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Once thought of as simply an oily barrier that maintains cel-
lular integrity, lipids are now known to play an active role in a
large variety of cellular processes. Phosphoinositides are of par-
ticular interest because of their remarkable ability to affect
many signaling pathways. Ion channels and transporters are an
important target of phosphoinositide signaling, but identifica-
tion of the specific phosphoinositides involved has proven elu-
sive. TRPV1 is a good example; although phosphatidylinositol
(4,5)-bisphosphate (PI(4,5)P,) can potently regulate its activa-
tion, we show that phosphatidylinositol (4)-phosphate (P1(4)P)
and phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P;) can
as well. To determine the identity of the endogenous phosphoi-
nositide regulating TRPV1, we applied recombinant pleckstrin
homology domains to inside-out excised patches. Although a
PI(4,5)P,-specific pleckstrin homology domain inhibited
TRPV]1, a PI(3,4,5)P;-specific pleckstrin homology domain had
no effect. Simultaneous confocal imaging and electrophysi-
ological recording of whole cells expressing a rapamycin-induc-
ible lipid phosphatase also demonstrates that depletion of
PI1(4,5)P, inhibits capsaicin-activated TRPV1 current; the
PI(4)P generated by the phosphatases was not sufficient to
support TRPV1 function. We conclude that PI1(4,5)P,, and not
other phosphoinositides or other lipids, is the endogenous phos-
phoinositide regulating TRPV1 channels.

Although they make up only 1-5% of the total anionic lipids
in a cell membrane (1-3), phosphoinositides have a prominent
role in lipid signaling (4). Both phosphatidylinositol (4,5)-
bisphosphate (PI(4,5)P,)® and phosphatidylinositol (3,4,5)-
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trisphosphate (PI(3,4,5)P,;) have been implicated in protein
trafficking, cell motility, Ca®" signaling, cell growth, endo- and
exocytosis, and ion transporter and channel regulation (4, 5).
Changes in the plasma membrane PI(4,5)P, concentration that
result from activation of cell surface receptors are believed to
regulate the function of many ion channels and transporters,
including K channels, voltage-gated Ca®>" channels, inositol
trisphosphate receptors, and the family of transient receptor
potential (TRP) channels (4).

Several different phosphoinositides have been implicated in
modulation of TRP channels. The original TRP channel from
Drosophila is thought to be gated by either diacyl glycerol or a
polyunsaturated fatty acid (6). This is in contrast to original
studies that implied an inhibitory role for PI(4,5)P, on both
TRP and TRPL. A recent study demonstrated phosphoinositide
binding by TRPC6, a TRP channel involved in vasodilation, but
did not determine whether PI(4,5)P, or PI(3,4,5)P, was the
endogenous ligand (7). Finally, it has been shown that P1(4,5)P,
can alter the function of TRPM4, TRPM5, TRPMS, TRPM7,
and TRPV5 (8-14), but whether PI(4,5)P, is indeed the physi-
ological regulator has not been addressed.

For the transient receptor potential vanilloid-type 1 (TRPV1)
channel responsible for transduction of painful thermal and
chemical stimuli, the role of phosphoinositides remains a topic
of intense debate. In the context of excised membrane patches,
both inhibition (15) and stimulation (16, 17) of TRPV1 by
PI(4,5)P, have been observed. Furthermore, in whole cells,
PI(4,5)P, has been reported either to be inhibitory (15) or to
inhibit in response to weak or moderate TRPV1 stimuli but
have no effect when cells are treated with strong TRPV1 stimuli
(17). Synthesis of P1(4,5)P, has also been proposed to play a role
in recovery from Ca®>"-mediated desensitization of TRPV1
(18), but whether changes in the plasma membrane levels of
PI(4,5)P, contribute to desensitization remains controversial.

Here, we combine biochemical, optical, and electrophysi-
ological approaches to determine that: 1) PI(4,5)P,, and not
other phosphoinositides, is bound to TRPV1 in both whole cells
and excised patches; 2) sequestration of PI(4,5)P, in excised
patches inhibits TRPV1, whereas the addition of P1(4,5)P,, stim-
ulates TRPV1; and 3) recruitment of inositol 5-phosphatase to
the plasma membrane produces synchronous decreases in
PI(4,5)P, levels and TRPV1 current. Our work unites previous
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studies under a single paradigm that defines PI(4,5)P, as an
essential co-factor for activation of TRPV1 and yields impor-
tant molecular constraints for the protein-phosphoinositide
interactions.

EXPERIMENTAL PROCEDURES

Cell Culture—F-11 cells were cultured and transfected as
described previously (16). Cells were transiently transfected
with Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions and used for electrophysiology 1-4 days
after transfection.

Human embryonic kidney tsA-201 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 0.1 mM nonessential amino acids, and 50
units/ml penicillin with 50 ug/ml streptomycin at 37 °C and 5%
CO,. Cells were transiently transfected with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
After transfection, cells were passaged onto poly-L-lysine-
coated glass coverslips and grown under normal culture condi-
tions until experimentation 24—36 h later.

Molecular Biology—The PLCS81-PH and GRP1-PH domain
constructs were subcloned into pETGQ to incorporate a His,
tag for protein purification. PLC81-PH, ; ; (K30L, K32L, and
W36N) was constructed from the wild type plasmid PLC81-
PH.pETGQ using a two-step PCR method as described previ-
ously (16).

Biochemistry—All pleckstrin homology (PH) domain con-
structs were expressed and purified as described previously
(19). 100 ul of PI(4,5)P, or PI(3,4,5)P, agarose beads (Echelon
Biosciences), containing 10 um of bound DiC6-PI(4,5)P, or
DiC6-PI(3,4,5)P5, were incubated with 10-20 pg of each puri-
fied protein for 1-2 h with gentle rocking at 4 °C. The beads
were then centrifuged at 1000 rpm, and the supernatant was
saved as the unbound fraction of the proteins. The beads were
washed twice with 1 ml of washing buffer (10 mm HEPES, pH
7.4, 0.25% Nonidet P-40, 150 mm NaCl), and bound proteins
were eluted with 100 ul of 2X Laemmli sample buffer by heat-
ing at 95 °C for 5 min. Proteins were separated by SDS-PAGE
and subject to Coomassie Blue staining.

Phosphoinositides and Polylysine—All phosphoinositides
were obtained from Avanti Polar Lipids. Natural PI(4,5)P, solu-
tions were prepared as described previously (16). Natural
PI(4,5)P, refers to lipids purified from porcine brain, with a
fatty acid composition primarily composed of 18:0, 18:1, and
20:4 acyl chains. DiC8-PIP, solutions (Avanti Polar Lipids)
were solubilized in water as a 2.5 mM stock, frozen at —20 °C,
and used the same day they were diluted from the stock. Poly-
lysine (70-150 kDa) was dissolved as a 2 mg/ml stock, ali-
quoted, and frozen at —20 °C. All chemicals were purchased
from Sigma unless otherwise noted.

Electrophysiology and Confocal Imaging—For the excised
patch experiments, coverslips were placed in a 12-mm open per-
fusion chamber. Solutions were changed using a “sewer pipe” solu-
tion changer controlled by RSC-200 (Biologic). Patch pipettes
(2—4 megaohms) were filled with symmetrical recording solutions
(in mm: 130 NaCl, 3 HEPES, and 0.2 EGTA). Currents were
recorded with an Axopatch 200B amplifier (Axon Instruments)
interfaced to a Dell computer controlled with Pulse (HEKA).
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For simultaneous electrophysiology-imaging experiments,
coverslips were placed on a custom-made open perfusion
chamber that allowed for simultaneous imaging recording and
perforated-patch voltage clamp. Perforated-patch recordings
were performed using filamented borosilicate glass pipettes
heat-polished with a microforge. Patch pipettes were filled with
intracellular saline solution (in mm: 10 potassium aspartate, 30
KCl, 10 NaCl, 1 MgCl,, 0.05 EGTA, and 10 HEPES, pH 7.2) and
amphotericin B (1 mg/ml). Hank’s buffered salt solution (in
mm: 140 NaCl, 4 KCl, 1 MgCl,, 1.8 CaCl,, 5 glucose, 10 HEPES,
pH 7.4) was continuously perfused until achieving perforation.
After this, a nominally Ca>*-free solution (in mm: 140 NaCl, 4
KCl, 2 MgCl,, 5 glucose, 10 HEPES, pH 7.4) was perfused before
the application of stimulus. Currents were recorded with a
MultiClamp 700A amplifier (Axon Instruments, Inc.) inter-
faced to a Dell personal computer controlled with Clampex 8.2.
Patches that showed unstable leak currents after perforation
were discarded. Analysis of perforated-patch currents was per-
formed using Clampfit 8.2 (Axon Instruments, Inc.).

Confocal images during simultaneous electrophysiology-im-
aging experiments were obtained using one of either two
microscopes. For Fig. 5, images were obtained using a Radi-
ance-2100 confocal system (Bio-Rad Laboratories Inc.) con-
trolled with proprietary software (scanning rate of 500 lines/s).
The confocal system was coupled to a Nikon TE300 inverted
microscope using a Nikon X60 oil immersion objective
(numerical aperture = 1.4). For Fig. 6, images were obtained
with a Nikon inverted microscope coupled to a swept field con-
focal system with a Photometrics EMCCD camera. Imaging
was performed using a Nikon X100 (1.49 NA) lens. PH-PLC81-
YFP was excited using the 488 nm line of an argon laser, and
emission from 500-525 nm was collected. Analysis of images
was performed using Metamorph 7.0 (Universal Imaging, Inc.)
and Image]J (Scion Corp. and National Institutes of Health).

Data Analysis—All electrophysiology data were analyzed
with Igor Pro (Wavemetrics, Portland, OR). In box and whisker
plots (Figs. 1C, 3C, and 4F), the boxes represent the range of
data from the 25" to 75" percentiles, the whiskers represent the
10" and 90" percentiles, and the horizontal lines represent the
median. Errors given in the text, and error bars shown in all
figures represent the S.E. For electrophysiological measure-
ments, all currents shown are difference currents in which the
current in the absence of capsaicin was subtracted to yield the
capsaicin-activated component of the current. Smooth curves
shown in dose-response relations are fits of the data to the Hill
equation: I = [ ([ligand]”/(Ky,” + [ligand]”)), where n was
constrained to 1. Statistical significance was assayed with the
two-tailed Student’s £ test.

RESULTS

Polylysine Inhibition of TRPVI—We hypothesized that
PI(4,5)P, is a required cofactor for activation of TRPV1 by ago-
nists such as capsaicin. This hypothesis predicts that TRPV1
activated in excised patches is already bound to PI(4,5)P, and
that decreasing the concentration of free PI(4,5)P, will prevent
activation of the channels by capsaicin. One way to decrease the
free PI(4,5)P, concentration in the membrane is to use polyca-
tions, such as polylysine (PolyK), which have been proposed to
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sequester PI(4,5)P, through electrostatic interactions with the
negatively charged phosphoinositide headgroup (20-22).
Decreases in activity of several K channels and TRP channels,
including rundown, have been observed in response to PolyK,
and these decreases are part of the evidence supporting
PI(4,5)P, regulation (14, 16, 23-25).

We applied PolyK to the intracellular surface of inside-out
patches from F-11 cells transiently transfected with TRPV1.
F-11 cells were derived from rat dorsal root ganglion neurons,
the cells that express TRPV1, and are an excellent model system
for studying TRPV1 function (26, 27). We found that PolyK
reduced the capsaicin-activated current in a dose-dependent
manner (Fig. 1, green bars/boxes), with a saturating concentra-
tion (50 ug/ml) producing complete inhibition (Fig. 1, green
bars/boxes). The highest concentration of PolyK was not well
tolerated by patches; lower concentrations were used in subse-
quent experiments.

Although inhibition of TRPV1 currents by PolyK is consist-
ent with a decrease in the free PI1(4,5)P, concentration, it could
also arise through other mechanisms such as block of the pore.
One result that argues against this alternative mechanism can
be seen upon removal of PolyK from the bath. As shown in Fig.
1C (compare filled green boxes with open green boxes), the cap-
saicin-activated current did not recover after removal of PolyK
from the bath, even after minutes of washing with PolyK-free
solution. This very slow off rate could be due to the multiple
positive charges on PolyK (net charge of +1 per lysineat pH 7.2,
molecular mass 70,000 —150,000 Da) binding simultaneously to
many PI(4,5)P, molecules. Importantly, the addition of either
natural P1(4,5)P, (Fig. 1, A and C; blue bars/boxes) or the water-
soluble diC8-PI(4,5)P, (Fig. 1, Band C, blue bars/boxes) rescued
the capsaicin-activated current from PolyK inhibition. As
expected from the more favorable partitioning into the mem-
brane of natural PI(4,5)P, when compared with diC8-PI(4,5)P,,
the rescue by natural PI(4,5)P, persisted even after it was
washed from the bath (Fig. 1, A and C), whereas the rescue by
diC8-PI(4,5)P, was rapidly lost when it was washed from the
bath (Fig. 1, Band C). These data indicate that, at the very least,
PI(4,5)P, can substitute for the activating molecule sequestered
by PolyK.

TRPV1 Can Be Modulated by Several Phosphoinositides—As
discussed above, many ion channels that can be regulated by
PI(4,5)P, can be regulated by other phosphoinositides as well,
making it difficult to establish which phosphoinositide is the
endogenous regulator. PolyK can bind to all anionic species
in the membrane and does not distinguish among different
phosphoinositides. If PI(4,5)P,, and only PI(4,5)P,, could
regulate TRPV1, then interpreting our PolyK data as mean-
ing P1(4,5)P, is bound to TRPV1 in patches would be reason-
able. To address this question, we measured dose-response
relations for three phosphoinositides, phosphatidylinositol (4)-
phosphate (PI(4)P), PI(4,5)P,, and PI(3,4,5)P5. We used the
water-soluble diC8 versions of PI1(4)P, P1(4,5)P,, and PI(3,4,5)P,
to produce potentiation that reversed when the phosphoi-
nositides were washed from the bath (as in Fig. 1B). All patches
were pretreated with PolyK (see above) to control for cell-to-
cell variability in endogenous phosphoinositide levels. A half-
saturating concentration of capsaicin was used to activate the
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FIGURE 1. Natural and DiC8-PI(4,5)P, rescue inhibition of TRPV1 by
PolyK. A and B, time courses of TRPV1 activation in inside-out excised patches
from F-11 cells. A voltage protocol (see inset) was used to drive current through
the channels at the times indicated by the points (current at +100 mV shown),
and capsaicin (CAP, 1 um, red bars) was applied to the patch to elicit TRPV1 cur-
rent. PolyK (A, 3 ng/ml; B, 30 wg/ml; green bars), natural PI(4,5)P,, (A, 10 um, blue
bar), or diC8-PI(4,5)P, (B, 10 um, blue bar) was applied as indicated. PIP,, phospha-
tidylinositol 4,5-bisphosphate. C, summary box plot of the fractional inhibition bx
PolyK and the restoration by PI(4,5)P,. Boxes encompass the 25" through 75"
percentile of the data, the horizontal bar represents the median, and the whiskers
extend to the 10™" and 90" percentile of the data. Inhibition measurements dur-
ing PolyK application are shown as filled green boxes, and after the removal of
PolyK, they are shown as open green boxes (n = 4-6). The mean values for current
remaining (//l,,,,,) after PolyK treatment are 0.72 = 0.006 (3 ng/ml), 0.32 = 0.05
(30 g/ml), and 0.032 = 0.013 (50 ug/ml) and 0.75 = 0.02 (3 wg/ml), 0.38 = 0.08
(30 wg/ml), and 0.033 =+ 0.012 (50 ng/ml) after washing the PolyK from the bath.
The restoration of the current by diC8-PI(4,5)P, and natural PI(4,5)P, is shown as
filled blue boxes, and the currents after removing the PI(4,5)P, are shown as open
blue boxes (n = 4-6), with mean values of 1.21 = 0.16 (diC8-PI(4,5)P,) and 0.92 =
0.03 (natural PI(4,5)P,) in the presence of the phosphoinositide and 0.45 * 0.11
(diC8-PI(4,5)P,) and 0.93 = 0.03 (natural PI(4,5)P,) after washing the phosphoi-
nositide from the bath. *, p = 0.005.
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FIGURE 2. Candidate phosphoinositides modulate TRPV1. A-C, currents
from representative excised inside-out patches of TRPV1 from transfected
F-11 cells. Currents were activated by 300 nm capsaicin (a half-saturating con-
centration in this cell type) in response to the depicted voltage protocol
(inset). The dashed lines represent the zero current level for each patch. The
numbers represent the concentration of phosphoinositide, in micromolar,
applied for the adjacent current trace. PIP,, phosphatidylinositol 4,5-bisphos-
phate. D, dose-response curves for diC8-PI1(4)P (open diamond), diC8-PI(4,5)P,
(filled circle), and diC8-PI(3,4,5)P; (shaded diamond). For each phosphoinosit-
ide concentration, the current was normalized to the maximal response with
a saturating concentration of the same phosphoinositide. Each curve was fit
with the Hill equation (see “Experimental Procedures”), yielding K, values of
16.7, 1.3, and 2.4 um for PI(4)P, PI(4,5)P,, and PIP,, respectively. Points repre-
sent mean data for each concentration (n = 4-9 patches).

channels. As shown in Fig. 2, all three phosphoinositides poten-
tiated activation of TRPV1. The channel exhibited the lowest
apparent affinity for PI(4)P (Fig. 2, A and D; EC,, = 17.3 * 3.2
uM, n = 4). The apparent affinities of the channel for PI(4,5)P,
(Fig. 2, Band D, EC,, = 1.5 = 0.21 um, n = 6) and PI(3,4,5)P,
(Fig. 2, Cand D; EC,, = 2.5 = 0.93 uMm, n = 4), measured from
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fits to individual patches with the Hill equation, were not sig-
nificantly different, and all of the phosphoinositides elicited the
same maximal current in a given patch (data not shown). Oth-
ers have reported similar results in comparing PI(4,5)P, and
PI(4)P modulation of TRPV1 (17).

Removal of PI(4,5)P, by Ci-VSP Can Inhibit TRPV1—Deter-
mining which of the phosphoinositide species is the endoge-
nous modulator is an important question because it bears on
whether and how intracellular and extracellular signals may
modulate the channels and thereby alter nociceptor excitabil-
ity. Recently, a voltage-sensitive phosphatase from Ciona intes-
tinalis has been described (Ci-VSP, (28, 29)). This protein con-
tains two modules, a voltage-sensing domain and a cytoplasmic
lipid phosphatase (Fig. 34). The phosphatase module of Ci-VSP
removes phosphate groups from both PI(3,4,5)P; and P1(4,5)P,,
resulting in the loss of both lipids from the membrane and the
production of PI(4)P (29, 40). At hyperpolarizing potentials, the
phosphatase is inactive. Depolarization brings the phosphatase
domain closer to the membrane, resulting in robust activity
(Fig. 3A). Activation of Ci-VSP has been previously shown to
inhibit the current of several known PI(4,5)P,-sensitive ion
channels (e.g. K;,, KCNQ2/3, (29)). We therefore asked whether
Ci-VSP-mediated depletion of plasma membrane PI(4,5)P,
would inhibit TRPV1 channels.

We transiently transfected F-11 cells with both TRPV1 and a
Ci-VSP-citrine fusion construct. When excised inside-out
patches from these co-transfected cells were depolarized from a
holding potential of 0 mV to 100 mV, we saw a slow decrease in
the capsaicin-activated current (Fig. 3, Band C). The inhibition
of the TRPV1 current produced by Ci-VSP (I/1,;;.; = 0.073 =
0.015, n = 3) was less variable than the inhibition produced by
polyK (Fig. 3C). Furthermore, the specificity of Ci-VSP for
PI(4,5)P, and PI(3,4,5)P; makes it unlikely that PI(4)P plays a
role in TRPV1 regulation.

Specific Sequestration of PI(4,5)P, Inhibits TRPV1—Our Ci-
VSP experiments rule out PI(4)P as the endogenous regulator of
TRPV1. However, they do not distinguish between PI(4,5)P,
and PI(3,4,5)P;. We turned to recombinant PH domains to pro-
vide the selectivity required for identifying the endogenous
phosphoinositide regulating TRPV1. A number of PH domains
appear to have remarkable selectivity for some phosphoinositi-
des over others (30). In particular, the PH domain from PLC-81
binds the headgroup of PI(4,5)P, almost 100-fold better than
the headgroups of either PI1(4)P or PI(3,4,5)P; (31). In contrast,
the PH domain of GRP1 binds PI(3,4,5)P, 650 times better than
PI(4,5)P, (32).

We wondered whether the application of the recombinant
PLC-61 and GRP1-PH domains to excised patches could be
used to selectively sequester PI(4,5)P, or PI(3,4,5)P,, respec-
tively. We examined whether bacterially expressed and purified
PH domain proteins retained their selectivity using phosphoi-
nositide pulldown experiments. Pulldown experiments of PLC-
61-PH domain protein with diC6-PI(4,5)P, immobilized on
beads (PIP, concentration is 10 um) show that all of the input
protein bound to the PI(4,5)P, beads, with no protein in the
unbound fraction (Fig. 4A, first set of three lanes). A mutant
PLC-61-PH domain (PLC-81-PH;;,,) did not bind to the
PI(4,5)P, beads and instead was present only in the unbound
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Manipulation of PI(4,5)P, Levels
Can Modulate TRPVI1 in Intact
Cells—The hydrolysis of PI(4,5)P,
has been reported to underlie both
sensitization (15) and desensitiza-
tion (18) of the TRPV1 response to
noxious stimuli. However, a direct
connection has not yet been estab-
lished between changes in PI(4,5)P,
concentration and changes in
TRPV1 excitability in an intact cell.
We asked whether decreasing the
PI(4,5)P, concentration in intact
cells could in fact produce changes
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FIGURE 3. Activation of Ci-VSP inhibits TRPV1. A, schematic model of Ci-VSP mechanism. At hyperpolarized
membrane potentials, the phosphatase domain of Ci-VSP is not close to the membrane. Upon depolarization
of the membrane, the phosphatase domain moves closer to the membrane and dephosphorylates PI(4,5)P, to
produce PI(4)P. B, time course of TRPV1 inhibition by Ci-VSP activation in an excised inside-out patch. The patch
was stepped repeatedly using the protocol shown in the inset (1-s intervals between each 2-s depolarization),
and the current recorded at 100mV is shown. Capsaicin (100 nm) was applied at the point of the red arrow and
remained present throughout the experiment. The dashed line shows the zero current level. C, summary box
plot for the inhibition produced by Ci-VSP (red box) and PolyK (green box). Boxes are as in Fig. 1C.

fraction (Fig. 4A, second set of three lanes). These point muta-
tions (K30L, K32L, W36N) are known to disrupt P1(4,5)P,, bind-
ing from structural studies of the PLC51-PH domain (33, 34).
The GRP1-PH domain did not bind to the PI(4,5)P, beads (Fig.
4A, third set of three lanes) but was pulled down by PI(3,4,5)P,
immobilized on beads (Fig. 44, final set of three lanes). None of
the proteins tested were pulled down by control agarose beads
(data not shown). Our in vitro binding experiments validate the
use of these recombinant PH domain proteins to target and
sequester different phosphoinositides directly in excised mem-
brane patches.

We next used the recombinant PH domains in electrophysi-
ology experiments to test which phosphoinositide is the endog-
enous modulator of TRPV1. As shown in Fig. 4, B-D and F,
when applied directly to inside-out patches, the PLC-61-PH
domain inhibited the capsaicin-activated TRPV1 current (for
20 uM, I/1,,5 = 0.56 = 0.03, 71 = 10, p = 0.0005, and for 60 uMm,
Il = 0.035 = 0.024, 1 = 6, p = 0.002; Fig. 4, B, D, and F).
The application of boiled PLC-61-PH did not inhibit the cur-
rent (I/1,,;. = 0.95 = 0.02, n = 4, p > 0.05; Fig. 4, C and F),
indicating that the effect of the PLC-61-PH domain requires
folded protein. Furthermore, the mutant PLC-81-PH;;
domain protein did not inhibit the TRPV1 current (I/]; ;0 =
1.04 = 0.02, n = 6, p > 0.05; Fig. 4, B and F), indicating that the
PI(4,5)P, binding ability of the PLC-61-PH domain was
required for inhibition. Importantly, the GRP1-PH domain did
not produce inhibition of the TRPV1 current (//],,;;; = 1.02 =
0.06,n = 5, p > 0.05; Fig. 4, E and F), confirming that PI(3,4,5)P,
was not bound to and potentiating TRPV1. Finally PLC-81-PH
applied to outside-out patches did not inhibit the TRPV1 cur-
rent (I/1; ;5 = 1.06 = 0.08, n = 4, p > 0.05; Fig. 4F). Taken

together, these results demonstrate that PI(4,5)P, is the endog-
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in TRPV1 activity using a recently
developed system for manipulat-
ing PI(4,5)P, plasma membrane
levels described by Suh et al. (35).
In this system, rapamycin applied
to intact cells recruits a FK506-
binding protein (FKBP)-inositol-
5-phosphatase  fusion protein
(normally cytosolic) to the plasma
membrane by inducing the forma-
tion of heterodimers between it and a membrane-targeted
FKBP-rapamycin-binding domain-Lyn protein. The recruit-
ment of inositol-5-phosphatase (Ins-5P) to the plasma mem-
brane then causes depletion of PI(4,5)P, via its conversion to
PI(4)P + P,. This rapamycin-inducible system bypasses pro-
duction of inositol 1,4,5-trisphosphate, diacylglycerol, and
intracellular Ca*>" release. Rapamycin-induced changes in
channel function can thus be attributed directly to changes
in PI(4,5)P, concentration, without concern over down-
stream effects of phospholipases.

We transiently transfected tsA cells with the components of
the rapamycin-inducible Ins-5P system, TRPV1, and YFP fused
to the PLC&81-PH domain (YFP-PLCS1-PH) as a marker for
PI(4,5)P,. YFP-PLC81-PH was localized to the plasma mem-
brane in resting cells (supplemental Movies 1 and 2; Figs. 5, A
and D, and 6, A and D) because of the relatively high concen-
tration of P1(4,5)P, in the plasma membrane (17, 35). We exam-
ined the effect of applying rapamycin to the bath in two groups
of cells: an experimental group expressing all components of
the rapamycin-inducible Ins-5P system and a negative control
group expressing the same components but with a FKBP pro-
tein that lacked the Ins-5P fusion. Consistent with previous
reports (35, 36), we found that the application of rapamycin
caused translocation of YFP-PLC81-PH from the plasma mem-
brane to the cytosol in the experimental cells (translocation
observed in 13 out of 31 cells tested; supplemental Movies 1 and
2, and Fig. 54, image 2) but not in the negative control cells (no
translocation observed in 18 out of 18 cells tested; Fig. 5D,
image 2).

The translocation of the YFP-PLC81-PH probe from the
plasma membrane to the cytosol observed in the experimental
group of cells was due to the rapamycin-induced recruitment of

Ci-VSP

PolyK
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FIGURE 4. Only PI(4,5)P,-specific PH domain can modulate TRPV1. A, gels
of PIP” pulldown assays with recombinant PH domain proteins. Equivalent
amounts of each fraction were run to allow quantitative comparison between
lanes. B-E, representative time courses of TRPV1 currents activated by capsa-
icin (300 nm, red bars) in the presence of different PH domain proteins (voltage
protocol as in Fig. 2). B, PLC81-PH (20 um, black bar) or PLCS1-PH, , \ (gray bar).
C, boiled PLC81-PH (gray bar) or PLC81-PH (black bar). D, PLC81-PH (60 um,
black bar). E, GRP1-PH (cyan bar). F, summary box plot of the fraction current
remaining (//1,,,.,) in the presence of each PH domain protein (black/gray/cyan
bars) and the recovery of the current after PH domain protein washout (black/
gray/cyan boxes). Boxes are as in Fig. 1C; * = p = 0.0005 and ** = 0.002. CAP,
capsaicin.

CFP-FKBP-Ins-5P from the cytosol to the plasma membrane.
This was confirmed by measuring the YFP and CFP fluores-
cence from these proteins simultaneously within the same cells.
As can be seen in supplemental Movie 2, the rapamycin-in-
duced translocation of the CFP-FKBP-Ins-5P from the cytosol
to the plasma membrane occurs with the same kinetics as the
translocation of the YFP-PLC&81-PH from the plasma mem-
brane to the cytosol. These data indicate that, in the experimen-
tal group, rapamycin decreased the plasma membrane
PI(4,5)P, concentration by targeting the Ins-5P to the plasma
membrane. It is important to note, however, that rapamycin did
not produce a decrease in PI(4,5)P, concentration in more than
half of the cells tested (18 out of 31). Furthermore, many cells
were not tested because the YFP-PLC81-PH probe was local-
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ized to the cytosol even at rest (typically 33% of the cells within
afield), perhaps due to high expression of the FKBP-Ins-5P. We
therefore concluded that this system could be used to study the
PI(4,5)P, dependence of TRPV1 only if the effect of rapamycin
on PI(4,5)P, levels could be measured at the same time as we
measured TRPV1 function.

Using the rapamycin-inducible Ins-5P system, we tested the
hypothesis that a decrease in the plasma membrane levels of
PI(4,5)P, would produce a concomitant decrease in TRPV1
activity. The incorporation of a confocal microscope into an
electrophysiology work station allowed us to image the YFP-
PLC81-PH probe in the same cells in which we recorded cap-
saicin-activated currents. Using perforated-patch recording to
minimize disturbance of the normal intracellular milieu, we
found that a saturating concentration of capsaicin (300 nm to 1
uM) activated large and stable inward currents (Fig. 5, C and F).
Because these experiments were performed using a nominally
Ca>"-free bath solution, Ca*>*-dependent desensitization was
not observed. In five out of seven cells from the FKBP-Ins-5P
group, the addition of rapamycin to the bath produced a slow
decrease in the capsaicin-activated current (Fig. 5C; supple-
mental Movie 1) together with a translocation of the YFP-
PLC81-PH probe from the plasma membrane to the cytosol
(Fig. 5, A and B, supplemental Movie 1). In the FKBP-negative
control group, no change in TRPV1 activity (Fig. 5F) or YFP-
PLC61-PH probe localization (Fig. 5, D and E) was induced by
rapamycin.

In contrast to the data shown in Fig. 5, Lukacs et al. (17)
reported, using a similar rapamycin-activated-Ins-5P sys-
tem, that PI(4,5)P, dephosphorylation at a saturating con-
centration of capsaicin did not alter TRPV1 currents. They
also observed a potentiation of TRPV1 activity by rapamy-
cin-induced Ins-5P at a subsaturating concentration of cap-
saicin. To test whether inhibition of TRPV1 by PI(4,5)P,
dephosphorylation was capsaicin-dependent in our system,
we repeated the experiments of Fig. 5 with a concentration of
capsaicin that activated less than half of the maximal cur-
rent. Because co-expression of TRPV1 with the YFP-
PLCé81-PH probe and components of the rapamycin system
can alter the apparent affinity of the channels for capsaicin,
we first measured the concentration dependence of TRPV1
in cells expressing all these components. Based on dose-re-
sponse measurements such as those shown in Fig. 6G, we
chose 30 nM capsaicin, a concentration that activated 25 *
9% (n = 4) of the maximal current. This capsaicin concen-
tration produced a current large enough to measure reliably
but small enough to be fairly called a “low” concentration.

As shown by the experiments in Fig. 6, rapamycin caused
translocation of the YFP-PLC81-PH probe even when applied
with the low (30 nM) concentration of capsaicin (Fig. 6, A and
B). Like the rapamycin experiments with a saturating concen-
tration of capsaicin, the application of rapamycin with 30 nm
capsaicin caused a concomitant decrease in current for the
experimental cells (Fig. 6C). As expected, when no transloca-
tion of YFP-PLC81-PH probe occurred, there was no inhibition
of the capsaicin-activated current (Fig. 6, D—F). The values for
fractional inhibition of the current upon the application of
rapamycin with the low concentration of capsaicin are included
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recording matches the onset of the imaging trace. Currents (perforated-patch configuration, holding potential —60
mV) were elicited by capsaicin (CAP, 300 nm, red bar) in nominally Ca®*-free solution. Rapamycin (1 um, green bar)
was applied to cause translocation of the Ins-5P and PI(4,5)P, depletion. The zero current level is shown as the dotted
black line. D and E, negative control group for the rapamycin-induced system. D, YFP-PLC81-PH signal in a tsA cell
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regions of interest (open circle). F, as in C. G, summary plot showing the amount of current inhibition 1-(I/1 ,,,,)
produced by rapamycin in cells that had probe translocation (white) and cells that did not have probe translocation
(black). The separate single point in each group represents the mean of that group. Errors bars are S.E. * = p = 0.003.
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in the aggregate data of Fig. 5G, with
values not significantly different
from those obtained with the high
capsaicin protocol.

Remarkably, the kinetics of the
rapamycin-induced decrease in
TRPV1 activity tracked the kinetics
of the rapamycin-induced translo-
cation of the YFP-PLC641-PH
PI(4,5)P, probe (Figs. 5B and 6B,
inverse of currents shown in C is
shown as a superimposed black trace
on the plasma membrane data
points; supplemental Movie 1).
Although this temporal correlation
between PI(4,5)P, degradation and
TRPV1 inhibition does not rule out
an indirect connection between the
two events, the simplest interpreta-
tion of our data is that P1(4,5)P, deg-
radation caused TRPV1 inhibition.
Together with the complete inhibi-
tion we observed in response to sat-
urating concentrations of PolyK and
the PLC-81-PH protein and the
activation of Ci-VSP, these data sug-
gest that PI1(4,5)P,, and not PI(4)P or
PI(3,4,5)P;, is the endogenous phos-
phoinositide that interacts with
TRPV1 to regulate its activity.

DISCUSSION

Although regulation of some ion
channels by PI(4,5)P, appears to be
selective (4), other channels can be
regulated by a number of phosphoi-
nositides (24, 37-39). The assump-
tion that PI(4,5)P, is the biologically
relevant phosphoinositide involved
inion channel regulation is based on
its abundance in the plasma mem-
brane and its strong negative charge
(1, 2). Technical challenges have
made identifying the lipid bound to
the channels in a natural system (e.g.
intact cell or excised patch) difficult.
Although PI(4,5)P, and PI(3,4,5)P,
are equally effective at promoting
activation of TRPV1 (Fig. 2, B and
C) and PI(4)P has an EC,, 10-fold
higher than PI(4,5)P, (Fig. 24), we
believe our data definitively estab-
lish that PI(4,5)P, is the physiologi-
cal regulator, both in intact cells and
in excised patches. Conversion of
plasma membrane PI(4,5)P, to
PI(4)P eliminated all capsaicin-acti-
vated current (Figs. 3, 5, and 6), and
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red bar) in nominally Ca?*-free solution. Rapamycin (1 uMm, green bar) was applied to cause translocation of the
Ins-5P and PI(4,5)P, depletion. The zero current level is shown as the dotted black line. D-E, in the absence of
YFP-PLC81-PH PI(4,5)P, probe translocation, rapamycin did not inhibit the capsaicin-activated current. D, YFP-
PLC81-PH signal in a tsA cell transfected with the Ins-5P system. Shown are confocal images for each numbered
point in the current traces shown in F. The scale bar applies to both images and represents 4 um. E, traces
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and from three cytosolic regions of interest (open circle). F, as in C. G, responses to indicated capsaicin concen-
trations in a typical cell. The relaxation observed upon the application of the first saturating concentration (300
nMm) was observed in almost all cases and was not studied further. In addition, a small increase over time in the
response to low capsaicin concentrations was commonly observed, perhaps due to residual capsaicin parti-
tioned into cell membranes. In all cases, rapamycin experiments were not performed until both the relaxation
and the run-up had reached steady state.
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a PI(4,5)P,-selective PH domain
also inhibited TRPV1 (Fig. 4), ruling
out a role for PI(4)P. PI(3,4,5)P, can
be ruled out based on inhibition by
the PI(4,5)P,-selective PH domain,
the lack of inhibition by the
PI(3,4,5)P,-selective PH domain
(Fig. 4E), and more weakly, by the
temporal  correlation  between
PI(4,5)P, degradation (i.e. translo-
cation of the PLC-61-PH probe) and
TRPV1 inhibition in the rapamycin
experiments (Figs. 5 and 6). Taken
together, our data indicate that
PI(4,5)P, is the physiological regula-
tor of TRPV1.

The difficulty of studying lipid
regulation of ion channels is well
illustrated by the controversy sur-
rounding whether PI(4,5)P, stimu-
lates or inhibits TRPV1. Although
consensus is growing that PI(4,5)P,
is stimulatory in excised patches
(16, 17), the story in whole cells may
be more complex. It has recently
been suggested, based in part on the
same type of rapamycin-inducible
system used here, that the polarity
of PI(4,5)P, regulation may depend
on the concentration of capsaicin
used (17). In particular, rapamycin-
induced potentiation of TRPV1 was
reported at low capsaicin concen-
trations or with moderate tempera-
ture elevations, suggesting an inhib-
itory role for PI(4,5)P,. We cannot
explain the inconsistency between
our results and the reported failure
of rapamycin to alter TRPV1
responses to saturating capsaicin
concentrations nor the potentiation
reported with rapamycin at a low
capsaicin  concentration  (17).
Because the previous report did not
examine whether PI(4,5)P, was
depleted in the cells in which cur-
rents were recorded, it is possible
that, as we observed, the rapamycin
system was not functional in all
cells. Perhaps the different record-
ing  configurations (perforated
patch versus whole-cell recording)
or the different cell types used (tsA
cells versus HEK 293 cells and Xeno-
pus oocytes) generated differences
in the properties of TRPV1 or of
PI(4,5)P, metabolism. A full under-
standing of the stimulatory and
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inhibitory roles of PI(4,5)P, will clearly require additional
studies.

We have shown that manipulating PI(4,5)P, levels in the
plasma membrane can alter the activity of TRPV1. However,
the rapamycin-induced decrease in plasma membrane
PI(4,5)P, levels may not accurately reflect the amplitude
of PI(4,5)P, fluctuations under physiological conditions. Is
PI(4,5)P, a static cofactor that remains associated with
TRPV1 channels throughout their lifetime in the plasma
membrane? Otherwise, alternatively, do physiologically
induced changes in the PI(4,5)P, concentration constitute a
system for actively tuning the excitability of TRPV1-expressing
nociceptors? Deciphering PI(4,5)P, regulation of TRPVI is
likely to reveal general themes that apply to other channels and
membrane proteins as well.
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