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PIP; hydrolysis underlies agonist-induced inhibition and
regulates voltage gating of two-pore domain K* channels
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Two-pore (2-P) domain potassium channels are implicated in the control of the resting
membrane potential, hormonal secretion, and the amplitude, frequency and duration of the
action potential. These channels are strongly regulated by hormones and neurotransmitters.
Little is known, however, about the mechanism underlying their regulation. Here we show that
phosphatidylinositol 4,5-bisphosphate (PIP,) gating underlies several aspects of 2-P channel
regulation. Our results demonstrate that all four 2-P channels tested, TASK1, TASK3, TREK1
and TRAAK are activated by PIP,. We show that mechanical stimulation may promote PIP,
activation of TRAAK channels. For TREK1, TASK1 and TASK3 channels, PIP, hydrolysis
underlies inhibition by several agonists. The kinetics of inhibition by the PIP, scavenger
polylysine, and the inhibition by the phosphatidylinositol 4-kinase inhibitor wortmannin
correlated with the level of agonist-induced inhibition. This finding suggests that the strength of
channel PIP, interactions determines the extent of PLC-induced inhibition. Finally, we show
that PIP, hydrolysis modulates voltage dependence of TREKI1 channels and the unrelated
voltage-dependent KCNQ1 channels. Our results suggest that PIP, is a common gating molecule
for K* channel families despite their distinct structures and physiological properties.
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K* channels are the largest and most diverse family of ion
channels. They fall into three main groups based on their
structural properties: voltage-gated (6 transmembrane
or 6TM), inward rectifiers (2TM) and two-pore domain
(4TM) channels. While all these channels are highly
selective for KT over other ions, they exhibit distinct
physiological and biophysical properties.

Recently, two-pore (2-P) domain potassium channels
have been shown to serve as molecular determinants
of several leak K™ currents. Leak K* currents serve to
establish the resting membrane potential and modify
the duration, frequency and amplitude of action
potentials. The activity of 2-P domain channels is
strongly regulated by a number of agents such as
protons, protein kinases, and temperature (Lopes et al.
2000; Kim et al. 2001). In addition, three members
of this family TREK1 (KCNK2), TREK2 (KCNK10)
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and TRAAK (KCNK4) are shown to be mechano-
sensitive. They are also targets of receptor-mediated
regulation by neurotransmitters and hormones (for review
see Lesage & Lazdunski, 2000; Goldstein et al. 2001;
Patel & Honore, 2001). This modulation appears to
be important for a number of physiological processes,
including aldosterone secretion (Czirjak et al. 2000) and
regulation of neuronal activity (Talley et al. 2000; Brickley
et al. 2001). Some members of this ion channel family
are activated by volatile anaesthetics (Patel et al. 1999;
Sirois et al. 2000), and contribute to the effect of these
pharmacological agents on neural activity (Sirois et al.
2000).

Modulation of channel activity by phosphatidylinositol
4,5-bisphosphate (P1(4,5)P, or PIP,) has recently emerged
as a crucial aspect of ion channel regulation (Hilgemann
& Ball, 1996; Baukrowitz et al. 1998; Huang et al. 1998;
Sui et al. 1998; Shyng & Nichols, 1998; Zhang et al. 1999;
Kobrinsky et al. 2000; Chuang et al. 2001; Runnels et al.
2002; Wu et al. 2002; for review see Hilgemann et al.
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2001). Autonomic receptors («;-adrenergic and M;/M;
muscarinic) and angiotensin II receptors (AT1), among
others, can couple to G proteins of the G¢/G;; family
and, when activated, stimulate phospholipase C (PLC).
Since PLC hydrolyses PIP,, its stimulation causes local
reduction of PIP, levels in the plasma membrane (Stauffer
et al. 1998; Varnai & Balla, 1998; van der Wal et al.
2001). For both inwardly rectifying (Kir) and voltage-
gated KCNQ potassium channels, agonist-induced
inhibition can be observed when the levels of the
phospholipid fall below a critical level for maintenance
of channel activity (Baukrowitz et al. 1998; Xie et al. 1999;
Kobrinsky et al. 2000; Zhang et al. 2003). Four members
of the 2-P domain family, TASK1 (KCNK3), TASK3
(KCNK9), TREK1 (KCNK?2) and TREK2 (KCNK10) have
been reported to be inhibited by agonists that activate
G4/Gy; proteins both in native and recombinant systems
(Talley et al. 2000; Millar et al. 2000; Czirjak et al. 2001;
Czirjak & Enyedi, 2002; Talley & Bayliss, 2002; Chemin
et al. 2003). Here we show that TASKI1, TASK3 and
TREKI, but not TRAAK, are inhibited by muscarinic
M; stimulation. Although agonist-induced inhibition of
TASK1 channels depended on PLC activation, down-
stream signals (inositol 1,4,5-trisphosphate, cytoplasmic
Ca** and diacylglycerol) did not mediate the inhibition
(Czirjak et al. 2001). Recently it was suggested that
agonist-induced inhibition of TASK1 and TASK3 channels
was mediated by PIP, hydrolysis, but TREK1 and TREK2
current inhibition was mediated by a different mechanism
(Chemin et al. 2003). In contrast, our results indicate
that PIP, hydrolysis underlies ACh-induced inhibition
of TREK1 as well as TASK1 and TASK3 channels. In
addition, we show that PIP, activation of TRAAK channels
is dependent on mechanical stimulation.

The present study demonstrates that PIP, activation is
a conserved property of members of the 2-P potassium
channel family. We show that all tested members of the
2-P domain potassium channel family were activated by
PIP,. The extent of agonist-induced inhibition observed by
stimulation of G4/Gy; coupled receptors correlated well
with both the kinetics of block by the PIP, scavenger
polylysine (poly Lys) and the extent of inhibition by
the phosphatidylinositol 4-kinase (PI 4-kinase) inhibitor
wortmannin. These findings suggested a direct role of
PIP, hydrolysis in agonist-induced inhibition and showed
that the extent of inhibition depended on the sensitivity
of the channel for PIP,. In addition, we show that PIP,
hydrolysis changed the voltage dependence of TREKI1
channels. We also demonstrated the involvement of PIP, in
the regulation of 2-P channels by mechanical stimulation.
Our findings indicate that PIP; is critical for both activity
and modulation of 2-P domain channels. In addition, we
show that PIP, modulates the voltage dependence of both
2-P channels and voltage-gated KCNQ channels, despite
their distinct structures and physiological properties.
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These results suggest a general role for PIP, in the
regulation of all major families of Kt channels.

Methods
Molecular biology

The human TASK1, rat TASK3, mouse TREK1 and the
mouse TRAAK cDNA constructs were subcloned into the
pEXO vector (Duprat et al. 1997). The human KCNQI,
human KCNEI, human M; muscarinic receptor and the
human type I IP; 5-phosphatase were subcloned into
the pGEMHE plasmid vector (Liman et al. 1992). Both
vectors contain the 5'- and 3’-untranslated region of the
Xenopus B-globin gene to obtain optimal expression in
Xenopus oocytes. The cDNA was linearized and cRNA was
prepared using the Ambion mMESSAGE mMACHINE
T7 kit. Point mutants were produced by Pfu based
mutagenesis using the QuikChange™ kit (Stratagene Inc.,
LaJolla, CA, USA).

Electrophysiology

Xenopus oocytes were surgically removed from adult
females under anaesthesia (0.4% 3-aminobenzoic acid
ethyl ester). Frogs were humanely killed after the final
oocyte collection. The experiments were carried out
with the approval of the local animal care committee
(IACUC). Oocytes were isolated using collagenase
digestion and injected with 0.5-15ng of cRNA in
50 nl of sterile water. Macropatch measurements in the
inside-out configuration were performed as described
(Rohacs et al. 2002). Electrodes for oocyte experiments
contained (mm): 96 NaCl, 2 KCI, 1 CaCl,, 1 MgCl,,
5 Hepes, pH 7.4. For assessment of kinetics of block,
inside-out patches were perfused with poly Lys and PIP,
antibody (PIP,Ab) in FVPP solution (mm: 96 KCI, 5
EDTA, 10 Hepes, 5 NaF, 3 Na;VOy,, 10 Na,PO;, pH7.4
with NaOH), which retarded hydrolysis of PIP, and
thus stabilized currents (Huang et al. 1998). For the
PIP, activation measurements the perfusion solution
contained (mm): 96 KCl, 5 EGTA, 10 Hepes, pH 7.40
(bath solution). Unless otherwise specified, a ramp
protocol from —100 to +100 mV was used (1 mV ms™')
with a holding potential of —80 mV. Negative pressure
applied to the inside-out patches was measured using
a BIO-TEK (Winooski, VT, USA) pneumatic trans-
ducer tester. Whole-oocyte currents were measured
by conventional two-microelectrode voltage-clamp
as described (Czirjak et al. 2001) unless specified
otherwise.

Poly Lys (Sigma, St Louis, MO, USA) with an average
molecular weight of 8 kDa was used. Poly Lys has a limited
solubility in FVPP solutions; a saturated solution was
made by adding 30 ugml™' poly Lys and centrifuging
the solution (Rohacs et al. 2002). DiCg PI(4,5)P, was
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purchased from Echelon Research Laboratories Inc.
(Salt Lake City, UT, USA) and from Cayman Chemical
(Ann Arbor, MI, USA). DiCg PIP, was dissolved in
the bath solution to the indicated concentrations.
PIP, antibody (Assay Designs, Ann Arbor, MI, USA)
was diluted 1:50 in FVPP solutions. Arachidonyl
stearyl (AASt) PI(4,5)P, was purchased from Roche
Molecular Biochemicals and was dissolved in water and
sonicated as described (Rohacs et al. 2002). Diacylglycerol
analogues 1-stearoyl-2-arachidonoyl-sn-glycerol (SAG)
and  1-stearoyl-2-linoleoyl-sn-glycerol ~ (SLG) were
purchased from Biomol Research Laboratories, Inc.
(Plymouth Meeting, PA, USA). They were dissolved
in DMSO (20mm) and stored at —80°C. Before
each experiment SAG and SLG were dissolved in
bath solution described earlier, and sonicated for
30 min. DMSO was included in all other solutions for
these experiments to avoid any artifact caused by the
solvent.

Error bars in the figures represent s.e.m. Each
experiment shown or described was performed on a
minimum of five oocytes. Student’s unpaired t test was
used to assess statistical significance. In Fig. 4D and E,
inhibition was calculated by extrapolating the current
levels before and after SAG or SLG to the period during
the drug application, and comparing this level to the actual
current level.

Results

TASK1, TASK3, TREK1 and TRAAK channels
are activated by PIP,

We investigated the effect of PIP, on four 2-P domain K*
channels expressed in Xenopus oocytes (Fig. 1). For TASK1,
following excision of macropatches in the inside-out
mode, K currents substantially decreased (ran down).
Channel run-down has been correlated to PIP, hydrolysis
for Kir channels (Hilgemann & Ball, 1996; Huang et al.
1998; Zhang et al. 1999). Application of 25 um arachidonyl
stearyl (AASt) PIP, activated these channels (Fig. 1A). Sub-
sequent application of polylysine (poly Lys), which actsasa
PIP, scavenger (Huang et al. 1998; Lopes et al. 2002; Rohacs
etal. 2002), caused rapid and persistent current inhibition.
TASK3 currents showed less pronounced run-down after
excision, were persistently blocked by poly Lys application
and were activated by AASt PIP, (5 um) (Fig. 1B).
TREK1 and TRAAK are mechanosensitive members
of the 2-P domain channel family. We tested whether
these channels were also activated by PIP,. We expressed
TREK1 and TRAAK channels in Xenopus oocytes and
measured channel activity in inside-out macropatches.
As the representative traces in Fig. 1C and D show,
PIP, application activated both channels. For TREK1 in
most cases (n=7 out of 10) activation of the channel
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occurred without application of a mechanical stimulus
(suction) after seal formation (Fig. 1C). In the remaining
three patches, PIP, activation could be observed only
after the application of a mechanical stimulus to the
patch following the seal formation (data not shown). For
these experiments, a —16 mmHg negative pressure was
applied to the patch pipette (tip diameter 4-5 um) for
40-70s. For TRAAK, currents were elicited by PIP, in
most cases only after a mechanical stimulus had been
applied (Fig. 1D, n =4 out of 5). In one patch, activation
of TRAAK currents occurred without application of a
mechanical stimulus (data not shown). To test PIP,
sensitivity before and after mechanical stimulation, we
used short chain (diCg), water soluble PIP,, which activates
ion channels in a reversible fashion (Rohacs et al. 2002,
2003; Zhang et al. 2003). DiCq PIP, activated these
channels to a comparable extent to AASt PIP,, but with
faster kinetics. Interestingly, the effect of suction on PIP,
sensitivity persisted even after relieving application of
the negative pressure. It should be noted, however, that
mild negative pressure (2-5mmHg) was necessary for
seal formation in all experiments, and therefore it cannot
be excluded that this promoted PIP, activation in cases
where further suction was not required in the inside-out
patch configuration. Suction applied to the patch pipette
also increased channel activity in the cell-attached
configuration with intact PIP, levels (data not shown).
In non-injected oocytes 100 um diCq PIP, did not activate
any current before or after application of negative pressure
(n=6).

TASK1, TASK3 and TREK1, but not TRAAK are
sensitive to agonist-induced PIP, hydrolysis

Several G-protein coupled receptors are known to couple
to PLC through G¢/G,,. Upon receptor stimulation PLC
hydrolyses PIP,. Hydrolysis of PIP, inhibited the activity of
several PIP,-dependent channels (Baukrowitz et al. 1998;
Xie et al. 1999; Kobrinsky et al. 2000; Zhang et al. 2003).
The extent of current inhibition observed is dependent on
the strength of channel-PIP, interactions (Kobrinsky et al.
2000; Zhang et al. 2003; Lopes et al. 2002). As we have
seen, TASK1, TASK3 and TREK1 channels are activated
by PIP,, whereas activation of TRAAK channels by PIP,
generally happened only after mechanical stimulation. To
test whether hydrolysis of PIP, inhibits these channels, we
coexpressed all four channels with different G, coupled
receptors and measured the degree of inhibition upon
agonist stimulation.

We coexpressed TASK1 or TASK3 channels with either
muscarinic (M;) or angiotensin II (AT1a) receptors in
Xenopus oocytes. Channel inhibition upon activation of
either of these heterologously expressed receptors or the
endogenous lysophosphatidic acid (LPA) receptor was
seen for both channels (Fig.2A and B). The extent of



120 C. M. B. Lopes and others

A AASt PIP,
—_— poly-Lys

A

ilo

10pAL_—=— T T T T T T T T T TS
1 min

B AASt PIP,
poly-Lys --—e

BOPA |========mmmmmm e e e

1 min

C
AASt PIP,
poly-Lys
TnA| ~————=——============----—"-
1 min
D AASt PIP,
poly-Lys ---— S —

diCgPIP, = T

—
50pAl_ - T
1 min suction

Normalized current

Normalized current

Normalized current

Normalized current

TASK1

J Physiol 564.1

© The Physiological Society 2005



J Physiol 564.1

agonist-induced inhibition in all cases was lower for
TASK3 channels than for TASK1 channels. TREK1 or
TRAAK channels were coexpressed with M, receptors in
Xenopus oocytes. TREK1 was potently inhibited by ACh
application. TRAAK channels on the other hand were
only minimally inhibited (10%) by the agonist-induced
PIP, hydrolysis (Fig.2C). The mechanism of this small
inhibition is unclear; it is unlikely to be mediated by
PIP, depletion. Endogenous Ca®*-activated Cl~ currents
were used to monitor M; receptor expression. The
Cl™ current develops quickly after ACh application,
but inactivates rapidly, not contributing significantly
to the currents measured in the later phases of the
experiment. ACh inhibition of TREK1 channels is not
affected by coexpression of M; receptors with IP;
phosphatase, which abolishes IP;-induced Ca?* release
and consequently the Cl™ currents (data not shown).
We attempted to stimulate whole-cell TRAAK currents
in Xenopus oocytes by low osmolarity, shear-stress
and direct mechanical stimulation (gentle prodding of
the oocyte with thin forceps). None of these inter-
ventions resulted in increased current, due probably to
the convoluted nature of the oocyte membrane or the
presence of the vitelline layer. Therefore we were not able
to test in the whole-cell configuration whether mechanical
stimulation confers sensitivity to agonist-induced PIP,
hydrolysis.

Strength of channel-PIP; interactions with TASK
and TREK-1 channels correlate with kinetics
of recovery from inhibition

Poly Lys or PIP,Ab (an antibody against PI(4,5)P,)
competes with channels for PIP,, thus scavenging PIP,
away from channels and reducing current levels (Huang
et al. 1998; Lopes et al. 2002; Rohacs et al. 2002; Zhang
et al. 2003). Slower inhibition by PIP, scavengers is
likely to reflect higher binding affinity of the channel
to PIP, or alternatively, stronger allosteric coupling
between PIP, molecules and the channel. Regardless of
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the precise mechanism, kinetics of current inhibition by
PIP, scavengers reflects a different apparent affinity of the
channels for PIP,. We often refer to this apparent affinity
as ‘strength of channel-PIP, interactions’ (Zhang et al.
1999, 2003; Kobrinsky et al. 2000; Lopes et al. 2002; Rohacs
et al. 2002). To assess the apparent channel affinity for
PIP, we measured the rate of current inhibition by poly
Lys (Fig. 3A—C) and quantified the kinetics of the effect by
measuring the percentage inhibition of the current after
a 60s poly Lys application (Fig.3C). All three channels
were fully inhibited by poly Lys suggesting that PIP, is
required for channel activity and that PIP, electrostatically
interacts with both channels. Spontaneous hydrolysis of
PIP, by lipid phosphatases in excised patches causes
run-down of PIP,-sensitive channels (Hilgemann & Ball,
1996; Huang et al. 1998; Zhang et al. 1999). To avoid
run-down, this set of experiments were performed in
FVPP solution (see Methods) to inhibit lipid phosphatases
and prevent breakdown of endogenous phosphoinositides
throughout the experiment (Huang et al. 1998; Lopes et al.
2002). TASK3 channels often exhibited some run-down
after excision even in the presence of FVPP solutions.
Experiments were performed after currents were stable.
We found that the kinetics of poly Lys inhibition were
the fastest for TREK1, followed by TASK1, then TASK3
channels. These findings suggest that the interactions with
PIP, are the weakest for TREK1 channels, followed by
TASK1 and TASK3 channels (Fig. 3C). We also tested the
effect of PIP,Ab on TASK3 channels. PIP,Ab inhibited the
channel with very slow kinetics, where the time to inhibit
50% of channel activity (T'5p) was 290 =50s (n=>5)
(Fig. 3D). In addition, PIP,Ab prevented poly Lys from
inhibiting the channel (Fig. 3D, n = 6). Our results suggest
that poly Lys inhibits the channel by specifically competing
for PIP, binding and not by scavenging other negatively
charged lipids. These data also suggest that PIP,Ab does
not inhibit completely channel activity.

Wortmannin at low nanomolar concentrations
specifically blocks phosphoinositide 3-kinases (PI
3-kinases) but at micromolar concentrations it also blocks
the activity of several PI 4-kinases (Nakanishi et al. 1995).

Figure 1. Activation of 2-P domain channels by PIP,

A, left, representative trace of TASK1 currents in an inside-out macropatch, measured at +100 mV. Applications
of 25 M AASt PIP; and 3 ug mi~! poly Lys are indicated by the horizontal lines. Right, statistical summary of the
data. The average current level in the cell-attached configuration was 65 + 21 pA (n = 3). B, left, a representative
trace for TASK3 currents is shown, measured at +40 mV. Applications of 5 um AASt PIP; and 3 g ml~! poly
Lys are indicated by the horizontal lines. Right, statistical summary of the data, normalized to the cell-attached
current level. The average current in the cell-attached level was 580 + 160 pA (n = 8). C, left, representative trace
of TREK1 currents measured in macropatches at +100 mV. Applications of 2.5 M AASt PIP; and 3 g mi=" poly
Lys are indicated by the horizontal lines. Right, statistical summary of the data (n = 6-10), normalized to the
cell-attached level. The average current in the cell-attached level was 143 £ 35 pA (n = 10). D, left, representative
trace for TRAAK currents is shown, measured in macropatches at +100 mV. Applications of 100 um diCg PIPy,
5 uM AASt PIP; and 3 g mi~" poly Lys are indicated by the horizontal lines. Right, statistical summary of the data
(n = 4), normalized to the cell-attached current level. The average current in the cell-attached level was 80 + 9 pA

(n=28).
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Since PI 4-kinase is required for the synthesis of PI(4,5)P,,
its inhibition interferes with replenishment of PI1(4,5)P,,
thus decreasing PI(4,5)P, levels (Zhang et al. 2003).
Micromolar but not low nanomolar concentrations
of wortmannin have been shown to affect TASK1
channel activity (Czirjak et al. 2001). Incubation of
oocytes expressing either TREK1, TASK1 or TASK3 with
wortmannin (10 um) for 60-90 min suppressed channel
activity. Wortmannin showed the smallest effect on
TASK3 channels followed by TASK1 and TREK1 channels
(Fig. 3E). These data together with the difference in the
kinetics of poly Lys block, indicate that the order of the
strength of channel-PIP, interactions is TASK3, TASK1
and TREK1 channels.

There is a clear correlation between the slower poly
Lys inhibition kinetics (Fig. 3C), the weaker wortmannin
inhibition (Fig.3E), and the smaller agonist-induced
inhibition observed for TASK3 channels when compared

Carb
A

=

o

3

3

N

®

E

'E II"'"'Illlmmlll |
03y gy i

0 g " ) T
0 50 100 160 200 250
Time, s
C
TREK-1 At TRAAK
- — Low K' T

I, uA

J Physiol 564.1

to TASK1 channels (Fig. 2A and B). These results indicate
that the level of agonist-induced inhibition of these
channels correlates with the strength of interaction of the
channel with PIP,, and suggest therefore that the inhibition
of TASK channels is mediated by PIP, hydrolysis.

We also measured the recovery from inhibition by
ACh. The recovery of TASK1 channels from inhibition
was shown to be affected by wortmannin at micromolar
concentrations implicating PIP, hydrolysis as the
mechanism that underlies this inhibition (Czirjak et al.
2001). Similarly, recovery from PIP, hydrolysis mediated
agonist-induced inhibition of KCNQ (Suh & Hille, 2002;
Zhang et al. 2003) and Kir (Xie et al. 1999) channels was
inhibited by micromolar concentrations of wortmannin.
These results suggest that for PIP,-sensitive channels,
recovery from agonist-induced inhibition is dependent
on PIP, resynthesis. We found that the recovery from
inhibition was the slowest for TREK1 channels, followed by
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Figure 2. Inhibition of 2-P domain channels by agonist-induced PIP; hydrolysis

TASK1 and TASK3 currents were assessed by two-electrode voltage clamp. A, normalized effect of 1 um carbachol
application on whole-cell currents measured at —100 mV in 80 mm K™ extracellular solution, average of n = 5-6
cells. B, summary data for current inhibition by various agonists: angiotensin Il (10 nm); lysophosphatidic acid
(0.5 um) and carbachol (1 um) (for experiments done as in A). C, left, representative trace of the effect of 10 um
ACh on whole-cell TREK1 currents measured at +100 and —100 mV using a ramp protocol. Centre, representative
trace of the effect of ACh on whole-cell TRAAK currents measured at +100 and —100 mV using a ramp protocol.
Right, summary of the ACh-induced inhibition measured at —100 mV (n = 6 and n = 8 for TREK1 and TRAAK,
respectively). Current level was estimated using the difference between current measured in high K* (mm: 96 KCl,
1 NaCl, 1 MgCly, 5 Hepes, pH 7.4) and current measured in low K* (mm: 2 KCI, 95 NaCl, 1 MgCl,, 5 Hepes, pH 7.4)
solutions at —100 mV. Note activation and fast inactivation of native CI~ current by ACh indicating expression of

My receptors despite the lack of TRAAK inhibition.
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TASK1 and TASK3 channels (Fig. 3F), further supporting
the idea that the agonist-induced inhibition is mediated
by PIP, hydrolysis.

We attempted to identify molecular determinants of
PIP, interactions with 2-P channels. First we truncated
the whole C-terminus of TASK3 channels, and this
channel was still activated by PIP, (data not shown).
In addition we mutated several conserved positive
residues in TASK3 (K137A, K144D-K145A and R150A)
in the coupling region between the 2nd and 3rd TM
domains. None of these mutations increased the level

PIP, regulation of two-pore domain K* channels
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of agonist-induced inhibition suggesting they are not
PIP,-interacting residues (data not shown). An increase
in the agonist-induced inhibition would be expected if the
residue was interacting with PIP, and the mutant channel
presented weaker channel-PIP, interactions.

Agonist-induced inhibition of TREK1 currents is not
mediated by protein kinase C or diacylglycerol

Agonist induced inhibition of TASK1 channels has been
shown not to be mediated by downstream effectors of
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Figure 3. Kinetics of inhibition of TASK1 and TASK3 channels by the PIP, scavenger poly Lys correlates
with wortmannin inhibition and recovery from agonist-induced inhibition

A, typical response of TASK3 channels measured in oocyte macropatches to a depolarizing voltage step to +50 mV
from a —150 mV holding voltage before and after 60 s application of poly Lys. B, typical response of TASK3
channels measured in oocyte macropatches to a voltage ramp (0.25 mV ms~') before and after 300 s of PIP,Ab
application. C, TREK1, TASK1 and TASK3 currents were measured in oocyte macropatches. Left, typical inhibition
of either TREK1, TASK1 or TASK3 currents by poly Lys; right, summary data of kinetics of inhibition by poly Lys
(30 ug mi~", see Methods) for TREK1 (n = 5) TASK1 (n = 7) and TASK3 (n = 5) channels. D, typical effect of poly
Lys application after PIP, Ab application. After PIP, Ab is bound to PIP,, poly Lys application had no effect on TASK3
channels (n = 6). £, summary data for inhibition of the whole-cell current by 60-90 min treatment with 10 um
wortmannin (n = 10-18). F, average whole-cell current recovery from carbachol inhibition for TREK1, TASK1 and

TASK3 channels.
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PLC activation (Czirjak et al. 2001). Our data indicate
that this inhibition is mediated by PIP, depletion. It
has recently been suggested that the mechanism under-
lying agonist-induced inhibition was different for TASK
and TREK channels (Chemin et al. 2003). Our data
showing that TREK1 channels are activated by PIP, and
inhibited by PIP, scavengers (Fig. 1D) suggest otherwise.
Furthermore, incubation of oocytes for 2-3 h with 10 um
wortmannin, a concentration that inhibits PI 4-kinases
(Nakanishi et al. 1995; Zhang et al. 2003), decreased
TREKI currents, consistent with PIP, being necessary
for maintaining channel activity (Fig.3E). In addition,
shorter incubations with 10 uM wortmannin (10-15 min)
slowed recovery from ACh-induced inhibition (Fig. 4A),
suggesting that PIP, hydrolysis mediates the inhibition for
these channels. Generally, these shorter incubations seem
to affect replenishment of PIP, without a significant effect
on basal PIP, levels.

TREKI1 channels were also reported to be inhibited
by protein kinase C (PKC) (Fink et al. 1996). To
test whether PKC contributes to the agonist-induced
inhibition we measured ACh inhibition in the presence
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Figure 4. Modulation of TREK1 channels by PIP;
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of the specific PKC inhibitor calphostin-C (10 um).
Phorbol 12-myristate 13-acetate (PMA)-induced, but
not ACh-induced, inhibition of TREKI currents was
diminished by calphostin-C treatment (Fig.4B). Our
data suggest that inhibition by PKC phosphorylation
does not underlie agonist-induced inhibition. It was
recently suggested that agonist-induced inhibition of
TREK1 channels by metabotropic glutamate receptors is
mediated by diacylglycerol (DAG) (Chemin et al. 2003).
In this study, the DAG analogues SAG (10 um) and SLG
(10 u™m) directly inhibited TREK2 and TREK1 currents
previously activated by arachidonic acid (AA). To test
whether DAG inhibits TREK1 currents in the absence of
exogenously applied AA, we examined the effect of SAG
(10 um) and SLG (10 M) on TREKI current after patch
excision or after activation by diCg PIP,. Figure 4C left
panel shows a representative TREK1 current trace in an
inside-out patch from Xenopus oocytes shortly after seal
formation. TREK1 currents usually showed an immediate
increase after excision (not shown), followed by run-down
(Fig. 4C). SAG and SLG showed no inhibition in these
patches (n =4 for each DAG analogue). Figure 4D shows
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A, effect of wortmannin on whole-cell current recovery from carbachol inhibition for TREK1 channels. Left, a
typical normalized recovery from inhibition for TREK1 channels. Right, summary data for recovery of inhibition
after 200 s of removal of ACh in the presence or absence of wortmannin (n = 16). Oocytes were treated with
10 um wortmannin during the recovery and for at least 10 min prior to ACh application. B, effect of the PKC
inhibitor calphostin-C (10 um) on ACh-induced inhibition. Summary data of whole-cell current inhibition by either
10 nM PMA or 10 um ACh in either presence or absence of calphostin-C (n = 5-7). C, effect of 10 um SAG
and 10 uM SLG on TREK1 currents on inside-out macropatches. Left, a typical inside-out macropatch current at
490 mV; SAG was applied as indicated. Establishment of the inside-out configuration is indicated by the arrow.
Right, the summary data of effects of SAG and SLG on basal current. D, effects of 10 um SAG and 10 um SLG
on PIP;-activated TREK1 currents on inside-out macropatches. Left, a typical inside-out macropatch current at
+90 mV, 25 um diCg PIP; and SAG were applied as indicated. Right, summary data of effects of SAG and SLG on
inside-out macropatch currents activated by diCg PI(4,5)P;.
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a representative measurement in which TREK1 currents
were re-activated by diCg PIP,. Both SAG and SLG showed
a mild but statistically significant inhibition, averaging
around 10% (for measurement of inhibition see Methods).
This small inhibition is unlikely, however, to account for
the marked inhibition by M, receptor activation.

Our data suggest that depletion of PIP, by PLC accounts
for the agonist-induced inhibition of TREK1 as well as
TASK1 and TASK3 channels.

Agonist-induced PIP; hydrolysis and PIP, applications
shift voltage sensitivity of TREK1 channels

2-P domain K* channels are generally open at all
membrane potentials, but their activity has also been
shown to be regulated by voltage. Most 2-P domain
channels, including TASK and TREK, present an
instantaneous current component and a second fast
activation component in response to depolarizing steps
(Lopes et al. 2000; Bockenhauer et al. 2001; Maingret
et al. 2003) (see also Fig.3A). The voltage sensitivity
of TREK1 channels has been shown to be regulated by
PKA phosphorylation and partially by external Mg**
ions (Bockenhauer er al. 2001; Maingret et al. 2003).
We studied the ability of agonist-induced PIP, hydrolysis
toregulate the voltage dependence of 2-P domain channels.
The measurements were performed in constant external
Mg concentration. Figure 5A left panel shows the time
course of M; receptor mediated inhibition of TREK1
currents in Xenopus oocytes at +80 and —150 mV. The
right panel shows individual representative traces in
response to a slow voltage ramp (0.1 mV ms™!), which
allowed measurements of steady-state current at a range
of voltages before and after ACh application. End-
ogenous K currents were negligible compared to the
expressed TREK1 currents measured in this voltage range.
We assessed the voltage dependence by measuring the
chord conductance of the current versus voltage plot.
We measured currents at high external [K*]. This chord
conductance reflects the ability of the channel to open at
different voltages. Figure 5B left panel shows a plot of the
chord conductance measured using the current-voltage
relationships in Fig.5A. The voltage dependence of
TREKI1 currents was affected by ACh suggesting that PIP,
hydrolysis modulates the voltage dependence of this
channel. The right panel shows calculated Vi, values
as the voltage where conductance was half-way between
the conductance at +100mV and —100mV (n=12).
Because of the limited voltage range where currents could
be measured, it was not possible to fit all data with a
Boltzmann equation. An equivalent and significant shift
in Vi, values during ACh stimulation was obtained for
current—voltage traces (n = 6-9) that could be well fitted
with a Boltzmann curve (R* > 0.9) (V, (in mV): before
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ACh: —74 £ 11; 1 min after ACh: 7 &£ 22; steady state
inhibition: 124 4 40).

To further test whether PIP, directly modulates voltage
dependence of this channel, we measured the effect on
the TREK1 voltage dependence in excised inside-out
patches before and after PIP, applications. The outwardly
rectifying current present after the washout of 100 1M diCg
PIP, is reflecting the activity of TREK-1 due to endo-
genous PIP, present in the patch and residual effect
of the diCg PIP, applied. We observed a left shift in
the voltage dependence of TREK1 currents in response
to diCg PIP,. Figure 5C shows the time course of the
activation of TREK1 currents by the water-soluble diCg
PIP, analogue (100 um). Figure 5C (left panel) shows
averaged ramp currents from the periods. Figure 5D (left
panel) shows the chord conductance of the ramp traces.
The right panel shows summary of Vi, values (n=6),
calculated as the voltage where conductance was half-way
between the conductance at +100 mV and —150 mV.
Endogenous currents in non-injected oocytes were
negligible compared to TREK1 currents.

Our data indicate that the presence of PIP, is required
for the voltage-dependent activation of the channel at
more hyperpolarized voltages. For channels where PIP,
is removed either by agonist-induced PIP, hydrolysis or
wash out of PIP,, a stronger depolarization is necessary to
activate the channel.

Agonist-induced PIP, hydrolysis inhibits current and
shifts voltage dependence of KCNQ1/KCNE1 channels

We compared the effects of ACh on TREK1 with the effect
of PIP, hydrolysis in the voltage-gated KCNQ1/KCNE1
channel. PIP, has been shown to activate KCNQ
channels and its hydrolysis to underlie inhibition by
agonist activation of PLC (Zhang et al. 2003). As
for the TREK1 channels, ACh-induced PIP, hydrolysis
inhibited maximal KCNQI1/KCNE1 channel conductance
and shifted the voltage dependence of activation towards
more depolarized voltages (Fig. 5E and F). Our data are
consistent with a recent report showing that application
of PIP, to excised patches expressing KCNQ1/KCNEI
channels shifted their voltage dependence to the left
(Loussouarn et al. 2003). These channels were coexpressed
with IP; phosphatase to minimize Ca**-dependent CI~
currents and Ca*" modulation. These results suggest a
conserved role of PIP, as a gating molecule for structurally
unrelated Kt channel families.

Discussion

The role of PIP, as a second messenger that directly
regulates transmembrane effector proteins is being
increasingly appreciated (Hilgemann et al. 2001). In the
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present study, we have characterized the effects of PIP,
on members of the 2-P domain K* channel family. We
have shown that all four members of this family tested
are activated by PIP,. Our data indicate that hydrolysis

of PIP, mediates inhibition of channel activity by
hormones and neurotransmitters. In addition, we show
that PIP, hydrolysis modulates voltage dependence of 2-P
channels. We also demonstrate that agonist-induced PIP,
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Figure 5. Agonist-induced PIP; hydrolysis and PIP, applications shift the voltage dependence of TREK1
and KCNQ1/KCNE1 channels

A, left, time course of whole-cell currents for oocytes expressing TREK1 channels at +80 and —100 mV during ACh
application in high K* (96 mm) solution. Right, whole-cell currents in response to a slow voltage ramp (0.1 mV ms~")
before and after 1 min (red) and steady-state (green) ACh inhibition. B, left, plot of the chord conductance (//V)
measured using the current-voltage relationship shown in A. Continuous lines represent a Boltzmann fit of the
data. Right, summary data of the effects of ACh on Vs, . V4, was estimated by the conductance half-way between
the conductance at —100 and +100 mV (n = 12). C, left, activation of TREK1 currents in inside-out macropatches
by 100 um DiCg PIP; at +90 and —90 mV in symmetrical high K* (96 mwm) solutions. Right, currents in response
to a slow voltage ramp (0.16 mV ms~") during (black) and after (green) application of PIP,. D, left, plot of the
chord conductance (//V) measured using the current-voltage relationship shown in C. Continuous lines represent
a Boltzmann fit of the data. Right, summary data of effects of the application of DiCg PIP, on V4, estimated by
the voltage where the conductance was half-way between of the conductance measured at +100 and —150 mV
(n=6). E, left, representative current traces of KCNQ1/KCNE1 channels, activated by a voltage step from the
holding potential of —80 mV to +60 mV and then —40 mV before and after the application of ACh. Right,
current-voltage relationship measured from the tail currents at —40 mV after steps to different voltages. F, left,
normalized current-voltage relationship before and after the application of ACh. Right, summary data (n = 15).
All conductance measurements were fit by a Boltzmann equation (continuous line).
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hydrolysis modulates voltage dependence of both 2-P and
voltage-gated KCNQ channels. Our results suggest that
PIP, is a common gating molecule for K channels and
that its function is conserved despite the lack of homology
between the putative PIP,-binding cytoplasmic domains
of the different K channel families.

For TASK1 channels, PLC activation was shown to
be required for the agonist-induced inhibition and
downstream signals did not mediate the inhibition.
In addition, wortmannin, at concentrations inhibiting
PIP, replenishment in the cell membrane, was shown
to retard recovery from carbachol-induced inhibition
(Czirjak et al. 2001). Although these results are consistent
with PIP, hydrolysis underlying the inhibition, they did
not provide direct evidence for this mechanism. Recently,
direct activation of TASK3 channels by PIP, has been
demonstrated (Chemin ef al. 2003). It was suggested
that PIP, depletion underlies PLC-mediated inhibition of
TASK, but not TREK, channels. Here we provide several
lines of evidence that agonist-induced inhibition of TASK1
and TASK3 as well as TREK1 channels is mediated by
PIP, depletion. First TASK1, TASK3 and TREKI1 channels
are all activated by PIP, (Fig.1). Second, activity of all
three channels is blocked by PIP, scavengers (Fig.1).
Third all three channels are inhibited by wortmannin at
concentrations that inhibit PI 4-kinases, depleting PIP,
(Fig. 3E). Fourth, wortmannin retards recovery of TREK1
channels from ACh-induced inhibition (Fig. 4A), similarly
to TASK1 (Czirjak et al. 2001) and TASK3 (Chemin
et al. 2003) channels. Finally, we show that the down-
stream products of PIP, hydrolysis, DAG and PKC, do not
underlie agonist-induced inhibition of TREK1 channels
(Fig. 4B-D). Our results also indicate that IP; does not
mediate agonist-induced inhibition, as coexpression of IP5
phosphatase, eliminating the Ca**-activated Cl~ current,
did not affect the M;-induced inhibition on TREKI
currents (data not shown). In conclusion, our results
indicate that agonist-induced inhibition of TASK and
TREK channels is mediated by depletion of PIP,.

Our data also show that the kinetics of poly Lys block
of TREK1 and TASK channels (Fig. 3C) correlate with the
level of agonist-induced inhibition (Fig. 2) and the kinetics
of recovery from inhibition (Fig. 3F). In addition, effects
of wortmannin on TREK1 and TASK channel activity
(Fig. 3E) also correlate with agonist-induced inhibition.
These results indicate that TASK3 channels have the
strongest interaction with PIP, followed by TASK1 and
TREKI1 and that the extent of agonist-induced inhibition
by depletion of PIP, is determined by the strength of
channel-PIP, interactions.

Inwardly rectifying K channels are best characterized
in their interactions with PIP, (Huang et al. 1998; Rohacs
et al. 2003; Lopes et al. 2002). The highly conserved C
and N terminal cytoplasmic portions of these channels
presumably form a well-defined binding site that is
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formed by positively charged residues (Lopes et al. 2002).
Mutations in the PIP,-interacting positive residues of these
channels confer lower PIP, affinity, resulting in either
non-functional channels, or channels with lower activity
and higher sensitivity to inhibition by agonist-induced
PIP, hydrolysis (Zhang et al. 1999; Kobrinsky et al. 2000;
Lopesetal. 2002). The cytoplasmic domains of 2-P domain
channels show a much lower level of conservation than
those of Kir channels. As described earlier, our initial
attempt to test potential PIP, interacting sites comparable
to those found in other channels did not prove successful. A
five residue region (VLRFMT) in the proximal C-terminus
has been implicated in agonist- and halothane-induced
inhibition. Mutation of the positively charged Arg residue
reduced agonist-induced inhibition by TRH and did not
seem to inhibit basal current level (Talley & Bayliss, 2002).
This suggests increased apparent PIP, affinity, similarly to
the 1229L mutant in Kir3.4 channels (Zhang et al. 1999;
Kobrinsky et al. 2000). Therefore this residue is unlikely
to be a direct PIP,-interacting residue. Although unlikely,
it is possible that PIP, activates these channels through an
intermediate PIP, binding protein. This putative protein
has to be membrane bound, show different apparent PIP,
affinities when bound to different channels and not be
affected by the deletion of the whole C-terminus of the
channel.

Mechanosensitive channels are sensitive to non-specific
membrane perturbations. It could therefore be possible
that incorporation of excess PIP, into the membrane
changes the physical properties of the membrane and
affects channel activity. Our data, however, suggest that
the effects of PIP, are not mediated by such non-specific
membrane perturbations. First, such perturbations should
notbe caused by the scavenging of PIP, by poly Lys. Second,
PIP, does not activate stretch-activated channels, known
to be present in the oocyte membrane in non-injected
oocytes. Finally, since PIP, isaminor (~1%) component of
the plasma membrane, decreasing its levels by wortmannin
and ACh is highly unlikely to change the mechanical
properties of the membrane significantly. Therefore, the
correlation between whole-cell (Figs 2C, 3E, 4A and 5A
and B) and excised-patch measurements (Figs 1C and
5C and D) on TREK1 channels strongly suggests that
PIP, activation does not proceed through non-specific
membrane perturbation when PIP, is directly applied to
the patches.

We have also shown that PIP, plays an important role in
the regulation of 2-P channels by mechanical stimulation.
TRAAK channels were generally only activated by PIP,
after applying negative pressure to the membrane patch.
This raises the possibility that pressure regulates these
channels by allowing the otherwise silent PIP, interactions
to exert their stimulatory effect.

Potassium channels inhibit cell excitability by holding
the membrane potential below the firing threshold for
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action potential. Leak potassium channels contribute to
the resting membrane potential and generally maintain it
close to the potassium equilibrium potential. A decrease
in leak potassium conductance is thought to increase cell
excitability. The mechanism underlying this increase in
excitability is believed to be a simple decrease in channel
conductance and increased contribution of other ion
channels, which will tend to depolarize the cell. Here
we show that hormones and neurotransmitters not only
decrease channel conductance but also modulate their
voltage dependence. This change in the channel voltage
dependence is also expected to contribute to changes in
cell excitability.

We show that PIP, hydrolysis inhibited channel activity
and shifted the voltage dependence of both the 2-P domain
TREKI channel and the voltage-gated KCNQ1/KCNEL1
channel. Our data are consistent with a recent report
showing that addition of excess PIP, to inside-out patches
shifts the voltage sensitivity of KCNQI1/KCNE1 channels
(Loussouarn et al. 2003). The nature of the voltage
sensor of the 2-P domain K* channels is not known,
but positive charges outside the transmembrane domains,
may serve this function, provided they are embedded in
the membrane. For both channel families we observed
a decrease in channel activity and shift on the voltage
dependence towards more depolarized potentials by PIP,
hydrolysis. This conserved mechanism suggests a common
role for PIP, in setting the voltage sensitivity of different
KT channel families. Furthermore, PIP, constitutes a
common regulatory molecule for the activity of all three
major Kt channel families, underlining a general role for
PIP, in the gating of K* channels.
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