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Rapid Chemically Induced Changes of
Ptdins(4,5)P, Gate KCNQ lon Channels

Byung-Chang Suh,™* Takanari Inoue,?* Tobias Meyer,? Bertil Hille't

To resolve the controversy about messengers regulating KCNQ ion channels during phospholipase
C—mediated suppression of current, we designed translocatable enzymes that quickly alter the
phosphoinositide composition of the plasma membrane after application of a chemical cue. The
KCNQ current falls rapidly to zero when phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P, or
PI(4,5)P,] is depleted without changing Ca*, diacylglycerol, or inositol 1,4,5-trisphosphate.
Current rises by 30% when PI(4,5)P; is overproduced and does not change when
phosphatidylinositol 3,4,5-trisphosphate is raised. Hence, the depletion of PI(4,5)P, suffices to
suppress current fully, and other second messengers are not needed. Our approach is ideally suited
to study biological signaling networks involving membrane phosphoinositides.

signaling molecules of cell membranes.

Many cellular proteins are inhibited when
phosphatidylinositol 4,5-bisphosphate [P1(4,5)P,]
is hydrolyzed by phospholipase C (PLC) and
reactivated when phosphatidylinositol 4-
phosphate [PI(4)P] 5-kinase restores PI(4,5)P,
(1, 2). For example, KCNQ K" channels are
closed by muscarinic-receptor—triggered PLC
activation (3, 4). Closure of KCNQ2/KCNQ3
channels increases the excitability of central
and peripheral neurons, and hypomorphic
mutations in KCNQ subunits underlie famil-
ial epilepsies, deafness, and arrhythmias (5).
Whether the depletion of PI(4,5)P, suffices to
close KCNQ channels upon receptor activation
remains controversial because much of the
supporting experimental evidence is indirect.

Phosphoinositide phospholipids are major
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Can we rule out that increases of the many
signaling molecules downstream of PLC or
other changes in phosphoinositides are essential
for closing channels instead of or together with
the loss of P1(4,5)P,? We used a new method to
deplete plasma membrane-associated PI(4,5)P,
in living cells within seconds without activat-
ing PLC. Upon addition of a dimerizing drug,
PI(4,5)P, was selectively depleted in living cells
without the production of diacylglycerol (DAG),
inositol 1,4,5-trisphosphate (IP3), or calcium
signals.

The chemical dimerizer strategy uses het-
erodimerization of protein domains from
FK506 binding protein (FKBP) and from
mTOR (FRB) by the immunosuppressant
rapamycin (6) or an analog called iRap (7).
This approach has previously permitted us to
develop a high-speed membrane translocation
of Rho guanosine triphosphatases (GTPases)
(7). Now we depleted PI(4,5)P, by inducible
membrane translocation of Inp54p, a yeast
inositol polyphosphate S-phosphatase that
specifically cleaves the phosphate at the 5
position of PI(4,5)P, (8) (Fig. 1A). Con-
stitutively membrane-targeted Inp54p has

been used to assess the roles of PI(4,5)P, in
cytoskeleton—plasma membrane adhesion
(8). We fused a truncated Inp54p to FKBP
already tagged with cyan fluorescent protein
(CFP)-FKBP (CF) (9, 10). The CFP label of
the resulting fusion protein CF-Inp54p (CF-
Inp) exhibited good cytosolic localization in
NIH3T3 cells. CF-Inp was then cotransfected
along with Lyn;;-FRB (LDR), a membrane-
anchored FRB (7), and YFP-PH(PLC-9), a yel-
low fluorescent protein (YFP)-tagged pleckstrin
homology (PH) domain from phospholipase
C-31 (PLC-81) serving as a PI(4,5)P,/IP;
biosensor (/1, 12). The addition of iRap led to
the translocation of the fluorescent CF-Inp
from the cytosol to the plasma membrane and
a reciprocal translocation of YFP-PH(PLC-§)
from the plasma membrane to the cytosol
(Fig. 1, B and H), demonstrating inducible
accumulation of the Inp54p enzyme at the
plasma membrane and in situ PI(4,5)P,
depletion. To analyze the kinetics, we mea-
sured the fluorescence intensities of CF-Inp
and YFP-PH(PLC-8) in a cytosolic region
(Fig. 1C), which revealed quick translocation
of both probes [half-time (t;,) = 123+ 1.2 s
and 14.7 £ 2.5 s; n = 12 cells from four
experiments]. Control experiments with either
a phosphatase-dead mutant of Inp54p [CF-Inp
Asp™'5Ala*®' (D281A)] (13) or a fusion
protein lacking the phosphatase (CF) showed
no translocation of YFP-PH(PLC-$), although
iRap did induce translocation of the two CFP
constructs to the plasma membrane (Fig. 1, D
to H).

We then studied whether PI(4,5)P, deple-
tion suppresses currents in KCNQ K channels
in human embryonic kidney tsA-201 (tsA)
cells. As controls, iRap alone had only minor,
reversible effects on current amplitude and no
effect on the voltage dependence of activation
of KCNQ current (iRap, —24.2 = 1.2 mV;
controls, —23.9 + 0.7 mV; n = 6 cells). Fur-
thermore, in cells expressing the full Inp54p
translocation system together with the M,
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subtype of muscarinic receptors (M;R) and
the red fluorescent protein (RFP)-PH(PLC-9)
probe, only iRap and not the muscarinic agonist
oxotremorine-M (Oxo-M) translocated the
CF-Inp enzyme to the plasma membrane (Fig.
2A). The fast, irreversible translocation of
CF-Inp reached half-maximal rate at 1.2 +
0.1 uM iRap (n =5 to 7 cells) (fig. S1). Both
Oxo-M and iRap caused translocation of
RFP-PH(PLC-98), reflecting rapid depletion
of PI(4,5)P,, by PLC in one case and by the
phosphatase in the other (Fig. 2A). Only
the effect of Oxo-M was reversible. We
were now ready to test our hypothesis. The

Fig. 1. In situ PI(45)P, A
hydrolysis induced by iRap
heterodimerization in NIH3T3
cells. (A) FRB is anchored to
plasma membrane via myris-
toylation and palmitoylation
modification sequence Lyn;;.
Inp54p is recruited from the
cytosol upon addition of iRap,
forming the tripartite complex
FRB-iRap-FKBP. Membrane
recruitment of Inp54p rapidly
induces specific dephospho-
rylation at the 5 position of
P1(4,5)P, [PtdIns(4,5)P,].
PtdIns(4)P, PI(4)P. (B, D, and
F) Time-series confocal fluores-
cent images of cells expressing
LDR, YFP-PH(PLC-3) and either
CF-Inp (B), CF-Inp(D281A) (D),
or CF (F). Images before and
after the 30-s addition of iRap
(5 uM). Scale bar, 10 um. (C,
E, and G) Cytosolic fluores- D
cence intensities of CFP (blue)
and YFP (yellow) for the cells
shown in B (C), D (E), or F (G).
Normalized fluorescence inten-
sities are shown as a function
of time. AF/Fy, fluorescence
change divided by initial fluo-
rescence. (H) Normalized fluo-
rescence intensity of CFP and
YFP in the cytosol from more  F
than four independent experi-
ments with the same condi-
tions as [(B) to (G)] before
(white bars) and after (colored
bars) 30-s iRap treatment. The
black box refers to both the
solid orange and solid blue
bars, and the white box refers
to the white bars, whether

iRap,

30s

CF-Inp

CF-Inp(D281A)

outlined with orange or blue. H
Mean values are shown and o2
error bars indicate SEM. T
3
0
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Wildtype Inp5dp

Phosphatase-Dead Inp54p

CF-lnp YFP-FH
(PLCS)

application of iRap to cells expressing
channels and the full Inp54p translocation
system suppressed KCNQ current rapidly,
fully, and irreversibly (Fig. 2, B and C).
Suppression was not seen when the Inp54p
enzyme or the membrane anchor was
omitted, although Oxo0-M acting via trans-
fected M;Rs was still effective at suppress-
ing current reversibly. The saturated rate
constant for suppression of KCNQ current
by iRap was the same as for Oxo-M,
equivalent to a 5-s ty,,, and reached half-
maximal at 0.6 £ 0.1 uM iRap (n =5 to 9
cells) (Fig. 2D).

Ptdins(4,5)P, ——» Pidins(4)P

E ] EO‘LJ plasma membrane
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O Control
B + iRap (30 5)

T

YFP-PH
(PLCB)

CF-lnp YFP-PH

CF

(D281A) (PLCS)

REPORTS I

The goal of our study was to use an
enzyme distinct from PLC to determine
whether depletion of PI(4,5)P, suffices to
turn off KCNQ channels. Therefore, we had
to rule out the alternative possibility that
some essential downstream products of PLC,
such as IP;, DAG, or calcium transients,
might also be generated by membrane trans-
location of Inp54p. In tsA cells where PLC
was blocked with the inhibitor U73122 or
where IP; accumulation was prevented by
overexpressing IP; 5-phosphatase (/4), the
iRap-induced translocation of CF-Inp, the
depletion of PI(4,5)P, (fig. S2, A and B),
and the suppression of KCNQ current were
unaltered (Fig. 2, E and F). Further, in tsA
cells expressing the YFP-labeled C1 domain
of protein kinase C—y, a DAG indicator (15),
iRap induced no translocation of the in-
dicator, but Oxo-M did (fig. S2C). Hence,
CF-Inp/iRap does not induce DAG produc-
tion. Finally, we measured intracellular calci-
um using fura-2 as a calcium indicator in tsA
cells expressing M;Rs. Application of Oxo-M
led to a transient calcium rise that was abol-
ished by overexpressing IP; 5-phosphatase
(fig. S2D). On the other hand, the application
of iRap led to no calcium elevation. Analogous
experiments in NIH3T3 cells also showed
neither DAG production nor calcium elevation
with CF-Inp/iRap.

As a further test of the phosphoinositide
hypothesis, we used a similar strategy to in-
crease PI(4,5)P, in the plasma membrane with
a lipid kinase. We made a translocatable
construct CF-PIPK by combining most of the
enzyme PI(4)P S-kinase type I-y (PIPKI-y)
(16) with CFP-FKBP. In NIH3T3 cells and
tsA cells, CF-PIPK fluorescence was largely
in the cytosol at rest and moved to the plasma
membrane irreversibly upon addition of iRap
(fig. S3). In tsA cells also expressing KCNQ
subunits, the KCNQ current was slowly aug-
mented after the addition of iRap (exponen-
tial time constant t= 138 + 23 s; n = 4 cells),
as might be predicted if there is a slow
increase of membrane PI(4,5)P, (Fig. 3A).
The midpoint of channel activation did not
change (iRap, —28.5 + 2.0 mV; controls, —27.3 +
1.8 mV; n = 5 cells). However, current sup-
pression by subsequent addition of Oxo-M
was greatly slowed and incomplete after only
20 s of application (Fig. 3B), as if accumu-
lation and speeded synthesis of PI(4,5)P,
decreased the depletion by PLC. The effects
of the translocated CF-PIPK enzyme were
paralleled in cells overexpressing the non-
translocating full-length original enzyme
PIPKI-y (fig. S4). Again, in those cells, the
current suppression by Oxo-M was slowed and
only partial [compare to similar experiments
with PIPKI-B (/7)]; current suppression by the
coexpressed CF-Inp/iRap system was also
slowed but remained nearly complete. A
kinase-dead version of the kinase construct
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Fig. 2. Modulation of KCNQ current induced by CF-Inp and
iRap in tsA cells. (A) Translocation of CF-Inp (blue) and RFP-
PH(PLC-3) (red) upon addition of Oxo-M (10 uM) or iRap (5
uM) to cells cotransfected with MiR. Scale bar, 10 pm.
Asterisks indicate times of the four images shown. (B)
Channel modulation by iRap (5 uM) or Oxo-M (10 uM) in
cells expressing CF constructs with LDR or CF-Inp alone.
Insets show the current waveforms at indicated times a to d;
the dotted line indicates zero current. V,,, membrane voltage
protocol; 1o myv, KCNQ current recorded at —20 mV. (C)
Current inhibition by iRap and Oxo-M in cells expressing
combinations of LDR and CF constructs. (D) Rate constants of
current inhibition with various iRap concentrations. Inset
shows the rate constants (s™) for inhibition by iRap (5 uM) or
Oxo-M (10 uM) in CF-Inp—expressing cells (n = 3 to 10 cells).
(E) Effect of Oxo-M and iRap on KCNQ channel in a cell
treated with the PLC inhibitor U73122 (3 uM). (F) Current
inhibition by Oxo-M and iRap in cells treated with U73122 or
overexpressing IP; 5-phosphatase (n = 3 to 7 cells). Error

>

CF-Inp

RFP-PH(PLC)

oe)

+ Oxo-M

iRap Oxo-M
—-—

+ iRap

bars in (C), (D), and (F) indicate SEM.

(Asp253—>Ala253, CF-PIPKi) (/8) increased
KCNQ current little and had almost no effect
on subsequent suppression by muscarinic ago-
nist (Fig. 3, A and B).

The ability of translocated CF-PIPK to
augment KCNQ current suggests that KCNQ
channels are not fully saturated by resting
levels of plasma membrane—associated
PI(4,5)P,. We tested this further by taking ad-
vantage of a reported difference in PI(4,5)P,
affinities for different KCNQ subunit iso-
forms: Increasing concentrations of short-chain
PI(4,5)P;, are reportedly needed to activate chan-
nels expressed from KCNQ3 alone, KCNQ2
and KCNQ3 together, and KCNQ2 alone,
respectively (/9). When we compared these
channel types for responses to CF-PIPK/iRap,
KCNQ2 current was augmented by 54 + 12%
(n =5 cells), KCNQ2/KCNQ3 current by 27 +
8% (n =10 cells), and KCNQ3 channels by
only 5 + 2% (n = 5 cells) (Fig. 3C). Aug-
mentation of current after iRap addition must
be due to accumulation of extra PI(4,5)P,. The
experiments of Fig. 3C with KCNQ2/KCNQ3
heteromers suggest, therefore, that the degree of
saturation by resting PI(4,5)P, is about 70%,
which is in good agreement with preliminary
published estimates of 72% (20) and 81% (7).
KCNQ2 channels are even less saturated, and
KCNQ3 channels are more saturated.

KCNQ Current {l-20 mv, pA)

Time (s)

=3 U322 Oxo-M  iRap
< 800y o T B
Z 600 a
g
= 400
@ 200
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Fig. 3. Increase of KC(NQ A
current by activation of
PI(4)P 5-kinase. (A) Mod-
ulation of KCNQ2/KCNQ3
channels in tsA cells ex-
pressing CF-PIPK (top) or
CF-PIPKi (bottom) con-
structs by application of
iRap (5 uM) for 1 min.
The dashed line indicates
current amplitude before
iRap. Insets show the
current waveforms at indi-
cated times a to . (B) Per-
cent inhibition by Oxo-M
and time constant of inhi- _
bition after previous iRap
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iRap-induced augmentation of current in homomeric KCNQ2, heteromeric KCNQ2/KCNQ3, or homomeric
KCNQ3 channels (n = 4-10 cells). Error bars in (B) and (C) indicate SEM.

Triply phosphorylated PI(3,4,5)P; is a
potent second messenger for growth factor
signaling (27). Roles in ion channel regulation
are less studied. Applied PI(3,4,5)P; restores
the function of G protein—activated, inward
rectifier Kir3.1/3.4 K' channels (but not
constitutively active Kir2.1 channels) about

as effectively as PI(4,5)P, in excised mem-
brane patches (22). Therefore, we asked
whether PI(3,4,5)P; affects KCNQ currents
in intact cells. TsA cells grown in normal
serum-containing medium have some plasma
membrane—associated PI(3,4,5)P; as reported
by the PI(3,4,5)P; indicator YFP-PH(Akt) (23),
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Fig. 4. Translocation

of Pl 3-kinase without change of KCNQ current amplitude. (A) The

translocatable inter-SH2 domain of p85 and its complexation with endogenous p110 PI 3-kinase.
PtdIns(3,4,5)P3, PI(3,4,5)P5. (B) Translocation of CF-iSH and YFP-PH(Akt) in NIH3T3 cells after a
1-min addition of iRap (5 uM). (C) Time course of translocation of CF-iSH and YFP-PH(Akt) by iRap.
Error bars indicate SEM. (D) Translocation in cells coexpressing CF-iSH and YFP-PH(PLC-3). (E)
Modulation of KCNQ2/KCNQ3 channel activity by iRap in a tsA cell expressing LDR plus CF-iSH in
serum-free conditions. Inset shows the current change after 4 min of iRap; mean, —0.4 + 2.0% (n =

5 cells).

which is derived from the PH domain of Akt
(fig. SSA). This resting PI(3,4,5)P; disappears
if phosphatidylinositol 3-kinase (PI 3-kinase)
activity is lowered by growth in serum-free
conditions, by treatment with 0.5 to 1 uM of
the inhibitor wortmannin, or by overexpres-
sion of the dominant-negative PI 3-kinase reg-
ulatory subunit Ap85 (fig. S5, A to C) (24).
Still, the current and its suppression by Oxo-M
remained normal (fig. S5, B and D) (3). To
raise PI(3,4,5)P;, we made CF-iSH, a trans-
locatable construct combining CFP-FKBP
with the inter—Src homology 2 (iSH2) domain
from p85, which complexes in cells with
endogenous PI 3-kinase p110 (Fig. 4A) (25).
In NIH3T3 cells and tsA cells, the CF-iSH
construct translocated rapidly to the plasma
membrane (t;, = 14.4 £ 3.6 s, n = 8 cells)
upon addition of iRap and induced mem-
brane translocation of YFP-PH(AKkt) (t;, =
36.5 + 7.6 s) (Fig. 4, B and C). Never-
theless, the P1(4,5)P, indicator YFP-PH(PLC-9)
was not translocated (Fig. 4D), indicating
that CF-iSH initiates synthesis of PI(3,4,5)P;
at the plasma membrane with little depletion
of PI(4,5)P,. This agrees with reports that
the amount of PI(3,4,5)P; made by receptor
activation of endogenous 3-kinases is only a
few percent of the available PI(4,5)P, (26).
Adding iRap to tsA cells expressing CF-iSH
and grown in serum-free conditions had little
effect on the amplitude of KCNQ2/KCNQ3
current (Fig. 4E). It did reduce the sub-

www.sciencemag.org SCIENCE VOL 314

sequent suppression by Oxo-M slightly so
that suppression was not complete in 20 s
(fig. S6).

With intact cells, we have shown that de-
creases of PI(4,5)P, quickly turn off current
in KCNQ2/KCNQ3 channels by more than
95% in the complete absence of the cascade
of IP;, calcium, and DAG signals normally
generated by the activation of PLC. Con-
versely, an increase of PI(4,5)P, augments
the current, whereas synthesis of PI(3,4,5)P;
does not change the amplitude. During the
activation of CF-Inp, rapid dephospho-
rylation of the P1(4,5)P, pool would generate
a bolus of additional PI(4)P. Modeling shows
that this dephosphorylation will produce a
large transient elevation of PI(4)P, followed
by a maintained plateau of extra PI(4)P.
Nevertheless, our experiments show that this
elevated PI(4)P is not able to sustain KCNQ
current when PI(4,5)P, is depleted. These
results give clarity to our hypothesis that the
function of KCNQ channels is dependent on
plasma membrane—associated PI1(4,5)P,. Our
study also shows the utility of the iRap
translocation strategy for perturbing the lipid
composition of the plasma membrane. This
method is noninvasive, inducible, rapid, and
specific, a combination not found when using
RNA interference, antibodies, or pharmacol-
ogy. We have used this strategy in an ac-
companying paper studying the plasma
membrane targeting of small GTPases (27).

REPORTS

The phosphoinositide dependence of many
cellular functions is now directly testable.
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