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Background: Heat shock protein 90 (HSP90) has previously been co-purified with P2X1 receptors for ATP.
Results: P2X1 receptor trafficking and responses (currents and calcium rises) were reduced by HSP90 inhibitors.
Conclusion: P2X1 receptors are constitutively regulated by HSP90.

Significance: In addition to a role in cancer treatment, HSP90 inhibitors may provide protection from thrombosis.

We have used selective inhibitors to determine whether the
molecular chaperone heat shock protein 90 (HSP90) has an
effect on both recombinant and native human P2X1 receptors.
P2X1 receptor currents in HEK293 cells were reduced by ~70 —
85% by the selective HSP90 inhibitor geldanamycin (2 um, 20
min). This was associated with a speeding in the time course of
desensitization as well as a reduction in cell surface expression.
Imagingin real time of photoactivatable GFP-tagged P2X recep-
tors showed that they are highly mobile. Geldanamycin almost
abolished this movement for P2X1 receptors but had no effect
on P2X2 receptor trafficking. P2X1/2 receptor chimeras showed
that the intracellular N and C termini were involved in geldana-
mycin sensitivity. Geldanamycin also inhibited native P2X1
receptor-mediated responses. Platelet P2X1 receptors play an
important role in hemostasis, contribute to amplification of sig-
naling to a range of stimuli including collagen, and are novel
targets for antithrombotic therapies. Platelet P2X1 receptor-,
but not P2Y1 receptor-, mediated increases in intracellular cal-
cium were reduced by 40 — 45% following HSP90 inhibition with
geldanamycin or radicicol. Collagen stimulation leads to ATP
release from platelets, and calcium increases to low doses of
collagen were also reduced by ~40% by the HSP90 inhibitors
consistent with an effect on P2X1 receptors. These studies sug-
gest that HSP90 inhibitors may be as effective as selective antag-
onists in regulating platelet P2X1 receptors, and their potential
effects on hemostasis should be considered in clinical studies.

In blood, ATP is released into the extracellular space in a
variety of ways including from damaged cells and platelet gran-
ules as well as from endothelial cells in response to shear stress
(1). ATP can activate cell surface G protein-coupled P2Y recep-
tors and P2X receptor ion channels (2). P2X receptors comprise
a distinct family of ligand-gated ion channels with two trans-
membrane segments, an extracellular ligand binding loop, and
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intracellular N and C termini. Seven mammalian P2X receptor
subunits (P2X1-7) have been identified, and they assemble to
form homo- or heterotrimeric receptors with a range of prop-
erties (3). P2X1 receptors are emerging as important regulators
of blood cell function. Platelet P2X1 receptors amplify signaling
through multiple major stimuli (4), including collagen, throm-
bin, and Toll-like receptors (5). Activation of platelet P2X1
receptors is particularly important iz vivo at high levels of shear
because P2X1 ™/~ mice are resistant to thrombosis within small
arteries and arterioles (6). Furthermore, overexpression of the
P2X1 receptor in platelets resulted in increased mortality due
to thromboembolism following intravenous injection of colla-
gen and adrenaline (7). In neutrophils, P2X1 receptor activa-
tion promotes chemotaxis through Rho kinase activation (8)
and provides a protective role in endotoxemia (9). In T lympho-
cytes P2X1 receptors contribute to activation at the immune
synapse (10). The activity of P2X1 receptors can therefore have
an important impact on cardiovascular health, and P2X1 recep-
tor-selective antagonists have therapeutic potential as anti-
thrombotic agents and in stroke prevention.

An understanding of the cellular mechanisms of regulation
of P2X1 receptor activity is developing. We have shown that
P2X1 receptors preferentially associate with cholesterol-rich
lipid rafts in arteries as well as platelets, and depletion of cellular
cholesterol inhibits calcium influx and downstream responses
(11, 12). Our recent proteomic analysis of P2X1 receptor-inter-
acting proteins has identified a regulatory role of the actin cyto-
skeleton in P2X1 receptor signaling (13). Interestingly, these
studies also identified heat shock protein 90 (HSP90) as part of
the P2X1 receptor signaling complex (13). HSP90 acts as a
molecular chaperone and has been shown to have a role in
regulating ion channel function and expression, e.g. for ATP-
sensitive potassium channels (14, 15). A potential role of HSP90
in regulation of the P2X1 receptor is suggested from studies on
P2X3-like receptors in dorsal root ganglion neurons (16) and
recombinant P2X7 receptors (17) where HSP90 inhibitors
potentiated responsiveness. In this study we have deter-
mined the contribution of HSP90 to P2X1 receptor signaling
for both recombinant and native platelet P2X1 receptors.
We show that HSP90 plays a significant role in both gating of
the receptor channel and trafficking of the receptor to the cell
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surface and that HSP90 inhibitors reduce P2X1 receptor-medi-
ated responses.

MATERIALS AND METHODS

Cell Culture and Transfection of HEK293 Cells—Native
HEK293 cells were maintained in minimal essential medium
with Earle’s salts (with GlutaMAX™ [; Invitrogen) supple-
mented with 10% fetal bovine serum and 1% nonessential
amino acids (Invitrogen) at 37 °C in a humidified atmosphere of
5% CO, and 95% air. A monolayer of cells at 80 -90% conflu-
ence in a 24-well culture dish was transiently transfected using
0.5 ug of DNA and 1 ul of Lipofectamine 2000 (Invitrogen) in
500 pl of serum-free Opti-MEM1. After 24-h incubation, cells
were plated onto 13-mm No. 1 coverslips for electrophysiologi-
cal experiments and left to grow in DMEM. Cells were sub-
jected to experiments 24 —48 h after transfection. Cells were
transfected with wild type or mutant human P2X receptors.
Chimeric P2X1/2 receptors receptors were as described previ-
ously (18, 19). Photoactivatable GFP (PAGFP)* (20) C-termi-
nally tagged P2X1 and P2X2 receptor DNA was constructed by
PCR and cloning; the PAGFP vector was a kind gift from Dr.
Lippincott-Schwartz, National Institutes of Health. Cells trans-
fected with P2X1-PAGFP or P2X2-PAGFP were maintained in
standard medium that contained Geneticin (1 mg/ml) over 4
weeks. Random cell testing by electrophysiological means
showed that >80% cells were positive for the targeted protein.

Electrophysiological Recordings—Whole cell and permeabi-
lized patch voltage clamp recordings were made from HEK293
cells using an Axopatch 200B amplifier (Axon Instruments,
Union City, CA). Membrane currents were recorded at a hold-
ing potential of =70 mV (corrected for tip potential). Data were
low pass-filtered at 1 kHz, digitized at a sampling interval of 200
ws, and acquired using a Digidata 1200 analog-to-digital con-
verter with pClamp 9.2 acquisition software (Axon Instru-
ments). Patch pipettes were filled with internal solution com-
posed of 140 mM potassium gluconate, 10 mm EGTA, 10 mm
HEPES, 5 mMm NaCl, 5 (pH 7.3, adjusted with KOH) and had
resistances in the range of 2— 6 megohms. For perforated patch
pipette recordings amphotericin B was added to the internal
solution at a final concentration of 200 ug ml~". The bath was
continuously perfused with extracellular solution containing
150 mMm NaCl, 5 mm KCl, 2.5 mm CaCl,, 1 mm MgCl,, 10 mm
HEPES, 10 mum glucose (pH 7.3, adjusted with NaOH). Agonists
were applied with a U-tube perfusion system. For P2X1 recep-
tors repeated applications of agonist a,8-methylene ATP («,B-
meATP) were separated by 5 min to allow recovery from recep-
tor desensitization. P2X2 receptors and chimeric P2X1/2
receptors were stimulated with 100 um ATP. In the permeabi-
lized patch configuration experiments geldanamycin was per-
fused over the cells. For whole cell experiments we used cells
pretreated in drug-containing solution before recordings. Con-
trol untreated cells were recorded from every day, and compar-
isons between nontreated and treated cells were made between
the cells from the same batch. All chemicals were purchased
from Sigma.

“The abbreviations used are: PAGFP, photoactivatable GFP; ,3-meATP, a, 3-
methylene ATP.
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Cell Surface Biotinylation—HEK293 cells expressing P2X1
receptors were cultured in 6-well plates and treated with
geldanamycin (2 um, 30 min). Surface proteins were biotiny-
lated by the addition of 0.5 mg/ml sulfo-NHS-LC-biotin (sulfo-
biotin; Pierce) diluted in PBS (30 min at 4 °C). Excess biotin was
quenched with two 20-min (4 °C) washes with 100 mm glycine
in PBS. Cells were lysed in 300 ul of buffer H (100 mm NaCl, 20
mM Tris-Cl, pH 7.4, 1% Triton X-100, and 10 ul/ml protease
inhibitor mixture (P8340; Sigma)), incubated on ice for 20 min
and cleared by centrifugation (4 °C at 16,000 X g for 10 min).
For isolation of biotinylated proteins, 30 ul of streptavidin-aga-
rose beads (Sigma) were added to 200 ul of supernatant and
mixed on a rolling shaker (4 °C, 3 h). The rest of the supernatant
was kept to assess total protein for each sample. Beads were
washed four times in buffer H, and 30 ul of 2X gel sample
loading buffer was added. Samples were separated on 10% SDS-
polyacrylamide gels and transferred onto nitrocellulose. Mem-
branes were then processed with the primary anti-P2X1 recep-
tor antibodies (1:1000) (Alomone, Jerusalem, Israel). Protein
bands were visualized using an ECL Plus kit and Hyperfilm MP
(Amersham Biosciences).

Fluorescence Imaging—Cells expressing photoactivatable
C-terminally tagged P2X1 and P2X2 receptors were plated on
35-mm tissue culture w-Dishes (Ibidi; Thistle Scientific, Glas-
gow, UK) 12 h before experiments. Confocal fluorescence
measurements were made on an Olympus inverted microscope
with a confocal laser scanning module (Olympus Fluo-
View1000). Cells were observed with a 60X oil immersion
objective lens (UPLSAPO 60X, NA 1.35). The PAGFP fluores-
cence was activated with a 405-nm laser diode for 5 ms (97%
power, 6-um?” area), and then the whole field excited with
488-nm argon laser at low power and emission was detected
and collected from 500 to 600 nm at a rate of 1 Hz. Each exper-
iment started with collection of 60 base-line control images of
the cell followed by 5-ms-long activation of the region of inter-
est. Typically, 250 images were recorded at low laser power
after photoactivation of PAGFP. Average fluorescence intensi-
ties of activated and background regions were recorded for each
time point. Fluorescence signals were background-subtracted
and expressed as F/F,,,, ratios to normalize fluorescence levels
(F) against maximum fluorescence (F,,,,). Fluorescence inten-
sities of the region of interest were obtained using FluoView
software and plotted.

Preparation of Washed Platelet Suspensions—Blood was
obtained by standard phlebotomy from informed, consenting
donors into acid citrate dextrose anticoagulant (85 mm triso-
dium citrate, 78 mw citric acid, 111 mm glucose). The study was
approved by University of Leicester Committee for Research
Ethics concerning human subjects. The blood and acid citrate
dextrose mixture (6:1 by volume) was centrifuged at 700 X g for
5 min. Platelet-rich plasma was removed and treated with aspi-
rin (100 pMm) and apyrase type VII (0.32 unit ml~ ') and loaded
with the calcium indicator fura-2 by incubation of platelet-rich
plasma with 2 um fura-2/AM for 45 min at 37 °C. Washed plate-
let suspensions were then prepared by centrifugation for 20 min
at 350 X g and resuspension of the pellet in nominally calcium-
free saline (145 mm NaCl, 5 mm KCl, 1 mm MgCl,, 10 mm
HEPES, 10 mM glucose, pH 7.35) with type VII apyrase (0.32
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unit ml~"). All platelet experiments were performed in the
presence of 2 mm CaCl, added 30 s prior to agonist stimulation.

For platelet cell surface biotinylation 5 X 10° platelets were
treated with either buffer or geldanamycin (2 um final) for 30
min. Platelets were biotinylated and lysed (150 ul of buffer H),
and streptavidin-agarose beads (75 ul) were used to isolate sur-
face proteins essentially as for the HEK surface biotinylation
experiment.

Intracellular Calcium Measurements on Platelets—Ratio-
metric fluorescence measurements were conducted at 37 °C in
a Cairn spectrofluorometer system (Cairn Research Limited,
Faversham, Kent, UK) in response to 1 um «,8-meATP, 1 um
ADP, or 0.5 g ml ™" type I collagen horm (Nycomed, Austria)
following 1-min or 20-min incubation with 2 um geldanamycin,
1 pg ml ™! radicicol, or 0.2% dimethyl sulfoxide. In experiments
where P2X1 receptors were desensitized, 0.6 um «,3-meATP
was added 1 min prior to the addition of CaCl,. Responses to
fura-2 fluorescence signals at 340-and 380-nm excitation
(>490-nm emission) were calibrated using a dissociation con-
stant of 224 nm as described previously (21).

Data Analysis—Data were analyzed with CLAMPFIT (Axon
Instruments) or ORIGIN 6.0 (Microcal Software, Northampton
MA). Data in the text and graphs are shown as means = S.E. of
mean from # determinations as indicated and analyzed using
the appropriate Student’s ¢ test, except for data with the chime-
ras that were analyzed by one-way ANOVA followed by Dun-
nett’s multiple comparisons test, and p < 0.05 was considered
significant.

RESULTS

Regulatory Role of HSP90 on P2X1 Receptor Currents—In
protein pulldown studies we recently identified HSP90 as a
P2X1 receptor-interacting protein (13). To determine whether
this association is functionally important we tested the effects
of the selective HSP90 inhibitor geldanamycin (22) on recom-
binant P2X1 receptors expressed in HEK293 cells. In the per-
meabilized patch recording configuration (to maintain the
integrity of intracellular signaling pathways) application of «, 3-
meATP (10 uMm, 3 s) evoked rapidly desensitizing inward cur-
rents that were reproducible when a 5-min interval was given
between applications as reported previously (23). Application
of geldanamycin (2 um) caused a time-dependent reduction of
P2X1 receptor-mediated currents (Fig. 1A), reaching a maximal
inhibition of ~85% after 15 min (Fig. 1, B and C). As well as
reducing the peak current amplitude, geldanamcyin also
increased the rate of P2X1 receptor current desensitization
(decay constant 204.5 = 10.1 and 154.9 = 11.4 ms for control
and geldanamycin, respectively, p < 0.01, n = 48,20), suggest-
ing that the ~25% more rapid desensitization (i.e. an effect on
channel gating) contributes to the reduction in peak current
amplitude.

HSP90 is a molecular chaperone that has been shown to con-
tribute to trafficking of a range of receptors and ion channels.
We therefore used a cell surface biotinylation assay and West-
ern blotting to determine whether geldanamycin had any effect
on the expression and distribution of P2X1 receptors. Treat-
ment with geldanamycin had no effect on the total levels of
P2X1 receptor expression in HEK293 cells but reduced cell sur-
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FIGURE 1. Effects of the HSP90 inhibitor geldanamycin on P2X1 receptor-
mediated currents and receptor expression. A, o, 3-meATP-evoked (10 um,
application indicated by bar) reproducible inward currents in the permeabi-
lized patch recording configuration from human P2X1 receptors expressed in
HEK293 cells (left). The HSP90 inhibitor geldanamycin (2 um) reduced the
peak amplitude of the currents with maximal effect after 15 min. B, mean
normalized data of P2X1 receptor-mediated currents in control conditions
and in the presence of geldanamycin (n = 5-7). Inset, time course of the P2X1
receptor current in control following geldanamycin. Traces have been nor-
malized to the peak current amplitude to show the increased rate of decay
with geldanamycin. Values are shown as means = S.E. (error bars). C, Western
blotting of P2X1 receptors expressed in HEK293 cells. Results show that 2 um
geldanamycin (30 min) has no effect on total levels of the receptor, but
reduced surface expression of the P2X1 receptor assessed by cell surface
biotinylation results in reduction of P2X1 receptors on membrane surface (by
36.3 = 6.7%,n = 8).

face expression of the receptor by 36.3 = 6.7% (Fig. 1C). These
results suggest that the HSP90 inhibitor geldanamycin inhibits
P2X1 receptor-mediated responses by an effect on both surface
expression and gating of the channel.

HSP0 Plays an Important Role in P2X1 Receptor Trafficking—
To look at mobility of the P2X1 receptors in real time we have
used a P2X1 receptor that has been C-terminally tagged with
photoactivatable GFP (PAGFP) (20). Fluorescence of PAGFP
can be increased up to 100-fold when excited with ~405-nm
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FIGURE 2. HSP90 promotes trafficking of P2X1 but not P2X2 receptors.
A, representative snapshots of HEK293 cells expressing P2X1 receptors C-ter-
minally tagged with PAGFP. Fluorescent images represent the cell in control
conditions or treated with 2 um geldanamycin (>30 min) before P2X1-PAGFP
activation (dotted circle indicates region to be photoactivated), immediately
after activation (indicated by star), and 250 s after photoactivation. Right
panel, brightfield images of the cell. Under control conditions the P2X1-
PAGFP fluorescence moves away from the site of illumination; however, fol-
lowing geldanamycin treatment the P2X1-PAGFP remains predominantly
within the area of photoillumination. B, averaged changes in fluorescence in
control cells and cells treated with geldanamycin as fraction of maximal fluo-
rescence observed immediately after activation of P2X1-PAGFP (indicated by
star) or P2X2-PAGFP, within the cell; size of activated area, 6 um? (n = 5-9).
Images were taken on an Olympus inverted microscope with a confocal laser
scanning module (OlympusFluoView1000). Cells were imaged with a 60X oil
immersion objective (UPLASAPO 60X, NA 1.35). Cells were bathed in stan-
dard extracellular solution at room temperature. Fluorescent intensities of
regions of interest were obtained using FluoView software. Values are shown
as means * S.E.

light and can be used to visualize protein trafficking (20, 24).
The advantage of this technique is that GFP within a specific
region of the cell can be selectively activated, allowing P2X1
receptor movements to be tracked over time. We illuminated a
6-wm? area at the center of the cell. Following illumination of
the region of interest there was an increase in fluorescence, and
with time P2X1-PAGFP-labeled receptors redistributed
throughout the cell (Fig. 2A and supplemental Movie 1). To
quantify this movement we measured the change in fluores-
cence at the site of illumination (24). This increased fluores-
cence then decayed back to base-line levels with ~70% of the
fluorescence moving away from the area after 3 min. This
clearly indicates that the P2X1 receptor is highly mobile in
the cell. However, following treatment with geldanamycin (2
M, 30 min) the P2X1-PAGFP fluorescence remained pre-
dominantly within the area of illumination with only an
~10% decrease in level over 3 min (Fig. 2 and supplemental
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Movie 2). P2X2 receptors tagged with PAGFP showed similar
mobility under control conditions, although this movement
was unaffected by geldanamycin (Fig. 2B). This demonstrates
that the geldanamycin effects are specific to the P2X1 receptor
and suggest that HSP90 plays a central role in trafficking of the
P2X1 receptor.

Molecular Basis of HSP90 Effects on the P2X1 Receptor—Pro-
teomic studies have shown that HSP90 is also associated with
the P2X2 receptor (25). Geldanamycin (2 uM >30-min treat-
ment) potentiated 100 um ATP-evoked P2X2 receptor currents
(150 = 30% of control, n = 10, p < 0.001) (Fig. 3), demonstrat-
ing that the effects of HSP90 are dependent on the P2X receptor
subtype. We have previously used chimeras between the
human P2X1 and P2X2 receptors to understand the molecular
basis of their properties and shown that the transmembrane
segments as well as the intracellular N and C termini can play an
important role in channel regulation (26). We have now used
these chimeras to determine whether these regions are impor-
tant for imparting sensitivity to geldanamycin (Fig. 3). Inhibi-
tion by geldanamycin was unaffected by replacing transmem-
brane segments 1 and 2 of the P2X1 receptor with those from
the P2X2 receptor (P2X1-2TM1/2), the N terminus (P2X1-2N),
(amino acids 16 —30, P2X1-2Np) or the first 12 amino acids of
the C terminus (P2X1-2Ca). Responses were essentially abol-
ished by geldanamycin when the first 16 amino acids were
swapped (P2X1-2Ne). For the C terminus chimeras swapping
the first 16 amino acids (P2X1-2Ce, incorporating the con-
served trafficking motif (27)) had no effect on geldanamycin
inhibition. In contrast, swapping the remainder of the C termi-
nus (P2X1-2CpB) resulted in a receptor that showed potentia-
tion by geldanamycin similar to that of the parent P2X2 recep-
tor. These results suggest that both the intracellular N and C
termini of the P2X1 receptor play arole in regulation by HSP90.

HSP90 Inhibitors Selectively Modulate P2X1 but Not P2Y1
Receptor-mediated Calcium Influx in Human Platelets—The
studies on recombinantly expressed P2X1 receptors in HEK293
cells suggest a role of HSP90 in regulation of the receptor, and it
was therefore important to determine whether similar effects
were seen for native P2X1 receptors. Given the important role
of P2X1 receptors in platelet responsiveness we determined the
effects of HSP90 inhibition on P2X1 receptor-mediated
responses in human platelets (Fig. 4). o, 3-MeATP (1 um) can be
used to selectively activate P2X1 receptors in platelets (21) and
evoked a transient increase in intracellular calcium (521.8 *=
101 nMm). Geldanamycin (20-min preincubation, 2 um) reduced
the o, B-meATP-evoked calcium transient by 41.8. = 1.9% (p <
0.001, n = 4). This was associated with a 14.6 = 5.7% reduction
in the surface expression of the P2X1 receptor on platelets (n =
6 from three donors, p < 0.05; total P2X1 receptor levels were
unaffected by geldanamycin treatment, 100 £ 5.7% of control).
Geldanamycin acts by blocking the ATP binding site of HSP90,
raising the possibility that it could interfere with agonist bind-
ing at the P2X1 receptor. However, geldanamycin had no sig-
nificant effect on P2X1 function when applied only 1 min prior
to agonist stimulation (90.8 = 13.8% of control; p > 0.05) (Fig.
4), indicating that geldanamycin does not act as a direct antag-
onist of the P2X receptor. Geldanamycin pretreatment (20 min,
2 uMm) also had no effect on 1 um ADP-evoked P2Y1 receptor-
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FIGURE 3. Effects of the HSP90 inhibitor geldanamycin on P2X1 and P2X2
receptor currents and identification of the region of P2X1 receptor
responsible for sensitivity to HSP90 inhibition. A, representative traces of
P2X1 and P2X2 currents in control conditions and after treatment with 2 um
geldanamycin (>30 min). Bar represents period of agonist application, 10 um
a,B-meATP and 100 um ATP for P2X1 and P2X2, respectively. B, schematic
representation of P2X1/2 chimeras swapping portions of the intracellular N
terminus (upper panel) and transmembrane segments and C terminus (lower
panels). The histogram shows the effects of 2 um geldanamycin treatment (30
min) treatment on currents mediated by P2X1, P2X2, and P2X1/P2X2 chime-
ric receptors expressed as a fraction of the response to 100 um ATP in control
nontreated cells. Values are shown as means = S.E. (error bars; n = 6-14).
** p < 0.01; ***, p < 0.001 significantly different from P2X1.
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FIGURE 4. HSP90 inhibitors reduced P2X1-dependent calcium transients
in platelets. Washed platelets loaded with fura-2 were treated with 0.2%
dimethyl sulfoxide, 2 um geldanamycin, or 1 wg ml~" radicicol for 20 min prior
to stimulation with 1 um o, 8-meATP or 1 um ADP; in addition the bottom left
panel shows effects of 1-min preincubation with geldanamycin on «,f-
meATP responses. Intracellular calcium concentration was measured at 37 °C
under stirring conditions in the presence of 2 mm CaCl,. A, representative
calcium traces. B, summary data displayed as a percentage of the control
calcium response. Values are shown as means = S.E. (error bars; n = 3-4;
**% p < 0.001).

mediated calcium responses (112 * 3.8% of control) (Figs. 1B
and 4B), indicating that the HSP90 inhibitor does not have a
general inhibitory effect on calcium signaling in platelets.
Radicicol (a macrocyclic antibiotic) is structurally unrelated to
geldanamycin and is another commonly used HSP90 inhibitor
(28). Radicicol (20-min preincubation, 1 ug ml~ ") reduced the
a,B-meATP-evoked calcium transient by 48.1 * 1.4% (n = 4,
p < 0.001) (Fig. 4B). Taken together, these results show that
HSP90 inhibitors regulate P2X1 receptor signaling.

HSP90  Inhibitors Reduce Collagen-evoked  Calcium
Responses in Platelets by Reducing P2X1 Receptor-mediated
Calcium Influx—The P2X1 receptor plays a central role in
enhancing platelet function, particularly following stimulation
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FIGURE 5. Collagen-evoked platelet calcium responses were perturbed
by HSP90 inhibitors through disruption of P2X1 function. A, washed
platelets loaded with fura-2 were treated with 0.2% dimethyl sulfoxide, 2 um
geldanamycin, or 1 ug ml~" radicicol for 20 min, and calcium transients mea-
sured in response to 0.5 ug ml~ " collagen before and after P2X1 desensitiza-
tion in the presence of 2 mm CaCl,. B, summary data are displayed as a per-
centage of the control Ca®* response. Values are shown as means = S.E. (error
bars) response (n = 4;*, p < 0.05; **, p < 0.01).

of glycoprotein VI by collagen (7, 29). A large proportion of the
calcium response stimulated by collagen is dependent upon the
secondary activation of P2X1 receptors through the secretion
of ATP from platelet-dense granules (30). Consistent with this,
desensitization of P2X1 receptors markedly reduced collagen-
evoked calcium responses (609.2 = 87.8 nm) by 57.8 = 5.8%
(n =4, p <0.01) (Fig. 5). The residual response corresponds to
direct calcium elevation mediated by GPVI receptor signaling
and phospholipase Cy (5). Geldanamycin (2 um) reduced col-
lagen-mediated calcium responses by 38.5 * 13.2% and 1 ug
ml * radicicol by 38.7 * 14.3% (n = 4, p < 0.05) (Fig. 5B).
Calcium transients were further reduced by desensitization of
the P2X1 receptor but not to a significant extent and not below
control levels following P2X1 desensitization. This demon-
strates that HSP90 is crucially involved in modulating the
P2X1-dependent component of the collagen response.

It is possible that HSP90 inhibitors could reduce P2X1-de-
pendent calcium influx stimulated by collagen by altering dense
granule secretion, thereby reducing the amount of ATP
secreted. To examine this hypothesis, 0.5 pug ml~" collagen-
evoked ATP secretion was measured following treatment with
0.2% dimethyl sulfoxide, 2 um geldanamycin, or 1 pg ml !
radicicol. ATP secretion (108.9 = 13.6 nm) was not affected by
the inhibitors (109.8 * 15.7 nm and 122.83 * 15.6 nm for
geldanamycin and radicicol, respectively), indicating that
HSP90 does not play a role in dense granule secretion and that
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the reduced calcium responses observed upon collagen stimu-
lation were the result of altered P2X1 receptor function.

DISCUSSION

Activation of P2X1 receptors by ATP opens the integral
receptor cation channel, leading to calcium influx and mem-
brane depolarization. In platelets this signaling makes a signif-
icant contribution to responsiveness to a range of stimuli giving
P2X1 receptors an important role in thrombosis and hemosta-
sis. We recently identified HSP90 as a P2X1 receptor-interact-
ing protein (13) and now show that the activity of the P2X1
receptor is reduced by HSP90 inhibitors by a dual action first to
modulate surface expression of the receptor and second by an
effect on channel gating.

The present study demonstrates for the first time that P2X1
receptor currents and calcium responses are reduced by HSP90
inhibitors. Following geldanamycin treatment HSP90 still co-
purified with the P2X1 receptor (mass spectroscopic determi-
nation from three purifications; data not shown), indicating
that the interaction is not dependent on active HSP90.
Geldanamycin and radicicol, in the low micromolar range used
in this study (and supplemental Fig. 1), act at the ATP binding
site to inactivate HSP90 and have been used extensively to study
the contribution of HSP90 to cell signaling (31). This raised the
possibility that the HSP90 inhibitors could simply be acting as
antagonists for the ATP binding site of the P2X receptor. How-
ever, four compelling lines of evidence demonstrate that this is
not the case. (i) 1-min preapplication of geldanamycin or radici-
col did not have an effect on P2X1 receptor signaling in platelets
that would be expected if it had a direct antagonist action at the
receptor. (ii) The time course of P2X1 receptor-mediated
currents is concentration-dependent; if geldanamycin was a
P2X1 receptor antagonist it would slow the time course of the
response, but the time course was actually faster in the presence
of geldanamycin. Similarly, the level of inhibition by geldana-
mycin was the same for 10 and surpramaximal 100 uMm o, f3-
meATDP, 64.1 = 16.9 and 68.5 * 11.7% inhibition, respectively
(n = 6,4). (iii) Geldanamycin potentiated P2X2 receptor
responses that share the core features of ATP binding (32, 33).
(iv) The effects of geldanamycin were abolished in chimeras
where the intracellular regions of the P2X1 were replaced with
those from P2X2, demonstrating that the extracellular ligand
binding domain of the P2X1 receptor is not the site of geldana-
mycin action.

We have shown previously that P2X1 receptor currents are
inhibited following cholesterol depletion or disruption of the
actin cytoskeleton (11, 13, 18). Interestingly, stabilization of the
cytoskeleton with jasplakinolide abolished the inhibitory
effects of cholesterol depletion (13), suggesting that the lipid
rafts may play a role in stabilizing an interaction of the P2X1
receptor with the cytoskeleton. The inhibition of P2X1 receptor
currents by the HSP inhibitor geldanamycin, however, was
unaffected by jasplakinolide (69.5 + 10.8 and 76.0 £ 7.6% inhi-
bition in response to geldanamycin or pretreatment with jas-
plakinolide, 30 nm, 1 h, and co-application of geldanamycin
with jasplakinolide, respectively, n = 16,14). This suggests that
HSP90 is not reducing P2X1 receptor responsiveness through
an effect on cytoskeletal polymerization. It is also unlikely that
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the geldanamycin treatment results in ATP release and recep-
tor desensitization because the platelet studies were all carried
out in apyrase to break down any released ATP. Similarly, in
whole cell patch clamp studies the inhibition of P2X1 receptor
currents by geldanamycin was the same when cells were also
treated with apyrase (64.1 * 16.9 and 68.6 = 9.3% inhibition for
geldanamycin and apyrase pretreatment and co-application
with geldanamycin, respectively, n = 6,4).

One of the key functional roles of HSP90 is as a molecular
chaperone facilitating the movement of proteins in the cell. We
have shown that inhibiting HSP90 reduced the cell surface
expression of the receptor. The lack of effect of geldanamycin
on total levels of P2X1 receptor expression suggested a role of
HSP90 in targeting the P2X1 receptor to the cell surface. The
20-min incubation for maximal inhibition of P2X1 receptor
responses and reduction in surface expression is similar to that
reported for the inhibition of the CIC-2 chloride channels (34)
and ATP-sensitive potassium channels (15), suggesting either
similar levels of receptor turnover and/or the time required for
HSP90 to equilibrate in the cell. The imaging of photoactivated
P2X1-PAGFP clearly demonstrates the normally highly mobile
nature of the P2X1 receptor. We have previously shown that
the P2X1 receptor is constitutively internalized/recycled (19).
Taken together with the P2X1-PAGFP data, this suggests
that the reduction in cell surface expression following geldana-
mycin treatment results from reduced trafficking of P2X1
receptors to the cell surface by the molecular chaperone HSP90.

Analysis of the time course of P2X1 receptor-mediated cur-
rents suggests that HSP90 is not only involved in trafficking the
receptor to the cell surface but also in regulating the gating of
the P2X1 receptor ion channel. One of the characteristic fea-
tures of the P2X1 receptor is that the activity of the receptor
rapidly desensitizes (time constant of ~200 ms) during contin-
ued stimulation with ATP. This was further speeded by ~25%
following HSP90 inhibition. This speeding will not only reduce
the peak current amplitude but also the duration of the P2X1
receptor response. Our recent studies have shown that the
intracellular N and C termini can contribute to the regulation of
the P2X1 receptor time course (26). This is consistent with the
present study with the P2X1/2 receptor chimeras demonstrat-
ing the importance of these regions for HSP90 sensitivity. This
indicates that the interaction of HSP90 with the intracellular
domains of the P2X1 receptor has a stabilizing role on channel
gating. Our studies therefore suggest that HSP90 has a dual role
in P2X1 receptor responsiveness, regulating not only the
expression of the receptor at the cell surface but also the activity
of the channels once there.

The reduction in P2X1 receptor-mediated calcium responses
by geldanamycin and radicicol in platelets demonstrates an
important functional role for HSP90 in regulation of the recep-
tor. A previous study on platelets had suggested that geldana-
mycin inhibits ADP responses (35). However, this was at a
10-fold higher concentrations than used in the present study
and resulted in membrane damage (35). In the current study
HSP90 inhibitors had no effect on either P2Y1- or P2X1-inde-
pendent collagen-evoked calcium increases. This shows that
other modes of calcium signaling in platelets are not regulated,
at least in the short term, by HSP90.
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It is clear that the P2X1 receptor can make a significant con-
tribution to signaling in platelets not only in response to direct
activation by ATP released from damaged cells but also as a
result of ATP release from platelets themselves for example in
response to collagen, thrombin, thromboxane A, and Toll-like
receptor stimulation (5). In vivo studies have clearly demon-
strated the importance of P2X1 receptor in thromboembolism
and the protective nature of P2X1 receptor inhibition, e.g. by
the selective P2X1 receptor antagonist NF449 (36). The current
study now highlights another molecular approach by which
P2X1 receptor activity may be targeted with HSP90 inhibitors.
These inhibitors are currently being tested for their potential as
anticancer agents (37) and have been shown to attenuate
inflammatory responses in atherosclerosis (38). Our results
suggest that a reduction in P2X1 receptor platelet signaling may
contribute to these therapeutic roles as there is substantial evi-
dence suggesting important roles for platelets in tumor metas-
tasis (39) and development of atherosclerotic plaques (5). Given
the important role of P2X1 receptors in platelet activation,
particularly at high shear, our work suggests that the potential
antithrombotic/platelet action of HSP90 inhibitors should be a
consideration in clinical trials.
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