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Abstract

We present a noninvasive approach to track activation of ATP-gated P2X receptors and potentially
other transmitter-gated cation channels that show calcium fluxes. We genetically engineered rat
P2X receptors to carry calcium sensors near the channel pore and tested this as a reporter for P2X,
receptor opening. The method has several advantages over previous attempts to image P2X
channel activation by fluorescence resonance energy transfer (FRET): notably, it reports channel
opening rather than a conformation change in the receptor protein. Our FRET-based imaging
approach can be used as a general method to track, in real time, the location, regional expression
variation, mobility and activation of transmitter-gated P2X channels in living neurons /n vitro and
in vivo. This approach should help to determine when, where and how different receptors are
activated during physiological processes.

The cation selective superfamily of ionotropic receptors, comprising the Cys-loop,
glutamate and P2X receptor families?, collectively underlie excitatory fast synaptic
transmission at most synapses in the nervous system. Thus it would be informative to
measure activation of specific ionotropic receptors in defined cell types in real time and with
micrometer-scale precision. We present a generally applicable approach that achieves these
goals for P2X receptors.

The role of ATP signaling in the nervous system is well established?-3. We focused on ATP-
gated P2X receptors because they are the least understood ionotropic receptors®. P2X
receptors comprise a family of seven subunits (P2X,—P2X5), several of which are expressed
in neurons3. Mice expressing genetically altered P2X subunits (including P2X5) show
defects in nervous system function3-2. Ideally, it would be useful to be able to image
neurons (or a network) to ‘see’ where P2X, receptors are, to ‘see’ how their density varies,
and to ‘see’ when the receptors are activated. The first two possibilities can be achieved by
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using genetically encoded optical tags such as GFP87, but so far there has not been a method
to image activation of P2X receptors. We therefore sought to develop a single approach that
achieves all three aims. Our previous attempt to measure P2X5 receptor activation by FRET
provided readouts of a conformational change, but was unsuitable for imaging receptor
activation®. The approach that we report here overcomes those limitations.

The pores of transmitter-gated cation channels, including P2X, show permeability to Ca*
ions during channel opening®°. Inspired by work on Drosophila neuromuscular junctionsi®,
Na* pumps!! and Ca2* channels!2, we made use of this feature in designing a genetically
encoded method for imaging P2X receptor activation. Three advances have made our work
on P2X channels feasible. First, the development of genetically encoded FRET-based Ca2*
sensors1314 has made it possible to image Ca2* fluxes in a genetically encoded manner.
Second, nanodomain Ca?* entry through muscle nicotinic channels'® has been measured
with an organic Ca2* indicator dye with an affinity of ~3 M. Third, the fraction of the
current carried by Ca2* in P2X receptors is ~3—14% (ref. 9), which is similar to that in
muscle nicotinic channels!®. On the basis of these data, we considered that the fusion of
Ca?* sensors, with affinity in the micromolar range, onto tolerant positions of the P2X,
receptor cytosolic domain would allow optical readouts of activation. Our data show that
P2X receptor activation and location can be imaged with FRET microscopy /n vitroand in
Vivo.

P2X5,-cam receptors are functional

We engineered P2X, receptors to carry genetically encoded YC3.1 tags (P2X,-cam; Fig.
1a), which can be used to measure relatively large Ca?* transients that are above
background?6. The Ca?* affinity of YC3.1 at ~2 uM is close to that of the organic Ca2*
indicator dye Fluo-4 dextran, which has been used to image Ca?* entry through nicotinic
channels!®16, We reasoned that indicators with micromolar Ca2* affinity would be ideal
because only 3—-14% of the P2X current is carried by Ca?*. YC3.1 was fused to the carboxy
(C) terminus of P2X, (ref. 17). YC3.1 contains cyan fluorescent protein (CFP) and yellow
fluorescent protein (YFP) separated by a Ca2* sensor domain, which undergoes a
conformational change on Ca2* binding, altering CFP-YFP proximity and resulting in an
increase in FRET3.14, For initial characterization, we expressed P2X,-cam receptors in
human embryonic kidney (HEK) 293 cells (Fig. 1). We observed strong YFP and CFP
fluorescence for P2X,-cam receptors that localized to the plasma membrane and no
evidence of protein degradation (Supplementary Fig. 1a,b online).

P2X5-cam receptors were functional and their ATP-evoked currents were similar to those of
wild-type P2X,. For wild-type P2X,, the effective concentration for half-maximum response
(ECsp) and Hill slope for the ATP concentration-response were 12 + 2 uM (negative
logarithm of ECsq (pPECg) =-5.0 £ 0.08) and 1.9 £ 0.2 (7= 13; Supplementary Fig. 1c).
For P2X,-cam receptors, they were 14 + 2 uM (pEC59 =—4.9 £ 0.05) and 2.0 £ 0.2 (n=9; P
> 0.05 for pECsq values by Student's unpaired #test). The peak current densities for P2X,-
cam receptors tended to be larger than those for wild-type P2X5 (=293 + 50 and —190 + 20
pAJ/pF, respectively; £=0.04). Thus, overall there were no functional deficits in P2X,-cam
receptors. We also verified that P2X,-cam receptors were permeable to Ca?*
(Supplementary Methods online). The ratio of Ca2* to Cs* permeability (pCa2*/pCs*) for
P2X5-cam receptors and wild-type P2X5 receptors was not significantly different (2.7 + 0.4
(n=7)and 3.7 £ 0.2 (n=5), respectively; P=0.08, Student's unpaired £test), and consistent
with past measurements®. The FRET efficiency of YC3.1 in P2X,-cam was also similar to
previous estimates® (24.5 + 0.6%, 7= 12; Supplementary Fig. 2 online).
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FRET for P2X,-cam reports receptor activation in HEK cells

We made whole-cell patch-clamp recordings from HEK cells while simultaneously
recording YFP and CFP emission with a custom setup® (Supplementary Fig. 3 online) to
determine whether FRET changes occurred during receptor activation (Fig. 1b). We plotted
whole-cell currents, YFP (F~y) and CFP (F¢) intensities, and the ratio of YFP to CFP
intensity (~//Fc) over time (Fig. 1b). On ATP application, we recorded inward currents, an
increase in Ay, a decrease in /¢ and an increase in the A/ F¢ ratio indicative of an increase
in FRET (Fig. 1b). These changes were readily observable by eye from the images of ~.and
Fc, and from the ~//Fc traces (Fig. 1b,c).

We determined whether some of the ATP-evoked FRET signal (Fig. 1b) was contaminated
by changes taking place inside the cell, such as changes due to global increases in Ca2*.
First, we repeated the FRET experiments by combining FRET with total internal reflection
fluorescence (TIRF) microscopy (Supplementary Fig. 4 online). We found that the ~//Fc
changes were almost identical between epifluorescence and TIRF microscopy (36 £ 3 (n=
10) and 37 £ 3% (1= 15), respectively), indicating that channels in the plasma membrane
show increased FRET in response to ATP. Second, we found that the P2X,-cam
FRETsignals were not simply due to increases in global Ca2*, because the FRET and global
Ca?* signal kinetics were distinct, and because an increase in global Ca2* in the cells did not
lead to an increase in FRET for P2X5-cam (Supplementary Note 1 online). In addition,
using FRET between CFP and YFP attached to the amino (N) and C termini of the P2X,
receptor, we estimated that the distance between the C tail tip (where YC3.1 was attached)
and the inner aspect of the pore was ~6 nm. Thus, the YC3.1 moiety was attached to P2X»
receptors in a nanodomain (Supplementary Note 2 online).

To explore the relationship between FRET and ATP-evoked currents, we compared the time
course of the inward currents to the change in A¢/Fc and to total charge transfer? obtained
by integrating the currents (expressed in Coulombs; Fig. 1d). Application of ATP evoked a
robust increase in FRET with a time course similar to the ATP-evoked current (Fig. 1d).
Both ATP-evoked currents and FRET signals were absent in P2X,-cam receptors carrying
K69A mutations (Fig. 1€) that disrupt ATP binding®8, ruling out any detectable contribution
of endogenous P2Y receptors to the responses. By contrast, only the FRET changes were
abolished in cells bathed in nominally Ca2*-free extracellular solutions (Fig. 1f). Overall,
these data indicate that the FRET increases are due to ATP activation of P2X,-cam receptors
themselves and to Ca2* flow through the pore.

FRET for all homomeric P2X receptors

We tagged all P2X subunits with Ca2* sensors to determine whether ~//Fc changes could
be recorded in response to ligand activation for all homomeric receptors, (Supplementary
Fig. 5 online). We detected robust ~//Fc changes for all homomeric P2X receptors with the
exception of nonfunctional P2Xg channels®. For a specific set of experiments, the ~/Fc
changes (%) were P2Xq, 7 £ 2% (n=7); P2X5, 43 £ 2% (n=6); P2X3, 10 £ 3% (n=15);
P2X4, 34 £ 3% (n=6); P2X5, 5+ 1% (7= 6); P2Xg, 1 £ 0.4% (n=4); and P2X7,9 £ 2% (n
= 4). In comparison, the fractional Ca2* currents for these channels are 12, 6, 3, 11, 5, 0 and
5%, respectively®, values that span those of many nonselective cation channels including
AMPA, nicotinic, 5SHT3, NMDA and TRP receptor channels®. Thus, FRET imaging with
Ca?* sensor tags may be useful for imaging the activation of nonselective cation channels in
general.

Comparison of FRET imaging with electrophysiology

The standard method for measuring transmitter-gated ion channel responses is whole-cell
patch-clamp recording. We directly compared patch-clamp recordings of ATP-evoked
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inward currents and FRET signals for our reporter (Fig. 2 and Supplementary Fig. 6
online). The normalized data indicated that the ECgq (10 M) and Hill slope (~2) values
were indiscernible from those for ATP-evoked current measurements at P2X,-cam or wild-
type P2X, receptors measured with patch-clamp recording (Fig. 2b,c). In addition, the
duration and rundown of the FRET responses followed those of the ATP-evoked current
(Supplementary Fig. 6). These data suggest that P2X,-cam receptor activation can be
tracked by FRET with response profiles and ATP sensitivity similar to those recorded by
whole-cell patch-clamp recording.

P2X,-cam receptors in hippocampal neurons

We expressed P2X,-cam receptors in hippocampal neurons, where native P2X, receptors
are also found1®20, We observed strong yellow and cyan fluorescence throughout the
somatodendritic compartment, including in fine filopodia and in distal dendrites up to > 100
pwm away from the soma (Fig. 3a). The fluorescence was strongly localized at the
membrane, and there were hotspot regions along the dendrites?® (Fig. 3a,b).

We measured fluorescence recovery after photobleaching (FRAP) of P2X,-cam in somatic
and dendritic regions of hippocampal neurons (Fig. 3c) to estimate the average mobility of
P2X,-cam receptors?! (Fig. 3d). There was a significant difference in the FRAP time
constants between somatic and dendritic regions: P2X,-cam receptors moved 30% slower in
the hippocampal neuron somata than in the dendrites (P < 0.01; Fig. 3€). The estimated
diffusion coefficients (D) of P2X, receptors were ~0.02 and ~0.01 um?/s, implying that the
receptors would diffuse ~0.2 and ~0.14 um in ~1 s in one dimension in the dendritic and
somatic regions, respectively. These values of D are consistent with those generally
expected for membrane proteins?!. The difference in mobility between somatic and dendritic
regions emphasizes a useful feature of P2X,-cam: namely, because each P2X, receptor
carries three YC3.1 tags, intrinsic fluorescence can be used to track the regional variation
and mobility of the receptors.

P2X,-cam receptor activation in hippocampal neurons

We measured the FRET efficiency of P2X,-cam receptors in hippocampal neurons
(Supplementary Fig. 7 online) and found that it was close to that in HEK cells (21.5 =
1.4% for somata, 7= 11; 19.4 + 2.4% for dendrites, 7= 7). We then determined whether
ATP evoked changes in FRET from neurons expressing P2X,-cam. We puffed 100 uM ATP
for ~1-3 s to the soma or dendrites and measured increases and decreases in A~y and F¢,
respectively (Fig. 4a—d). Thus, P2X5-cam channels are functional in hippocampal neurons,
and their activation can be tracked in spatially distinct neuronal compartments.

The magnitude of the FRET change in response to ATP in neuron somata was similar to that
in HEK cells (Fig. 4€). In dendrites, the signal was smaller but statistically significant (Fig.
4e; P<0.05). We observed no changes in /Ay or F¢ in hippocampal neurons expressing
KB69A P2X,-cam, which is deficient in ATP binding®8 (Fig. 4e). Thus, the FRET responses
represent activation of P2X,-cam receptors rather than an unknown ATP-triggered
mechanism. The K69A mutant P2X,-cam receptors are valuable controls because they
indicate that spontaneous neuronal Ca2* changes do not contribute to the FRET signal.

Endogenous ATP release from hippocampal neurons

Because ATP is released from hippocampal neurons during electrical stimulation of afferent
fibers?2 and by synaptic transmission?3:24, we tested the possibility that P2X,-cam receptors
may report receptor activation in hippocampal neurons. We monitored A, Fc and A/ F¢c

traces over a 300-s time window (7= 20) and found no evidence for changes in any of these
parameters, suggesting that under resting conditions insufficient ATP is released to activate
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P2X,-cam receptors, a finding that is consistent with the rarity* of spontaneous P2X-
mediated excitatory postsynaptic currents. We used electrical field stimulation (EFS) of
hippocampal neurons to evoke transmitter release in culture?®. We began by applying 90
action potentials in a 3-s window and plotting the change in ~//Fc from neurons expressing
P2X5-cam receptors (Fig. 5). Increases in FRET were measured in all neurons (n= 26) for
more than three action potentials (Fig. 5¢). We therefore used 90 action potentials as a
reproducible and robust signal to probe further the nature of the FRET signal.

We explored the possibility that FRET signals represent the release of endogenous ATP
(Fig. 5a,b). First, we repeated the experiments with inhibitors of AMPA (CNQX) and
NMDA (APV) receptors in the bath (30 wM; 7= 6). These inhibitors did not reduce the
P2X,-cam FRET signal in response to EFS, indicating that Ca2* entry through glutamate
channels contributes little to the measured signal. FRET changes were, however, completely
blocked by the P2X antagonist PPADS3 (10 wM; 7= 5), and were not observed in neurons
expressing K69A P2X,-cam receptors (1= 5; Fig. 5a,b). These data suggest that the EFS
evoked P2X,-cam FRET signal is due to endogenous ATP release. We also used TTX (250
nM; 1= 5) and Cd2* (30 wM; 77 = 4) to block voltage-dependent Na* and Ca2* channels,
respectively, and found that the FRET change was largely reduced (Fig. 5a,b), implying that
EFS causes action potential firing and Ca2* channel-dependent ATP release from nerve
terminals®5.

To test this possibility further, we used bafilomycin, an inhibitor of vesicular transmitter
release. If the EFS-evoked FRET change were due to vesicular ATP, then bafilomycin
should block it. Indeed, we observed no significant EFS-evoked increases in ~A¢/Fc in the
presence of bafilomycin (n=5; Fig. 5a,b). We also tested the effect of apyrase, because if
the EFS-evoked A,/ F¢ signals were due to endogenous ATP, then this ATPase should
degrade ATP and thus decrease the FRET signal. Consistent with this idea, we observed
negligible A/ Fc changes in the presence of apyrase (10 U/ml; n= 6; Fig. 5a,b). We also
determined whether endogenous ectoATPases shaped the EFS-evoked FRET signal by
testing the actions of ARL67156, an ectoATPase inhibitor (30 uM; Fig. 5a,b). In the
presence of ARL67156, the FRETsignals tended to be larger but did not reach statistical
significance (Fig. 5a,b), suggesting that endogenous ectoATPases contribute little to the
FRET responses. These pharmacological experiments indicate that EFS may evoke the
release of vesicular ATP, which binds to P2X,-cam receptors to cause FRET changes. Thus,
the change in A~/ Fc is not observed in the presence of PPADS or for K69A P2X,-cam
receptors, and is sensitive to TTX, Cd?*, bafilomycin and apyrase (Fig. 5b).

We next analyzed the rising phase of the EFS-evoked ~//Fc change under control
conditions (Fig. 5d) to determine whether the concentration of ATP experienced by open
P2X5-cam receptors could be estimated. We plotted the ~//Fc change versus the number of
action potentials, and estimated the ATP concentration on the basis of the ATP dependence
of the FRETsignal shown in Figure 2c (Fig. 5d). These experiments suggest that the
relationship between A//Fc and action potentials is linear up to 90 action potentials,
predicting that one action potential evokes a negligible change in FRET (<0.5%). In
addition, the data and analysis suggest that 30-90 action potentials give rise to FRETsignals
equivalent to those triggered by ~3-6 tM ATP, implying that the amount of ATP liberated
during action potential firing is small and below the level expected to saturate postsynaptic
P2X receptors.

Sensory neuron expression and receptor activation in vivo

P2X subunits are expressed in zebrafish somatosensory neurons26-31, At early stages of
development, P2X3 orthologs predominate in sensory neurons of zebrafish39:31, but P2X,
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orthologs also exist at later developmental stages32. We cloned a putative promoter for the
gene encoding P2X3 from the pufferfish Fuguand used it to drive expression of the GAL4-
VP16 transcription factor (Supplementary Fig. 8 online), which in turn induced expression
of P2X,-cam, cytosolic GFP or K69A P2X,-cam receptors in zebrafish peripheral sensory
neurons in vive231, Fluorescence was observed in both sensory trigeminal ganglion and
Rohon-Beard (RB) neurons31. We subsequently focused on the RB neurons, which are the
functional equivalents of dorsal root ganglion neurons in zebrafish at early stages of
development. Initially, we compared the expression of GFP in RB neurons30:31, P2X,-cam
receptors were readily observable but showed less intense fluorescence than cytosolic GFP
in RB neuron somata and neurites (Supplementary Fig. 8). We visually examined 20
images of P2X,-cam- and GFP-expressing RB neurons, and found that the overall
expression pattern, location and morphology of neurons were indistinguishable33 (see
Supplementary Fig. 8 for two examples of each). We conclude that the Fugu P2X3
promoter drives the expression of P2X,-cam and GFP in a common set of RB neurons, and
that P2X5-cam expression does not alter the morphology of these neurons.

We measured FRET for P2X,-cam receptors in RB neurons /7 vivo and found that the
FRET efficiency was 20 = 3% (n = 6; Fig. 6a,b), which was not significantly different to our
earlier measurements in HEK cells or in hippocampal neuron somata or dendrites (~> 0.05;
Tukey's one-way analysis of variance). We then used a patch-pipette filled with 100 uM
ATP, positioned within 100 wm of fluorescent RB neurons, to puff on ATP with a
picospritzer, and imaged Ay, Fc and A/ Fc over time with a beam splitter (Supplementary
Fig. 3). On application of ATP, we observed ratiometric changes in YFP and CFP
fluorescence and robust increases in ~//F¢ (see the example in Fig. 6¢,d, and the scatter
graph of 14 fish and images in Fig. 6€). In relation to the data obtained in HEK cells and
hippocampal neurons, the /n vivo data were more variable, perhaps because of movement of
the zebrafish. We did not detect ratiometric FRET changes in RB neurons expressing P2X5,-
cam receptors in response to puff applications of buffer alone (7= 17), or in RB neurons
expressing K69A P2X,-cam receptors in response to ATP application (7= 34). These
experiments suggest that P2X,-cam reports receptor activation /n vivo, and that the method
can be extended to all P2X receptors in zebrafish owing to the favorable optical qualities of
this organism26-31,

DISCUSSION

We have shown that a FRET-based imaging approach can be used to track the location,
regional expression, mobility and activation of transmitter-gated P2X channels /n vitro and
in vivo.

The characterization and proof-of-principle experiments show that our approach is a
manifest improvement on previous FRET-based attempts to image P2X activation8. This
approach can now be used to understand the conditions under which ATP is released, which
dendrites of a neuron are activated by endogenous ATP, where P2X receptors are activated
on dendrites, whether ATP signaling varies between the soma and dendrites, how much ATP
is released during action potential firing, and how quickly P2X receptors move. Much can
also be learned by using GFP-tagged channels and Ca2* indicator dyes. With our reporter,
however, we can measure the location, mobility and activation of P2X receptors with a
single genetically encoded protein and without perturbing Ca2* buffering in the neuron, as
occurs with organic Ca2* dyes. We also gain spatial resolution that is not possible with
electrophysiology. Lastly, because the reporter is attached to the P2X channel itself, the
signal is measured in a nanodomain near the pore. In the future, it may be possible to
improve our approach by using tetracysteine-reactive Ca2* indicator dyes!2.

Nat Methods. Author manuscript; available in PMC 2012 December 17.
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We chose a FRET-based system because the measurements are ratiometric, which
minimized artifacts arising from out-of-focus light3. This feature is desirable for
experiments in complex cellular systems such as neurons and whole organisms. Single-
wavelength systems may be equally as useful. In addition, fluorescent proteins are
continually being improved by redesign and mutagenesis, and in future work the modular
design of our constructs may be useful for determining the utility of new generations of
fluorescent proteins'3-14, The approach that we report works for all functional homomeric
P2X receptors. We did not study heteromeric P2X receptors because a mixture of trimeric
channel receptors is expected when any two P2X subunits are expressed, and we have not
devised a method to isolate the optical signals from the different channel populations.

P2X, receptors tagged on the cytosolic C-terminal domain with the genetically encoded
Ca?* sensor YC3.1 functioned in a manner almost identical to wild-type P2X receptors32.
ATP evoked both inward currents and ~//Fc changes for the attached YC3.1 protein module
within a nanodomain of the inner mouth of the porel4. The strong subunit-specific nature of
the FRET signal, the kinetic differences between FRET and global Ca2* signals, and the fact
that comparable global Ca2* changes did not result in FRET signals together suggest that the
signal that we report for P2X receptors is due to Ca2* entry through the P2X, receptor
pores themselves. Thus, by virtue of covalent attachment, FRET-based measurements report
on biologically relevant activity in volumes and domains appropriate to the size of single
receptors and/or channels. Our work thus builds on previous pioneering work on Na*
pumps?! and voltage-dependent Ca2* channels'2, extending it to transmitter-gated P2X
receptorsld,

The data obtained with the K69A mutant and Ca2*-free solutions strongly suggest that the
FRET changes resulted from Ca?* entry through the P2X5 pore, but the kinetics were
sluggish as compared with the current. In direct comparisons, for example, the decay time
(z) for FRET was ~6 s, whereas the t value for the current was ~2.5 s (Fig. 1d). This
difference probably represents the interaction kinetics of Ca* with the reporter. The FRET
kinetics may represent a limitation of the approach for imaging the time course of fast ATP
synaptic responses, and it may be necessary to optimize the reporter to track the time course
of fast synaptic eventsl2-14,

The mutant K69A P2X,-cam served as a vital and necessary control; Lys69 is an important
site for ATP recognition?, and K69A receptors are not likely to bind ATP and therefore
cannot be activated. Thus, by comparing responses recorded from neurons expressing K69A
P2X5-cam and those expressing wild-type P2X,_cam receptors, it is possible to rule out the
contribution of non-P2X5 receptor-mediated Ca2* signals, such as those mediated by
metabotropic ATP receptors or other sources of intracellular Ca2*. In future studies, it will
be important to ensure that any measured FRET responses are indeed due to Ca2* entry
through P2X receptors by comparing the signals to those measured with K69A mutants.
Thus, in experiments using this reporter, it should be concluded that a signal is mediated by
ATP acting on the P2X-cam receptors themselves only when a FRET signal is absent in
parallel measurements with K69A P2X,-cam.

The study of ATP signaling and P2X receptors is an infant field with several important
unresolved issues®, some of which can now be addressed with our reporter. First, an
outstanding issue is the pathophysiological conditions under which P2X receptors are
activated. P2X5-, P2X3- and P2X4-cam receptors introduced into neurons through viral
infection of the target cells, through transgenic expression or through gene targeting could
be used to study this issue. For example, they could be used to study P2X activation in pain®
and sound transduction3®. Second, much of our understanding of P2X receptor biophysics is
based on hypothesis-driven mutagenesis!8. Although substantial progress has been madel8,

Nat Methods. Author manuscript; available in PMC 2012 December 17.
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a mechanistic understanding of the ATP-binding site and pore remains a goal of the field.
Because P2X5-cam receptors can be studied by imaging with the same sensitivity as whole-
cell patch-clamp recording, it may be possible to use a random mutagenesis approach to
shed light on how P2X receptors work. Last, P2X receptors are emerging as important drug
targets for pain and inflammation®. Thus, stable cell lines expressing each of the P2X-cam
receptors could be used for FRET-based high-throughput screening of chemical libraries for
subunit-specific agonists and antagonists.

FRET microscopy

For most of the experiments, we used an Olympus BX50 microscope equipped with a
Peltier-cooled (=15 °C), Imago CCD camera (640 x 480 pixels; each pixel, 9.9 x 9.9 pum),
epifluorescence condenser, control unit (containing ISC and PDC boards) and Polychrome
IV (TILL Photonics). The hardware was controlled by a personal computer, an appropriate
frame grabber (TILL Photonics) and macros driven by TILLvisION v3.3 software. The cells
were viewed with a x 40 water immersion objective lens with a numerical aperture of 0.8
(Olympus). We used the following filters for acquiring CFP or YFP images (order is
dichroic, emitter in nm): CFP (455DRLP, 480AF30) and YFP (525DRLP, 545AF35; all
from Glen Spectra). For photodestruction of YFP, we used 525-nm light from the
monochromator and a 525 DRLP dichroic filter. ~//Fc changes over time were recorded
with a beam splitter (Cairn Optosplit) inserted in the emission path of the microscope
(Supplementary Fig. 3). Our use of zebrafish embryos was approved by the University of
California Los Angeles Chancellors Animal Research Committee.

Additional methods

Descriptions of the molecular biology, HEK 293 cell culture, immunoblotting, patch-clamp
electrophysiology, FRAP, TIRF microscopy, hippocampal cell culture, neuron transfection,
molecular biology and imaging of zebrafish, agonist applications, electrical field
stimulation, data analysis, software and statistical analysis are given in Supplementary

M ethods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

P2X,-cam receptors are functional and show ATP-evoked FRET changes. (a) P2X5 subunit
with YC3.1 attached on the C-terminal tail to form P2X,-cam. (b) Representative traces of
ATP-evoked membrane currents and changes in Ay, Fc and ~//Fc. (c) Representative FRET
(Al Fc) images of HEK cells before, during and after ATP application. Scale bar, 10 pm.
(d-f) Traces showing the holding current (top), the integral of the current (middle) and the
change in A//F¢c (bottom) in HEK cells before, during and after ATP application for wild-
type channels (d), channels with K69A mutations that disrupt ATP binding (€), and cells
expressing P2X,-cam channels bathed in Ca2*-free solutions (f).
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Figure2.

Concentration-dependent ATP-evoked FRET changes for P2X,-cam channels expressed in
HEK cells. (a) Representative A,/ F¢ traces for puff application of the indicated ATP
concentrations. (b) Concentration-response curves for ATP-evoked changes in A/ F¢. (C)
Normalized concentration-response curves for ATP-evoked changes in A/ F¢, currents for
P2X5-cam receptors and currents for wild-type P2X5 receptors.
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P2X,-cam is targeted to the plasma membrane of hippocampal neurons and can move to

recover from photobleaching. (a) Confocal image of a hippocampal neuron expressing

P2X5-cam receptors. (b) Left, magnification of the boxed region in a; note localization of
the fluorescence at the membrane of the soma and dendrites. Right, line profiles along the
left and right edge of the dendrite shown on the left; note the hotspot regions of high density.
(c) Images of hippocampal neurons expressing P2X,-cam to illustrate the broad
somatodendritic expression pattern. (d) Top, images of a hippocampal neuron soma before,

during and after photobleaching of a small region of interest (box). Bottom, the same

experiment shown for dendritic regions. (€) FRAP curves for somatic (7= 11) and dendritic
(n=22) regions, and average time constants for FRAP. For the FRAP recovery graphs, the y
axis indicates fluorescence intensity as a percentage of the prebleach control value (7=1.5

s). Scale bars, 10 um (a, c); 2 pm (b).
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Figure4.

ATP-evoked FRET changes for P2X,-cam channels expressed in hippocampal neurons.
(a,b) Representative FRET images (&) and data (b) before, during and after ATP application
to hippocampal somata. (c,d) Representative FRET images (c) and data (d) before, during
and after ATP application to hippocampal dendrites. (€) Summary of data for the
experiments represented in a—d; data from HEK cells are included for comparison. Error
bars, s.e.m. FRET changes were not observed for K69A mutants. The control (con) was the
Ayl Fc value before ATP application. Scale bars, 10 um (a); 2 wm (c).
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Activation of P2X,-cam receptors by endogenous ATP in hippocampal neurons. (a)
Representative YFP and CFP traces (green and blue) and A,/ F¢ traces under the indicated
conditions. At the indicated time point (red line), 90 action potentials (APs) were triggered
in 3 s, resulting in FRET changes in some of the traces. (b) Summary of data from 4-21
experiments. Asterisks indicate significant (P < 0.05) reductions in the ~//F¢ signal. The
concentration of each drug is given in the text. (c) Relationship between action potential
number and percentage change in ~¢/Fc. Inset shows the initial phase on a log scale for the
X axis; note that there was no FRET change for fewer than nine action potentials. (d)
Relationship between the change in ~¢/Fc and the number of action potentials applied. The
red line is a linear fit of the equation shown above the graph. The right green axis shows the
estimated ATP concentration needed to trigger an equivalent FRET response on the basis of

the dose-response curves shown in Figure 2c.
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Figure®6.

In vivo FRET experiments for P2X,-cam channels. (a,b) Representative images and plot of
FRET efficiency of P2X,-cam receptors in RB neurons /n vivo. (c,d) Fluorescence intensity
and A,/ Fc data for ATP-evoked FRET changes for P2X,-cam receptors in RB neurons. (€)

Left, scatter graph showing data from all fish that did not move. Right, FRET images of the
ATP-evoked changes. Scale bars, 10 um (a,€).
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