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Background: Regulation of TRPV1 by phosphoinositides is controversial.
Results: ATP reactivates TRPV1 after run-down in excised inside-out patches by generating phosphoinositides; many other

negatively charged lipids may also support TRPV1 activity.

Conclusion: Despite its promiscuous activation, phosphoinositides are the key endogenous cofactors for TRPV1 activity.
Significance: Our data may reconcile discordant data obtained in different experimental settings.

The regulation of the heat- and capsaicin-activated transient
receptor potential vanilloid 1 (TRPV1) channels by phospho-
inositides is controversial. Data in cellular systems support the
dependence of TRPV1 activity on phosphoinositides. The puri-
fied TRPV1, however, was recently shown to be fully functional
in artificial liposomes in the absence of phosphoinositides.
Here, we show that several other negatively charged phospho-
lipids, including phosphatidylglycerol, can also support TRPV1
activity in excised patches at high concentrations. When we
incorporated TRPV1 into planar lipid bilayers consisting of
neutral lipids, capsaicin-induced activity depended on phos-
phatidylinositol 4,5-bisphosphate. We also found that TRPV1
activity in excised patches ran down and that MgATP reacti-
vated the channel. Inhibition of phosphatidylinositol 4-kinases
or enzymatic removal of phosphatidylinositol abolished this
effect of MgATP, suggesting that it activated TRPV1 by gener-
ating endogenous phosphoinositides. We conclude that endog-
enous phosphoinositides are positive cofactors for TRPV1 activ-
ity. Our data highlight the importance of specificity in lipid
regulation of ion channels and may reconcile discordant data
obtained in various experimental settings.

Transient receptor potential vanilloid 1 (TRPV1)? is a poly-
modal cation channel, activated by heat, low tissue pH, capsai-
cin, and a variety of endogenous mediators of nociception. Pro-
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inflammatory agents released upon tissue damage, most of
which act through the phospholipase C (PLC) pathway, sensi-
tize these channels to their activators. It was proposed that
upon PLC activation, the decrease in the concentration of phos-
phatidylinositol 4,5-bisphosphate (PI(4,5)P,) sensitizes the
channel by relieving a tonic inhibition by this lipid (1).

Subsequent studies, however, showed that in excised
patches, TRPV1 activity is enhanced by the application of var-
ious phosphoinositides, including PI(4,5)P, and PI(4)P (2-5).
Data with various inducible lipid phosphatases in intact cells also
supported the positive regulatory role of phosphoinositides,
though the relative contributions of PI(4,5)P, and PI(4)P are
debated (4, 6 — 8). Depletion of phosphoinositides via Ca*" -in-
duced activation of PLC has been shown to be a major factor in
desensitization of TRPV1 (3, 8, 9). These data argued for phos-
phoinositides being positive cofactors for TRPV1 activity.

Despite the clear positive regulation of TRPV1 activity by
phosphoinositides both in excised patches and intact cells,
there are data supporting the existence of a concurrent, partial
inhibitory effect of PI(4,5)P, in intact cells (3, 8, 10, 11). The lack
of data demonstrating that PI(4,5)P, inhibits TRPV1 in excised
patches suggested that this effect may be indirect (12).

In a recent study, TRPV1 was purified and functionally
reconstituted in artificial liposomes of defined composition
(13). Two key findings of the study with respect to phospho-
inositide regulation of these channels were as follows: 1) TRPV1
was fully active in the absence of any phosphoinositides; 2)
when the phosphoinositides PI, PI1(4)P, or P1(4,5)P, were added
to the lipid mix, the capsaicin dose-response curve was shifted
to the right, i.e. the channel was partially inhibited by these
lipids. These findings suggest direct inhibition by P1(4,5)P, and
no dependence of activity on phosphoinositides.

Can these findings be reconciled with earlier excised patch
data? To address this apparent contradiction, we studied
TRPV1 behavior in excised patches, taking advantage of the
intrinsic lipid kinase and phosphatase activities in the patch
membrane that can be stimulated with MgATP (14, 15). This
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technique studies the effects of endogenous phosphoinositides
and avoids application of exogenous lipids, which have been
argued to cause non-physiological effects (13, 16).

We also re-examined the lipid specificity of the channel and
found that, in addition to phosphoinositides, TRPV1 was acti-
vated by a variety of negatively charged lipids, including phos-
pholipids, such as phosphatidylglycerol (PG) and phosphatidyl-
inositol (PI), as well as other negatively charged lipids, such as
oleoyl-CoA and the artificial lipid 1,2-dioleoyl-sn-glycero-3-
[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl]
(DGS-NTA). This may explain the lack of requirement for
phosphoinositides in reconstituted vesicles that contained high
concentrations of PG (13). Accordingly, when we reconstituted
TRPV1 in planar lipid bilayers consisting of neutral lipids, cap-
saicin-induced activity depended on the presence of P1(4,5)P,.
Our data may reconcile discordant data obtained in various
experimental settings, and we conclude that in cellular mem-
branes TRPV1 activity depends on the presence of PI1(4,5)P,,.

EXPERIMENTAL PROCEDURES

Electrophysiology in Oocytes—Excised inside-out patch
clamp measurements were performed as described previously
(3). Briefly, Xenopus laevis oocytes were injected with the cRNA
of TRPV1 transcribed from the rat TRPVI1 clone in the
pGEMSH vector. Measurements were performed 5-7 days
after injection, using borosilicate glass pipettes (World Preci-
sion Instruments) of 0.4 —0.7 megohm resistance, filled with a
solution containing the following: 96 mm NaCl, 2 mm KCl, 1 mm
MgCl,, and 5 mm HEPES (pH 7.4), substituted with 0.2 um, 0.5
uM, or 4 uM capsaicin (as indicated in figure legends). For
experiments with TRPV6, we used a pipette solution devoid of
capsaicin, consisting of the following: 96 mm LiCl, 1 mM EGTA,
and 5 mm HEPES, (pH 7.4). After establishing gigaohm resis-
tance seals on devitellinized surfaces of oocytes, inside-out con-
figuration was established, and currents were measured using a
ramp protocol from —100 to +100 mV applied every second.
The main perfusing solution contained the following: 96 mm
KCl, 5 mm EGTA, and 10 mm HEPES, with pH adjusted to 7.4.
Currents were amplified with an Axopatch 200B unit and ana-
lyzed with the pClamp software (version 9.2, Molecular
Devices). Measurements were performed at 18 =20 °C. Various
stimulating solutions were applied to the internal side of the
inside-out membrane patch using a custom-made, gravity-
driven micro-perfusion system.

Expression and Purification of TRPVI—HEK-293 cells tran-
siently expressing TRPV1 tagged with the Myc epitope on its N
terminus were grown to 70 — 80% confluence, washed, and col-
lected with cold PBS. Cells were harvested and resuspended in
NCB buffer containing 500 mm NaCl, 50 mm NaH,PO,, 20 mm
HEPES, and 10% glycerol (pH 7.5), with addition of 1 mm of the
protease inhibitor PMSF and 5 mm B-mercaptoethanol. Then,
the cells were lysed by the freeze-thawing method and centri-
fuged at 40,000 X g for 2.5 h, and the pellet was resuspended in
NCB buffer with addition of a protease inhibitor mixture
(Roche Applied Science), 0.1% Nonidet P40 (Roche Applied
Science), and 0.5% dodecyl maltoside (CalBiochem, San Diego,
CA). The suspension was incubated overnight at 4°C on a
shaker with gentle agitation and then centrifuged for 1 h at
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40,000 g. Further, the TRPV1 protein was purified by immuno-
precipitation using AG-protein magnetic beads (Thermo
Fisher Scientific Inc., Rockford, IL, USA) conjugated with the
Myc antibodies. Protein was eluted from the beads with Myc
peptide (150 ug/ml; Sigma-Aldrich). All steps of purification
were performed at 4 °C. The purified protein ran on SDS gels
mainly as a tetramer, see Fig. 6F.

Planar Lipid Bilayer Experiments—Planar lipid bilayer
experiments were performed as described earlier (17). Bilay-
ers were formed from a solution of synthetic 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine (phosphatidylcholine, PC, or
POPC) and 1-palmitoyl-2-oleoyl-glycero-3-phosphoethano-
lamine (phosphatidylethanolamine, PE or POPE) in a 3:1 ratio
in n-decane (Sigma-Aldrich). The solution was used to paint a
bilayer in an aperture of ~150 um diameter in a Delrin cup
(Warner Instruments) between symmetric aqueous bathing
solutions of 150 mm KCl, 0.02 mm MgCl,, and 20 mm HEPES
(pH 7.2), at 22 °C. Bilayer capacitances were in the range of
50-75 pF. The purified TRPV1 protein derived in dodecyl-
maltoside micelles was incorporated into lipid micelles consis-
ting of a mixture of POPC/POPE (3:1, v/v). After the bilayers
were formed, 0.2 ul of the TRPV1 micellar solution (0.001
pg/ml) was painted to the aperture with an air bubble glass
capillary. Unitary currents were recorded with an Axopatch
200B amplifier. Currents through the voltage-clamped bilayers
(background conductance < 3 pS) were filtered at the amplifier
output (low pass, —3 dB at 10 kHz, 8-pole Bessel response).
Data were secondarily filtered at 100 Hz through an 8-pole Bes-
sel filter (950 TAF; Frequency Devices, Ottawa, IL) and digi-
tized at 1 kHz using an analog-to-digital converter (Digidata
1322A; Molecular Devices) controlled by pClamp (version 9,
Molecular Devices). Data were analyzed using the Clampfit
software (version 9, Molecular Devices). All experiments were
conducted at room temperature (22 °C).

Materials—Dioctanoyl (DiCg) phosphoinositides were pur-
chased from Cayman Chemical (Ann Arbor, MI). Capsaicin,
oleoyl-CoA, and phosphatidylinositol-specific phospholipase
C (PI-PLC) were purchased from Sigma, the latter in two dif-
ferent preparations, both as a powder, and as a glycerol contain-
ing solution. The following were purchased from Avanti Polar
Lipids (Alabaster, AL): arachidonyl-stearyl (AASt) phospho-
inositides; 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-ser-
ine (phosphatidylserine, PS, or POPS); 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-1'-rac-glycerol (phosphatidylglycerol,
PG or POPG); POPC; POPE; and DGS-NTA.

Long acyl chain phospholipids that were applied at high con-
centrations, such as PG, PS, PC and PI are poorly soluble in
water and form micelles in aqueous solutions, resulting in visi-
ble turbidity at the nominal concentrations applied in our
experiments (250 -500 um). Extensive sonication of these solu-
tions was necessary for their effects to be reliable; we used an
Ultrasonic Homogenizer model 3000 V/T (Biologics, Inc). Dur-
ing the course of an experimental day, we found that resonica-
tion of these solutions approximately every 1-1.5 h resulted in
more reproducible effects of these lipids.

Data Analysis—Data are presented as mean * S.E.; statistical
significance is calculated with # test; *, p < 0.05; **, p < 0.01.
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FIGURE 1. MgATP reactivates TRPV1 after run-down in a PI4K-dependent manner. Excised inside-out patch clamp measurements were performed as
described under “Experimental Procedures” on TRPV1 expressing Xenopus oocytes. Capsaicin (0.2 um) was included in the patch pipette. A, representative
current traces at —100 and +100 mV; the establishment of the inside-out configuration is indicated by the arrow; the applications of 25 um DiCg P1(4,5)P,, 2 mm

Mg?* and 2 mm ATP (MgATP), and 0.3% dimethyl sulfoxide (DMSO) are indica
the effects of LY294002 and PI-PLC. DAG, diacylglycerol; PIP5K, phosphatidy!
with application of 300 um and 10 um LY294002 (LY). E, statistical summary n

ted with horizontal lines. B, schematic of phosphoinositide metabolism, showing
linositol 4-phosphate 5-kinase. C and D, similar experiments to that shown in A,
ormalized to current values at +100 mV immediately after the establishment of

theinside-out configuration (n = 5-8). F, velocity of run-down depends on the capsaicin (Caps) concentration. Relative TRPV1 current values, normalized to the

amplitude immediately after excision, are plotted for 0.2, 0.5, and 4 um capsa

icin in the patch pipette, mean = S.E. for n = 6-9 experiments G, representative

trace for current run-down in the presence of 4 um capsaicin in the patch pipette.

RESULTS

MgATP Reactivates TRPVI Channels after Run-down in a
Phosphatidylinositol 4-Kinase (PI4K)-dependent Manner—We
studied TRPV1 channels in large excised inside-out patches in
Xenopus oocytes with capsaicin in the patch pipette. After exci-
sion, we usually observed a small transient increase of TRPV1
currents (presumably due to differences in ionic composition of
the bath solution and the intracellular environment of the cell),
followed invariably by a decrease in channel activity to 10-15%
of the cell-attached levels in ~2-3 min, termed run-down (Fig.
1, A and C-F). Run-down is characteristic of PI(4,5)P,-depen-
dent ion channels and is generally assumed to reflect dephos-
phorylation of PI(4,5)P, by lipid phosphatases associated with
the patch membrane (18). These experiments were performed
in the presence of 0.2 M capsaicin in the patch pipette. With 4
M capsaicin in the patch pipette, run-down was much slower
and usually incomplete within 5 min (Fig. 1, F and G). The
velocity of run-down has been shown earlier to inversely
correlate with the apparent affinity of phosphoinositide-sen-
sitive channels to PI(4,5)P, (18, 19). This inverse correlation
is consistent with our earlier finding that capsaicin increases
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the apparent affinity of the channel for PI(4,5)P, (3). In most
experiments, we used 0.2 or 0.5 uM capsaicin, a condition
under which substantial run-down was observed within 2—-3
min (Fig. 1F).

Fig. 1A shows that after run-down, channel activity could be
restored by the application of MgATP. This, again, is a charac-
teristic of PI(4,5)P,-dependent ion channels (18, 20). To dem-
onstrate that MgATP exerts its effect via lipid kinases, we used
LY294002 to inhibit PI4K. This drug selectively inhibits PI3K at
low concentrations and also inhibits type-III PI4Ks at high con-
centrations (Fig. 1B). As shown in Fig. 1, C-E, LY294002 inhib-
ited the effect of MgATP at 300 uM but not at 10 um, where the
drug selectively inhibits PI3Ks. This result suggests that
MgATP exerts its effect by generation of phosphoinositides via
PI4K.

Intracellular ATP has been described to have a direct positive
effect on TRPV1, an effect which does not require Mg>* (21,
22). We also saw a quickly developing effect of ATP (4 mm) in
the absence of Mg>* (data not shown). Our MgATP solutions
contained 2 mM Mg®" and 2 mm ATP, in which the free ATP
and free Mg®>" concentrations were 0.43 mm and 0.31 mm,
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FIGURE 2. The effect of PI-PLC supplemented with BSA. Excised inside-out patch clamp measurements were performed as described under “Experimental
Procedures” on TRPV1 expressing Xenopus oocytes; traces show currents at +100 and —100 mV. Here, we used a PI-PLC preparation supplied as a lyophilized
powder; to stabilize PI-PLC in these experiments, we supplemented the experimental solution with 0.05% BSA, as recommended by the supplier, to prevent it
from adsorbing to the walls of the perfusion tubes. A and B, representative measurements on TRPV1 with 0.5 um capsaicin in the patch pipette; the establish-
ment of the inside-out configuration is indicated by the arrow; the applications of 1 unit/ml PI-PLC, 0.05% BSA, 2 mm MgATP, and 50 um DiCg PI(4,5)P, are
indicated by the horizontal lines. C and D, statistical summary at the time points indicated in A and B; current values are normalized to the current amplitude
immediately after excision (n = 8). E-H, similar measurements on TRPV6.
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FIGURE 3. The effects of PI-PLC in excised patches. In these experiments, we used a preparation of PI-PLC that was purchased as a liquid in a glycerol-
containing solution. Excised inside-out patch clamp measurements were performed as described under “Experimental Procedures” on TRPV1-expressing
Xenopus oocytes; traces show currents at +100 and — 100 mV, and the pipette solution contained 0.5 um capsaicin. A, representative control measurement, the
establishment of the inside-out configuration is indicated by the arrow; the patch was perfused with bath solution containing 0.5% glycerol (vehicle) and then
2 mm MgATP, 50 um DiCg PI(4,5)P,, and 250 um AASt PI. B, similar measurement, the patch was treated with 1 unit/ml PI-PLC. C and D, summaries of current
amplitudes at the time points indicated in the representative traces normalized to the current amplitude immediately after excision (n = 8).

respectively (MaxChelator). In our study, this concentration of
MgATP had a negligible direct effect, judged by the essential
absence of quickly developing currents. This could be due to
either the low free ATP concentration or the direct inhibition
by free Mg>™, see the occasional quick increase in current
amplitudes after wash out of MgATP (Figs. 1G and 24).

PI-PLC Prevents Activation by MgATP—Next, we tested a
bacterial PI-PLC directly applied to excised patches. PI-PLC
selectively hydrolyzes PI without any direct effect on PI(4)P or
PI(4,5)P, (14, 20). If MgATP acted as a substrate for lipid
kinases to generate phosphoinositides, cleaving the phospho-
inositide precursor PI would eliminate its effect (Fig. 1B), as we
showed earlier with TRPV6 channels (15). First, we dissolved
the enzyme in bath solution, and even though it inhibited the
effect of MgATP on TRPV1, the data were quite variable, with a
general tendency to lose activity over time even in control
experiments with TRPV6 (data not shown).

To stabilize PI-PLC, we supplemented the solution with
0.05% BSA, which prevents it from adsorbing to the walls of the
tubes, as recommended by the supplier. Fig. 2, A-D, shows that
pretreatment with PI-PLC almost completely prevented the
effect of MgATP. PI-PLC treatment by itself also induced a
partial reactivation of TRPV1 after run-down, consistent with
earlier results (1). PI-PLC did not increase the activity of
TRPV6, but it also prevented the reactivating effect of MgATP
(Fig. 2, E-H), consistent with earlier reports (15).
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Since PI-PLC did not increase TRPV1 activity substan-
tially when we dissolved it without BSA (data not shown), we
also tested a different preparation of PI-PLC, supplied as a
glycerol-containing stock solution, see methods, which does
not require BSA for stabilization. This preparation of PI-PLC
behaved very similarly to the previous one, i.e. it partially
activated TRPV1 and eliminated the effect of MgATP (Fig.
3). These data show that the partial activation by PI-PLC is
not due to the presence of BSA, but likely requires high activ-
ity of the enzyme.

It could be argued that PI-PLC activated TRPV1 by removing
the inhibitory PIL. To test this possibility, we applied long acyl
chain natural AASt PI after PI-PLC treatment. PI failed to sig-
nificantly re-inhibit channel activity, arguing that PI-PLC did
not increase channel activity by eliminating the putative inhib-
itory effect of PI. It did, however, partially restore the effect of
MgATP (Fig. 3B and D), demonstrating that the lipid indeed
incorporated into the patch membrane.

Promiscuous Activation of TRPVI1 by Various Negatively
Charged Lipids—Our data so far are consistent with the
dependence of TRPV1 activity on PI(4)P and PI(4,5)P, in the
context of the plasma membrane. We had previously found that
TRPV1 is activated not only by PI(4,5)P,, but also by a variety
of other phosphoinositides, such as PI(4)P, PI(3,4)P,, and
PI(3,4,5)P; (3). This lack of specificity is reminiscent of the non-
specific activation of K, ., channels (Kir6.2) by phosphoinositides
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FIGURE 4. PG, PS, and PI activate TRPV1 at high concentrations. Excised inside-out patch clamp measurements were performed as described under
“Experimental Procedures” on TRPV1-expressing (A-F) and TRPV6-expressing (G and H) Xenopus oocytes. Traces show currents at +100 and —100 mV; the
patch pipette solution contained 0.5 um capsaicin, and the establishment of the inside-out configuration is indicated by the arrow in each trace. A, control
experiment on TRPV1; B, the effect of 250 um PG; C, the effect of 500 um AASt PI; D, the effect of 250 um PS; E, the effect of 250 um PC on TRPV1. F, summary of
the data (n = 4-11), currentamplitudes normalized to the amplitude immediately after excision are shown for run-down and reactivation for each compound.
For the control, the 3- and 12-min values are shown. G, the effect of 250 um PG on TRPV6; H, summary of the effect of PG and AASt PI(4,5)P, on TRPV6 (n = 3).

(23). Those channels are activated in excised patches not only
by phosphoinositides, but also by other negatively charged lip-
ids, such as phosphatidylserine (PS), when they are applied at
high concentrations (24). To test whether TRPV1 behaves sim-
ilarly to K ,1p channels in this respect, we tested the effects of
various negatively charged lipids on TRPV1.

Fig. 4B shows that 250 uMm phosphatidylglycerol (PG) slowly
but consistently reactivated TRPV1 after run-down in the pres-
ence of 0.5 uM capsaicin in the patch pipette. The slow onset of
the effect is consistent with the necessity of incorporation of PG
micelles into the patch membrane. Lower concentrations of PG

35008 JOURNAL OF BIOLOGICAL CHEMISTRY

were less efficient, and at this high concentration, the lipid
needed to be repeatedly sonicated shortly before the experi-
ment to obtain reproducible effects, see “Experimental Proce-
dures.” We retested the effect of PI at a higher concentration
(500 M) and, after more thorough sonication, we found that
this lipid could also reactivate TRPV1 (Fig. 4C). PS, another
negatively charged phospholipid, also reactivated TRPV1 at
250 um (Fig. 4D), but the effect was smaller than that of PI or
PG. In contrast, the neutral lipid phosphatidylcholine (PC) did
not activate TRPV1 (Fig. 4E). Importantly, PG did not activate
TRPV6 (Fig. 4, G and H), a channel showing higher phospho-
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FIGURE 5. Oleoyl-CoA and DGS-NTA activates TRPV1 in excised inside-out patches. A and B, representative traces for the effects of 1 and 3 um oleoyl-CoA,
with 0.2 um capsaicin in the patch pipette. C, summary of the effects of oleoyl-CoA (n = 4 each); the data are pooled from experiments with 0.2 and 0.5 um
capsaicin in the patch pipette. D and E, chemical structures of oleoyl-CoA and DGS-NTA. F, representative traces for the effect of 50 um DiCg P1(4,5)P, and 10 um
DGS-NTA. G, representative traces for the effect of 50 um DiCg PI(4,5)P, and 100 um DGS-NTA. H, summary of the effect of 10 um DGS-NTA. Experiments were

performed with 0.5 um capsaicin in the patch pipette.

inositide specificity and activation by PI(4,5)P,, but not by
PI(4)P (25).

We also tested the effects of two other negatively charged
amphipathic lipids, oleoyl-CoA and DGS-NTA, both of which
could activate K, 1, channels in excised patches (23, 26). Fig. 54
shows that oleoyl-CoA induced a robust activation of TRPV1 at
3 uM; we observed a slowly developing partial activation at 1 um
(Fig. 5B). The artificial lipid DGS-NTA also activated TRPV1;
the effect was slower and incomplete at 10 um and faster and
larger at 100 uM (Fig. 5, F-H). DiCq PI(4,5)P, induced either a
smaller effect or no effect after DGS-NTA, depending on the
level of activation, suggesting a common mechanism of activa-
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tion by the two lipids. Both oleoyl-CoA and DGS-NTA have
three negative charges (Fig. 5, D and E), and both induced a
higher level of activation of TRPV1 at lower concentrations
than either PG or PI, each of which has only one negative
charge.

PI(4,5)P, Activates TRPV1 in Planar Lipid Bilayers—To test
the effects of P1(4,5)P, in a pure system, without the presence of
other negatively charged lipids, we purified the TRPV1 protein
and incorporated it into planar lipid bilayers consisting of the
neutral lipids PC and phosphatidylethanolamine in a 3:1 ratio,
and we measured single channel TRPV1 currents. No channel
activity was observed when TRPV1 alone was incorporated in
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FIGURE 6. Activation of TRPV1 channels in planar lipid bilayers by capsaicin and P1(4,5)P,. A, representative single-channel current recordings of TRPV1
channelsincorporated in planar lipid bilayers at +30 mV, as described under “Experimental Procedures.” Capsaicin was added to both compartments, whereas
diCg4 PI(4,5)P, was added only to the cis compartment. B, open probability of TRPV1 channels in the presence of 2.5 umand 5 um DiCq P1(4,5)P, measured at +30
mV. Data were analyzed from a total of four experiments. C, representative current traces of outward (upper trace) and inward (lower trace) currents of TRPV1
channels in the presence of 2 um capsaicin and 2.5 um PI(4,5)P, with clamping potentials of +30 mV and —30 mV, respectively. D, current-voltage relationship
of TRPV1 in the presence of 2 um capsaicin and 2.5 um PI(4,5)P,. The dashed line corresponds to the mean conductance of fully open channels, working in an
inward direction, this state is rarely observed due to the low open probability of this subconductance level. Data were analyzed from a total of six experiments.
E, open probability of TRPV1 channels measured at +30 mV and —30 mV in the presence of 2 um capsaicin and 2.5 um P1(4,5)P,. Data were analyzed from a total
of four experiments. F, purification of the full-length TRPV1 protein. TRPV1 protein was purified as described under “Experimental Procedures.” Left panel, silver
staining results; right panel, Western blot results with an anti-Myc antibody. M, molecular mass standards; left panel, lanes 1-4, purified TRPV1; right panel, lane

1, cell lysate; lanes 2-5, purified TRPV1.

the lipid bilayers, and capsaicin (2 um) failed to activate the
channel in the absence of PI(4,5)P, (Fig. 64, n = 6). Even after
several hours with capsaicin alone, no channel openings were
detected. However, the application of 2.5 um PI(4,5)P, in the
continuous presence of capsaicin resulted in burst openings of
TRPV1 (P, =0.23 = 0.05, n = 4), and 5 um PI(4,5)P, induced a
further increase in channel open probability (P, = 0.55 % 0.06,
n = 3) (Fig. 6, A and B). No TRPV1 activity was observed when
PI(4,5)P, was applied alone, but the subsequent application of
capsaicin resulted in robust channel activation (data not
shown). Currents showed characteristic outward rectification;
both single channel conductance and open probability were
lower at negative voltages (Fig. 6, C—E). In the presence of 2.5
M PI(4,5)P, and 2 uM capsaicin, outward currents exhibited
mean slope conductance values of 98.4 = 1.8 pS, and P, of
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0.23 * 0.05 (at 30 mV) (n = 4), and inward currents were
observed with conductance levels of 48.4 * 2.4 pS and P, of
0.05 = 0.01 (at —30 mV) (n = 4). The single channel conduc-
tance of the purified channel was similar to that reported pre-
viously (27, 28).

DISCUSSION

Phosphoinositides are emerging as general regulators of ion
channels (29, 30). The best characterized PI(4,5)P,-sensitive
ion channels are inwardly rectifying K (Kir) channels, for
which PI(4,5)P, is necessary for the activity of all members,
exerting its effect via direct binding to the channel (31). High-
resolution crystal structures are now available for representa-
tive Kir channels in the absence and presence of PI(4,5)P, (32).
TRP channels are also regulated by phosphoinositides, but their
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regulation is more complex, as both activating and inhibitory
effects have been described for some channels (12, 33). Never-
theless, the vast majority of TRP channels display a dependence
of activity on PI(4,5)P, (34-37) (see Ref. 38 for more detail).
This conserved activation is likely to be direct, because
PI(4,5)P, activates the purified TRPMS (17, 39, 40), TRPV6
(15), and TRPV1 (Fig. 6) in planar lipid bilayers.

TRPV1 was first suggested to be inhibited by PI(4,5)P, (1),
but the effects of phosphoinositides had not then been tested
in excised patches. A number of subsequent reports demon-
strated that, in excised patches, the channels were activated,
rather than inhibited by phosphoinositides, including PI(4)P
and PI(4,5)P, (2—4). Experiments with various rapidly induci-
ble lipid phosphatases in intact cells also supported a positive
regulatory role of phosphoinositides (4, 6 — 8).

In a recent study, TRPV1 was purified and reconstituted in
artificial liposomes. The channels were activated by capsaicin,
heat, low pH, and a variety of other activators, including endo-
cannabinoids, in the absence of phosphoinositides. When
either PI, PI(4)P, or PI(4,5)P, were incorporated in the mem-
branes, all of these lipids shifted the capsaicin dose-response to
the right, i.e. inhibited channel activity; PI and PI(4)P were
more effective than PI(4,5)P, (13). To reconcile those data with
earlier excised patch experiments, here we studied the effects of
endogenous phosphoinositides on TRPV1 in excised patches
and revisited the lipid specificity of TRPV1.

First, we took advantage of endogenous lipid kinases and
phosphatases in the patch membrane by studying the effects of
MgATP. PI(4,5)P, is generated by sequential phosphorylation
of PI into PI(4)P by PI4Ks and then to PI(4,5)P, by phosphati-
dylinositol 4-phosphate 5-kinases (Fig. 1B). None of these
enzymes currently have specific inhibitors, but type III PI14Ks
can be efficiently inhibited by a number of PI3K inhibitors at
higher concentrations. Our data show that TRPV1 channel
activity runs down in ATP-free solutions, characteristic of
PI(4,5)P,-dependent ion channels (14, 15, 20). When MgATP
was applied to the patch, channel activity was recovered. This
recovery was strongly inhibited by 300 um LY294002, a com-
pound that inhibits PI4K. Given the effectiveness of LY294002,
it is likely that PI(4,5)P, was dephosphorylated into PI(4)P then
PI (Fig. 1B). We obtained similar results earlier with two other
TRP channels TRPMS, and TRPV6 (15, 41). Given that both of
those channels require PI(4,5)P, selectively over PI(4)P for
activity, it is likely that MgATP stimulated the activity of both
PI4K and phosphatidylinositol 4-phosphate 5-kinase, resulting
in the synthesis of both PI(4)P and PI(4,5)P,.

Next, we studied the effects of a bacterial PI-PLC enzyme
applied directly to excised patches. This enzyme selectively
hydrolyzes PI, but not PI(4,5)P,, or PI(4)P. We found that treat-
ing patches with PI-PLC eliminated the effect of MgATP on
TRPV1 (Figs. 2 and 3) and TRPV6 (Fig. 2), as expected if
MgATP worked by activating lipid kinases. When exogenous
PI(4,5)P, was applied after PI-PLC treatment, it consistently
activated the channels (Figs. 2B and Fig. 3B), suggesting that
PI(4,5)P, is not simply less inhibitory than PI, but rather that it
is itself a positive cofactor for TRPV1.

Consistent with earlier reports (1), PI-PLC also increased
TRPV1 activity after run-down, but the effect was much smaller
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than that induced by MgATP and developed after a substantial
delay (Figs. 2 and Fig. 3). This positive effect of PI-PLC may
argue for the inhibitory role for phosphoinositides. Taking a
closer look at these data, however, our findings are not compat-
ible with the view of phosphoinositides being purely inhibitory.
If the activating effect of PI-PLC is due to the removal of PI,
then supplying this lipid after PI-PLC treatment should inhibit
channel activity. This was not the case, despite the fact that PI
partially restored the effect of MgATP, demonstrating its incor-
poration into the patch membrane (Fig. 3, B and D). Overall, it
is likely that the partial activation by PI-PLC is not due to the
reduction of PI levels, especially given that very high concen-
trations of PI also activated the channels (Fig. 4C).

A possible explanation for the partial activation by PI-PLC is
that this enzyme also generates diacylglycerol (Fig. 1B). This
lipid (42) and several of its breakdown products, 2-arachidonyl-
glycerol for example (43, 44) have also been reported to poten-
tiate TRPV1 activity. It is also possible that the PI-PLC prepa-
ration has some additional activity, accounting for TRPV1
stimulation.

Overall, our MgATP data argue that endogenous PI(4,5)P, is
a positive regulator of TRPV1 required for its activity. What is
the explanation then for the full activity of TRPV1 in artificial
vesicles devoid of this lipid? It was demonstrated earlier that
TRPV1 is activated not only by PI(4,5)P,, but also by many
other phosphoinositides, including PI(4)P and PI(3,4,5)P,
(3-5). This low specificity is reminiscent of that observed with
Kir6.2 (K, rp) channels (23). Those channels are not only acti-
vated by phosphoinositides, but by many other negatively
charged lipids, such as long acyl chain coenzyme A (23), phos-
phatidylserine (24), and the artificial lipid DGS-NTA (26).

Can the low specificity of phosphoinositide activation of
TRPV1 explain the lack of dependence of the purified reconsti-
tuted TRPV1 on these lipids? We found that at high concentra-
tions, three different phospholipids with single negative
charges, PI, PS, and PG, reactivated TRPV1 channels in excised
patches after run-down (Fig. 4). This may explain the lack of
dependence of the activity of the purified TRPV1 on phospho-
inositides in lipid vesicles that included ~25% PG (13). In
agreement with this idea, when we reconstituted TRPV1 in pla-
nar lipid bilayers consisting of neutral lipids, its capsaicin-in-
duced activity depended on PI(4,5)P, (Fig. 6).

The two most abundant negatively charged phospholipids in
mammalian cells are PI, which is found at concentrations of up
to 10%, and PS (up to 5%), whereas PG was found at 1% or less in
most tissues (45-47). PI(4)P and PI(4,5)P, are found at concen-
trations of up to 1% each. Given the 90 —-95% run-down at sub-
maximal capsaicin concentrations in most excised patch exper-
iments (Figs. 1-4), it is likely that PI(4,5)P, and PI(4)P are the
major lipids supporting channel activity in a cellular context.
Based on the 5-10% residual activity after run-down, we con-
clude that the less highly charged PI, PS, and PG, which are not
subject to dephosphorylation, contribute to channel activity up
to this extent. At higher capsaicin concentrations, run-down
was slower and less complete. Nevertheless, MgATP still stim-
ulated channel activity (Fig. 1, F and G), arguing for the role of
phosphoinositides under those conditions. The slower and less
complete run-down at higher capsaicin concentrations is likely
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due to increased apparent affinity for P1(4,5)P, (3), even though
an increased contribution of other negative lipids is also
possible.

Our data demonstrate that phosphoinositides are obligate
cofactors for TRPV1 activity in a cellular context. Despite the
lack of data in excised inside-out patches showing inhibition by
PI(4,5)P,, measurements in intact cells support an additional
partial inhibition by this phosphoinositide (3, 10). This combi-
nation of data suggested that any inhibitory effect of P1(4,5)P, is
likely to be indirect (3, 48). The finding that phosphoinositides
inhibit the purified TRPV1 seen in the reconstituted system
(13), on the other hand, strongly suggests a direct effect.

Where is the binding site for P1(4,5)P, on the channel? The
cold sensor TRPM8 was proposed to be activated by P1(4,5)P,
through the highly conserved proximal C-terminal TRP
domain (36). Brauchi et al. (49) found that the TRP domain is
also important for P1(4,5)P, regulation of TRPV1. Another arti-
cle found a region close to, but distinct from, the TRP domain to
be important for PI(4,5)P, binding to TRPV1 (5). The inhibitory
effect of PI1(4,5)P,, however, was proposed to be mediated by a
very distal C-terminal region of TRPV1 (13, 50). The picture is
further complicated by the potential indirect effects of P1(4,5)P,
through other PI(4,5)P, binding proteins, such as Pirt (51) and
AKAP150 (A-kinase anchoring protein 150) (10). Elucidating
the mechanism of the effects of PI1(4,5)P, on TRPV1 will require
further work.

What are the biological roles of the general dependence on
phosphoinositides and the concurrent partial inhibition? We
have recently proposed a model (8) in which the activity of
TRPV1 depends on the presence of either PI(4,5)P, or PI(4)P,
and concurrently, PI(4,5)P, specifically and partially inhibits
either the channel itself or the potentiating effect of PKC.
According to our model, the regulation of the channel upon
activation of different PLC isoforms is determined by the extent
and specificity of changes in phosphoinositide levels. During
desensitization in response to saturating capsaicin concentra-
tions, a robust influx of Ca®" activates a highly Ca>*-sensitive
PLC$ isoform, leading to the depletion of both PI(4,5)P, and
PI(4)P, limiting channel activity. Upon PLCf3 activation by bra-
dykinin, a selective moderate reduction in PI(4,5)P, levels
relieves the inhibition and potentiates the effect of PKC, leading
to enhanced activity (sensitization) (8).

The complex regulation of TRPV1 by phosphoinositides is
somewhat analogous to that seen in TRPC channels, which are
generally activated downstream of PLC. Even though diacyl-
glycerol may serve as a physiological activation mechanism for
the TRPC3/C6/C7 subgroup, their activation mechanism has
not been fully elucidated (52). Relief of inhibition by PI(4,5)P,
may contribute to activation of some TRPCs (53), but when
phosphoinositides or MgATP were tested in excised patches,
they activated most of those channels (53, 54). Similarly, data
with inducible phosphatases supported the dependence of
activity of several TRPC channels on PI(4,5)P, (53, 55). We
refer to our recent reviews for further discussion on this topic
(38, 52).

In conclusion, our data show that, in a cellular context,
TRPV1 activity depends on the presence of phosphoinositides,
most likely PI(4,5)P, and PI(4)P. We propose that, under cer-
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tain circumstances, other negatively charged phospholipids
may substitute for phosphoinositides. This may reconcile dis-
cordant data gathered in different experimental settings.
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