
the plasma membrane (supplemental material, available at www.

jneurosci.org). The FRET efficiency for P2X2-PH channels (17%)
suggests that the cytosolic domain in these channels does not
narrow, resulting in a conformation that is nonpermissive for
permeability changes (Table 1). Overall, the data indicate that
gating motions may involve distances of no more than a couple of
angstroms from the resting conformation of the C tail with tips
�25 Å apart, whereas larger changes of �10 Å, as in P2X2-PH
channels, result in nonpermissive states. A question that arises
from our work is exactly how the binding of ATP to the extracel-
lular surface can cause motions in the cytosolic domain, given
that they have to propagate through the transmembrane seg-
ments. The atomic scale details of this will have to await a high-
resolution model of the whole channel, but we may be able to

Figure 10. FRET e for P2X2 channels tagged with the PH domains suggests a splayed cytosolic domain. A, B, Donor ( A) and
acceptor ( B) emission images of an HEK cell expressing P2X2-PH-C/P2X2-PH-Y channels before and after photodestruction of the
YFP. C, A graph of the donor and acceptor intensity over time during acceptor photodestruction for cells expressing P2X2-PH-C/
P2X2-PH-Y. The donor emission intensity increases concomitantly with the decrease in the acceptor emission. D, A plot of donor
fluorescence recovery versus acceptor fluorescence loss. E, Diagrammatic representation of PH-YFP bound to plasma membrane
PIP2 in the resting state and cytosolic PH-YFP after PIP2 has been cleaved. F, Photomicrographs of a cell expressing PH-YFP and
hP2Y4 receptors before, during, and after UTP (50 �M). G, The intensity of a region of interest from the edge of the cell shown in
F and the intensity of an equally sized region from the cytosol area. H, Summary of 10 experiments like those illustrated in F and
G with baseline fluorescence normalized to 100% for both the membrane and cytosolic ROI (n � 10). Error bars represent SEM.
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extend our work to map individual moving residues within single
P2X2 ion channels by using small cysteine-reactive fluorophores
(Sonnleitner et al., 2002) and to directly discriminate between
distance and rotational movements of these residues with patch-
clamp photochemistry (Leite et al., 2003). However, there is pre-
cedence for small extracellular ligands causing cytosolic changes
in transmembrane proteins. For example, the binding of small
molecule transmitters to G-protein-coupled receptors can cause
conformational changes that ultimately change the conforma-
tion of G-proteins and effectors that are intracellularly bound
(Hille, 2001). In the case of receptor tyrosine kinases, binding of
extracellular ligand triggers activation of cytosolic domain enzy-
matic activity (Alberts et al., 2002). More recently, there has been
FRET-based evidence for cytosolic domain separation for inte-
grins as a result of binding extracellular ligand (Kim et al., 2003).
As far as we know, our findings are the first to show that binding
of extracellular transmitter can cause state-specific cytosolic mo-
tions in an ion channel.

Given that P2X channels discriminate poorly between cations,
will permeability changes result in measurable pathological or
physiological effects? In the case of P2X7 channels, there is evi-
dence to suggest that permeability changes may be associated
with morphological changes, cell death, release of signaling mol-
ecules, and vesicle shedding (Surprenant et al., 1996; Rassendren
et al., 1997; Virginio et al., 1999b; MacKenzie et al., 2001; North,
2002; Duan et al., 2003). By analogy, a physiological role for P2X2

channel permeability changes may also be expected (Khakh and
Lester, 1999; Khakh et al., 1999; Virginio et al., 1999a; Fujiwara
and Kubo, 2004). Indeed, broadly consistent with the morpho-
logical changes associated with P2X7 channel activation (North,
2002), previous studies have also described ATP-evoked changes
in neuronal dendritic morphology because of enhanced ion flow
through the P2X2 channel I2 state (Khakh et al., 2001). It is also
possible that permeability changes, and the associated pore dila-
tion, may allow intracellular solutes to leave the cell down their
concentration gradients, as well as allowing more ions to enter
the cell from the extracellular milieu. This was first demonstrated
for P2X7-like channels in mast cells (Cockcroft and Gomperts,
1979) and more recently for astrocytes that release glutamate and
aspartate into the extracellular space when P2X7 channels un-
dergo permeability changes (Duan et al., 2003). It will be of in-
terest to determine whether P2X2 channels that are found in pre-
synaptic terminals (Khakh et al., 2003) also directly allow the
passage of neurotransmitters into the extracellular space. Fur-
thermore, lack of fast desensitization is a defining feature of re-
combinant and native homomeric (and some heteromeric) P2X2

subunit-containing channels (North, 2002). Our data suggest
that the molecular motions correlated with permeability changes
may also contribute to sustained slowly desensitizing P2X2 re-
sponses, implying that permeability changes contribute to en-
hanced ion flow in physiological solutions. It is also noteworthy
that recent work on P2X2 channels shows that differences in rel-
ative ion permeability arise because of specific polar residues in
the pore region, perhaps because they are optimally positioned to
provide a favorable environment for passing ions (Migita et al.,
2001; Egan and Khakh, 2004). Given that the P2X2 channel pore
dilates by �3 Å (Eickhorst et al., 2002), it is tempting to speculate

Figure 11. Permeability changes and FY/FC changes at PH-tagged P2X2 channels in the
absence and presence of UTP to cleave PIP2. A, B, Experiments in the absence of UTP for PH-
tagged P2X2 channels. A, Experiments with NMDG � replacing Na �. Top, Steady-state currents
at �60 mV in the absence of UTP (100 �M ATP). Bottom, The reversal potential of the ATP-
evoked response shown in the top panel, starting at the peak of the outward current over time,
up to 8 sec into ATP. B, Top, ATP-evoked inward current in Na � solutions (30 �M ATP); bottom,
the FY/FC ratio over time. C, D, Experiments in the presence of UTP for PH-tagged P2X2 channels.
C, Experiments with NMDG � replacing Na �. Top, Steady-state currents at �60 mV (100 �M

ATP) in the presence of UTP. Bottom, The reversal potential of the ATP-evoked response shown
in the top panel, starting at the peak of the outward current over time, up to 8 sec into ATP. D,
Top, ATP-evoked current (30 �M ATP) in Na � solutions; bottom, the FY/FC ratio over time, after a
20 sec pulse of UTP to cleave PIP2 (see Results and Table 1 for average data). Bottom, The traces
for P2X2 channels are superimposed in gray for comparison (see Fig. 6). Error bars represent SEM.

Figure 12. Correlative relationship between the magnitude of NMDG � permeability in-
creases and �FY/FC. The scatter graph plots the relationship between the magnitudes of �FY/FC

and the shift in NMDG� reversal potential for various wt and engineered rP2X2 channels (raw
data are in Table 1). The dotted line represents a linear fit to the data and has the form �FY/
FC(%) � �0.603 (�Erev; mV) � 1.221. Error bars represent SEM.
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that the mechanisms that determine preferential flow of one ion
over another may also change. In future work, it will be important
to test this hypothesis for Na�, K�, and Ca 2� (Migita et al., 2001;
Egan and Khakh, 2004). From the perspective of ATP signaling,
cytosolic conformational changes in other P2X channels may also
offer a simple interpretation for several physiological responses
that are described but incompletely understood. These include
how ATP triggers endocytosis of some P2X channels (Li et al.,
2000; Bobanovic et al., 2002), P2X7 channel interactions with
intracellular proteins (Kim et al., 2001), and activation of intra-
cellular signal transduction pathways (North, 2002). Cytosolic
gating motions may also allow P2X channels to directly interact
with intracellular processes and add a temporal dimension to
ATP signaling that could outlast the surge of extracellular ATP. It
is interesting that many ion channels possess structured cytosolic
domains that sit on the inner aspects of the pore (Chang et al.,
1998; Miyazawa et al., 1999; Sokolova et al., 2001; Higgins et al.,
2002; Jiang et al., 2002; da Fonseca et al., 2003; Kuo et al., 2003).
In the case of serotonin-gated 5-HT3 channels, cytosolic residues
have been shown recently to affect channel conductance (Kelley et
al., 2003). It may be of interest to determine whether cytosolic gating
affects pore properties such as conductance and permeability in
these and other channels and allows them to communicate with
intracellular processes and therefore impact signaling.
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