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Abstract 

P2X7 receptors (P2X7Rs) are ATP-gated ion channels that display the unusual property of 

current facilitation during long applications of agonists. Here we show that facilitation 

disappears in chimeric P2X7Rs containing the C-terminus of the P2X2 receptor (P2X2R), and in 

a truncated P2X7R missing the cysteine-rich domain of the C-terminus. The chimeric and 

truncated receptors also show an apparent decreased permeability to NMDG+. The effects of 

genetically modifying the C-terminus on NMDG+ permeability were mimicked by 

pre-application of the HSP90 antagonist geldanamycin to the wild-type receptor. Further, the 

geldanamycin decreased the shift in the reversal potential of the ATP gated current measured 

under bi-ionic NMDG+/Na+ condition without effecting the ability of the long application of 

agonist to facilitate current amplitude. Taken together, the results suggest that HSP90 may be 

essential for stabilization and function of P2X7Rs through an action on the cysteine-rich domain 

of the cytoplasmic C-terminus. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 14, 2016 as DOI: 10.1124/mol.115.102988

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #102988 

 
 

4

Introduction 

   P2X receptors (P2XRs) are a family of seven ATP-gated ion channels that underlie a diverse 

array of functions in both simple and complex organisms (North, 2002). All seven members of 

the family (P2X1R – P2X7R) are composed of three subunits, and show a preference for cations 

over anions (Nicke et al, 1998; Barrera et al, 2005; Egan et al, 2006). Each subunit has 

intracellular N- and C-termini and two transmembrane domains (TM1 and TM2) separated by a 

large extracellular loop (Surprenant et al, 1996; Egan et al, 2004). By comparison to all other 

family members, the C-terminus of P2X7R is longer and contains a unique cysteine rich domain 

(Erb et al, 2006; Egan et al, 2006; Costa-Junior et al, 2011). Channels with truncated C-termini 

missing this domain show an apparent decreased ability to transport large (up to 900 Da) 

polyatomic molecules during long applications of ATP (Surprenant et al, 1996; Khakh et al, 

1999), suggesting that this cytoplasmic domain plays a role in regulation of current through the 

channel. Recently, high resolution structures of the zebrafish P2X4.1 receptor (zfP2X4.1R) were 

obtained in the presence and absence of ATP, leading to a much better understanding of the 

conformational changes underlying channel gating (Kawate et al, 2009; Hattori and Gouaux, 

2012). However, these structures lack the cytoplasmic N- and C-termini, and the manner in 

which the cytoplasmic domains regulate channel function therefore is still open to question. One 

possibility suggested by proteomic studies is that the C-terminus contains a binding site for 

regulatory proteins such as laminin 3, integrin kinase, and the heat shock proteins HSP70, 

HSP71 and HSP90 that are capable of altering channel properties (Kim et al, 2001; Gu et al, 

2009). The presence of an HSP90 is particularly intriguing because this heat shock protein is 

thought to repress P2X7R function (Adinolfi et al, 2003) and play a role in caspase-dependent 
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apoptosis of rodent macrophages and microglia (Levin et al, 2008; Chen et al, 2009).  

In the present report, we sought to determine if HSP90 regulates ATP-gated current by 

interacting with the C-terminus of the P2X7R. Some (P2X2R, P2X4R, P2X7R) but not all 

P2XRs show an apparent time-dependent increase in permeability to large organic cations such 

as N-methyl-D-glucamine+ (NMDG+), ethidium+, and the carbocyanine nucleic acid dye, 

YO-PRO-1 (Khakh et al, 1999; Virginio et al, 1999; Yan et al, 2008; Yan et al, 2010). In the case 

of the P2X7R, the time-course of the apparent change in cation permeability is associated with 

an increase in charge transfer across the membrane (called “current facilitation”) (Yan et al, 

2008; Yan et al, 2010; Khadra et al, 2013; Rokic et al, 2013). In contrast, the long applications of 

ATP needed to induce the permeability changes of P2X2Rs results in a decrease in charge 

transfer because the receptor desensitizes (Khakh et al, 1999; Coddou et al, 2015). The different 

time-dependent effects of ATP on the size of P2X2R and P2X7R currents suggest that chimeras 

of these channels may be useful tools to determine the locus of the HSP90 effect on P2X7R 

function. Here, we report findings suggesting that HSP90 plays an important role for 

stabilization and function of P2X7R by interacting with the cysteine-rich domain of the 

C-terminus of the P2X7R.   
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Materials and Methods 

Cell culture and heterologous expression of recombinant receptors. HEK293 or HEK293T 

cells were maintained in Dulbecco’s modified Eagle medium (Sigma-Aldrich, St. Louis, MO, 

USA) containing 10% fetal bovine serum and 100 U/ml penicillin-streptomycin 

(Gibco-Invitrogen, Carlesbad, CA, USA). These cells were plated at a density of 100,000 cells 

per 35 mm culture dish and kept at 37 °C in a humidified atmosphere containing 5% CO2. Cells 

were co-transfected with 1.0 μg of cDNA encoding a rat wild-type or mutant P2X7R, and 0.5 μg 

of a DsRed expression plasmid using 4 μl of Attractene according to the manufacturer’s 

protocols (Qiagen, Sussex, UK). Large ATP-gated currents through functional receptors were 

studied 24-36 hrs post- transfection.  

Generation of chimeric P2X7Rs. Chimeras were constructed by performing two successive 

PCR amplifications using 5’ and 3’ primers containing overlapping regions between rat P2X2Rs 

and P2X7Rs in pcDNA3.1(+). To generate a chimera consisting of the P2X7R with the 

N-terminal domain of P2X2R, we used overlap oligonucleotides encoding the sequences 

RNRRL/GTIKWIL (corresponding to aa 25–29 for P2X2R and aa 27–33 for P2X7R). To 

generate a chimera consisting of P2X7R with the C-terminal domain of P2X2R, we used overlap 

oligonucleotides encoding aa LIINT/FMNKNKL (corresponding to aa 353–357 for P2X7R, aa 

355–361 for P2X2R). Each 25 µl PCR reaction contained 0.1 µg of the template P2XR, 500 

pmol of each primer, 125 µM dNTPs, and 2.5 units/ml PFU or GXL DNA polymerase (Takara 

DIO INC., Shiga, Japan). PCR parameters included an initial denaturation at 95 °C for 1min 

followed by 30 cycles (95°C for 10 sec, 55 ~ 60°C for 5 sec, 68°C for 60 sec and 3 min). The 

first PCR product was purified by mini-prep (Qiagen, Sussex, UK), and 1 µl of the product was 
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used as template DNA for the second PCR. All sequences were confirmed by DNA sequencing 

(FASMAC Co. Ltd., Kanagawa, Japan). 

Immunocytochemistry. Cells were plated onto glass slides, and then transfected with 

cDNAs encoding wild-type and chimeric receptors as described above. The plated cells were 

then washed three times with 0.1 M sodium phosphate buffer (PBS), followed by fixation with 

4% paraformaldehyde in PBS for 20 min at room temperature. After washing three times with 

PBS, cells were incubated with blocking solution (0.1% Triton X-100 and 5% donkey serum in 

PBS) for 30 min. Cells were then incubated with anti-P2X7R (1:1000, Alomone Labs, Jerusalem, 

Israel) in the blocking solution for 2 hrs at room temperature. After washing three times with 

PBS, cells were incubated with Alexa Fluor 488-conjugated donkey anti-rabbit (1:400, 

Molecular Probe, Eugene, OR, USA) for 1 hr at room temperature. After washing three times 

with PBS and rinse in distilled water, coverslips were mounted on slides with an anti-fading 

reagent.                   

Whole cell current recording and application of drugs. Immediately preceding the start of 

an experiment (Migita et al, 2001), plated cells were mechanically dispersed using a 

fire-polished Pasteur pipette, and an aliquot of the dispersion was transferred to a recording 

chamber. Cells predicted to express P2XR protein were identified using fluorescence microscopy 

to detect the presence of Ds-Red. Whole-cell current was measured at room temperature with 

low resistance (1.5-3 M), lightly fire-polished, borosilicate electrodes from single cells held at 

-60 mV using a broken-patch method. The data were recorded with a Multiclamp 700B 

(Molecular Devices, Sunnyvale, CA, USA), filtered at 1 kHz and digitized at 10 kHz using a 

Digidata 1322A (Molecular Devices, Sunnyvale, CA, USA). Data acquisition and analysis were 
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performed using pClamp9.2 software (Molecular Devices, Sunnyvale, CA, USA) and Igor Pro 

software (WaveMetrics, Inc, Lake Oswego, OR, USA). The pipette solution contained (in mM): 

140 CsCl, 1 MgCl2, 10 EGTA, 10 HEPES (pH 7.4 with CsOH). The extracellular solution 

contained: 154 NaCl, 1 MgCl2, 1 CaCl2, 10 glucose, and 10 HEPES (pH 7.4 with NaOH). Drugs 

were applied for 1 sec or 60 sec once every 2-5 min using triple-barreled glass and a Perfusion 

Fast-Step System SF-77 (Warner Instruments, Hamden, CT). For estimates of activation and 

deactivation rates, cells were lifted from the substrate to increase speed of the concentration 

changes. The time-course of the concentration change was measured by switching the solution 

from normal external solution to solution containing 150 mM K+. The 10-90% time for change in 

holding current was 9.8 ± 0.2 msec (switch into high K+ solution; n = 19) and 5.9 ± 0.4 msec 

(switch back to normal bath solution; n = 19). Successive applications of ATP were separated by 

at least 3 min.  

The current-voltage curve, obtained by ramping the voltage from -80 to 40 mV with 200 

msec on every other second for 60 sec, was used to estimate changes in reversal potential during 

the application of either 30 µM (when studying P2X2R) or 3 mM (when studying P2X7R) ATP. 

To measure permeability changes, the extracellular solution contained no Ca2+ or Mg2+, and the 

154 mM NaCl was replaced by 154 mM NMDG-Cl; MgCl2 was also removed from the pipette 

solution. From these data, we calculated the relative permeability as PNMDG/PCs = exp(VrevF/RT) 

where Vrev is the bi-ionic reversal potential measured in extracellular NMDG-Cl and intracellular 

CsCl, F is Faraday’s constant, R is the universal gas constant, and T is the absolute temperature. 

To construct concentration-response curves, peak agonist-gated current was normalized to 

that measured during application of 10 mM ATP in each cell. Individual curves were then fit 
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with the Hill equation (I = Imax / [1+(Xhalf / X)^rate]) using the Levenberg-Marquardt algorithm 

implemented in IGOR Pro, where I is the peak amplitude of the agonist-gated current and X is 

the agonist concentration. The fit was used to estimate the maximum current (Imax), the 

concentration of agonist needed to evoke a half-maximal current (Xhalf, also called the EC50), and 

the Hill coefficient (nH, equal to the rate). The values of each of these parameters were 

appropriately pooled to determine differences amongst groups.  

Western Blots. HEK293T cells expressing P2X7R and P2X7R[18] were cultured in 10 cm 

plates and treated with geldanamycin (5 µM, 20 min). Cells were washed twice with PBS, 

scraped from the dish, and centrifuged at 1000 g for 1 min at room temperature. The pellets were 

homogenized with a lysis buffer composed of 20 mM Tris-HCl at pH 8.0, 10 mM KCl, 1 mM 

MgCl2, 1 mM EDTA, 10% glycerol and a protease inhibitor cocktail (cOmplete Protease 

Inhibitor Cocktail tablets, Roche Applied Science). This was then incubated on ice for 20 min, 

followed by centrifugation at 1000 g for 5 min at 4 °C. The protein-rich supernatant was 

centrifuged again at 3,300 g for 5 min at 4 °C, followed by an addition centrifugation at 6,000 g 

for 15 min at 4 °C to remove mitochondria. Finally, the resulting supernatant was centrifuged at 

20,000 g for 1 hr at 4 °C. The pellet was treated with a second lysis buffer (20 mM Tris-HCl at 

pH 8.0, 150 mM KCl, 1 mM MgCl2, 1 mM EDTA, 1% SDS and protease inhibitor cocktail). 

Protein concentration in lysate was determined by micro BCA protein assay kit (Life 

technologies, California, USA). Protein samples (10 µg) were diluted into the sample buffer (100 

mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% -mercaptoethanol), then boiled for 5 min, 

separated by SDS-PAGE on 10% gels, and transferred onto a methanol-activated polyvinylidene 

difluoride membrane (Immobilon-P, PVDF, Millipore). After blocking with 5% nonfat 
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milk/Tris-buffered saline solution containing 0.1% Tween 20 (TBS-T) for 1 hr at room 

temperature, the membrane was incubated with primary antibodies (anti-P2X7R, Alomone Labs; 

1:10,000, anti-HSP90, BD Transduction Laboratories; 1:5,000 and anti--actin, Sigma-Aldrich; 

1:10,000) at 4 °C for overnight and washed three times with TBS-T. Horseradish 

peroxidase-conjugated anti-mouse IgG (1:5,000, Jackson ImmunoResearch Laboratories) or 

anti-rabbit IgG (1:5,000, Jackson ImmunoResearch Laboratories) was used as a secondary 

antibody. The signals were detected by using an ECL (Bio-Rad). 

Statistics. Statistical analysis of data was performed using the Student’s t test for 

comparisons between two groups, or analysis of variance followed by Turkey’s test for multiple 

comparisons using the statistics routines of Igor Pro. Results are expressed as means and 

standard error of the mean (S.E.M.). The level of significance was set at P < 0.05. 

Chemicals. Geldanamycin was obtained from SERVA Electrophoresis GmbH (Heidelberg, 

Germany). 17-AAG and 17-DMAG were obtained from TOCRIS Bioscience (Bristol, UK). 

Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
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Results 

HSP90 interacts with P2XRs. P2X2Rs, P2X4Rs and P2X7Rs, but not P2X3Rs show 

apparent time-dependent changes in polyatomic cation permeability when exposed to agonist for 

several seconds (Khakh et al, 1999; North, 2002; Yan et al, 2008; Yan et al, 2010). Interestingly, 

P2X2R currents desensitize whereas P2X4R and P2X7R currents facilitate during extended 

exposure to agonists. Lalo and coworkers (Lalo et al, 2012) showed that human P2X1R currents 

were blocked and human P2X2R currents were potentiated by pre-application of the HSP90 

antagonist, geldanamycin. We investigated the effects of geldanamycin on rat P2XRs (Fig. 1A), 

and found that currents through both rat P2X4Rs (amplitude of the second ATP-gated current 

divided the amplitude of the first equaled 0.67 ± 0.07 in the absence of geldanamycin and 4.81 ± 

1.29 in the presence of geldanamycin) and rat P2X7R (ratios in the absence and presence of 

geldanamycin equaled 0.72 ± 0.10 and 2.28 ± 0.73, respectively) were potentiated by 

geldanamycin, whereas currents through the P2X2R and P2X3R were not (Fig. 1B). The ability 

of geldanamycin to potentiate human P2X2Rs (Lalo et al, 2012) but not rat P2X2Rs (Fig. 1) 

demonstrates important yet previously unappreciated species-dependent actions of HSPs on P2X 

receptors, and suggest that unique sites may be involved in HSP90 regulation of individual 

P2XRs.  

Functional P2X2/7 chimeras are targeted to the cell surface membrane. We wondered if 

this difference of HSP90 regulation of rat P2X2Rs (no effect) and P2X7Rs (potentiation) reflects 

the variations in sequences of the N- and/or C-terminus. To investigate this hypothesis, we made 

P2X2/7 chimeric receptors in which parts of the P2X7R were replaced with parts of the P2X2R 

(Fig. 2A). We transfected HEK293 cells with genes encoding the chimeras, and studied them 
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using immunohistochemistry and electrophysiology. All of the chimeric proteins were expressed 

in transfected cells (Fig. 2B), and in all cases, the transfected cells showed measurable currents 

when challenged with ATP (Fig. 3). Current through the X7-X7-X2 chimera was smaller than 

that seen for the other constructs, but still large enough to allow accurate measurements of its 

properties (see below).  

A role of the intracellular region of P2X7R in current facilitation. The wild-type P2X7R 

shows a biphasic response to long applications of ATP composed of an initial fast inward current 

called I1 and a second, slower inward current called I2 that grows larger in the continued 

presence of ATP (upper left panel of Fig. 3). All of the constructs showed similar densities of I1 

and I2 currents with two exceptions (Table 1). First, the P2X7R chimera containing the 

C-terminus of the P2X2R (X7-X7-X2) showed a mono-phasic current that lacked an obvious I2 

component. Second, I2 was significantly larger in the P2X7R containing the N-terminus of the 

P2X2R (X2-X7-X7). On the other hand, it tended to depend C-termini for 10-90% rise time and 

both N- and C-terminus or cysteine rich domain for decay time constant (Table 1). Although 

these results are interesting, the effects of domain swaps and mutations on the densities of I1 and 

I2 could reflect changes in protein assembly, protein trafficking, or channel kinetics. We did not 

further pursue these distinctions because the investigation of I1 and I2 per se is not the main goal 

of this study. More central to our project is the finding that the two mutant constructs with 

altered C-termini (X7-X7-X2 and X2-X7-X2) show significantly less facilitation than the 

wild-type receptor (see Table 1). Taken together, these results support the contention that 

facilitation of P2X7R current requires a full-length native C-terminal tail (Yan et al, 2008; Yan et 

al, 2010; Liang et al, 2015).  
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NMDG+ permeability in P2X7 chimeric receptors. Next, we examined the effect of altering 

the structure of the P2X7R on the time-dependent change in the reversal potentials of the 

ATP-gated currents, measured when NMDG+ or Cs+ is the dominate carrier of cationic current, 

that coincides with the generation of I2 during long applications of ATP (Fig. 4). We measured 

reversal potentials at the start (during I1) and end (during I2) of a 60 sec application of 3 mM ATP. 

For the wild-type P2X7R, the reversal potential shifted from -38.9 ± 1.7 to -13.0 ± 5.9 mV (n=6) 

as PNMDG/PCs increased from 0.21 ± 0.01 to 0.67 ± 0.12. The shift in the reversal potential was 

smaller for the wild-type P2X2R (15.8 ± 5.3 mV, n=6), indicating that PNMDG/PCs increased from 

0.15 ± 0.01 to 0.28 ± 0.03. Most importantly, all of the chimeras showed much smaller changes 

in Erev and PNMDG/PCs, with the smallest changes occurring in the chimeric receptors containing 

the C-terminus of the P2X2R (Table 2). If indeed the shift in reversal potential reflects a change 

in NMDG+ permeability (see below), then these data support the contention that the C-terminus 

plays a significant role in NMDG+ permeability of the P2X7Rs (Jiang et al, 2005; Yan et al, 

2008; Yan et al, 2010). 

Geldanamycin potentiates I1 through an action on the C-terminus. The C-terminus of the 

P2X7R binds HSP90 in pull-down assays (Kim et al, 2001; Gu et al, 2009). Thus, we 

investigated the functional consequences of this interaction by determining the effect of the 

HSP90 antagonist, geldanamycin, on ATP-gated current (Fig. 5A). We found that the peak I1 

evoked by a 1 sec application of 3 mM ATP in the wild-type P2X7R increased 2.1 ± 0.5 fold 

after a 20 min application of geldanamycin (Fig. 5B, Table 3). Similar effects were seen using 

other HSP90 antagonists; peak I1 evoked by a 1 sec application of 3 mM ATP in the wild-type 

P2X7R increased 2.0 ± 0.2 and 1.5 ± 0.1 fold after a 20 min application of 5 nM 17-AAG and 
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100 nM 17-DMAG, respectively (Supplemental Fig. 1). Further, geldanamycin tended to 

increase I1 through the only chimeric receptor with an intact P2X7 C-terminus (X2-X7-X7) (see 

I1/Icontrol of Table 3). In contrast, the chimera with non-native (X7-X7-X2 and X2-X7-X2) 

C-termini failed to show increased ATP-evoked currents in the presence of geldanamycin.  

We considered the following possible causes of the effect of geldanamycin on the initial 

phase of the P2X7R current. First, geldanamycin might alter the sensitivity of the P2X7R to ATP. 

This seems unlikely because we used super-maximal concentrations of ATP to evoke I1 in these 

experiments (Fig. 5), and because the EC50s measured in the presence and absence of 

geldanamycin were nearly identical (Table 4). Second, the increase in I1 amplitude might result 

from an increase in protein expression of either the P2X7R channel or the putative accessory 

protein HSP90. However, we saw no changes in total or surface protein expression using 

Western blot analysis (Fig. 9A,B, Supplemental Fig. 2). The third possibility, that geldanamycin 

affects the ability of C-terminal domain of the P2X7R to interact with HSP90, therefore remains 

the most likely explanation for the change in I1 amplitude.  

Geldanamycin also alters apparent pore dilation, but not current facilitation. We studied 

the effect of geldanamycin on current facilitation and apparent pore dilation by measuring I2 and 

the shift in the reversal potential of the ATP-gated current before and after application of the 

HSP90 antagonist. As shown in Fig. 6, geldanamycin significantly increased I1 phase of the 

P2X7R current. In contrast, the total I2 current, measured 60 sec after the start of the ATP 

application, wasn’t significantly different in the presence and absence of geldanamycin (-253 ± 

65 pA/pF and -239 ± 43 pA/pF, respectively). Similar effects were seen in the X2-X7-X7 

chimera. We also measured a smaller shift in the reversal potential (~10 mV; Table 2) in the 
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presence of geldanamycin by comparison to measurements made in its absence (compare raw 

data of Figs. 4 and 7; Table 2). The fact that geldanamycin increases total current density but 

causes a smaller shift in the reversal potential of the ATP-gated current measured under bi-ionic 

NMDG+/Na+ conditions argues against the recent suggestion that the altered Erev results entirely 

from an affect of ion accumulation (Li et al, 2015). Rather, the data support the ability of HSP90 

to directly influence the ability of the P2X7R pore via C-terminus to adopt a conformational state 

with altered permeability to NMDG+. 

Inhibition of geldanamycin-potentiated I1 current with deleted cysteine-rich 

juxtamembrane domain of P2X7R. Previous studies have shown that C-terminus of P2X7R 

involves the 18-amino acid cysteine-rich juxtamembrane domain contributed to current 

facilitation, apparent pore dilation and palmitoylation (Jiang et al, 2005; Yan et al, 2008; 

Gonnord et al, 2009; Yan et al, 2010; Roger et al, 2010). Resh (Resh, 2006) showed that 

palmitoylation can influence membrane binding of the modified proteins and the trafficking of 

ion channels. We thus investigated the effect of geldanamycin on ATP-induced currents using a 

deletion mutant (P2X7R[18]) that lacks the 18-amino acid (362-379: 

CCRSRVYPSCKCCEPCAV) cysteine-rich site (Jiang et al, 2005). The ability of geldanamycin 

to potentiate the I1 current in wild-type P2X7R completely disappeared in the truncated 

P2X7R[18] (Fig. 8A). The same results were obtained using 17-AAG and 17-DMAG 

(Supplemental Fig. 1). Further, using Western blot analysis of protein expression, we saw no 

changes in total or surface P2X7R[18] expression in the presence and absence of geldanamycin, 

17-AAG and 17-DMAG (Fig. 9, Supplemental Fig. 2). In addition, I2 current and the shift in the 

reversal potential in the presence and absence of geldanamycin was unchanged in P2X7R[18] 
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(Fig. 8B-D). Taken together, these data suggest that HSP90 prevents facilitation of the initial ion 

influx by an action on the cysteine-rich domain of the C-terminus of the wild-type P2X7R.   
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Discussion 

Site-directed mutagenesis of the C-terminus has numerous effects on P2XR channel 

function; amongst these, the best known is a change in the apparent ability of the pore to 

permeate large organic cations during long applications of ATP (Khakh et al, 1999; Egan et al, 

2006; Erb et al, 2006; Yan et al, 2008; Yan et al, 2010). Further, the C-terminus has been shown 

to interact with a number of intracellular and cytoskeleton proteins, including HSP90 (Kim et al, 

2001), in a manner that targets the receptor to the plasma membrane and regulates the gating of 

the P2X1R (Lalo et al, 2011; Lalo et al, 2012). In the present paper, we show that the HSP90 

antagonist, geldanamycin, significantly changes the channel properties of the ATP-gated currents 

of a number of P2XRs (P2X2R, P2X4R, and P2X7R), suggesting that HSP90 indeed plays an 

important role in the regulation of P2XR function.     

We took advantage of the fact that while both P2X2R and P2X7R show a change in the 

reversal potential of the ATP-gated currents measured under bi-ionic conditions during long 

applications of agonist, only the P2X7R shows current facilitation (Khakh et al, 1999; Yan et al, 

2008; Yan et al, 2010). Although the structural bases of apparent pore dilation and current 

facilitation are unknown (but see below), it is tempting to speculate that functional differences in 

the P2X2R and the P2X7R arise from their divergent C-termini. Specifically, the C-terminus of 

the P2X7R is much longer than that of the P2X2R, and contains a distinct cysteine-rich domain 

(North, 2002). Truncated P2X7Rs that lack this domain fail to show pore dilation and current 

facilitation (Yan et al, 2008; Yan et al, 2010), suggesting that the C-terminus plays a pivotal role 

in producing these phenomena. Further, the cysteine-rich domain is absent in P2X2Rs that show 

clear changes in reversal potentials in response to prolonged applications of agonist, albeit at a 
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slower rate and to a lesser degree than the wild-type P2X7R (Khakh et al, 1999; Virginio et al, 

1999; Yan et al, 2008; Mio et al, 2009; Yan et al, 2010; Khadra et al, 2012).  

Using chimeric constructs of the P2X2R and P2X7R, we found that a full length P2X7R 

C-terminus is required to achieve the maximum degree of facilitation. That is, neither the 

chimeric P2X7Rs containing the C-terminus of P2X2R nor the truncated P2X7R[18] show the 

same degree of facilitation as that seen in the full-length wild-type P2X7R. These engineered 

receptors also showed a smaller shift in the reversal potential during long applications of ATP, 

indicative of lesser apparent pore dilation. Recently, Li and coworkers (Li et al, 2015) suggested 

that the shift in equilibrium potential induced by prolonged P2X2 channel activation does not 

result from pore dilation, but rather from time-dependent alterations in the concentration of 

intracellular ions. However, our experiments clearly show that the geldanamycin decreased the 

shift in the reversal potential of the ATP-gated current measured under bi-ionic NMDG+/Na+ 

condition without effecting the ability of the long application of agonist to facilitate current 

amplitude. The smaller shift in the reversal potential paired to a larger inward current would 

seem to argue against an effect of ion accumulation. However, our data do not conclusively 

prove that HSP90 is capable of directing conformational changes in the P2X7R protein channel, 

and additional experiments derived from the study of Li and coworkers (Li et al, 2015) are 

needed to confidently rule out the possibility that a change in the intracellular concentrations of 

ions explains the effect of geldanamycin on the change in the reversal potential. While further 

experiments are clearly needed, our results suggest that C-terminal of the P2X7R, especially the 

cysteine-rich region, may regulate ion permeability by promoting the adoption of a unique open 

channel conformation.  
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We also found that the X2-X7-X7 chimera showed a decrease NMDG+ permeability during 

long applications of ATP. In fact, this result is not surprising; others showed that mutating a 

highly conserved threonine (Thr15) or non-conserved Serine (Ser23) in the N-terminus of the rat 

P2X7R significantly alters NMDG+ permeability (Yan et al, 2008) and ethidium bromide uptake 

(Allsopp et al, 2015). While it is tempting to speculate how the N- and C-terminus influences 

conformational states of the pore, firm determination awaits the solution of high-resolution 

structures of fully formed P2X7Rs. 

P2X7Rs interact with a number of intracellular and membrane-spanning proteins (Kim et al, 

2001; Gu et al, 2009). Adinolfi and coworkers (Adinolfi et al, 2003) used geldanamycin to show 

that tyrosine phosphorylation of HSP90 within the P2X7R complex negatively regulates channel 

function by lowering the affinity of the P2X7R for Bz-ATP through an action on a specific 

tyrosine (Tyr550) in the C-terminal tail. In our study, we found that geldanamycin potentiated the 

initial I1 component of the ATP-induced current of the wild-type P2X7R, while at the same time 

it inhibited the shift in the reversal potential. The potentiation of I1 current by geldanamycin was 

not present in cells expressing the X7-X7-X2, X2-X7-X2 and P2X7R[18] chimera. Further, 

pre-application of geldanamycin prevented the increase in NMDG+ permeability in the wild-type 

receptor. All of these effects may reflect a constitutive action of HSP90 on P2X7R function as 

the result of an interaction with C-terminus. We do not think that geldanamycin exerts its effects 

by acting as an ATPase (Panaretou et al, 1998), because the broken-patch method we use to 

record membrane current is expected remove unbound intracellular ATP by dilution of the 

cytoplasm with the contents of the recording pipette, thereby effectively making the action of an 

ATPase redundant. Rather, geldanamycin may act to displace ATP from a critical binding site. 
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Further experiments are needed to more precisely define the action of geldanamycin at the 

molecular level. Nevertheless, out data clearly show that C-terminus of the P2X7R is somehow 

involved in geldanamycin effect. This should not be surprising because several reports highlight 

the importance of this domain in regulation of channel function. For example, Smart and 

coworkers (Smart et al, 2003) showed that the distal C-terminal domain regulates surface 

expression of the P2X7R and is essential for the apparent pore dilation and current facilitation 

reported here. Further, separate domains within the C-terminus contribute to the Ca2+ dependent 

(Rogers et al, 2008; Yan et al, 2011) and independent (Roger et al, 2010) components of current 

facilitation of the P2X7R. Moreover, Gonnord and coworkers (Gonnord et al, 2009) have 

indicated that the cysteine-rich site is important for the P2X7 palmitoylation that plays a critical 

role in the association with the lipid microdomains of plasma membrane. Now, our work with 

wild-type and chimeric receptors suggest the HSP90 facilitates P2X7R current through a 

physical interaction with the the juxtamembrane cysteine-rich domain. However, how HSP90 

causes facilitation is unknown. One possibility is that the binding of HSP90 at or near the 

cysteine-rich domain bends the C-terminus into a unique conformation that is capable of 

changing channel kinetics in a way that promotes NMDG+ permeability. Again, proof of this 

hypothesis awaits the arrival of full length, high resolution structures in complex with HSP90.  

Ample data suggest that the C-terminus plays a significantly role in the regulation of 

inflammatory response (Adriouch et al, 2002), apoptosis (Wiley et al, 2002; Le et al, 2004; Feng 

et al, 2006) and pain (Sorge et al, 2012) by the P2X7R. Our experiments extend this work and 

suggest that one role for the C-terminus is to act as an interaction site for an accessory regulatory 

protein, HSP90. If so, then drugs that modulate the binding of HSP90 to the C-terminus may be 
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useful therapies for neuropathic pain, apoptosis, and inflammation. 
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Figure Legends 

 

Figure 1. Effect of the HSP90 inhibitor geldanamycin on other P2XRs-mediated currents. A, 

representative currents evoked by 30 µM ATP for P2X2R, P2X3R and P2X4R or 3 mM ATP for P2X7R 

in the absence (upper figures) or presence (lower figures) of 5 µM geldanamycin (20 min). B, mean ratio 

showed 2nd ATP currents in the absence (black bar) or presence (white bar) of geldanamycin divide by 

1st ATP current in P2XRs (n = 4-6). *P < 0.05, **P < 0.01 compared with the corresponding values from 

the absence of geldanamycin (Student’s t-test). 

 

Figure 2. Property of P2X7 chimeras. A, schematic representations of the wild-type and chimeric 

receptors used in this study. B, immunofluorescence staining of wild-type and chimeric receptors in 

HEK-293T cells transiently expressing these receptors.  

 

Figure 3. P2X7 and its chimeras receptors currents during long-term stimulation with ATP. 

Representative traces showing the whole cell currents elicited by a 60-s application of 3 mM ATP for 

P2X7 and its chimeras receptors and 30 µM ATP for P2X2R. Dotted line indicates bottom of current 

under the presence of ATP.   

 

Figure 4. Permeability to NMDG+ in P2X7 and its chimeras receptors. Voltage ramps of -80 mV to 40 

mV were applied to the cells during 60 sec activation of P2X7R and its mutants by 3 mM ATP or P2X2R 

by 30 µM ATP in extracellular NMDG+. The currents initially (1 sec) show a low permeability to NMDG+ 

that is followed by a progressive rightward-shift in the reversal potential of the ATP-activated current in 
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P2X7 and P2X2Rs. 

 

Figure 5. Effect of the HSP90 inhibitor geldanamycin on P2X7 and its chimeras receptors-mediated 

currents. A, representative currents evoked by 3 mM ATP recorded in cells expressing P2X7R and its 

chimeras receptors or 30 µM ATP in P2X2R in the absence or presence of 5 µM geldanamycin (20 min). 

B, mean normalized data of P2X7 and its chimeras receptors-mediated 3 mM ATP currents in normal 

HEPES solution and in the presence of 5 µM geldanamycin. (n = 4-8). Statistical analysis was performed 

by one-way ANOVA followed by Tukey’s test (**P < 0.01).  

 

Figure 6. Effect of geldanamycin on current facilitation in P2X7R and its mutants. Representative traces 

showing the whole cell currents elicited by a 60 sec application of 3 mM ATP for P2X7R in the presence 

and absence of 5 µM geldanamycin (20 min).  

 

Figure 7. Effect of geldanamycin on permeability to NMDG+ in P2X7R and its mutants. Voltage ramps of 

-80 mV to 40 mV were applied to the cells during 60 sec activation of P2X7R by 3 mM ATP in 

extracellular NMDG+ under the presence of 5 µM geldanamycin (20 min). 

 

Figure 8. Effect of geldanamycin on ATP-induced currents in P2X7R[18]. A, representative currents 

evoked by 3 mM ATP recorded in cells expressing P2X7R and P2X7R[18] in the absence or presence of 

5 µM geldanamycin (20 min). Mean normalized data of P2X7 and P2X7R[18]-mediated 3 mM ATP 

currents in normal HEPES solution and in the presence of 5 µM geldanamycin (n = 4-8). Statistical 

analysis was performed by one-way ANOVA followed by Tukey’s test (**P < 0.01). B, representative 
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traces showing the whole cell currents elicited by a 60 sec application of 3 mM ATP for P2X7R[18] in 

the presence and absence of 5 µM geldanamycin (20 min). C, Voltage ramps of -80 mV to 40 mV were 

applied to the cells during 60 sec activation of P2X7R[18] by 3 mM ATP in extracellular NMDG+. D, 

Voltage ramps of -80 mV to 40 mV were applied to the cells during 60 sec activation of P2X7R[18] by 3 

mM ATP in extracellular NMDG+ under the presence of 5 µM geldanamycin (20 min). 

 

Figure 9. Effect of geldanamycin on P2X7R and P2X7R[18] expression. A, Western Blots showing total 

or plasma membrane of P2X7R, P2X7R[18], HSP90, GAPDH and -actin proteins in HEK293T cells 

transfected with P2X7R (X7) and P2X7R[18] (18) treated or untreated with 5 µM geldanamycin for 20 

min. B, summary of the amount of P2X7R and P2X7R[18] relative to -actin. Data indicate no 

difference in the total (n = 6) or surface (n = 3) level of P2X7R, P2X7R[18] and HSP90 between treated 

and untreated with geldanamycin.  
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