Published Online: 29 June, 2015 | Supp Info: http://doi.org/10.1085/jgp.201411336

Downloaded from jgp.rupress.org on January 8, 2019

Research Article

Transient receptor potential melastatin 3 is a phosphoinositide-dependent

ion channel
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Department of Pharmacology and Physiology, Rutgers New Jersey Medical School, Newark, NJ 07103

Phosphoinositides are emerging as general regulators of the functionally diverse transient receptor potential
(TRP) ion channel family. Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) has been reported to positively regu-
late many TRP channels, but in several cases phosphoinositide regulation is controversial. TRP melastatin 3
(TRPM3) is a heat-activated ion channel that is also stimulated by chemical agonists, such as pregnenolone sulfate.
Here, we used a wide array of approaches to determine the effects of phosphoinositides on TRPM3. We found that
channel activity in excised inside-out patches decreased over time (rundown), an attribute of PI(4,5)Ps-dependent
ion channels. Channel activity could be restored by application of either synthetic dioctanoyl (diCs) or natural ara-
chidonyl stearyl (AASt) PI(4,5)P,. The PI(4,5)P; precursor phosphatidylinositol 4-phosphate (PI1(4)P) was less ef-
fective at restoring channel activity. TRPM3 currents were also restored by MgATP, an effect which was inhibited
by two different phosphatidylinositol 4-kinase inhibitors, or by pretreatment with a phosphatidylinositol-specific
phospholipase C (PI-PLC) enzyme, indicating that MgATP acted by generating phosphoinositides. In intact cells,
reduction of PI(4,5)P, levels by chemically inducible phosphoinositide phosphatases or a voltage-sensitive
5'-phosphatase inhibited channel activity. Activation of PLC via muscarinic receptors also inhibited TRPM3 channel
activity. Overall, our data indicate that TRPM3 is a phosphoinositide-dependent ion channel and that decreasing
PI(4,5)P, abundance limits its activity. As all other members of the TRPM family have also been shown to require
PI(4,5)P, for activity, our data establish PI(4,5)P, as a general positive cofactor of this ion channel subfamily.

INTRODUCTION

Transient receptor potential (TRP) melastatin 3 (TRPM3)
is 2 member of the TRP ion channel family. It is ex-
pressed in several different tissues, including the kid-
neys, eyes, sensory neurons of the dorsal root ganglia,
and pancreatic 3 cells (Oberwinkler and Philipp, 2014).
TRPM3 has been proposed to play roles in a variety of
physiological and pathophysiological processes. It is
activated by high temperatures and was shown to func-
tion as a noxious heat sensor in dorsal root ganglion
neurons (Vriens et al., 2011). The neurosteroid preg-
nenolone sulfate (PregS) activates TRPM3 in pancreatic
B cells (Wagner et al., 2008), and the channel has been
proposed to play important signaling roles in those cells
(Thiel et al., 2013). A missense mutation in TRPM3 was
recently shown to underlie inherited cataract and high-
tension glaucoma in humans (Bennett et al., 2014). In
mice, genetic deletion of TRPM3 caused impaired pu-
pillary light reflexes (Hughes et al., 2012).
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TRP channels are activated by a wide range of stimuli
and play roles in a variety of physiological and pathophys-
iological processes (Wu et al., 2010). Given their diver-
sity, general principles in their regulation are difficult
to establish. As the majority of TRP channels have
been reported to be regulated by phosphatidylinositol
4,5-bisphosphate (PI(4,5)P5), it is possible that phos-
phoinositides are general regulators of all TRP channels.

PI(4,5)Py regulates many different mammalian ion
channels. It usually acts as a positive cofactor; for ex-
ample, its presence is required for the activity of all
members of the K" inwardly rectifying (Kir) and KCNQ
K' channel families (Suh and Hille, 2008; Logothetis
et al., 2015). In contrast, PI(4,5)P, regulation of TRP
channels is complex; both positive and negative effects
of this lipid have been demonstrated on several mem-
bers of the TRP vanilloid (TRPV) and TRP classical
(TRPC) families (Rohacs, 2014). In contrast, the picture
on the TRPM family is simpler. Six of the eight mam-
malian TRPM channels, TRPM2 (T6th and Csanady,
2012), TRPM4 (Nilius et al., 2006), TRPM5 (Liu and
Liman, 2003), TRPM6 (Xie etal., 2011), TRPM7 (Runnels
et al., 2002), and TRPMS8 (Rohacs et al., 2005), have
been shown to be positively regulated by PI(4,5)P,, and
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no negative effect of the lipid has been reported on any
TRPM channel (Rohacs, 2014).

Here we set out to test the effects of PI(4,5)Py on
TRPM3. One of our motivations was to assess whether
PI(4,5)P, is a general positive regulator of the TRPM
family. TRPM1 is very difficult to study in expression sys-
tems; thus, the only remaining member of the TRPM
family on which functional effects of PI(4,5)P; are reli-
ably testable, but has not been demonstrated yet, is
TRPM3. We used an array of approaches that included
testing endogenous and exogenous phosphoinositides
in excised inside-out patches and various inducible
phosphatases in whole-cell patch clamp experiments.
All of these techniques point to the same conclusion:
PI(4,5)P; is required for TRPM3 activity. Overall, our
work establishes that PI(4,5)P, is an important cofactor
for TRPM3 and, together with data in the literature,
suggests that PI(4,5)P; is a general positive regulator of
the TRPM family.

MATERIALS AND METHODS

Xenopus laevis oocyte preparation

Xenopus oocytes were prepared as described earlier (Rohacs,
2013). In brief, frogs were anesthetized in 0.25% ethyl 3-amino-
benzoate methanesulfonate solution (MS222; Sigma-Aldrich) in
H,O, pH 7.4. Bags of ovaries containing multiple oocytes were
removed surgically from the anesthetized frogs. Individual oo-
cytes were obtained by overnight digestion at 16°C in 0.1-0.2 mg/ml
type 1A collagenase (Sigma-Aldrich), dissolved in a solution con-
taining 82.5 mM NaCl, 2 mM KCI, 1 mM MgCly, and 5 mM
HEPES, pH 7.4 (OR, solution). The next day the collagenase-
containing solution was discarded and the oocytes were washed
multiple times with OR, solution. The oocytes were maintained
in OR;y solution supplemented with 1.8 mM CaCl,, 100 IU/ml
penicillin, and 100 pg/ml streptomycin at 16°C. 40 ng linearized
cRNA transcribed from the human TRPM3 (hTRPM3) cDNA
clone (Grimm et al., 2003) in the pGEMSH vector was microin-
jected into individual oocytes. The injection was performed with
a nanoliter-injector system (Warner Instruments). Oocytes were
used for electrophysiological measurements 48-72 h after micro-
injection. The hTRPM3 clone in a mammalian expression vector
was provided by C. Harteneck (Eberhard Karls University Tiibin-
gen, Tubingen, Germany). The cDNA of hTRPM3 was subcloned
into pGEMSH using standard molecular biology techniques.

Excised inside-out patch clamp and two-electrode

voltage clamp (TEVC) electrophysiology

Excised inside-out patch clamp measurements were performed
as described earlier (Rohacs, 2013). In brief, oocytes were placed
in bath solution (97 mM KCl, 5 mM EGTA, and 10 mM HEPES,
pH 7.4) in the recording chamber. The vitelline layer was manu-
ally removed with a pair of forceps, and then gigaohm seals were
formed with borosilicate glass pipettes (World Precision Instru-
ments) containing pipette solution (97 mM NaCl, 2 mM KClI,
1 mM MgCl,, 5 mM HEPES, and 100 pM PregS, pH 7.4). Pipette
resistance was 0.8—-1 M(). Macroscopic currents were recorded
with a —100- to 100-mV ramp protocol applied every second
(0.25 mV/ms); holding potential was 0 mV. The currents were
measured with an Axopatch 200B amplifier and analyzed with the
pClamp 9.0 software (Molecular Devices). Once the excised
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inside-out patch configuration was established, the test compounds,
dissolved in bath solution, were applied through a custom-made
perfusion system to the cytoplasmic face of the membrane patch.
The dioctanoyl (diCs) forms of phosphoinositides, phosphati-
dylinositol 4-phosphate (PI(4)P), PI1(3,4)P,, P1(4,5)P,, P1(3,5)P,,
and phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)Ps), were
purchased from Cayman Chemicals. The naturally occurring ara-
chidonyl stearyl (AASt) forms of PI(4)P and PI(4,5)P,, purified
from porcine brain, were purchased from Avanti Polar Lipids,
Inc., and they were sonicated on ice for 10 min before experi-
ments with an ultrasonic homogenizer (model 3000 V/T; Biolog-
ics Inc.). All phosphoinositides were dissolved in water, aliquoted,
and stored at —80°C. Poly-L-lysine (Poly-Lys; molecular mass
4-15 kD), LY294002, PregS, and G66976 were purchased from
Sigma-Aldrich, dissolved in DMSO, and stored at —20°C.
LY294002 was added into the MgATP solution from a 100 mM stock,
and DMSO was used in control recordings at the same final
concentration (0.3%). The concentration of DMSO for PregS-
containing solutions did not exceed 0.2%. Phosphatidylinositol-
specific PLC (PI-PLC) was purchased from Sigma-Aldrich as a
glycerol-containing stock solution and stored at 4°C; glycerol
(0.5%) was added to control solutions in experiments with PI-
PLC. Compound Al, provided by T. Balla (National Institutes of
Health, Bethesda, MD; Bojjireddy et al., 2014), was dissolved in
DMSO. For the MgATP experiments, the pH of the bath solution
had to be readjusted to pH 7.4; for details see Zakharian etal. (2011).

Data analysis for inside-out patch clamp. In Fig. 1, data have
been normalized to the peak current immediately after excision.
In the remaining figures, the responses have been normalized to
the current induced by the 25 pM diCg PI1(4,5) P, applied after the
current had run down. For the dose-response measurements in
Figs. 1 and 2, repetitive pulses of 25 pM diCg P1(4,5) Py were ap-
plied to compensate for any decrease in responsiveness of the
patch. Amplitudes evoked by different concentrations of either
diCg PI(4,5) Py or P1(3,4,5)P5 were normalized to the mean of the
amplitudes evoked by the two nearest 25 pM diCg P1(4,5)P, ap-
plications. Data were then fitted with the Hill equation, using the
Origin 9.0 software. For plotting the data in the figures, data
points were renormalized to the maximal current obtained from
the Hill fits.

TEVC measurements were performed as described earlier
(Lukacs et al., 2007); in brief, oocytes were placed in extracellular
solution (97 mM NaCl, 2 mM KCI, 1 mM MgCly, and 5 mM
HEPES, pH 7.4), and currents were recorded with thin-wall inner-
filament—containing glass pipettes (World Precision Instruments)
filled with 3 M KCI in 1% agarose. Currents were measured with
the same ramp protocol as mentioned above for excised inside-
out patch measurements. For experiments with wortmannin, oo-
cytes were pretested for PregS-induced TRPM3 currents and then
incubated for 2 h in wortmannin-containing OR, solution. PregS-
induced TRPM3 currents were measured again, and the currents
before and after wortmannin incubation were compared in the
same oocytes. The currents were recorded with a GeneClamp
500B amplifier and analyzed with the pClamp 9.0 software
(Molecular Devices).

Whole-cell electrophysiology in HEK cells

Whole-cell patch clamp measurements were performed in
Human Embryonic Kidney 293 (HEK293) cells (ATCC) transiently
transfected using the Effectene reagent (QIAGEN), with the
mouse TRPM3a2 (mMTRPM3a2) cloned in the bicistronic pCAGGS/
IRES-GFP vector (Oberwinkler et al., 2005; Vriens et al., 2011),
provided by S. Philipp and V. Flockerzi (Saarland University,
Homburg, Germany). The cells were maintained in MEM (Life
Technologies) supplemented with 10% (vol/vol) fetal bovine



serum, 100 IU/ml penicillin, and 100 pg/ml streptomycin. GFP-
positive cells were used for measurements. For the experiments
with the voltage-sensitive phosphatase from Ciona intestinalis
(ci-VSP), the cells were cotransfected with ci-VSP in the pIRES2-
GFP vector (Hossain et al., 2008), provided by Y. Okamura
(Osaka University, Suita, Osaka, Japan) and Kir2.1 in pCDNA3
vector to keep the membrane potential in the negative range to
avoid any basal activation of the phosphatase. The cells were used
for measurements 48-72 h after transfection. Measurements were
performed in an extracellular solution containing 137 mM NaCl,
5 mM KCI, 1 mM MgCl,, 10 mM HEPES, and 10 mM glucose,
pH 7.4. For measurements in Fig. 7, the same solution was supple-
mented with 0.5 mM EGTA, and for Fig. 8, the solution was sup-
plemented with 2 mM CaCl,. The recording pipette was filled
with intracellular solution containing 140 mM potassium gluco-
nate, 5 mM EGTA, 1 mM MgCl,, 10 mM HEPES, and 2 mM Na-
ATP, pH 7.3, adjusted with KOH. For experiments in Fig. 8, this
solution was supplemented with 0.2 mM GTP. Once a gigaohm
seal was achieved, the whole-cell configuration was established,
and the currents were recorded at a constant holding potential of
—100 mV. To activate ci-VSP, a 5-s pulse to 100 mV was applied.
For measurements with the various rapamycin-inducible phos-
phatases, cells were cotransfected with mTRPM3a2 and the com-
ponents of either the rapamycin-inducible 5’-phosphatase (Varnai
et al., 2006), provided by T. Balla (National Institutes of Health,
Bethesda, MD), or pseudojanin (Hammond etal., 2012), provided
by G. Hammond (University of Pittsburgh, Pittsburgh, PA). Experi-
ments were performed with a ramp protocol from —100 to 100 mV
applied once every second, and the currents at —100 and 100 mV
were plotted. The currents were measured with an Axopatch 200B
amplifier, filtered at 2 kHz, digitized through Digidata 1322A, and
analyzed with pCLAMP 9.0 software (Molecular Devices).

Statistics

Statistical analysis was performed using Student’s ¢ test or analysis
of variance: *, P < 0.05; ** P < 0.01; *** P < (0.005. The error bars
in all of the figures represent SEM.

Online supplemental material

Fig. S1 shows that PregS activates hTRPM3 expressed in Xenopus
oocytes in a concentration-dependent manner. Fig. S2 shows
that intracellular Mg?" inhibits hTRPMS3 after patch excision.
Fig. S3 shows that intracellular Mg inhibits the current increase
after washout of MgATP in excised patches and Poly-Lys inhibits
MgATP-induced currents in excised patches. Fig. S4 shows that
the PKC inhibitor G66976 does not inhibit the effect of MgATP
in excised patches. Fig. S5 shows that the rapamycin-inducible
5'-phosphatase inhibits hTRPMS3 expressed in Xenopus oocytes.
Online supplemental material is available at http://www.jgp.org/
cgi/content/full/jgp.201411336/DC1.

RESULTS

Exogenous phosphoinositides reactivate TRPM3 currents
in excised patches after current rundown

The neurosteroid PregS is a well-established activator
of TRPM3. Both the human and the mouse TRPM3 have
several splice variants, summarized in Oberwinkler et al.
(2005). Most experiments documenting the activating
effect of PregS on TRPM3 have been performed on the
a2 isoform of the mouse TRPM3 (mTRPM3a2; Wagner
et al., 2008; Vriens et al., 2011; Frauhwald et al., 2012).
Here we used the isoform of the human TRPM3 (hTRPM3)

described in Grimm et al. (2003) for electrophysiological
recordings in Xenopus oocytes. First we tested whether
PregS is a reliable activator of hTRPM3 in TEVC experi-
ments. We found that PregS induced outwardly rectifying
currents in TRPM3-expressing oocytes in a concentra-
tion-dependent manner, with an EC;, of 19.3 pM at
100 mV and 28.5 pM at —100 mV (Fig. S1).

Our central hypothesis is that PI(4,5)P, is required for
the activity of TRPM3. PI(4,5)P; is found in the inner
leaflet of the plasma membrane; thus, we tested the
effects of phosphoinositides applied directly to the cy-
toplasmic side of excised inside-out patches. In the cell-
attached configuration, with 100 pM PregS in the patch
pipette, " TRPM3 currents were relatively small, and they
increased substantially immediately after excision (Fig. 1,
A-C and E), reflecting the loss of a cytoplasmic inhibitory
factor. Intracellular Mg** ions inhibit TRPM3 (Oberwinkler
etal., 2005). Intracellular free Mg** concentrations in Xen-
opus oocytes were reported to be ~0.3 mM (Gabriel and
Giinzel, 2007), which is within the range of that in most
mammalian cell types (0.25-1 mM; Grubbs, 2002). To
test whether current amplitudes increase after excision
into the Mg free bath solution because of the loss of
Mg?**, we also excised patches into a bath solution con-
taining 0.3 and 1 mM Mg*". As shown in Fig. S2, the in-
crease after excision was somewhat smaller in 0.3 mM
Mg** than in 0 Mg**, and no increase was detected when
the patch was excised into 1 mM Mg*'. These data suggest
that relief from Mg inhibition contributes to the cur-
rent increase but is unlikely to be solely responsible for it.

After the current had reached the peak, it decreased
(rundown) to <10% of the initial current within 2-5 min
in most patches at 100 mV. In some patches rundown
was slower, but even there current amplitudes de-
creased to 10-20% of the original current level. Current
rundown at —100 mV was generally more complete,
usually reaching zero. At negative voltages, however, re-
liable differentiation from leak was not always possible
because of the small current amplitudes; thus, most sta-
tistical analysis was performed for excised patch mea-
surements at 100 mV. Nevertheless, we show the inward
currents in the figures because those are the physiologi-
cally relevant currents for nonselective cation channels.
Rundown in excised inside-out patches generally is
caused by the loss of a positive cofactor when the patch
is removed from the cellular environment. In many
cases, the lost cofactor is PI(4,5)P,, which is dephos-
phorylated by endogenous phosphoinositide phospha-
tases in the patch membrane (Hilgemann, 1997).

To test whether PI(4,5)P, is the lost cofactor for
TRPM3, we perfused excised inside-out patches with
various phosphoinositides after the current had run
down. As shown in Fig. 1 (A and D), application of the
natural long acyl chain AASt PI1(4,5)P, (10 pM) restored
the TRPM3 currents to levels higher than those imme-
diately after excision. The effect developed slowly; the
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time to reach 50% of the effect was 96 = 18 s. This slow
effect is consistent with the slow incorporation of long
acyl chain PI(4,5)P, micelles in the membrane (Rohacs
etal., 2002). Stimulation of PI(4,5)Py-sensitive ion chan-
nels by AASt PI(4,5)P; is generally not reversible on the
2-5-min time scale (Rohacs et al., 2002; Zakharian et al.,
2011), but can be inhibited by Poly-Lys, a known chela-
tor of phosphoinositides and other negatively charged
lipids (Lopes etal., 2002). We found that 30 pg/ml Poly-
Lys decreased the TRPM3 currents close to baseline
level after AASt PI(4,5)P; (Fig. 1, A and D). PI(4)P, the
precursor of PI(4,5)P,, is found in the plasma mem-
brane at similar quantities to PI(4,5)Py and may also
activate ion channels such as TRPV1 (Lukacs et al., 2007;
Klein et al., 2008; Ufret-Vincenty et al., 2011). AASt
PI(4)P increased the TRPM3 current to a smaller ex-
tent compared with AASt PI(4,5)P, (Fig. 1, B and D).
The effect developed slowly, with a similar kinetics to
AASt PI(4,5)Py; the time to reach 50% of the effect for
AAStPI(4)P was 114 + 12 s.

We also tested the effects of the synthetic diCs PI(4,5)P;
and PI(4)P. These short acyl chain water-soluble phos-
phoinositide analogues are routinely used to study ion
channel regulation because their effective concentrations
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can be easily controlled and their effects are readily re-
versible (Rohacs et al., 2002; Nilius et al., 2006; Stein
etal., 2006). As shown in Fig. 1 (A-D), application of
diCg PI(4,5)P, stimulated TRPMS3 currents after run-
down in a quickly reversible fashion, whereas 25 pM diCg
PI(4)P only had a marginal effect (Fig. 1, Cand D). DiCg
PI(4,5)P; reliably stimulated TRPM3 currents in the
same patches, both before and after the application of
PI(4)P, showing that the lack of effect of the latter was
not caused by the lack of responsiveness of the patch.
We also determined the concentration dependence of
the effect of diCg PI(4,5)P, by applying the lipid con-
secutively at different concentrations to the same patch.
PI(4,5)P, stimulated TRPM3 activity with an EC;, of
18 pM (Fig. 1, E and F). Note that the effect of diCg P1(4,5)
P, was smaller than that of AASt PI(4,5)P, (Fig. 1 D), even
at the highest concentration tested (100 pM; Fig. 1 F).

We also tested whether other phosphoinositides can
stimulate TRPM3. Fig. 2 (A-D) shows that 25 pM diCg
PI(3,4)P,, PI(3,4,5)P3;, and PI(3,5)P, also activated
TRPM3 after current rundown. At this concentration
PI(3,4) P, was slightly less active than PI(4,5)Ps, PI(3,5)P;
was somewhat more active, and PI(3,4,5)P; had the high-
est activity. We tested the concentration dependence of

Figure 1. PI(4,5)P; reactivates hTRPM3
in excised inside-out patches after run-
down. (A-C) Representative traces at
100 and —100 mV; experiments were
performed on hTRPM3-expressing Xen-
opus oocytes with 100 pM PregS in the
patch pipette as described in Materials
and methods. The measurements start
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the establishment of the inside-out
configuration at 100 mV (n = 6-7).
(E) Representative trace showing the
effects of different concentrations (pM)
of diCg PI(4,5)P, applied to an excised
: inside-out patch; 25 pM diCgs P1(4,5)P,
s was applied repetitively to normalize
the effect of other concentrations and
control for any time-dependent de-
crease in the responsiveness of TRPM3.
(F) Summary of the dose-response re-
lationship of diCg PI(4,5)Py (n = 4-10
for the individual concentrations),
EC;y = 18.01 pM. Current values were
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diC, Pl(4,5)P,concentration (uM)

100 initially normalized to the effect of the
repetitively applied 25 pM diCg P1(4,5)

Py and then renormalized for plotting

to the maximal value obtained by the curve fitting. The top horizontal axis shows the mole percentage corresponding to the diCs P1(4,5)P,
concentrations calculated using the formula from Collins and Gordon (2013). Error bars represent SEM.
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the effect of PI(3,4,5)Ps in patches, where we also ap-
plied 25 pM diCg P1(4,5) P, as a normalizing stimulus to
make the results quantitatively comparable with those
obtained with diCg PI(4,5)P, (Fig. 2, E and F). Based on
the Hill fits, PI(3,4,5)P; had an approximately twofold
higher maximal activity and a left-shifted concentra-
tion dependence (ECs) = 9.4 pM) when compared with
PI(4,5)P, (Fig. 2, E and F).

In addition to the marked rundown of current activity
after excision, we also observed a moderate reduction
in responsiveness to diCg PI(4,5)Ps in many, but not all,
patches. We quantitated this phenomenon in 13 patches
where diCg PI(4,5)P, was applied at least four times. In
those patches, on average, the second pulse of diCg
PI(4,5)P, gave 82 + 6% of the response evoked by the
first application. The third and fourth applications gave
67 £ 8% and 66 + 9% of the first response, respectively.
This reduced responsiveness is a relatively small effect
compared with the almost complete rundown even by
the first application of diCg PI(4,5)P,, and we did not
further examine its mechanism. Similar phenomena
have been observed with many well-established PI1(4,5)Po-
dependent ion channels, for example Kir2.1 (Rohdcs
etal.,, 2003), TRPMS8 (Rohacs et al., 2005), and TRPV6
(Cao etal., 2013a).

The effects of endogenous PI(4,5)P, in excised

inside-out patches

Our data so far show that exogenously applied PI(4,5)P,
and other phosphoinositides stimulate TRPM3 after

current rundown. However, exogenous lipophilic mol-
ecules can potentially cause membrane perturbations
(Hilgemann, 2012; Ing6lfsson et al., 2014); thus, we also
tested whether endogenous PI(4,5) P, would have a sim-
ilar effect. PI(4,5)P; can be replenished by perfusing
excised membrane patches with MgATP, which is re-
quired for the activity of phosphoinositide kinases in
the patch membrane (Hilgemann and Ball, 1996; Sui
etal., 1998; Zakharian etal., 2011). As shown in Fig. 3 A,
application of 2 mM MgATP increased TRPM3 currents
slowly. Upon washout of MgATP, current amplitudes
increased transiently, followed by a slow decrease. The
peak of the transiently increased current was measured
as MgATP-activated TRPM3 current for statistical analy-
sis. Free Mg in the MgATP solution was calculated to
be 0.3 mM using the MaxChelator program. When the
MgATP solution was switched to bath solution contain-
ing 0.3 mM Mg?*, the current increase was not observed,
signifying that it was caused by relief from inhibition by
Mg** (Fig. S3 A). The slow decrease in current after the
peak is likely caused by dephosphorylation of P1(4,5)P,
and PI(4)P by lipid phosphatases in the patch, similar
to that observed during rundown after patch excision.
PI(4,5)P; is generated from phosphatidylinositol by
the sequential action of phosphatidylinositol 4-kinases
(PI4Ks) and PI(4)P 5-kinases (PIP5Ks; Balla, 2013).
PI(4,5)Py can be further phosphorylated to PI(3,4,5)P;
upon activation of phosphoinositide 3-kinases (PI3Ks).
To demonstrate that MgATP stimulated TRPM3 currents
through increased production of PI(4,5)P,, we tested the
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effects of MgATP in the presence of LY294002. This
compound is known to inhibit PI3Ks at low micromolar
concentrations and type III PI4Ks (PI4KA and PI4KB)
at high micromolar concentrations (Balla, 2001). When
300 pM LY294002 was applied along with MgATP,
the ability of MgATP to reactivate TRPM3 currents was
lost (Fig. 3 B). The effect of MgATP was not inhibited by
10 pM LY294002 (Fig. 3 C), indicating that 300 pM
LY294002 inhibited the TRPM3 currents via inhibiting
PI4K. When Poly-Lys was applied after MgATP, it quickly
inhibited TRPM3 currents (Fig. S3, C and D), again sug-
gesting that MgATP acted via generating PI(4,5)Ps.

Recently, novel, more potent, and more specific PI4K
inhibitors became available (Bojjireddy et al., 2014). We
tested one of these novel compounds (Al), which inhib-
its PI3K enzymes at higher concentrations than PI4K and
shows preference for the PI4KA enzymes over PI4KB. As
shown in Fig. 3 (D-F), compound Al completely inhib-
ited the effect of MgATP at 100 nM and exerted an ~70%
inhibition at 10 nM. The IG5, of Al was reported to be
~50 nM for PI3K, but 0.15 or 3.1 nM for PI4KA and 19
and 63 nM for PI4KB in two different assays (Bojjireddy
et al., 2014). Given the ~70% inhibition of the effect of
MgATP at 10 nM, it is likely that MgATP exerted its effect
predominantly via PI4KA. However, a firm conclusion is
difficult to draw because the pharmacological profile of
Xenopus PI4K enzymes is not known.

In addition to pharmacological inhibitors, we also
used a bacterial PI-PLC, which selectively hydrolyses
phosphatidylinositol, thus removing the precursor for
PI(4)P and PI(4,5)P; (Hilgemann and Ball, 1996; Sui
etal., 1998). Pretreatment with PI-PLC almost completely

prevented the effect of MgATP, showing again that the
latter acted via generating phosphoinositides (Fig. 4).
MgATP is also a cofactor for protein kinases; thus, we
also tested the effect of a PKC inhibitor. Fig. S4 shows
that 1 pM G66976 did not inhibit the effect of MgATP.
Collectively, our data suggest that endogenous PI(4,5)
P, is important for the activity of TRPM3.

Inhibition of PI4K inhibits TRPM3 currents in intact cells
Next we tested whether reducing the concentration of
PI(4,5)P, in intact cells limits TRPM3 activity. In these
experiments, we used another inhibitor of type III PI4
kinases, wortmannin. Wortmannin inhibits PI3K at low
nanomolar concentrations and type III PI4 kinases at
micromolar concentrations. We recorded PregS-induced
currents from Xenopus oocytes expressing hTRPM3 in
TEVC experiments (Fig. 5 A). After measuring TRPM3
currents, the oocytes were incubated in either 35 nM or
35 pM wortmannin for 2 h, and then the PregS-induced
currents were measured again in the same oocytes. As
shown in Fig. 5 (B and C), current amplitudes decreased
significantly in oocytes incubated in 35 pM wortman-
nin, but not in oocytes incubated in 35 nM wortmannin,
showing that the effect is caused by inhibition of type III
PI4Ks, indicating that PI(4,5)P, is vital for the optimal
functioning of TRPM3.

TRPMS3 currents are inhibited by rapidly inducible
phosphoinositide phosphatases

All of our experiments so far were performed in oocytes
heterologously expressing hTRPM3. However, most of
the studies on TRPM3 used the mTRPM3a2 clone. To
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Figure 3.

MgATP reactivates hTRPM3 through PI4Ks. Excised inside-out patch measurements have been performed on TRPM3-ex-

pressing Xenopus oocytes with 100 pM PregS in the patch pipette as described in Materials and methods; data are plotted at 100 and
—100 mV. (A and B) Representative traces for the effects of MgATP in the absence and presence of LY294002 (LY); the applications of
2 mM MgATP, 300 pM LY294002, and 25 pM diCg P1(4,5) P, are indicated by the horizontal lines. (C) Summary of the data for control
and 10 and 100 pM LY294002 (n = 5 for control and 300 pM LY and n = 3 for 10 nM LY). (D and E) Representative traces for the effects
of MgATP in the absence and presence of the PI4K inhibitor Al; the applications of 2 mM MgATP 100 nM Al and 25 pM diCg PI1(4,5) P,
are indicated by the horizontal lines. (F) Summary of the data for control and 10 and 100 nM Al (n =5-6). (G) Chemical formula for
compound Al. Error bars represent SEM. **, P < 0.01; ***, P < 0.005.
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test whether PI(4,5)P; is also necessary for the function
of mMTRPM3a2, we expressed these channels in HEK293
cells and studied the effects of various inducible phos-
phoinositide phosphatases on channel activity. The ex-
periments were performed in the absence of extracellular
Ca” to avoid desensitization of PregS-induced TRPM3
currents (see last paragraph of Results). First, we de-
pleted membrane PI(4,5)P, using ci-VSP. At negative
voltages (—100 mV), ci-VSP is inactive, probably because
its phosphatase domain is located away from the cell
membrane. When the cell is depolarized, the phospha-
tase is activated and dephosphorylates P1(4,5)P; to PI1(4)P
(Okamura et al., 2009). To test the effect of ci-VSP activa-
tion on TRPM3, we recorded PregS-induced TRPM3 cur-
rents from HEK cells in the whole-cell configuration at a
holding potential of —100 mV, where ci-VSP is inactive.
In the presence of PregS, the membrane was depolar-
ized with a short pulse (5s) of 100 mV to activate the
phosphatase, and then potential was returned to
—100 mV. As shown in Fig. 6 A, upon activation of ci-VSP
by depolarization, PregS-induced TRPM3 currents were
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Figure 4. PI-PLC eliminates the effect of MgATP. Excised inside-
out patch measurements have been performed on hTRPM3-ex-
pressing Xenopus oocytes with 100 pM PregS in the patch pipette
as described in Materials and methods; data are plotted at 100 and
—100 mV. (A and B) Representative traces for the effects of MgATP
in the absence and presence of PI-PLC; the applications of 2 mM
MgATP, 1 U/ml PI-PLC, and 25 pM diCg PI1(4,5) P are indicated by
the horizontal lines. Vehicle denotes standard bath solution with
0.5% glycerol. (C) Summary of the data for control and PI-PLC-
treated patches (n = 6). Error bars represent SEM. **, P < 0.01.

inhibited. When the holding potential was returned to
—100 mV, TRPM3 currents recovered to the same levels
as before the depolarizing pulse within ~20 s, similar to
data obtained with PI(4,5)P,-dependent KCNQ channels
(Falkenburger et al., 2010). In cells transfected with the
C363S mutant of ci-VSP lacking phosphatase activity
(Okamura et al., 2009), TRPM3 currents were not signifi-
cantly different before and after the depolarizing pulse
(Fig. 6, B and C).

An alternative approach to ci-VSP is the rapamycin-
inducible translocation of a 5’-phosphatase to the plasma
membrane, based on the heterodimerization of FKBP12
and the FRB fragment of the mammalian target of rapa-
mycin (Suh etal., 2006; Varnai et al., 2006). Fig. 6 (D-F)
shows measurements where the components of the
inducible 5’-phosphatase (Varnai et al., 2006) were co-
expressed with the mMTRPM3a2 in HEK293 cells. Appli-
cation of rapamycin induced a slowly developing ~80%
inhibition in cells expressing the active phosphatase,
whereas there was essentially no inhibition in control
cells expressing all components of the translocation sys-
tem, without the phosphatase (Fig. 6, D-F). Rapamycin-
induced inhibition was not reversible on the time scale
of the experiments, consistent with earlier studies (Suh
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cubation in 35 pM wortmannin for 2 h. Measurements are shown
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et al., 2006; Varnai et al., 2006). Rapamycin also in-
duced a small (~20%), but statistically significant inhi-
bition of hTRPMS3 in Xenopus oocytes expressing the
5'-phosphatase, but not in control oocytes (Fig. S5).
This small inhibition is consistent with the lower effi-
ciency of the rapamycin-inducible system in oocytes
(Lukacs et al., 2007).

To evaluate the possible contribution of PI(4)P to
channel activity, we also tested the effects of rapamycin
in HEK cells expressing pseudojanin, an inducible com-
bined 5’-and 4’-phosphatase that reduces both P1(4,5) P,
and PI(4)P levels (Hammond et al., 2012). Application
of rapamycin inhibited TRPM3 currents in these cells
(Fig. 7) to a similar extent to that observed in cells ex-
pressing the 5'-phosphatase in experiments in Fig. 6 D;
see Fig. 7 E for comparison of the time course of inhibi-
tion by the different phosphatases. Even though pseu-
dojanin has the same phosphatase domain (INPP5E) as
the rapamycin-inducible phosphatase used in Fig. 6, its
5'-phosphatase activity is somewhat lower (Hammond,
G. and T. Balla, personal communication), probably
because it is a larger construct, also containing the
4'-phosphatase sacl, which may lead to poorer expres-
sion. Therefore, we also used a variant of pseudojanin,
in which the 4’-phosphatase domain is inactivated with
a point mutation (P] 5'-Ptase). This construct is the

same size as pseudojanin; thus, its 5'-phosphatase activ-
ity is expected to be the same. Rapamycin application in
the cells expressing the PJ 5'-Ptase inhibited TRPM3
currents significantly less than in cells expressing pseu-
dojanin (Fig. 7, B, D, and E). In control experiments,
we used a pseudojanin clone in which both the 4'- and
5'-phosphatases were inactivated (Fig. 7 C). Current
levels in these cells also showed a small decrease after
application of rapamycin, but the decrease induced by
rapamycin was significantly larger both in cells express-
ing the intact pseudojanin or the PJ 5'-Ptase (Fig. 7 D).

PLC activation inhibits TRPM3 currents

To test whether activation of PLCB enzymes inhibits
TRPM3 current, we coexpressed mTRPM3 channels
and human muscarinic M1 receptors (hM1) in HEK
cells. We performed these experiments in the presence
of extracellular Ca*, which promotes desensitization
in many TRP channels (Gordon-Shaag et al., 2008) and
also renders PLC activation more efficient upon GPCR
activation (Horowitz et al., 2005). PregS-induced cur-
rents displayed clear partial desensitization, i.e., de-
crease in current amplitude in the continuous presence
of PregS (Fig. 8). Application of carbachol induced a
fast and essentially complete inhibition of PregS-induced
currents (Fig. 8).
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DISCUSSION

TRPM3 is a phosphoinositide-dependent ion channel
Regulation of TRP channels by PI(4,5)P, is complex
and in some cases controversial. Although the majority
of them are positively regulated by PI(4,5)P,, negative
effects of this lipid have also been described on several
members of the TRPC and TRPV families, in some cases
concurrent with positive effects (reviewed in Rohacs
[2014]). The heat- and capsaicin-sensitive TRPV1 is a
prime example of these ongoing debates (Cao et al.,
2013b; Lukacs etal., 2013; Senning et al., 2014; reviewed
in Rohacs [2015]).

These controversies and complexities are not unique
to the TRP field, and some of the discrepancies may arise
from the differences in the techniques used by different
groups (Hilgemann, 2012). Voltage-gated K* (Kv) chan-
nels, for example, were suggested to be regulated by
PI(4,5)P; based on application of phosphoinositide mi-
celles to excised patches (Oliver et al., 2004; Decher
et al., 2008), but experiments with inducible phospha-
tases in the whole-cell configuration suggested no depen-
dence on PI(4,5)P, for most Kv channels, with the excep-
tion of the Kv7 (KCNQ) family (Kruse et al., 2012).

To avoid inherent problems with relying on one experi-
mental setting, here we used a wide array of approaches
both in excised inside-out patches and in the whole-cell
configuration. We found that TRPM3 currents show
marked rundown in excised patches and channel activ-
ity could be restored both by application of natural long
acyl chain PI(4,5)P, and synthetic diCs PI(4,5)Ps. Ap-
plication of MgATP after rundown also restored chan-
nel activity. This effect was eliminated both by inhibiting
PI4K enzymes and by removal of phosphatidylinositol

using the bacterial PI-PLC enzyme, demonstrating that
MgATP acted via increasing endogenous phosphoinosit-
ide levels. In whole-cell patch clamp experiments, chan-
nel activity was inhibited by four different inducible
phosphoinositide phosphatases, as well as activation
of PLC. Overall, we concluded that TRPM3 channels,
similarly to other members of the TRPM family, require
phosphoinositides for activity.

Quantitative considerations and phosphoinositide specificity
Even though our results clearly point to PI(4,5)P; being
an important cofactor for TRPM3 activity, some quanti-
tative discrepancies between the results obtained with
different approaches require discussion. TRPM3 chan-
nels displayed an almost complete rundown in excised
patches, indicating a strong dependence on phos-
phoinositides. Rundown in most cases was relatively fast,
indicating low or moderate apparent affinity for PI(4,5)P,.
Consistent with this, the EC5) of ~18 pM for diCg
PI(4,5)P,, indicates an intermediate affinity of TRPM3
to PI(4,5) P,y between high-affinity channels (ECs) <5 pM),
such as Kir2.1 (Du et al., 2004) or TRPV1 (Klein et al.,
2008) and low-affinity channels such as KCNQ-s (ECs, >
40 pM; Zhang et al., 2003; Li et al., 2005).

It was calculated that application of ~40 pM diCg
PI(4,5)P, to excised patches results in a mole fraction of
0.01 (1%) of diCg PI1(4,5)Ps in the inner leaflet on the
plasma membrane, which is considered the physiological
concentration there (Collins and Gordon 2013). Based
on our dose-response measurements, this physiological
level of diCg P1(4,5)Py (40 pM) induced an ~67% satu-
ration of TRPM3 currents (Fig. 1 F). This is compara-
ble with our AASt PI(4,5)P, measurement, where the
maximal current induced by this lipid was ~1.6 times
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that of the current after excision (Fig. 1 D), which we
assume to reflect the effect of endogenous physiologi-
cal levels of PI(4,5)P,. Thus, based on the AASt PI(4,5)
P, measurements, endogenous PI(4,5)P, induced
~62% of the maximum effect. Overall, the data with
diCg and AASt PI(4,5)P, indicate that endogenous
PI(4,5)Py exerts 62-67% saturation of TRPM3 activity,
which is overall consistent with a moderate apparent
affinity for PI(4,5)Ps.

Given the preference of the channel for PI(4,5)P,
over PI(4)P, its full dependence on PI(4,5)P,, and its
moderate affinity for the lipid, it is expected that the
inducible 5’-phosphatases inhibit the channels robustly
and quickly. Inhibition by ci-VSP was incomplete, how-
ever, and the effect of the rapamycin-inducible 5’-pho-
sphatase developed slowly. Slow or incomplete inhibition
by PI(4,5)P, depletion is often associated with high ap-
parent affinity for PI(4,5)P,, which seems to be at odds
with the excised patch data, which indicated low/
moderate affinity.

The inducible 5'-phosphatases used in this study in
whole-cell patch clamp experiments convert PI(4,5)P,
into PI(4)P. When the effects of diCg phosphoinositides
were tested in excised patches, PI(4,5)P, clearly acti-
vated the channel, but PI(4)P had a negligible effect.
The natural AASt PI1(4)P was also less effective than AASt
PI(4,5)P,, but it induced a quite substantial activation,
especially at positive voltages, where it induced ~60%
of the effect evoked by AASt PI1(4,5)P,. The concentration
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Figure 8. Activation of PLCB by carbachol inhibits mTRPM3a2
currents. (A) Representative whole-cell patch clamp experiment
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100 pM carbachol are indicated by the horizontal lines. (B) Sum-
mary of data normalized to the peak of the PregS-induced current
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of PI(4)P is generally thought to be comparable in the
plasma membrane with that of PI(4,5)P,. Thus, it is pos-
sible that the contribution of PI(4)P to channel activity
accounts for incomplete inhibition by the inducible 5’
phosphatases, especially that the concentration of this
lipid is expected to acutely increase after activation of a
5'-phosphatase. To test this possibility, we used the com-
bined 4'- and 5'-phosphatase pseudojanin that depletes
both PI(4,5)Py and PI(4)P (Hammond etal., 2012). Ap-
plication of rapamycin in pseudojanin-expressing cells did
not induce a faster or more complete inhibition than
the 5'-phosphatase used in Fig. 6 (Varnai et al., 2006).
As mentioned in Results, however, pseudojanin may
have a lower 5’-phosphatase activity than the rapamycin-
inducible phosphatase we used first. Therefore, we com-
pared the effect of pseudojanin with its variant, in which
the 4'-phosphatase is inactivated (P] 5'-Ptase). In cells
transfected with PJ 5’-Ptase, rapamycin induced a smaller
inhibition than in cells with the intact pseudojanin.
This suggests that PI(4)P contributes to TRPM3 activity,
which may explain the slow and partial inhibition by the
5'-phosphatases in whole-cell patch clamp experiments.
Overall, both our excised patch and whole-cell data
demonstrate that PI(4,5)P; is a positive cofactor for PregS-
induced TRPM3 activity and that PI(4)P may also contrib-
ute to supporting channel activity in a cellular context.

Potential physiological relevance

PI(4,5)P, is the substrate for PLC enzymes. We found that
stimulation of PLCPB via hM1 receptors robustly inhib-
ited TRPM3 activity. The inhibition was faster and more
complete than that induced by any of the inducible
phosphoinositide phosphatases, raising the possibility
that in addition to PI(4,5)P, depletion, other Ca®-sensi-
tive factors, such as calmodulin (Holakovska et al., 2012),
may also contribute to this inhibition. It also remains to
be seen whether endogenous PLC-coupled receptors
also inhibit the channel.

In the presence of extracellular Ca**, PregS-induced
TRPM3 currents displayed marked desensitization, i.e.,
reduced currents despite the continuous presence of
PregS. Desensitization of several TRP channels, such
as TRPMS8 (Rohacs et al., 2005), TRPV1 (Lukacs et al.,
2007), and TRPV2 (Mercado et al., 2010), has been
shown to proceed via Ca*-induced activation of PLC and
the resulting depletion of PI(4,5)Py. Because TRPM3 is
Ca* permeable and its activity depends on PI(4,5) Py, this
mechanism is feasible for its desensitization. We indeed
found that application of PregS to cells expressing
TRPMS3 induced activation of PLC, even though to a
lesser extent than carbachol (unpublished data).

PI(3,4,5)Ps, the product of PI3K, had a larger effect on
TRPMS3 than PI(4,5)P,. The concentration of P1(3,4,5)
P; in the plasma membrane is thought to be <10% of
that of PI(4,5)Ps even in stimulated cells (Balla, 2013).
PI(3,4,5)P; stimulates many phosphoinositide-sensitive



channels, usually to a comparable extent with PI(4,5)P,
(Rohacs et al., 2003). Given its much lower concentra-
tion, the more abundant PI(4,5)P; is likely to override
its effect. For TRPM3, however, PI(3,4,5)P3; had both
higher apparent affinity and substantially higher maxi-
mal stimulating effect than PI(4,5)P,. This raises the
possibility that PI(3,4,5)Ps; generated by PI3K is capable
of further stimulating TRPM3, but testing this hypoth-
esis will require further experiments.

Concluding remarks

Using several different techniques both in excised
patches and in whole-cell patch clamp experiments, we
demonstrate that PI(4,5)P, is an important cofactor of
TRPM3. Given that all other members of the TRPM
family, with the exception of TRPM1I, which is hard to
study both in native and recombinant systems, have also
been shown to be positively regulated by PI(4,5)P,, our
work establishes TRPM channels as a bona fide PI1(4,5)Po-
dependent ion channel family.
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