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Facilitation of P2X, Receptor Currents and Membrane
Blebbing via Constitutive and Dynamic Calmodulin Binding

Sébastien Roger, Pablo Pelegrin, and Annmarie Surprenant
Faculty of Life Science, University of Manchester, Manchester M13 9PT, United Kingdom

The ATP-gated P2X, receptor (P2X,R) is a highly unusual calcium-permeable cationic channel in that within seconds of its activation,
dramatic and reversible cytoskeletal rearrangements with prominent membrane blebbing occurs. Agonist-induced membrane currents
athyperpolarized potentials show pronounced facilitation during the initial 30 ~100 s of receptor activation but mechanisms responsible
have not been elucidated. We measured facilitation of ATP-gated currents in HEK cells expressing rat P2X R and delineated distinct
calcium-dependent and independent processes. The calcium-dependent facilitation was composed of an instantaneous (millisecond
time domain) and slowly developing (time constant, 20 s with maximum agonist stimulation) component. Both components were
prevented when recording with a highly specific calmodulin (CaM) inhibitory peptide but only the instantaneous component was reduced
by expression of the dominant-negative EF-handless CaM mutant. Coimmunoprecipitation assays detected low levels of CaM binding to
unstimulated P2X,R, and this increased by 50% during 45 s stimulation of the receptor. We identified a novel 1-5-16 Ca>"-dependent
CaM binding motif in the intracellular C terminus of P2X,R; mutations in this domain resulted in the absence of calcium-dependent
facilitation and binding of CaM to unstimulated or stimulated receptor. Blockade of CaM binding also delayed membrane blebbing by
threefold. Our results demonstrate that CaM binds constitutively to closed P2XR channels and dynamically during channel activation to
significantly enhance and prolong calcium entry. This is the first example of CaM deregulating, rather than tightly controlling, calcium

entry through an ion channel.
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Introduction
There are seven members of the ATP-gated P2X purinergic re-
ceptor family (P2X,_,Rs). They all form cation-selective homo-
meric and/or heteromeric channels with variable but significant
calcium permeability (North, 2002; Burnstock, 2007). P2X,_Rs
are found throughout the central and peripheral nervous system
in which they act as excitatory neurotransmitter receptors
(North, 2002; Burnstock, 2007). In contrast, P2X,Rs are promi-
nent in activated macrophage and microglia at sites of inflamma-
tion or injury in which they act as the main physiological stimulus
for rapid release of the proinflammatory cytokines,
interleukin-18 (IL-13) and IL-18 (Ferrari et al., 2006; Di Virgilio,
2007). Studies using mice in which the P2X,R has been deleted
and recent studies with highly selective P2X,R antagonists have
further supported a significant role for this receptor in chronic
pain associated with inflammatory diseases (Labasi et al., 2002;
Chessell et al., 2005).

The properties of the P2X,R ion channel are remarkably dif-
ferent from other P2X receptors, and highly unusual relative to
any other ligand-gated ion channel in several aspects (North,
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2002), but of most relevance is that agonist-evoked currents dra-
matically change their onset and offset kinetics with repeated
applications of the same agonists, and activation also rapidly en-
gages a series of cytoskeletal and mitochondrial alterations that
have not been directly associated with brief activation of any
other ion channel. These include actin/a-tubulin rearrange-
ments, phosphatidylserine translocation, mitochondrial swelling
and loss of mitochondrial membrane potential, and membrane
blebbing. All of these events occur within 2-30 s of maximum
receptor activation, are fully reversible, and do not lead to cell
death unless receptor stimulation is prolonged, after which cell
death is inevitable (Mackenzie et al., 2001, 2005; Verhoef et al.,
2003; Pfeiffer et al., 2004; Adinolfi et al., 2005; Di Virgilio, 2007).

Repeated activation of P2X,R evokes one of two diametrically
opposite types of current response depending on the metabolic state
of the cell. When protein tyrosine phosphatase activity is high, cur-
rents desensitize completely during agonist applications and peak
amplitude of currents run down permanently by >90% with suc-
cessive agonist applications (Kim et al., 2001). However, the more
common response is a slow onset, non-desensitizing current that
shows strong run-up, or facilitation, of both onset kinetics and peak
current amplitude with repeated applications (Surprenant et al.,
1996; Chessell et al., 1997; Rassendren et al., 1997). Mechanisms
underlying the facilitation of P2X,R currents is, up to now, un-
known, but facilitating currents are associated with, and appear to be
responsible for, many of the downstream events, such as membrane
blebbing, that occur on P2X,R stimulation.
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We sought to determine how facilitation of P2X,R currents
occur by using mutagenesis-based strategies, coimmunoprecipi-
tation (co-IP) assays, and whole-cell recordings from HEK cells
expressing P2X,R. We found the facilitation was composed of a
calcium-dependent and a calcium-independent process with the
calcium-dependent facilitation resulting from calmodulin
(CaM) binding to an unusual CaM binding domain in the C
terminus of P2X,R. Data obtained from the present study present
a unique example of CaM deregulating (via facilitated calcium
entry), rather than tightly controlling, calcium homeostasis of
ion channel function.

Materials and Methods

Chemicals, antibodies, and peptides. Culture media, sera, and other cell
culture reagents were obtained from Invitrogen. ATP, Triton X-100, salts
and chemicals for the solutions, calmodulin inhibitory binding peptide
(CIP) (LKKFNARRKLKGAILTTMLA), and Kodak films were obtained
from Sigma-Aldrich, and KN-62 from Calbiochem. The control peptide
(LKCFNARCKLKGAILCTMLA) was generated by Alta Bioscience. An-
ti-Glu—Glu and rabbit IgG antibodies came from Bethyl Laboratories,
polyclonal rabbit anti-C-terminal rat P2X, receptor primary antibodies
from Alomone Labs (epitope from residue 576-595; Alomone Labs),
monoclonal mouse anti-calmodulin primary antibodies from Millipore,
goat anti-rabbit and rabbit anti-mouse horseradish peroxidase (HRP)-
conjugated secondary antibodies from Dako UK, and ECL-plus kit from
GE Healthcare.

Cell culture, transfection, and site-directed mutagenesis. Human embry-
onic kidney (HEK293) cells were maintained in Dulbecco’s modified
Eagle’s: F12 medium, supplemented with 10% heat-inactivated fetal calf
serum and 2 mum L-glutamine at 37°C in a humidified 5% CO, incubator.
Cells were grown to 80—-90% confluence and transiently transfected with
1 ng of cDNA encoding rat P2X,, receptors (Surprenant et al., 1996) and
green fluorescent protein (GFP) expression plasmid (0.1 ug; for fluores-
cent detection of transfected cells) using Lipofectamine 2000 (Invitro-
gen). They were then plated either into 75 cm? tissue culture flasks (for
coimmunoprecipitation experiments) or onto 13 mm glass coverslips
(for electrophysiological studies). Point mutations were introduced into
rat P2X, receptor constructs in pcDNA3 (Invitrogen) using the PCR
overlap extension method and Accuzyme proof-reading DNA polymer-
ase (Bioline). Nucleotide changes in the coding sequence were responsi-
ble for 1541 to T541 and S552 to C552 amino acid mutations into the rat
P2X, protein. The primers used for these site-directed mutagenesis ex-
periments were for the 1541 to T541 mutation: forward, 5'-GGAGAG-
GCCACCAACAGCAAG-3'; reverse, 5'-CTTGCTGTTGGTGGCCT-
CTCC-3', and for the S552 to C552 mutation: forward, 5'-GTGCGTA-
CAGGTGCTATGCCACC-3'; reverse, 5'-GGTGGCATAGCACCTG-
TACGCAC-3'. Wild-type (WT) and mutated rP2X, receptors bore
C-terminal Glu-Glu (EE) epitope tags (EYMPME). The full coding re-
gions of the constructs used in this study were verified by DNA
sequencing.

In some cases, HEK293 cells were also cotransfected with the calmod-
ulin dominant-negative mutant CaM1234 YFP (yellow fluorescent
protein)-tagged (CaM,,,,,) (Xia et al., 1998) kindly provided by Dr. Eliz-
abeth Seward (University of Sheffield, Sheffield, UK). When CaM,, ., was
coexpressed with P2X R, GFP was not used.

Electrophysiological, dye uptake, and video recordings. Electrophysio-
logical recordings were performed 24—48 h after transfection by the
patch-clamp technique. Patch pipettes were pulled from borosilicate
glass (World Precision Instruments) to a resistance of 4—6 M{). Currents
were recorded in the whole-cell configuration, under voltage-clamp
mode at room temperature using a MultiClamp 700A patch-clamp am-
plifier (Molecular Devices), and analog signals were filtered at 10 kHz
and digitized using a 1322A Digidata converter. Cell capacitance and
series resistances were electronically compensated. Membrane potential
was held at —60 mV except where indicated otherwise. Agonist (ATP)
was applied using a RSC 200 fast-flow delivery system (Bio-Logic Science
Instruments). Facilitation curves were built by measuring the maximal
current at each time point from initiation of ATP application (prolonged
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applications), or measuring instantaneous current during the initial 10 s
application of ATP and calling this “0,” and current amplitude at end of
each 10 s pulse (at 40 s intervals) was measured and plotted as a function
of total duration of ATP application. A facilitation index was calculated
using the latter protocol by integrating the total currents of the eight first
10-s-long applications of ATP, and expressing this as a ratio of Iy/I,.
Concentration—response curves to ATP were realized by an initial appli-
cation of maximum ATP (10 mm), and then by applying decreasing
concentrations of agonist, before or after full P2X_ R facilitation. Concen-
tration—responses curves were plotted using Origin Microcal 6.0 software
(OriginLab) and EC,, defined using the sigmoidal equation provided by
this software. Time to initial onset of membrane blebs was measured in
parallel experiments using standard CCD video microscopy (Mackenzie
etal., 2001, 2005); we previously showed that time course of membrane
blebbing in a cell during whole-cell recording (using standard intracel-
lular solutions) does not differ significantly from uncompromised cells
(Mackenzie et al., 2001). Ethidium bromide (20 uMm present throughout)
fluorescence was measured as detailed previously (Pelegrin and Sur-
prenant, 2006) using 20X objective under a Nikon confocal microscope;
30 cells were imaged per coverslip and averaged, and the slope of the
initial fluorescent signal was used as the most accurate and consistent
measurement for comparisons.

Solutions. The external physiological saline solution (PSS) had the
following composition (in mm): 147 NaCl, 10 HEPES, 13 p-glucose, 2
KCl, 2 CaCl,, and 1 MgCl,. Agonist solutions were prepared in this PSS at
the concentration indicated in the figure legends. Control intracellular
solution had the following composition (in mm): 147 NaCl, 10 HEPES,
10 EGTA, 2 KCl. EGTA concentration was varied as indicated in the text,
or BAPTA (5 or 10 mm) was used in place of EGTA. WebMaxC (http://
www.stanford.edu/~cpatton/webmaxc/webmaxcE.htm) was used to
calculate intracellular Ca** concentrations in presence of EGTA and
BAPTA; we used 3 mm ([Ca®"];, 320 nm) and 4 mwm ([Ca>™],, 720 nm)
CaCl, with 5 mm BAPTA in the experiments described in Figure 3A.
Osmolarity and pH values were 295-315 mOsm and 7.3, respectively.
Ten minutes was allowed after achieving whole-cell conditions before
beginning experimental protocols to obtain complete dialysis of intracel-
lular solutions, although in a smaller number of experiments we noted no
differences when we waited only 5 min after cell break-in.

Coimmunoprecipitation assays. Two days after transfection, HEK293
cells previously plated in 75 cm? tissue culture flasks were washed twice
with 15 ml of PSS, and then either vehicle buffer or ATP (5 mm) was
added for 45 s. Solution was immediately removed and the cells were
scraped and lysed in presence of 1 ml of radioimmunoprecipitation assay
lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1% NP-40, 0.25%
sodium deoxycholate, 1 mm EDTA), containing 1% Triton X-100 and
protease inhibitors (Complete; Roche) for 1 h at 4°C. Cell lysates were
centrifuged at 16,000 X g for 10 min to remove insoluble debris. Total
protein samples were removed and assayed for protein content using the
Bio-Rad Protein Assay Kit (Bio-Rad). Co-IP experiments were per-
formed using the ExactaCruz F (Santa Cruz Biotechnology). The super-
natants obtained from the cell lysate centrifugation (1 ml) were pre-
cleared with 40 ul of rabbit IP matrix beads for 1 h. Two types of
immunoprecipitation (IP) antibody—IP matrix complexes were prepared
and incubated overnight at 4°C. Each complex contained 500 ul of PBS
solution, 40 ul of IP matrix beads, and 2 ug of antibodies. In one com-
plex, the antibodies used were rabbit polyclonal anti-EE to pull down
rP2X; receptors Glu—Glu tagged, and the other complex was done using
rabbit IgG as a negative control. Matrixes were centrifuged, and pellet
matrixes were washed two times in PBS before adding the samples. Sam-
ples were separated in two volumes (500 wl) and incubated with each of
the two IP antibody—IP matrix complexes overnight at 4°C. After incu-
bation, samples were centrifuged and pellet washed five times with PBS.
Pellets were resuspended in 35 ul of 2X SDS-reducing electrophoresis
buffer and boiled for 3 min. IP samples were loaded, as well as total cell
lysates in 10% polyacrylamide gels (5 ug of total protein for P2X, recep-
tor identification and 2 ug for calmodulin identification) and transferred
to polyvinylidene difluoride membranes. Western blotting was per-
formed according to standard protocols. P2X, proteins were visualized
using polyclonal rabbit anti-rat P2X,, C terminus primary antibody and
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mean = SEM from the number of cells or assays
indicated in the figure legends. Statistics were
performed using SigmaStat 3.0.1a (Systat Soft-
ware). One-way ANOVA on ranks followed by
a Student-Newman—Keuls test were used to
compare the facilitation index in the different
condition tested, as well as relative CaM bind-
ings to WT and mutant P2X, receptors.

Results

Facilitation of P2X,R currents

Fast-flow, sustained application of a max-
imum concentration of ATP at —60 mV
evoked an initial rapid onset of inward
current, typical of ligand-gated ion chan-
nels (e.g., millisecond time domain); this
was followed by an approximately three-

fold increase in current amplitude over the
subsequent 20 s (Fig. 1A, D). As described
previously (Mackenzie et al., 2001, 2005;
Verhoef et al., 2003; Adinolfi et al., 2005),
reversible membrane blebbing occurred
within 40—60 s of sustained ATP applica-
tion (Fig. 1B) (see below). Because these
blebs often resulted in patch recording in-
stability (~40% of recordings), we quan-
tified ATP-mediated facilitation using the

D E . %0s protocol illustrated in Figure 1C, which
6r z 1401 did not result in membrane blebbing. Ten

:‘; 5L & 1201 second duration applications of ATP (5
g g 100k mM) were applied at 40 s intervals, the in-
2 & - aol stantaneous current (termed “0”) evoked
g3t E - by the first agonist application and the cur-
& 5 B rent at the end of each 10 s application
3 I o ) T 40F (termed “1, 2, n”) were measured (Fig.
3 1+ ATF-applicatian{rumber, as inQ) § 20} 1C). Plots of current amplitude as a func-
0 0.,%2,%4 & & 10 L g tion of total duration of ATP using either

0 20 40 60 80 100 03 1 3 5 protocol were not significantly different
Application duration (s, as in A) ATP concentration (mM) (Fig. 1D); in either case, the increase in

Figure 1.  Current facilitation at rat P2X,R. Two protocols to measure ATP-induced current facilitation were prolonged appli- current was well fit by a single exponential

cation for 1or 2 min (4) or 10 s duration applications at 40 sintervals (C); ATP concentration was 5 mw for all experiments in A-D.
Membrane blebbing (indicated at arrows in A and asterisks in B) is illustrated by photomicrographs in B which are frames
extracted at times indicated from video recording of two P2X,R-expressing cells in parallel experiment (without electrophysio-
logical recording) to thatillustrated in A. D, Time course of facilitation measured directly as current amplitude at 15 and thereafter
10sintervals during prolonged application of ATP (open symbols; n = 11) or asinitial “instantaneous” currentand then sustained
current at end of each 10 s duration application (filled circles; n = 41). The lines are best-fit single exponential functions; time
constants were 18.2 = 0.5and 17.2 = 0.4 s, respectively, and were not significantly different. £, Concentration dependence to
time course of ATP-mediated facilitation of P2X,R currents; histograms show time constant of facilitation obtained from experi-
mentsasin C(n = 11,12, and 41, respectively). Holding potential was — 60 mV. Error bars indicate SEM.

anti-rabbit ExactaCruz F-HRP-conjugated secondary antibody (both at
1/2000 dilution), and calmodulin proteins were visualized using mono-
clonal mouse anti-calmodulin primary antibody (1/1000 dilution) and
rabbit anti-mouse HRP-conjugated secondary antibody (1/2000 dilu-
tion), followed by detection using the ECL-plus kit and Kodak Bio-Max
MS film. Gels were analyzed by densitometry measurements using
GeneSnap/GeneTools software (Syngene). Relative CaM binding to WT
and I541T, S552C double-mutant P2X, receptors was expressed in dia-
grams from densitometric measurements. To compare protein expres-
sion levels, semiquantitative densitometric analyses were performed on
Western blots using B-actin to normalize band densities. For each IP
experiment, the CaM band value was divided by the correspondent light
chain IgG band value and normalized to the results obtained for the WT
P2X, receptor in absence of ATP stimulation.

Data analysis and statistics. Average results are expressed as the

function with time constants of 18.2 *
0.5s(n=12)and 17.2 = 0.4 s (n = 41) for
prolonged application and repetitive ap-
plication, respectively. Facilitation was
measured similarly for lower concentra-
tions of ATP, with facilitation time con-
stants of >2 min observed with 1 mm ATP
(Fig. 1E). ATP concentration response
curves were determined for initial currents
and after complete facilitation; ECy, value
was shifted ~2.5-fold to the left after facil-
itation (Fig. 2A,B). Currents remained fully facilitated for the
duration of recordings (up to 2 h).

Distinct calcium-dependent and calcium-independent
components to facilitation

We asked whether there was a calcium-dependent process in-
volved in the facilitation of ATP-induced currents in three ways.
First, currents were elicited while recording with varying concen-
trations of EGTA or BAPTA for intracellular chelation of calcium
(Fig. 3A,B). High concentrations of EGTA (20 mm) or BAPTA (5
mM) with low intracellular calcium (calculated <5 nm) decreased
both instantaneous and sustained current by 60—80%, but no
significant differences were observed when these same chelators
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Figure 2.  Facilitation of P2X,R currents increases agonist affinity. 4, Currents recorded in
response to increasing concentrations of ATP applied for 10 s duration before and after currents
had fully facilitated (by repeated applications of maximum ATP concentration, as per protocol
shown in Fig. 1C). B, Concentration—response curves for initial and fully facilitated ATP-evoked
currents; half-maximal (ECs,) values are 4.9 = 0.5 and 2.0 = 0.2 mm, respectively (n = 17).
Error bars indicate SEM.

were used with high intracellular calcium (calculated as 720 nm
by inclusion of 4 mm Ca*" in intracellular solution) (Fig. 3A).
Lower concentration of intracellular calcium (nominal 320 nm)
yielded currents that showed only 16 % 7% less facilitation
(range, 0—45%; n = 6) than control (nominal 5 nM) intracellular
calcium (data not shown). Additionally, no significant differ-
ences in initial or facilitated currents were observed when using
either 1 or 10 mm EGTA (Figs. 3B, 5). Second, ATP-evoked cur-
rents (10 s duration/40 s intervals) were elicited at +60 mV (zero
calcium influx). Current amplitude increased during the first
ATP application, it reached maximum by the second or third
application (Fig. 3C), and full facilitation was ~60% less than
that elicited at —60 mV (Fig. 3D). After steady-state facilitation
was achieved while holding the membrane potential at +60 mV,
the membrane potential was returned to —60 mV and ATP ap-
plications continued. The degree of facilitation at —60 mV was
notsignificantly altered by the previous ATP applications (at +60

V) (Fig. 3C,D). This smaller and more rapid (calcium-
independent) facilitation of currents at +60 mV was not signifi-
cantly different when recording with intracellular BAPTA solu-
tion (data not shown) (n = 3). These results suggest that distinct
mechanisms underlie facilitation at +60 and —60 mV, or that the
calcium-independent facilitation observed at +60 mV also oc-
curs at —60 mV but that it has already been activated and fully
saturated. We have not explored further the calcium-
independent facilitation observed at +60 mV. Third, we substi-
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Figure 3.  Calcium-dependent and calcium-independent facilitation of P2X,R currents. 4,
Representative traces of currents in response to sustained (60 s) ATP application (protocol
shown in Fig. 1A) with different concentrations of intracellular calcium buffers; each set shows
currents in response to first and second agonist application. Membrane capacitance was ap-
proximately the same for each cell shown (14, 14.8, and 14.2 pF, respectively) and thus can be
directly compared. B, Representative traces of initial currents in response to brief (10 s) appli-
cations of ATP recorded with different concentrations of intracellular calcium buffers as indi-
cated, and summary of all experiments (protocol as per Fig. 1€) (n = 7-9 for each point). C,
Example of currents recorded in response to ATP (5 mm, 10 s applications at 40 s intervals) at
+60and —60 mV. Arapidly facilitating current occurred at +60 mV (zero calcium influx), but
when the potential was taken to —60 mV the subsequent facilitation was the same as that
observed in protocols described in Figure 1C. D, Summary of all experiments as shown in B; time
constant of facilitation was 19.5 == 0.8 sat —60 mV and 9.2 == 0.6 sat +60 mV (n = 6). E,
Results from experiments performed using protocol described in Figure 1Cin control solution or
in barium solution as indicated (n = 8 for control and 16 for barium). Error bars indicate SEM.

tuted barium for calcium in the external solution and found that
both instantaneous and sustained currents were decreased by
50-75% (Figs. 3E, 5). These results clearly differentiate both a
calcium-dependent and a calcium-independent component to
the agonist-evoked current at P2X,R. The kinetics of the facilita-
tion observed at +60 mV, with high intracellular EGTA or
BAPTA at —60 mV, or with barium replacing extracellular cal-
cium (—60 mV), were all similar and were of a more rapid time
course than the agonist-evoked current at —60 mV when record-
ing with =10 mm intracellular EGTA (8 £ 0.6 sat +60mV vs 18

—60 mV) (Figs. 1, 3, 5). The calcium-independent component
of facilitation constituted ~25-30% of the total facilitation re-
corded at —60 mV (Figs. 3, 5).
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in A and B for comparison. Error bars indicate SEM.

Calmodulin is responsible for the calcium-dependent
component of facilitation

Because the amino acid sequence of P2X,R lacks EF hand motifs,
we thought it unlikely that direct binding of calcium to the P2X,R
could account for the facilitation. We asked whether CaM may be
involved by including the well characterized and highly specific
inhibitor of CaM, CIP (30 uM) in the patch pipette (Zhang et al.,
1998). Intracellular dialysis with CIP inhibited the instantaneous
current to the same degree as BAPTA chelation and was nearly as
effective in reducing the sustained current and full facilitation
(Figs.4 A, 5). No differences were observed when recordings were
made with the control, CaM-inactive, peptide (Figs. 44, 5). We
then coexpressed P2X,R with the dominant-negative CaM mu-
tant lacking all four EF hands (Xia et al., 1998; DeMaria et al.,
2001). The instantaneous current was reduced to the same degree
as we observed when recording with intracellular BAPTA or CIP
(~80% inhibition), but the sustained current and degree of facil-
itation were inhibited by only 25-40% (Figs. 4B, 5). Sustained
currents and full facilitation were further reduced when BAPTA
was included in the intracellular solution (Figs. 4B, 5). These
inhibitory effects could not be attributed to activation of calmod-
ulin kinase IT (CaMKII), because inclusion of the CaMKII inhib-
itor KN-62 (10 uMm) into the patch pipette had no effect on ATP-
induced current facilitation (Fig. 5).

Using the CaM Target Database (http://calcium.uhnres.
utoronto.ca/ctdb/ctdb/home.html), we identified a 17 residue
putative CaM binding sequence in the P2X,R C terminus (Fig.
6A). This sequence was no longer identified as a possible CaM
binding domain when we replaced two of these residues (isoleu-
cine with threonine at residue 541 and serine with cysteine at
residue 552). Therefore, we made this double mutation in the
P2X,R and found that ATP-evoked current facilitation no longer
showed any calcium dependence nor was it altered by intracellu-
lar dialysis with CIP (Fig. 6 B) or by recording with high intracel-

Calmodulin modulates calcium-dependent facilitation of P2X,R currents. A, Representative traces of initial currents
incontrol (10mmEGTA intracellular), with CIP (30 wum), or with control peptide (30 wum) in pipette, and summary of all experiments
(n = 11 or 12 for each point). B, Representative traces of initial current from control, CaM,,,-expressing, and CaM,,,,,, plus
intracellular BAPTA, and summary of all experiments (n = 8 —14 for each point). The graphs for intracellular BAPTA are the same

Some of these sequences are called Ca**-
dependent and only bind CaM under its 4
Ca’**-associated form. The CaM binding
motif we identified here (Fig. 6 A) does not
conform to the relatively common 1-10 or
1-14 motifs delineated at other ion chan-
nels (Yamniuk and Vogel, 2004; Abriel
and Kass, 2005; Halling et al., 2006), but it
does fit within the Ca**-dependent 1-16 motif family (sequences
whose key bulky amino acids are spaced 14 residues apart); thus,
our sequence is [-x(14)-W. However, there is an additional bulky
residue in the middle of this sequence [I-x(3)-L-x(10)-W], mak-
ing this sequence a 1-5-16 motif, which has not been reported as
a subfamily within the 1-16 motif. Indeed, there are no reported
subfamilies within the 1-16 family because this has been consid-
ered to be unique to CaMKK (Ca’"/CaM-dependent protein
kinase kinase) binding (Osawa et al., 1999).

The ATP concentration response curve showed the same two-
fold leftward shift after full facilitation at P2X,R(1541T/S552C)
(Fig. 6C), indicating that the increased agonist potency is not
calmodulin dependent.

CaM-dependent membrane blebbing and CaM-independent
dye uptake

Dramatic but reversible membrane blebbing is a signature feature
of both ectopic and endogenously expressed P2X,R, and previous
experiments have demonstrated a prominent, although partial,
dependence on calcium (Mackenzie et al., 2001, 2005; Verhoef et
al., 2003; Pfeiffer et al., 2004; Adinolfi et al., 2005). We investi-
gated whether calmodulin may be involved in ATP-induced bleb-
bing by measuring time to initial onset of membrane blebs as a
reliable and quantifiable assay (Mackenzie et al., 2005). In wild-
type P2X,R-expressing cells, initial blebs appeared at ~30—-40 s
of ATP application, whereas initiation of blebs was delayed by
twofold to threefold in cells preincubated with BAPTA-AM (Fig.
6D). These values are similar to those observed in previous stud-
ies (Mackenzie et al., 2005). Coexpression of CaM,,,,, resulted in
a small, but not significant, delay in membrane blebbing, al-
though when cells expressing P2X,R and CaM,,,,,, were incubated
in BAPTA-AM the delay to bleb onset was again increased by
2.5-fold (Fig. 6 D). In contrast, time to membrane blebbing was
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threefold longer in cells expressing P2X,R(I541T/S552C) than in
cells expressing wild-type P2X.R (Fig. 6 D).

The best known feature of P2X,R function is that activation of
the cationic ion channel is followed within seconds by a nonse-
lective permeability to molecules up to 900 Da, referred to as the
“large pore” or “dye uptake” pathway. This dye uptake pathway
had previously been thought to result from a time-dependent
dilatation of the P2X_R ion channel itself (North, 2002; Di Vir-
gilio, 2007), but recent work has identified an associated protein,
pannexin-1, as (or responsible for) the “large pore” opening
(Pelegrin and Surprenant, 2006). Neither P2X,R-mediated dye
uptake, nor pannexin-1 channel activity itself, is calcium depen-
dent (Surprenant et al., 1996; Chessell et al., 1997; Virginio et al.,
1999; Pelegrin and Surprenant, 2006). In the present study, there
were no significant differences in ethidium uptake in response to
stimulation with ATP (3 mwm) at wild-type P2X,R or mutant
P2X,R(1541T/S552C); 180 cells from six preparations were re-
corded in each case and values did not differ significantly (p =
0.26).

Calmodulin binds constitutively and dynamically to P2X,R

We used co-IP to assay direct protein—protein interaction be-
tween ectopically expressed P2X,R and endogenous calmodulin
by immunoprecipitating epitope-tagged P2X_R and blotting for
CaM. CaM clearly associated with P2X,R in the absence of stim-
ulation with ATP (Fig. 7A, lane 2) and this association was signif-
icantly greater when co-IP was performed on cells harvested at
45 s in the presence of ATP (Fig. 7A, lane 5). Semiquantitative
densitometric analysis showed a 50% increase in CaM binding to
P2X,R during ATP stimulation when immunoprecipitated pro-
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Figure 6. Identification of a CaM interacting domain in C terminus of P2X,R. A, Amino acid

sequence of intracellular C-terminal residues of rat P2X,R (N356 to Y595). The boxed residues
indicate putative CaM binding site according to Calmodulin Target Database (http://calcium.
uhnres.utoronto.ca/ctdb/ctdb/home.html); this sequence is expanded below to show the two
sites we mutated. B, Summary of facilitation recorded from P2X;R(15417/5552C) mutant under
control (10 mm EGTA intracellular), BAPTA (5 mw intracellular), or CaM inhibitory peptide (30
un CIPintracellular) (n = 18, 16, and 12, respectively). €, ATP concentration—response curves
obtained for initial and fully facilitated currents from P2X,R(15417/5552C) mutant expressing
cells (n = 6). ATP ECg, values were 3.2 = 0.3 and 1.5 = 0.1 mw, respectively, and these were
not significantly different from values obtained at wild-type receptor. D, Time toinitial onset of
membrane blebbing measured under conditions indicated; numbers in parentheses are n val-
ues, and asterisks indicate significantly different at p << 0.005. Error bars indicate SEM.

tein was normalized to IgG bands (Fig. 7C). In contrast, we did
not detect any CaM binding when we performed similar experi-
ments on the P2X,R(1541T/S552C) mutant, although the lysates
obtained from cells expressing the mutant P2X,R showed much
greater CaM protein concentration than did lysates from the
wild-type P2X,R-expressing cells (Fig. 7 B, C). These results pro-
vide direct biochemical support for our conclusion that a signif-
icant amount of CaM binds to wild-type, but not P2X,R(1541T/
§552C) mutant receptor.

Discussion

Calmodulin is the most abundant calcium sensor in eukaryotic
cells, and the most intensively studied. It is able to assume myriad
conformations specified both by distinct target interaction sites
and its own state(s) of bound calcium (Saimi and Kung, 1994;
Levitan, 1999; Bhattacharya et al., 2004; Yamniuk and Vogel,
2004). These structural features allow CaM to regulate the func-
tion of diverse ion channels: from the best known example of



Roger et al. @ Calmodulin Derequlates P2X, Receptor Channel

A wrprzxz el )

control cell
IgG anti-ee lysate

control cell
I9G  anti-ee lysate /[PP2XAIB.FP2X7

-
—

IPP2X #1B.Call
o . — m— e <« lgG
20—
15— — «— CaM

B P2X1541T/8552C)

ATP
control cell control cell PFPEXABFEX;
. IgG  anti-ee lysate IgG  anti-ee lysate
150—
100—
50—

IP:P2X 71B.CaM
po W — -— «—19G
20—4
15— - - «—CaM

C WTFP2X7 *x P2X #1541 T/5552C)

& 150

£

o

£

a A9

=

[+

4]

Los

g

[7}

i
0 L I |
ATP - + - +

Figure 7. CaM shows both constitutive and dynamic physical interaction with P2X,R. 4, B,
Co-IP experiments on cells expressing wild type or P2X,R(1541T/5552C) mutant, as indicated.
Under basal unstimulated conditions, CaM coimmunoprecipitates with wild-type P2XR (4,
lane 2) and the amount of CaM protein associated with P2X,R is enhanced by 45 s stimulation
with ATP (4, lane 5). No CaM binding was detected from immunoprecipitates of mutant P2X,R
under basal or stimulated conditions (B, lanes 2 and 5). C, Semiquantitative densitometric
measurements of CaM binding from all co-IP experiments as illustrated (n = 4); protein levels
were normalized to the corresponding |gG band level for wild-type P2X;R in absence or pres-
ence of ATP asindicated. No CaM binding was detected even with prolonged film exposure from
co-IPs on P2X;R(1541T/5552C)-expressing cells (n = 4). Numbers on left are molecular weight
markers in kilodaltons. Error bars indicate SEM.

calcium-dependent inactivation of voltage-gated calcium chan-
nels (Halling et al., 2006) through calcium-dependent activation,
and calcium-independent trafficking, of SK potassium channels
(Maylie et al., 2003) to more recent examples of both calcium-
dependent and -independent inactivation of TRP channel family
members (Kiselyov et al., 2005; Zhu, 2005; Derler et al., 2006).
But, regardless of the specific ion channel or underlying molecu-
lar mechanism, the end result is to prevent calcium overload by
tightly regulating global or microdomain calcium entry and ion
channel activity. Here, we show CaM binds both constitutively
and dynamically to a novel CaM binding motif in the C terminus
of the P2X, receptor. This results in dramatic facilitation of the
membrane current with saturating levels of calcium entry and
mitochondrial calcium release (Mackenzie et al., 2005) over
many seconds to minutes, coincident with rapid cytoskeletal re-
arrangements and zeiotic membrane blebbing. This presents a
unique example of CaM-mediated deregulation of calcium entry
through an ion channel.

We delineated distinct calcium-dependent and calcium-
independent facilitation processes and found that only the

J. Neurosci., June 18, 2008 - 28(25):6393— 6401 * 6399

calcium-dependent process was CaM dependent. Our results also
suggest CaM binds both constitutively and dynamically to the
P2X,R. That is, strong chelation of intracellular Ca?" with
BAPTA or high EGTA, substitution of barium for calcium, addi-
tion of the CaM inhibitory peptide, or transfection with the
dominant-negative CaM,,, all reduced the instantaneous cur-
rent by ~80%, and co-IP revealed basal CaM association with
unactivated P2X,R protein. These results, and the finding that
intracellular application of the CaMKII inhibitor, KN62, had no
effect on P2X,R currents provide fairly conclusive evidence that
CaM is in a constitutive association with the unactivated P2X_R.
Because the instantaneous current was decreased by inhibition of
CaM or CaM binding to P2X,R, we hypothesize the constitutively
bound CaM regulates initial channel gating on receptor activa-
tion. In contrast, the slow time course of facilitation of currents at
—60 mV (from >3 min at low ATP to 18 s with maximum ATP
concentration) was only minimally inhibited by the dominant-
negative CaM,, .. This result suggests that CaM also associates in
a dynamic manner during prolonged or repeated receptor acti-
vation, a conclusion further supported by our biochemical results
which demonstrated significantly increased co-IP of CaM with
P2X,R when cells were stimulated with ATP for 45 s. Our findings
that barium replacement or intracellular dialysis with 20 mm
EGTA or 5 mm BAPTA inhibited P2XR facilitation by 70—80%
provide the evidence for our conclusion that this fraction of the
facilitation is, indeed, calcium dependent. This conclusion is fur-
ther supported by the finding that facilitation was not altered
compared with control when we increased intracellular calcium
to >500 nM by including 4 mm Ca*" in the BAPTA-containing
solution. However, we saw no difference in the instantaneous
current, or the fully facilitated current, when using either 1 or 10
mM intracellular EGTA, whereas most studies on voltage-gated
calcium channels or neurotransmitter release processes find 10
mM intracellular EGTA to be as efficient as 5 mM BAPTA (Kits
and Mansvelder, 2000). The most likely explanation is that the
massive calcium entry associated with the large (several nanoam-
peres), non-desensitizing P2X,R current over many seconds rap-
idly saturates EGTA at <20 m, as has been found for synaptic
transmission at the squid giant synapse (Adler etal., 1991) and for
calcium-dependent inactivation of voltage-gated calcium chan-
nels by several endogenous calcium buffering proteins (Kreiner
and Lee, 2006). It has also been shown that mitochondrial stores
of Ca’* are released in the millisecond to second time domain on
P2XR stimulation (Adinolfi et al., 2005; Mackenzie et al., 2005),
thus providing an additional calcium surge that may be expected
to saturate these buffers.

We also delineated a calcium-independent component to the
ATP-induced facilitation P2X,R currents, but we have not ob-
tained any evidence for its underlying mechanism. This compo-
nent was threefold more rapid than the CaM/calcium-dependent
facilitation. The calcium-independent facilitation was not altered
by inhibiting CaM with the CaM inhibitory peptide, nor was it
altered in the P2X,R(I541T/S552C) mutant, making it unlikely
thatindirect actions of CaM are involved. The 2.5-fold increase in
agonist affinity, indicated by the leftward shift in the agonist con-
centration—response curve consequent to full facilitation, ap-
pears to result solely from this calcium-independent facilitation
process because it was unaltered in the P2X,R(I541T/S552C)
mutant receptor. The P2X,R(I541T/S552C) mutant should
prove a valuable tool in future studies to elucidate possible mech-
anisms because it will allow us to investigate this distinct facilita-
tion process without interference from the calcium/CaM-
dependent current facilitation.
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Rapid cytoskeletal rearrangements leading to prominent
membrane blebbing are key cellular events downstream of P2X,R
activation (Pfeiffer et al., 2004; Adinolfi et al., 2005; Mackenzie et
al. 2005). We, and others, have demonstrated that P2X,R-
induced membrane blebbing in microglia and other immune
cells, and in mammalian cells ectopically expressing P2X,R, show
both calcium-dependent and calcium-independent mechanisms
(Pfeiffer et al., 2004; Adinolfi et al., 2005; Mackenzie et al., 2005)
When intracellular calcium is strongly chelated using BAPTA-
AM, the time to onset of membrane blebbing is significantly in-
creased (Fig. 6 D) and the delayed-onset blebs that do form are
fewer but larger than when calcium is present (Mackenzie et al.,
2005). Two key results from the present study indicate the
calcium-dependent membrane blebbing results from the dy-
namic association of CaM to P2X,R during sustained, or repeti-
tive, ATP applications. First, the dominant-negative CaM,,,,, did
not alter the time course of membrane blebbing, nor their mor-
phology, and second, time to onset of membrane blebbing was
delayed in the P2X,R(I541T/S552C) mutant to the same extent as
when BAPTA-AM was present in wild-type-expressing P2X,R.
Proteomic and co-IP analyses have previously identified
a-actinin and the F-actin binding protein, supervillin, as physi-
cally associating with P2XR in a functional complex (Kim et al.,
2001). Calcium-dependent inactivation of the glutamate-gated
NMDA receptor involves the competitive association of CaM and
a-actinin with specific residues (in a 1-5-8-14 CaM consensus
motif) of the intracellular C terminus of the NR1 subunit (Zhang
etal., 1998; Krupp et al., 1999; Xia and Storm, 2005). Thus, it will
be important to address whether a similarly intimate structural
and functional relationship exists for CaM, a-actinin, and P2X,R
using a similar strategy to that used in studies of the NMDA
receptor (Zhang et al., 1998; Krupp et al., 1999), by examining
ATP-induced current facilitation, membrane blebbing, and
CaM/a-actinin/P2X,R co-IP in cells overexpressing wild-type
and mutated a-actinin with wild type and P2X,R(I541T/S552C)
mutants.

CaM modulation of ion channels has previously always been
found to limit calcium entry, by inactivation of voltage-
dependent and voltage-independent cation channels and/or by
activation of potassium channels (Maylie et al., 2003; Abriel and
Kass, 2005; Xia and Storm 2005; Zhu, 2005; Halling et al., 2006).
Here, we find CaM dramatically increases calcium entry by a
time-dependent facilitation of the calcium-permeable P2X,R
cation channel. The P2X,R (previously termed P2Z receptor) has
long been known as the “cytolytic P2X receptor” because pro-
longed agonist application leads to inevitable cell death via tissue-
specific apoptosis and/or necrosis (North, 2002; Ferrari et al.,
2006; Burnstock, 2007; Di Virgilio, 2007). It is likely CaM binding
plays a role to enhance, or activate, the cell death process during
long-term activation of P2X,R under conditions of chronic in-
flammatory disease. However, the reversible, noncytolytic, se-
quelae in response to brief ATP application of the type used in the
present study have become a more recent focus of attention, par-
ticularly in regard to early mechanisms underlying neuroinflam-
matory insults, such as hypoxia and stroke (Di Virgilio, 2007;
Simi et al., 2007). In resting, unactivated microglia or peripheral
macrophage, P2X,R-induced currents and downstream signal-
ing (cytoskeletal rearrangements and migratory rate, release of
cytokines) are minimal, but alterations in extracellular sodium
and potassium concentrations are known to significantly increase
P2X,R currents and cellular signaling within seconds (Michel et
al., 1999; Verhoef et al., 2005), a time course too rapid to be
accounted for by transcriptional upregulation. Molecular mech-
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anisms that may explain such rapid sensitization of P2X,R re-
sponses have not been previously elucidated. Our results provide
alikely molecular mechanism and allow us to propose the follow-
ing scenario: The most immediate extracellular consequences of
acute neuronal injury or neuroinflammatory insult are rapid al-
terations in sodium/potassium concentrations concomitant with
release of high levels of intracellular ATP into the localized milieu
surrounding the insult (Burnstock, 2007; Simi et al., 2007). These
conditions will sensitize microglial P2X,Rs, prolong their activa-
tion, and increase calcium entry for the several seconds required
for dynamic CaM binding to the CaM binding domain we iden-
tified on the P2X,R C terminus. CaM binding during receptor
activation will result in prolonged current facilitation with con-
tinuous calcium influx and increased cytoskeletal alterations,
thus promoting rapid microglial migration into the damaged
area. During initial neuroinflammatory insult, CaM deregulation
(via facilitation) of calcium entry through this highly unusual ion
channel would prove beneficial, not detrimental, to neuronal
survival.
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