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Probing the regulation of TASK potassium channels by
PI(4,5)P, with switchable phosphoinositide phosphatases
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Non-technical summary The electrical activity of nerve cells is produced by the flux of ions
through specialized membrane proteins called ion channels. Some ion channels can be regulated
by the signalling lipid PIP,, a component of the channels’ membrane environment. Here we
examine the relevance of PIP, for the regulation of one specific channel type, termed TASK. Many
chemical transmitters in the brain change neural activity by shutting off TASK channels and it
has been suggested that this results from reduction of PIP,. By using novel techniques to alter
the concentration of PIP; in living cells, we find that the activity of TASK is independent of PIP,.
Besides demonstrating that another signalling mechanism must control the activity of nerve cells
via TASK inhibition, we delineate a general approach for clarifying the relevance of PIP, in many
cell types and organs.

Abstract TASK channels are background K* channels that contribute to the resting conductance
in many neurons. A key feature of TASK channels is the reversible inhibition by Gg-coupled
receptors, thereby mediating the dynamic regulation of neuronal activity by modulatory trans-
mitters. The mechanism that mediates channel inhibition is not fully understood. While
it is clear that activation of Gag is required, the immediate signal for channel closure
remains controversial. Experimental evidence pointed to either phospholipase C (PLC)-mediated
depletion of phosphatidylinositol-4,5-bisphosphate (P1(4,5)P,) as the cause for channel closure
or to a direct inhibitory interaction of active Gery with the channel. Here, we address the role of
PI(4,5)P, for G-protein-coupled receptor (GPCR)-mediated TASK inhibition by using recently
developed genetically encoded tools to alter phosphoinositide (PI) concentrations in the living
cell. When expressed in CHO cells, TASK-1- and TASK-3-mediated currents were not affected by
depletion of plasma membrane PI(4,5)P, either via the voltage-activated phosphatase Ci-VSP or
via chemically triggered recruitment of a PI(4,5)P,-5"-phosphatase. Depletion of both PI1(4,5)P,
and PI(4)P via membrane recruitment of a novel engineered dual-specificity phosphatase also
did not inhibit TASK currents. In contrast, each of these methods produced robust inhibition of
the bona fide PI1(4,5)P,-dependent channel KCNQ4. Efficient depletion of PI(4,5)P, and PI(4)P
was further confirmed with a fluorescent phosphoinositide sensor. Moreover, TASK channels
recovered normally from inhibition by co-expressed muscarinic M1 receptors when resynthesis
of PI(4,5)P, was prevented by depletion of cellular ATP. These results demonstrate that TASK
channel activity is independent of phosphoinositide concentrations within the physiological
range. Consequently, Gg-mediated inhibition of TASK channels is not mediated by depletion of
PI(4,5)P,.
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Introduction

TWIK-related acid sensitive potassium channels (TASK-1
and TASK-3) are members of the two-pore-domain
potassium channel (K,p) family (Duprat et al. 1997; Rajan
et al. 2000). They are constitutively open K'-selective
‘background’ channels that dominate the resting or ‘leak’
K* conductance in many cells, thereby setting membrane
potential and basal electrical properties (reviewed in
Enyedi & Czirjak, 2010). TASK channels are broadly
expressed in diverse neuronal populations throughout the
central nervous system (Talley et al. 2001), but also in
many peripheral tissues, e.g. adrenal cortex (Czirjak et al.
2000) and heart (Putzke et al. 2007).

Both TASK-1 and TASK-3 channels are potently
inhibited by receptors that signal through the Gq/11
subgroup of G-proteins, including muscarinic acetyl-
choline receptors, metabotropic glutamate receptors and
angiotensin receptors (Enyedi & Czirjak, 2010). This
inhibition is rapid and reversible. It has been observed
in various native cell types and is readily reconstituted
in heterologous expression systems upon co-expression
of recombinant TASK with Gq-coupled receptors (e.g.
Czirjak et al. 2000; Millar et al. 2000; Chemin et al. 2003;
Chen et al. 2006). As TASK channels are open at resting
membrane potential, their inhibition generally results in
depolarization and increased excitability. A well-studied
example is the cerebellar granule neuron, where TASK
channels determine membrane potential and enable fast
action potential firing (Millar et al. 2000; Brickley et al.
2007). Activation of Gq-coupled muscarinic m3 acetyl-
choline receptors and group I metabotropic glutamate
receptors inhibit the TASK-mediated conductance (Boyd
etal. 2000; Chemin et al. 2003), consequently changing the
firing behaviour of the granule cell (Watkins & Mathie,
1996). In adrenal zona glomerulosa cells, secretion of
aldosterone is promoted by the depolarization that results
from inhibition of TASK-3 channels by angiotensin II via
Gq-coupled AT receptors (Czirjak et al. 2000; Enyedi &
Czirjak, 2010).

The molecular mechanism that leads to TASK channel
closure remains elusive (reviewed in Mathie, 2007;
Enyedi & Czirjak, 2010). While there is consensus that
activation of Gaq/11 is required (Chen et al. 2006),
two alternative Gq-dependent mechanisms have been
proposed to mediate channel inhibition.

First, channel closure may result from a direct inter-
action of activated Gaq with the channel protein. This
mechanism is supported, among other observations, by
inhibition of TASK by active Gaq even in a cell-free
(excised patch) system and by co-immunoprecipitation of
Gaqwith the channel protein (Chen et al. 2006). However,
this direct interaction awaits confirmation by independent
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methods and the putative molecular interaction domains
have not yet been identified.

Alternatively, TASK inhibition may result from
depletion of PI(4,5)P, by PLC activated downstream
of Gaq. Evidence for this model includes an activating
effect of PI(4,5)P, applied to excised patches containing
TASK channels and channel inhibition by scavengers
of polyanionic lipids (Chemin et al. 2003; Lopes et al.
2005). Regulation of TASK channels by PI(4,5)P, is
an attractive model, as activity of many ion channels
strictly depends on PI(4,5)P, as a cofactor. In fact,
some channel types have been shown convincingly to be
controlled by PI(4,5)P, dynamics (Suh & Hille, 2008).
Specifically, Gg-mediated inhibition of KCNQ (Kv7)
channels, which closely resembles inhibition of TASK by
the same receptors, is directly mediated by depletion of
P1(4,5)P, (Suh & Hille, 2002; Zhang et al. 2003; Suh et al.
2006).

One pivotal experimental strategy to distinguish
between both mechanisms has been the use of the
PLC inhibitor U73122, because PLC acts downstream of
Gaq but upstream of PI(4,5)P, concentration changes
(Horowitz et al. 2005). However, while occlusion of
receptor-mediated TASK channel inhibition by U73122
was found in some studies (Czirjak et al. 2001; Chemin
et al. 2003), U73122 was ineffective according to other
reports (Boyd et al. 2000; Chen et al. 2006). Thus, the
involvement of PLC is contentious.

In any case, if TASK inhibition results from
PLC-induced depletion of PI(4,5)P,, binding of this
phospholipid must be essential for maintaining channel
activity and, importantly, the channel’s affinity for
PI(4,5)P, must be low enough to warrant disruption
of the interaction by reductions in the PI(4,5)P,
concentration that occur under physiological conditions,
i.e. receptor-induced activation of PLC. Following this
reasoning, we here employ an arsenal of newly developed
methods to alter the concentrations of endogenous
PI(4,5)P, and related phosphoinositides in the living cell
while monitoring TASK channel activity. These genetically
encoded tools allowed for the acute depletion of PI1(4,5)P,
without activating any of the multiple other signals
generated by the Gq-mediated pathway. Neither depletion
of PI(4,5)P, and PI(4)P by various methods nor blocking
resynthesis of PI(4,5)P, after receptor-induced depletion
by PLC interfered with TASK channel activity. In contrast,
all of these manoeuvres reliably down-regulated the bona
fide P1(4,5)P,-dependent channel, KCNQ4. Our results
thus provide clear evidence that TASK channel activity
does not require PI(4,5)P,. Consequently, inhibition by
GPCRs is not mediated by depletion of phosphoinositides
but by another signal within the complex Gq signalling
cascade.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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Methods
Molecular biology and heterologous expression

The following expression vectors were used: TASK-1
(NM_002246) and TASK-3 (NM_016601) both in
pcDNA3.1; KCNQ4 (NM_004700.2) in pEGFP-C1
(Clontech Laboratories, Mountain View, CA, USA);
PHPLCM-GFP (P51178, pEGFP-Nl) or PHPLCB]'YFP
(pcDNA3); Ci-VSP in pRFP-C1 (NP_001028998.1);
human mIR (NM_000738.2) in pSGHVO0; Lyn;;-FRB in
pCsRyE; and CF-Inp in pCFP-N1 (Suh et al. 2006).
Duplicate PH domains from Osh2p (NM_001180078,
residues 256—424) were fused in tandem at Xhol/EcoRI
and HindIII/Kpnl sites in pEGFP-C1 (Clontech) with a
short VNSKL linker, as previously described (Balla et al.
2008).

Construction of pseudojanin and its mutants were
based around the mRFP-FKBP12 constructs previously
reported (Varnai et al. 2006). The constructs were built
using the pEGFP-C1 plasmid backbone (Clontech),
with mRFP replacing the EGFP and FKBP12 fused
to the 3’ end of the mRFP with a flexible linker
(SGLRSRSAAAGAGGAARAALG). Next, the cytosolic
catalytic fragment of S. cerevisiae Saclp (NM_001179777,
residues 2-517) was fused with a flexible linker (SAGG
SAGGSAGGSAGGSAGGPRAQASRSLDA). Finally, after a
third flexible linker (GGTARGAAAGAGGAGR) residues
214-644 of the human INPP5E 5-phosphatase
(NM_019892) were inserted carrying a C641A mutation
to remove the prenylation site. Inactivating mutations
were then inserted into these phosphatase domains
by site-directed mutagenesis, and the resulting mutant
named for the activity they retain. Therefore, PJ-Sac
carries an inactivating point mutation of the conserved
DRVL motif of INPP5E (equivalent to D556A in the full
length INPP5E), and thus only Sac is active. Conversely,
PJ-5ptase carries an inactivating mutation in the
conserved CXsR(T/S) motif of the Sac domain (equivalent
to C392S in full-length Saclp), thus only INPP5E
5-phosphatase domain is active. PJ-Dead carries both of
these mutations, and so has no phosphatase activity.

Chinese hamster ovary (CHO) cells were plated onto
glass-bottom dishes (WillCo Wells B. V., Amsterdam,
the Netherlands) for total internal reflection fluorescence
(TIRF) imaging or onto glass coverslips for electro-
physiology and confocal microscopy. Cells were trans-
fected with jetPEI transfection reagent (Polyplus Trans-
fection, Illkirch, France) according to the manufacturer’s
instructions. For co-expression of ion channels with
Ci-VSP-RFP, cells were selected for clear membrane
localization of RFP. For co-expression experiments
involving the rapamycin system (3 plasmids), cells were
selected for robust cyan fluorescent protein (CFP) or RFP
fluorescence, tagging the translocatable enzymes Inp54p
or PJ, respectively. Only those cells were included in
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the analysis that showed translocation of CFP or RFP,
respectively, to the plasma membrane upon application
of rapamycin. This behaviour indicates successful
expression of both the membrane anchor (Lyn11-FRB)
and the translocatable fluorescence-tagged enzyme.
The presence of PLCd1-PH-GFP and Osh2x2-PH-GFP
for TIRF measurements was evidenced by the GFP
fluorescence. Successful co-expression of channels was
directly confirmed by the respective currents.

Electrophysiology

Whole-cell recordings were performed with an Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA, USA)
in voltage-clamp mode. Data were sampled with an
ITC-16 interface (Instrutech, HEKA, Lambrecht/Pfalz,
Germany) controlled by PatchMaster software (HEKA).
For experiments combining patch-clamp and fluorescence
imaging, an EPC10 amplifier (HEKA) was used. Currents
were low-pass filtered at 2 kHz and sampled at 5kHz.
Patch pipettes were pulled from borosilicate or quartz
glass and had open pipette resistances of 1 to 3 M2 when
filled with pipette solution. Intracellular (pipette) solution
contained (mM): 135 KCl, 2.41 CaCl,, 3.5 MgCl,, 5 Hepes,
5 EGTA, 2.5 Na,ATP and 0.1 Na,GTP, pH 7.3 (adjusted
with KOH). Free [Ca®*] of this solution was 100 nM, as
calculated with MaxChelator (maxchelator.stanford.edu).
Series resistance was <10 M2 and was not compensated.
The extracellular solution was composed as follows
(mMm): 144 NaCl, 5.8 KCl, 0.7 NaH,PO,, 5.6 glucose,
1.3 CaCl,, 0.9 MgCl, and 10 Hepes, pH 7.4 (adjusted
with NaOH). Experiments were performed at room
temperature (~22°C).

Fluorescence imaging

TIRF imaging was performed as described elsewhere
(Halaszovich et al. 2009). In brief, a BX51WI upright
microscope (Olympus, Hamburg, Germany) equipped
with a TIRF condenser (numerical aperture of 1.45;
Olympus) and a 488 nm laser (20 mW; Picarro, Sunnyvale,
CA, USA) was used. Fluorescence was imaged through
a LUMPIanFI/IR 40x/0.8 NA water immersion objective
(Olympus). Images were acquired with an IMAGO-QE
cooled CCD camera (TILL Photonics GmbH, Grifelfing,
Germany). Wide-field fluorescence illumination was
achieved with a monochromator (Polychrome IV, TILL
Photonics GmbH) coupled to the BX51WI microscope
through fibre optics. Green fluorescent protein (GFP)
fluorescence was excited at 488 nm. The laser shutter for
TIRF illumination, the monochromatic light source and
image acquisition were controlled by TILLvisION software
(TILL Photonics GmbH).

Confocal imaging of membrane translocation of the
CF-Inp and RF-PJ constructs was performed with
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an upright LSM 710 Axio Examiner.Z1 microscope
equipped with a W-Plan/Apochromat 20x/1.0 DIC
M27 75mm water immersion objective (Carl Zeiss
GmbH, Jena, Germany). RFP was excited at 561 nm
with a diode-pumped solid-state laser (Carl Zeiss), and
fluorescence emission was sampled at 582754 nm. CFP
was excited at 458 nm with an argon laser (Carl Zeiss) and
emission was sampled at 454-581 nm.

Chemicals

Rapamycin was purchased as a solution in Me,SO (from
Merck KGaA, Darmstadt, Germany) and further diluted
in extracellular solution to a concentration of 5 uM before
use. 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone
(XE991; Tocris, Ellisville, USA) and oxotremorine-M
(Ox0-M; Tocris) were prepared as 10 mM stock solutions in
H, 0, and diluted with extracellular solution to their final
concentration of 10 um. Chemicals were delivered locally
to the cells with a gravity-fed, custom-built application
system.

Data analysis

Electrophysiological data were analysed using IgorPro
(Wavemetrics, Lake Oswego, OR, USA) and imaging
data were analysed with TILLvisION and IgorPro.
Regions of interest (ROI) were defined to include the
majority of a single cell’s footprint. To avoid movement
artifacts the margins of the cell were excluded from
analysis. Normalized F/F, traces were calculated from
the TIRF signal intensity F, averaged from the ROI,
and the initial fluorescence intensity F, obtained before
application of agonists or depolarization of the cell.
Where appropriate, traces were corrected for bleaching
according to a monoexponential fit to the signal
decay during the pre-application interval. Fluorescence
intensities were background-corrected. Time constants
were obtained from monoexponential fits. All data are
given as mean = standard error of the mean (SEM), with
n indicating the number of individual cells analysed.
Statistical analysis was performed by ANOVA test followed
by a two-tailed Dunett ¢ test. Significance was assigned for
P <0.05.

Results

Inhibition of TASK channels by Gg-coupled muscarinic
receptor

When TASK-1 or TASK-3 channels were co-expressed with
the Gg-coupled muscarinic m1 acetylcholine receptor
(m1R) in CHO cells, application of the muscarinic agonist
Oxo-M resulted in rapid and nearly complete inhibition of

M. Lindner and others

J Physiol 589.13

TASK-mediated currents (Fig. 1A and B). After washout of
Oxo0-M, the current recovered to about 70% (69.1 & 7.0%
for TASK-1 and 70.3 = 3.0% for TASK-3) within 4 min.

It is well established that Gq-triggered activation of
PLC{ can result in a pronounced decrease of the P1(4,5)P,
concentration in the plasma membrane (e.g. Horowitz
et al. 2005) Receptor-mediated PI(4,5)P, dynamics have
been implicated in the regulation of numerous ion
channels (Suh & Hille, 2008). Thus, it appeared that
channel deactivation due to loss of PI(4,5)P, might be an
attractive and straightforward mechanism explaining the
inhibition of TASK currents by the Gq-coupled receptors,
as suggested previously (Chemin et al. 2003; Lopes et al.
2005).

We tested for the putative PI(4,5)P, depletion in
CHO cells using two distinct PI(4,5)P, biosensors,
the GFP-fused pleckstrin homology (PH) domain of
PLCd1 (PHp;cs;-GFP (Stauffer et al. 1998) as an optical
probe for PI(4,5)P,, and the voltage-gated potassium
channel KCNQ4 (Kv7.4). PHp; s, -GFP specifically binds
to PI(4,5)P, and has been used widely as a genetically
encoded ‘translocation biosensor’ for PI(4,5)P,. The
degree of its membrane association directly reports on
the concentration of PI(4,5)P, (Varnai & Balla, 2006).
Here, we used live-cell TIRF microscopy to monitor
membrane association of PHp;s5;-GFP (Halaszovich et al.
2009). In cells co-expressing m1R and PHp;cs-GFP,
TIRF fluorescence strongly decreased during activation
of mIR, indicating dissociation of the sensor from
the membrane, and thus robust depletion of PI(4,5)P,
(Fig. 1E). Upon washout of the receptor agonist, the
TIRF signal recovered, demonstrating reversibility of
PI(4,5)P, depletion due to resynthesis of PI(4,5)P,. It
has been shown unequivocally that inhibition of KCNQ
(Kv7) potassium channels by many Gq-coupled receptors
results from Gq/PLC-mediated depletion of PI(4,5)P,
(Suh & Hille, 2002; Zhang et al. 2003; Suh et al. 2006;
Hernandez et al. 2009). In our experimental setting,
homomeric KCNQ4 channels were also strongly inhibited
by activation of mlR (Fig.1C and D), confirming
depletion of PI(4,5)P,. Characteristics of inhibition
resembled the inhibition observed with TASK channels:
KCNQ4-mediated currents decreased by 88.0 £ 5.5%
within a few seconds and recovered with a time course that
matched recovery of TASK-mediated currents (Fig. 1C).
However, the onset of inhibition of TASK-1 and TASK-3
occurred consistently faster than inhibition of KCNQ4 and
PHpycs1-GFP dissociation (Fig. 1E).

TASK channel activity is resistant to depletion of
PI(4,5)P,

To scrutinize the suggested role of P1(4,5)P, concentration
changes in receptor-mediated TASK channel inhibition,

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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we used different molecular tools for the selective  P,-5-phosphatase, that is rapidly and reversibly activated

depletion of phosphoinositides in the intact cell.
First, we used the voltage-sensitive phosphoinositide
phosphatase Ci-VSP (Murata et al. 2005; Murata

by strong depolarization of the membrane potential.
Upon activation, Ci-VSP efficiently removes PI(4,5)P,
from the plasma membrane by dephosphorylation to

& Okamura, 2007), a membrane-resident PI(4,5) PI(4)P (Halaszovich et al. 2009; Falkenburger et al. 2010).
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Figure 1. Receptor-mediated inhibition of TASK channels and concomitant depletion of PI(4,5)P;

A, averaged time course of TASK currents upon activation of muscarinic m1 receptors. Data were obtained from
CHO cells co-transfected with m1R and either TASK-1 (n = 6) or TASK-3 (n = 12). Application of the muscarinic
agonist oxo-M (10 um, 60 s) inhibited currents to 17.0 & 2.4% for TASK-1 and 9.7 & 2.4% for TASK-3. Cells were
clamped at =60 mV and currents were measured in response to voltage ramps every 2 s. Traces show currents
at +50 mV, normalized to current amplitude prior to application for each cell before averaging. B, representative
recordings for the experiments summarized in A. Current traces in response to the voltage ramp shown were
obtained from a cell co-expressing m1R and TASK-3. Dashed line indicates zero current level. C, muscarinic
inhibition of KCNQ4 channels measured from CHO cells co-transfected with m1R and KCNQ4 (n = 11). Currents
obtained at 0 mV using the voltage step protocol shown in D at 5s intervals (holding potential, 0 mV) were
normalized to the current amplitude prior to application of Oxo-M for each cell before averaging. D, representative
recordings and voltage protocol for the experiments summarized in C. E, TIRF recordings from CHO cells expressing
m1R and PHpics1-GFP (n = 17 cells from 3 independent experiments). Application of 10 um Oxo-M triggered a
strong and reversible decrease in TIRF, indicative of translocation of the GFP-fused sensor from the membrane
to the cytosol. Insets show epifluorescence (upper) and TIRF image (lower panel) of a representative cell before
and after application of Oxo-M. Scale bar, 10 um. F, average time constants of the onset of muscarinic current
inhibition and of translocation of PHp.c51-GFP. Time constants were obtained from monoexponential fits to the
data shown in (A-E). Asterisks indicate significantly faster time constants of TASK-1 and TASK-3 compared to
KCNQ4 (P < 0.05).
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As shown in Fig.2A, TASK channels were completely
insensitive to the activation of co-expressed Ci-VSP. After
50 s of depolarization to 480 mV, TASK-1 and TASK-3
current amplitudes were 102.0 &= 3.2% and 107.9 & 5.8%,
respectively, of current amplitude before activation of
Ci-VSP. In contrast, KCNQ4 currents were strongly
inhibited by the same voltage protocol when co-expressed
with Ci-VSP (residual current, 32.3 +5.8%; Fig.2A).
This indicated efficient depletion of P1(4,5)P, by Ci-VSP,
which was further confirmed by strong translocation
of the fluorescent PI(4,5)P, probe PHpics;-GFP upon
depolarization (Fig. 2D).

We next applied an independent approach that
was developed recently to acutely modify PI(4,5)P,
concentrations (Suh et al. 2006; Varnai et al. 2006). Here,
PI(4,5)P;, is depleted by chemically triggered recruitment
of a yeast polyphosphoinositide-5-phosphatase, Inp54p,
that specifically dephosphorylates PI(4,5)P, at the 5
position. This method is based on the hetero-dimerization
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of the FRB (FKBP/rapamycin binding) domain from
mTOR and the FKBP (FK506 binding protein) in the
presence of rapamycin. FRB is anchored to the plasma
membrane by fusion to a membrane targeting motif from
Lyn (Lyn,;-FRB) and Inp54p is fused to CFP-tagged FKBP
(CF-Inp) (Suh et al. 2006). Consequently dimerization
induced by the addition of rapamycin results in massive
and rapid translocation of Inp54p to the membrane
and thus consumption of PI(4,5)P,. Recruitment can
be monitored conveniently as the translocation of CFP
fluorescence from the cytosol to the membrane (Fig. 34,
inset).

As shown in Fig. 3A, currents mediated by TASK-1 or
TASK-3 were not affected by application of rapamycin
to cells co-expressing either channel with Lyn;;-FRB and
CF-Inp. For all recordings, efficient recruitment of Inp54p
was verified by monitoring the translocation of CFP
fluorescence to the membrane (insets). As before, we
tested for depletion of PI(4,5)P, by rapamycin-triggered

KCNQ4

T I
20 40 60 80 100 120
time (s)

T T T T T 1
20 40 60 80 100 120

time (s)

Figure 2. TASK currents are insensitive to depletion of PI(4,5)P, by Ci-VSP

A, representative whole-cell currents from CHO cells co-transfected with TASK-3 and Ci-VSP. Currents were
recorded in response to brief voltage ramps from a holding potential of -80mV (a). Holding potential was then
depolarised to +80 mV for 40 s to activate Ci-VSP (b), followed by repolarisation to —-80 mV (c). Scale bars,
0.5 nA and 100 ms. B, currents from cells co-transfected with KCNQ4 and Ci-VSP obtained with the same holding
potential protocol as in A. Currents were evoked by brief intermittent voltage steps (-80 to 0 mV) as indicated.
Scale bars, 0.1 nA and 200 ms. C, mean time course of currents obtained from experiments as in A and B from
cells co-transfected with Ci-VSP and either TASK-1, TASK-3 or KCNQ4. The shaded area indicates depolarisation
to +80 mV from an initial holding potential of -80 mV. Depolarisation induced rapid inhibition of KCNQ4 currents
(to 34.1 £ 5.8% of initial current at the end of the depolarizing period; n = 12) but not of TASK-1 (102.0 + 3.2%,
n = 6) and TASK-3 (107.9 & 5.8%, n = 7). Monoexponential fits to the recovery of KCNQ4 currents yielded time
constants of 14.6 &+ 2.2 s. D, mean TIRF intensities from voltage-clamped cells expressing Ci-VSP and PHpycs1-GFP
obtained as in Fig. 1E (n = 12). Depolarization as in C induced fast and reversible translocation of the PI(4,5)P,
probe. Monoexponential fits to the re-association of the PH domain yielded time constants of 10.2 & 0.8 s.
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translocation of Inp54p using the sensors KCNQ4 and
PHp;cs51-YFP. KCNQ4-mediated currents were robustly
and rapidly suppressed by application of rapamycin to cells
co-expressing KCNQ4, Lyn,;-FRB and CF-Inp (Fig. 3B).
Rapamycin applied to cells transfected with the channel
alone failed to affect current amplitude, confirming
that channel inhibition resulted from recruitment of
Inp54p to the membrane. Additionally, dissociation
of PHpics-YFP from the membrane upon addition
of rapamycin (Fig. 3C) demonstrated efficient depletion
of P1(4,5)P, by recruitment of Inp54p.

Taken together, TASK channels remained fully active
despite strong decrease in the concentration of membrane
PI(4,5)P, in intact cells.

Combined depletion of PI(4,5)P, and PI(4)P does not
affect TASK activity

Our experimental manipulation of PI(4,5)P, levels
differed from receptor-mediated PI(4,5)P, depletion.
The phosphatases used here stoichiometrically converted
PI(4,5)P, to PI(4)P, probably keeping the over-
all phosphoinositide concentration in the membrane
constant. In contrast, activation of PLC depletes both
P1(4,5)P, and PI(4)P (Willars et al. 1998; Horowitz et al.
2005) without generating a structurally similar lipid. Since
these two phosphoinositides constitute the majority of all
phosphoinositides in the plasma membrane (Willars et al.
1998; Nasuhoglu et al. 2002), activation of Gg-coupled
receptors triggers bulk depletion of phosphoinositides.

If TASK channels are activated by phosphoinositides
with no or little specificity, the PI(4)P produced by
Ci-VSP and Inp54p might be sufficient to sustain channel
activity. We therefore sought to fully deplete both
PI(4,5)P, and PI(4)P to closely recapitulate the changes
in phosphoinositide concentrations during Gq/PLC
activation, but without activating the various other
cellular messengers involved in Gq signalling. We therefore
used a modified heterodimerization approach, where
an engineered dual-specificity phosphatase, pseudo-
janin (PJ), replaced Inp54p. As shown schematically
in Fig.4A, pseudojanin was engineered in analogy to
the native dual-specificity phosphoinositide phosphatase
synaptojanin (Mani et al. 2007) and consists of
two functionally distinct phosphoinositide phosphatase
domains separated by a linker region. The N-terminus
of PJ consists of the yeast 4’-phosphatase Sac while the
C-terminus harbours a human 5-phosphatase (INPP5E).
To allow for rapamycin-driven membrane recruitment, PJ
was fused to FKBP and mRFP (RF-PJ).

In cells co-transfected with RF-PJ and Lyn;;-FRB,
application of rapamycin triggered efficient recruitment
of P] to the plasma membrane (Fig.4A). The
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Figure 3. PI(4,5)P, depletion by chemically triggered
recruitment of Inp54p fails to suppress TASK currents

A, normalized current amplitudes measured from cells co-expressing
CF-Inp, Lyn11-FRB and either TASK-1 or TASK-3. Currents were
unaffected by application of rapamycin. Current amplitudes 2 min
after application of rapamycin were 89.9 + 4.1% (n = 5) and

89.6 £ 2.5% (n = 6) for TASK-1 and TASK-3, respectively.
Translocation of CF-Inp to the membrane was verified for each
experiment as shown in the representative confocal images before
(left) and after (right) application of rapamycin. Scale bar, 10 um. B,
KCNQ4-mediated current in cells co-expressing CF-Inp and Lyn11-FRB
was robustly suppressed upon application of rapamycin (n = 5).
When the translocatable phosphatase was omitted (Lyn11-FRB only),
currents were not affected by rapamycin, confirming current
inhibition by depletion of PI(4,5)P,. Residual currents were blocked
by the KCNQ channel inhibitor, XE991. Voltage protocols used were
as described in Fig. 1. C, TIRF recordings from cells co-transfected
with PHpcs1-YFP, CF-Inp and Lyn11-FRB. Application of rapamycin
decreased TIRF intensity, indicating dissociation of PHp.c51-GFP from
the membrane (n = 15 cells from 4 independent experiments).
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resulting changes in phosphoinositide concentrations
were examined by TIRF imaging of the PI(4,5)P, sensor,
PHpics1-GFP, and a probe for PI(4)P, PHogsy, x2-GFP
(Roy & Levine, 2004). The latter is a GFP-fused tandem
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construct of two identical PH domains from yeast
OSH2p and has been shown to bind to the plasma
membrane in a PI(4)P-dependent manner (Balla et al.
2008). PHprcs;-GFP dissociated from the membrane upon

Figure 4. TASK-3 currents are insensitive to combined
depletion of PI(4,5)P, and PI(4)P by pseudojanin

A, schematic representation of the pseudojanin membrane
targeting construct (RF-PJ) and its recruitment to the plasma
membrane by rapamycin. Confocal images of RF-PJ before (top)
and after addition of 5 um rapamycin (bottom) show efficient
translocation of PJ. Scale bar, 10 um. B, TIRF recordings were
performed on cells co-transfected with PHp.c51-GFP, Lynq1-FRB,
and either of the RF-PJ variants indicated. Dissociation of
PHpLcs1-GFP from the membrane upon application of rapamycin
(shaded) was only observed with intact INPP5E 5-phosphatase
domain. (n = 9 cells/5 independent experiments, 5/3, 10/4 and
21/8, for PJ, P)-Sac, PJ-5ptase and PJ-Dead, respectively). C, TIRF
recordings from cells co-transfected with PHosp, x2-GFP,
Lyn11-FRB and either of the RF-PJ variants indicated. Dissociation
of PHosw2 x 2-GFP from the membrane required functional Sac1
and INPP5E phosphatase domains (n = 14 cells /8 independent
experiments, 11/5, 15/5 and 14/21, for PJ, PJ-Sac, PJ-5ptase and
PJ-Dead, respectively). D, whole-cell voltage-clamp recordings
from cells co-transfected with Lynq1-FRB, fully intact PJ and
either TASK-3 or KCNQ4. While KCNQ currents were robustly
inhibited by recruitment of PJ (residual currents, 30.6 £+ 7.8%,

n = 6), TASK currents were not affected (residual currents,

97.4 +3.9%, n = 7). Voltage protocols as shown in Fig. 1.
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recruitment of PJ (Fig. 4B and C). Dissociation was also
observed when the Sacl domain was inactivated by a
point mutation in its catalytic centre, but not when the
INPP5E phosphatase or both phophatase domains were
inactivated by mutation. Thus, recruitment of PJ leads
to depletion of PI(4,5)P, via its 5'-phoshatase domain.
Similarly, recruitment of PJ resulted in dissociation of
PHosy, X 2-GFP (Fig. 4C) from the membrane. In contrast
to PHp;cs1, mutational inactivation of either phosphatase
domain abolished this dissociation. This indicates that
PHosin x2 can bind to PI(4,5)P, or PI(4)P and that
the presence of only one of both phosphoinositides
is sufficient for membrane localisation of this probe.
However, this finding also provides clear evidence for
depletion of PI(4)P by PJ recruitment. Taken together,
TIRF imaging using both fluorescent probes demonstrates
that rapamycin-triggered recruitment of PJ robustly and
rapidly depletes both PI(4,5)P, and PI(4)P.

We went on to examine the effects of phosphoinositide
depletion by PJ on TASK channels in cells co-expressing
TASK-3 with RF-PJ and Lyn;;-FRB. As shown in
Fig. 4D, application of rapamycin had no effect on
TASK currents (remaining current, 97.4 & 3.9%), despite
successful membrane recruitment of PJ, as confirmed
by association of RFP fluorescence with the plasma
membrane for each recording. To independently confirm
the proper activity of PJ under whole-cell patch-clamp,
we also examined the effect of PJ recruitment on KCNQ4
channels. In contrast to TASK, KCNQ4-mediated currents
were strongly suppressed to 30.6 = 7.8% by PJ when sub-
jected to the same experimental protocol (Fig.4D). In
conclusion, combined depletion of the most abundant
phosphoinositides in the plasma membrane is insufficient
to inhibit TASK channel activity.

Gg-linked TASK channel regulation
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Recovery from receptor-induced inhibition does not
require resynthesis of Pl(4,5)P,

Finally, we probed for involvement of phosphoinositides
in TASK channel regulation by interfering with the
resynthesis of PI(4,5)P, after activation of Gq/PLC.
If channel inhibition was due to PLC-mediated
PI(4,5)P, depletion, current recovery must depend
on replenishment of PI(4,5)P,. Resynthesis occurs via
sequential phosphorylation of phosphatidylinositol and
PI(4)P and therefore involves ATP hydrolysis (Horowitz
et al. 2005). The ATP requirement for recovery has pre-
viously been used as a criterion for defining involvement
of P1(4,5)P, in the regulation of KCNQ channels (Suh &
Hille, 2002).

We examined the recovery of TASK currents from
inhibition by co-expressed m1R. ATP was omitted from
the pipette solution and replaced by the non-hydrolysable
analogue AMP-PCP, which fully prevents resynthesis
of PI(4,5)P, as reported previously (Suh & Hille,
2002; Halaszovich et al. 2009). As shown in Fig.5A,
TASK3 currents recovered completely after withdrawal
of the muscarinic agonist. The time course of recovery
was not significantly different from control recordings
obtained with 2.5mMm MgATP in the patch pipette
(Fig.5B). In contrast, recovery of KCNQ4 channels
from m1R-mediated inhibition was completely abrogated
by ATP removal as reported previously for KCNQ2/3
heteromeric channels (Suh & Hille, 2002). This finding
confirmed that resynthesis was fully prevented and trans-
ient activation of PLC resulted in persistent depletion of
PI(4,5)P,.

In conclusion, our results demonstrate that TASK
channels re-open despite maximal depletion of
phosphoinositides by PLC. Consequently, channel activity
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Figure 5. ATP is not required for recovery of TASK-3 currents

A, recovery of TASK-3 and KCNQ4 currents after removal of intracellular ATP. CHO cells co-expressing either
TASK-3 or KCNQ4 with m1R were patch-clamped with a pipette solution containing no ATP and 3 mm AMP-PCP.
Recordings were started after 4 min of dialysis with the pipette solution (TASK-3, n = 5; KCNQ4, n = 6). Voltage
protocols as shown in Fig. 1. B, average time constants for recovery from muscarinic inhibition of TASK-3 were
similar in the presence of 2.5 mm MgATP (data shown in Fig. 1C) or 3 mm AMP-PCP in the patch pipette. Time
constants were derived from monoexponential fits to the current recovery for individual cells.
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does not require PI(4,5)P, or other phosphoinositides,
indicating that m1R-mediated current inhibition is not
mediated by reduction of the concentrations of PI1(4,5)P,
or PI(4)P.

Discussion
PI(4,5)P, is dispensable for activity of TASK channels

We used various methods to deplete the endogenous
PI(4,5)P, pool in living cells and consistently found no
change in currents mediated by TASK-1 and TASK-3.
These finding clearly demonstrate that TASK channel
activity does not depend on the concentration of this
phosphoinositide species in the plasma membrane.

Since this conclusion critically relies on the assumption
that Ci-VSP and rapamycin-triggered recruitment of
Inp54p efficiently degrade the PI(4,5)P, content of the
membrane, it is worth considering the degree of P1(4,5)P,
depletion achieved with these methods. We used two
different sensors to follow the PI(4,5)P, concentration in
our experimental setting: a fluorescent PI(4,5)P, probe
that has been used extensively (PHpics-GFP; (Varnai
& Balla, 2006) and a PI(4,5)P,-dependent ion channel,
KCNQ4. Inhibition of KCNQ4 currents upon recruitment
of Inp54p and PJ was faster than the dissociation of
PLCS81-PH-GFP (Figs 3 and 4) and current recovery was
slower after activation of m1R or Ci-VSP (Figs 1 and 2).
This difference may be explained by a lower apparent
affinity of KCNQ4 for PI(4,5)P, when compared to the
fluorescent sensor. In fact, less activation of Ci-VSP,
and consequently a lower degree of PI(4,5), depletion,
is needed to fully inhibit KCNQ4 channels than to
displace PLC51-PH-GFP from the plasma membrane (A.
Rjasanow, C. R. Halaszovich and D. Oliver, unpublished
results). Notwithstanding, translocation of PHpycs;-GFP
from the membrane and inhibition of KCNQ4 channels
during activation of Ci-VSP and membrane recruitment
of the phosphatase quantitatively matched the responses
following activation of m1R. Therefore, the degree of
PI(4,5)P, depletion achieved with the genetically encoded
tools was similar to the PLC-mediated depletion during
receptor stimulation.

In agreement with our observations, recent
work showed that channel inhibition by Ci-VSP
and rapamycin-triggered phosphatase recruitment
is remarkably consistent with the sensitivity
to receptor-mediated PLC activation for other
PI(4,5)P,-regulated channels including voltage-gated
calcium and potassium channels (Falkenburger ef al. 2010;
Suh et al. 2010). Moreover, even Kir2.1 inward rectifier
K* channels, which are characterized by particularly
high affinity for PI1(4,5)P, (Du et al. 2004), are strongly
inhibited by Ci-VSP (Murata & Okamura, 2007; A.
Rjasanow and D. Oliver, unpublished results). These

M. Lindner and others

J Physiol 589.13

considerations clearly show that the genetically encoded
tools used here are well suited to gauge the sensitivity of
channels to PLC-mediated depletion of PI(4,5)P;.

We further note that inhibition of TASK channels
by mlR activation occurred consistently faster than
inhibition of KCNQ4. The latter channel has a
comparatively low affinity to PI(4,5)P,, and is therefore
highly sensitive to PLC activation (Hernandez et al. 2009).
Thus, if depletion of PI(4,5)P, was causing loss of TASK
channel activity due to a direct PI(4,5)P,—channel inter-
action, the affinity of TASK channels for P1(4,5)P, would
be predicted to be even lower compared to KCNQ4
and TASK would be highly sensitive to activation of
the phosphatases used in our experiments. This was not
the case. We therefore conclude that TASK channels are
resistant to depletion of PI(4,5)P, within a physiological
range of concentrations.

It was previously shown that application of PI1(4,5)P, to
excised membrane patches can enhance TASK-mediated
currents (Chemin et al. 2003; Lopes ef al. 2005). This is
seemingly in contradiction to our results and has been
taken to suggest a role of PI(4,5)P, in the regulation of
these channels. However, it should be noted that our results
do not necessarily exclude that a reduction of P1(4,5)P, to
levels below those reached under physiological conditions
(by PLC or phosphatases) may lead to channel closure.
In other words, it remains possible that TASK channels
bind PI(4,5)P, with a very high affinity, whereby P1(4,5)P,
would be a permissive cofactor but not a physiological
regulator of TASK (Gamper & Shapiro, 2007). Such a
role of PI(4,5)P, may be consistent with the partial
block of TASK-mediated currents by PI(4,5)P,-scavenging
polycations such as poly-lysine and neomycin observed
previously (Chemin et al. 2003; Lopes et al. 2005).
Alternatively, artificially high levels of PI(4,5)P,, as may
be reached by application to excised patches, may enhance
TASK currents. In any case, our experiments exclude that
inhibition of TASK channels by Gq-coupled receptors
results from PLC-mediated depletion of PI(4,5)P,.

A role for other phosphoinositides?

Although resistance to Ci-VSP and Inp54p unequivocally
show that PI(4,5)P, depletion is not sufficient
for channel down-regulation, it remained possible
that other phosphoinositides might be involved in
receptor-mediated inhibition of TASK. Specifically, P1(4)P
might be relevant since it is present at similar
concentrations as PI(4,5)P, in the resting plasma
membrane and is also depleted during receptor-induced
activation of PLC (Willars et al. 1998; Horowitz
et al. 2005). If TASK channels had a non-selective
dependence on phosphoinositides, similar to some
inward rectifier KT (Kir) channels (Rohacs et al
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1999; Tucker & Baukrowitz, 2008), then activation of
PI(4,5)P,-5-phosphatases might not suffice for channel
deactivation despite strong depletion of PI(4,5)P,. In other
words, the differential sensitivity of TASK to PLC versus
phosphatases might result from the different changes in
the overall concentration of phosphoinositides according
to the different enzymatic activities.

To examine such a possible role of combined depletion
of PI(4,5)P, and PI(4)P in receptor-induced TASK
inhibition, we used PJ, a novel engineered dual-specificity
phosphatase for dephosphorylation of PI(4,5)P, and
PI(4)P. Recruitment of PJ to the membrane efficiently
depleted both phosphoinositides as indicated by specific
fluorescent sensors. However, the complete insensitivity of
TASK to this manoeuvre indicated that neither PI(4,5)P,
nor PI(4)P concentrations contribute to regulation of
TASK channels by PLC. This conclusion is further
strongly supported by the full reactivation of TASK
channels from receptor-induced inhibition observed after
substitution of ATP by the non-hydrolysable analogue
AMP-PCP. Under this condition, resynthesis of PI(4)P and
PI(4,5)P, is abrogated, resulting in persistent depletion
of both phosphoinositides after activation of Gq-coupled
receptors.

A TASK-associated pool of PI(4,5)P, inaccessible to
exogenous phosphatases?

It has been suggested that the plasma membrane
may harbour functionally distinct pools of PI(4,5)P,
(Wang et al. 2004; Vasudevan et al. 2009). Such pools
may correspond to PI(4,5)P, localized to spatially
separated membrane domains, such as lipid rafts or
caveolae versus non-raft membranes (Johnson et al.
2008; Cui et al. 2010), although such local domains
are difficult to reconcile with the fast diffusion of
phosphoinositides as determined in native plasma
membranes (Hilgemann, 2007). Experimental findings
suggested that localized PI(4,5)P, pools resulting from
restricted diffusion may determine regulation of ion
channels by PI(4,5)P, in cardiomyocytes (Cho et al.
2005). The efficient inhibition of KCNQ2/3 heteromeric
channels by Gq-coupled muscarinic receptors in HEK
cells required co-localization of channels and receptors
to detergent-resistant membrane fractions (Oldfield et al.
2009). In principle, the observed differential action of
receptor-activated PLC and recombinant phosphatases
could be compatible with PI(4,5)P,-mediated regulation
of TASK channels, if the channels interacted with a distinct
‘private’ pool of PI(4,5)P, that is depleted by endogenous
PLC but is inaccessible to the phosphatase constructs used
in this study. However, any membrane pool of PI(4,5)P,
must remain exhausted after depletion by PLC when
replenishment of PI(4,5)P, is blocked. Therefore, such a
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possibility is clearly ruled out by our finding of full current
recovery in the absence of intracellular ATP.

In summary, our results obtained upon depletion
of PI(4,5)P, and PI(4)P by exogenous phosphatases
and inhibition of their resynthesis after depletion by
endogenous PLC rule out a requirement of these
phosphoinositides for TASK channel activity. Specifically,
we conclude that the inhibition of TASK channels by
Gq-coupled receptors is not mediated by depletion of
phosphoinositides.

Possible mechanisms for Gg/PCR-mediated TASK
channel inhibition

Since depletion of P1(4,5)P, can be ruled out as the signal
that mediates channel closure downstream of Gq/PCR
activation, which other mechanisms of channel inhibition
remain? In principle, several other intermediates within
the Gq-mediated signalling cascade may interact with
TASK channels to induce channel closure.

The currently most complete evidence suggests that
a direct interaction of activated Gaq protein (Gaq*)
can deactivate TASK channels (Chen et al. 2006). This
scenario is supported by elegant experiments including
the demonstration of channel activation by purified Gaq*
in excised patches and co-immunoprecipitation of Gaq*
with TASK channels (Chen et al. 2006). However, it
should be noted that previous studies demonstrated the
suppression of GQPCR-mediated TASK channel inhibition
by the PLC inhibitor U73122 (Czirjak et al. 2001; Chemin
et al. 2003), suggesting at least a contribution of signals
downstream of PLC activation. Among these signals,
channel phosphorylation by PKC has been ruled out,
since elimination of candidate phosphorylation sites did
notimpede Gq/PCR-dependent channel inhibition (Talley
& Bayliss, 2002; Veale et al. 2007). This conclusion is
supported by our current results showing that inhibition
is unaffected by removal of the intracellular ATP required
for phosphorylation.

Given the high physiological relevance of Gq/PCR-
mediated inhibition of TASK-1 and TASK-3, further work
is needed to unequivocally identify the mechanism of
channel regulation.

Methods for probing the phosphoinositide regulation
of ion channels

The combined methods used here provide a toolbox for
probing the physiological relevance of phosphoinositides
and their concentration dynamics for the regulation of
ion channels. Many ion channels have been shown to
be affected by PI(4,5)P, (Suh & Hille, 2008). However,
in many cases the proposal of a functional role for
PI(4,5)P, is solely based on the application of exogenous
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phosphoinositides to excised membrane patches. In
addition to TASK channels, examples for the alteration
of channel behaviour by exogenous PI(4,5)P, include
TREK channels as additional members within the Kyp
channel family (Chemin ef al 2005), voltage-gated
K™ (Kv) channels (Oliver et al. 2004), various TRP
channels (Rohacs & Nilius, 2007) and HCN channels
(Zolles et al. 2006), among others. As shown here, such
sensitivity to applied phosphoinositides may not always
provide strong evidence for a role in the regulation of
channels under physiological conditions. Furthermore,
pharmacological tools for alterations of phosphoinositide
concentrations are poorly developed, and a control for
the effectiveness of the intended changes is usually not
performed. Thus, genetically encoded tools for the acute
manipulation of endogenous phosphoinositide pools
combined with fluorescence-based sensors for control of
these manipulations should help substantially in obtaining
a clearer picture of the genuine roles of PI(4,5)P, in
ion channel regulation. Moreover, these methods are not
limited to the analysis of ion channels but may be used
to address the role of phosphoinositides in other cellular
processes as well.
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