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Depolarization activates the phosphoinositide
phosphatase Ci-VSP, as detected in Xenopus oocytes

coexpressing sensors of PIP,

. . . * .
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Voltage-evoked signals play critical roles in neural activities, muscle contraction and exocytosis.
Ciona voltage-sensor containing phosphatase (Ci-VSP) consists of the transmembrane
voltage sensor domain (VSD) and a cytoplasmic domain of phosphoinositide phosphatase,
homologous to phosphatase and tensin homologue deleted on chromosome 10 (PTEN).
Previous experiments utilizing potassium channels as the sensor for phosphoinositides have
demonstrated that phosphatase activities of Ci-VSP are voltage dependent. However, it still
remained unclear whether enzyme activity is activated by depolarization or hyperpolarization.
Further, a large gap in voltage dependency was found between the charge movement of the
VSD and potassium channel-reporting phosphatase activities. In this study, voltage-dependent
dynamics of phosphoinositides mediated by Ci-VSP were examined by confocal imaging and
electrical measurements in Xenopus oocytes. Imaging of phosphatidylinositol-4,5-bisphosphate
(PtdIns(4,5)P,) using green fluorescent protein (GFP)-tagged pleckstrin homology (PH)
domains from phospholipase C 6 subunit (PLC-8) showed that PtdIns(4,5)P, concentration is
reduced during depolarization. In the presence of Ci-VSP, IRK1 channels with higher sensitivity
to phosphoinositide than GIRK2 channels decreased their magnitude during depolarization over
0 mV, indicating that the PtdIns(4,5)P, level is reduced upon depolarization. KCNQ2/3 channels
coexpressed with Ci-VSP exhibited voltage-dependent decay of the outward current that became
sharper with higher depolarization in a voltage range up to 100 mV. These results indicate that
Ci-VSPhasanactivity that depletes PtdIns(4,5)P, unlike PTEN and that depolarization-activated
voltage sensor movement is translated into activation of phosphatase activity.
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Changes in membrane potential play diverse biological
roles, including electrical signalling in neurons, muscle and
endocrine cells (Hille, 2001), phagocytosis in blood cells
(Demaurex et al. 1993; DeCoursey et al. 2000), fertilization
of eggs (Jaffe, 1976) and development of embryos (Levin
et al. 2002). Voltage-gated ion channels are the key
membrane proteins that mediate voltage-evoked cell
signalling. Voltage-gated sodium, calcium and potassium
channels and hyperpolarization-activated cation (Iy)
channels share two common modular structures, the
voltage sensor domain (VSD) and the pore domain (Hille,
2001). The VSD haslongbeen studied as a structure unique
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to voltage-gated ion channels that plays a critical role in
sensing transmembrane potential to regulate gating of the
ion channel pore (Bezanilla, 2000; Hille, 2001; Tombola
et al. 2006).

Recently we identified a VSD-containing protein,
Ci-VSP, based on genome information from a species
of urochordate, Ciona intestinalis (Murata et al. 2005).
Ci-VSP has four transmembrane segments similar
to the VSD of voltage-gated channels, but lacks a
pore domain. Instead, Ci-VSP contains a cytoplasmic
region that shows high similarity to phosphatase and
tensin homologue deleted on chromosome 10 (PTEN).
In vitro synthesized recombinant polypeptide of this
cytoplasmic region of Ci-VSP exhibits robust phosphatase
activity with phosphatidylinositol-3,4,5-trisphosphate
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(PtdIns(3,4,5)P;) as substrate (Murata et al. 2005)
like PTEN (Maehama & Dixon, 1998). The fourth
transmembrane segment of the VSD of Ci-VSP includes
the signature pattern similar to that of the VSD of
voltage-gated ion channels and shows asymmetrical
capacitative currents (Murata et al. 2005) similar to gating
currents of voltage-gated channels, indicating that VSD is
a self-contained functional unit consistent also with other
studies (Lu et al. 2001; Long et al. 2005; Sasaki et al. 2006;
Ramsey et al. 2006; Okamura, 2007).

The activity of phosphoinositide phosphatase of Ci-VSP
changes in a voltage-dependent manner, as suggested by
measurements of the activities of potassium channels
that depend on the concentration of phosphoinositides
(Murata et al. 2005). Ci-VSP is thus a unique protein
that directly translates electrical information to chemical
signal. Ci-VSP and its orthologue proteins possibly
provide the molecular basis for several voltage-evoked
biological phenomena that have not been ascribed to ion
channels (Jaffe, 1976; Zhang & Zhou, 2002). However,
the following basic questions regarding mechanisms of
operation of Ci-VSP remain to be answered. First, it is not
clear whether hyperpolarization or depolarization induces
phosphatase activity of Ci-VSP, since PtdIns(4,5)P, is
the intermediate substance in the entire cascade of
phosphoinositide turnover. In particular, the idea that
Ci-VSP dephosphorylates exclusively PtdIns(3,4,5)P; does
not explain why PtdIns(3,4,5)P;, a minor population of
phosphoinositide, can produce such a significant change of
PtdIns(4,5)P; level. Second, voltage-dependent change of
phosphatase activity reported by GIRK2 (Kir3.2) channel
activities was saturated at depolarization, around +20 mV,
at which only about 10-15% of the total charge of the
voltage sensor moves (Murata et al. 2005). This gap
of voltage dependency between the charge movement
and phosphatase activity could either be due to a
limited dynamic range of sensitivity of Kir channels to
phosphoinositides, or to the intrinsic coupling property of
Ci-VSP. To address these questions, we performed imaging
analysis using green fluorescent protein (GFP)-tagged
pleckstrin homology (PH) domains, which are known
to translocate to the cell surface dependent on the
change of concentration of PtdIns(4,5)P, (Stauffer et al.
1998; Varnai & Balla, 1998; Zhang et al. 2004) and
PtdIns(3,4,5)P; (Varnai et al. 1999). We also examined
voltage-dependent phosphatase activity using activities
of both the IRK1 channel and the KCNQ2/3 channel,
which depend on PtdIns(4,5)P, for activation. The
PtdIns(4,5)P, level was remarkably reduced compared
to that of the normal resting level upon depolarization,
and voltage-dependent change of PtdIns(3,4,5)P; and
PtdIns(4,5)P, concentration as detected by the GFP-fused
PH domain occurred in the same direction: both
decreased upon depolarization. Further, potassium
channels coexpressed with Ci-VSP exhibited graded
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activities up to 100mV. These results indicate that
Ci-VSP is a depolarization-activated phosphoinositide
phosphatase in which dephosphorylation of PtdIns(4,5)P,
is regulated by the VSD movement. This work has been
partially reported in abstract form (Murata, 2006).

Methods

cDNAs and in vitro mutagenesis

c¢DNAs used in this study are identical to those described
in our previous study (Murata et al. 2005) except
for Ci-VSP mutants with mutation in the VSD and
PH-domain proteins with GFP. KCNQ2/3 plasmids were
provided by Dr D. McKinnon and Dr K. Nakajo. IRK1
plasmid was provided by Dr Y. Kubo. GIRK2 plasmid
was provided by Dr M. Lazdunski. G-protein 81 and y 1
subunit plasmids were provided by Dr T. Nukada. The
PHp; c—GFP plasmid was a gift from Drs M. Takano, N.
Uozumi and J. K. Lee (Zhang et al. 2004). The PHpy—GFP
plasmid was a gift from Dr M. Fukuda (Fukuda et al.
1996). Ci-VSP mutants were constructed in pSD64 vector,
which is a Xenopus oocyte expression vector. Mutation
was introduced using the QuikChange kit (Stratagene).
Primer sets used for mutagenesis were the forward
sequence 5 -CCTTTTATAACGGGATGGC-3', and the
reverse sequence 5'-GCCATCCCGTTATAAAAGG-3' for
D151IN, the forward sequence 5-GTTATTTCATGC-
TGAATTTAGGATTAAGG-3" and the reverse sequence 5'-
CCTTAATCCTAAATTCAGCATGAAATAAC-3 for
D164N, the forward sequence 5'-CCTGGGAGGTT-
GCTAATGGTTTGATTATCG-3' and the reverse
sequence  5'-CGATAATCAAACCATTAGCAACCTCC-
CAGG-3" for D186N, respectively (underlined nucleic
acid indicates the mutated site). Mutation was confirmed
by sequencing the primer overlapping the mutated site
and the surrounding regions. cRNA was prepared from
the linearized plasmid DNA by the mMessage mMachine
Kit (Ambion).

Imaging of phosphoinositides using confocal
microscopy in Xenopus oocyte

cRNAs of PHpc—GFP or PHpy—GFP were coinjected
either with or without Ci-VSP in oocytes. Two to four
days after injection, the oocytes were imaged using the
FV300 confocal microscope system (Olympus) under
two-electrode voltage clamp (TEVC) using AxoClamp2B
(Molecular Devices). The bath solution was the same
as for KCNQ2/3 recordings (see below). The oocytes
were imaged using a 10x objective. For each episode, 80
images were collected for 2 s each (160 s) using Fluoview
software (Olympus). Boxes were chosen as shown in
Figs 1A and 2A, and fluorescence intensity in the areas
of the boxes was calculated for each image and plotted
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against time. Some oocytes showed non-specific change
of cell morphology during recording, causing a drift
of fluorescence intensity that occurred independently of
membrane potential change. The results from these cells
were excluded from analysis. All experiments were carried
out at 22-24°C.

Two-electrode voltage clamp (TEVC) recordings
in Xenopus oocytes

Before surgery, the frogs were anaesthetized by immersing
in water containing 0.15% Tricaine. Isolated oocytes were
treated with collagenase (1 mgml™', S-1, Nitta Gelatin),
and injected with approximately 50 nl of cRNA solution.
All of the GIRK2 cRNAs were coinjected with GB1
and y 1. Experiments were performed according to the
guidelines of the Animal Care Commitee of the National
Institute for Physiological Sciences. The injected oocytes
were incubated for 2—4 days at 18°C in ND96 solution
(Goldin, 1992). Macroscopic current was recorded under
two-electrode voltage clamp usinga ‘bath-clamp’ amplifier
(OC-725C-HV, Warner Co.). Stimulation, data acquisition
and analysis were done on a Macintosh computer using
an ITC-16 AD/DA converter and Pulse software (HEKA
Electronik). Intracellular glass microelectrodes were filled
with 3m KCl (pH7.2). The microelectrode resistance
ranged from 0.1 to 0.6 M. The bath solution contained
92mm KCl, 3mm MgCl,, 4 mm KOH and 5mm Hepes
(pH 7.4) for Kir channels and 2 mm KCl, 92 mm NaCl,
3 mMm MgCl,, 4 mm NaOH and 5 mm Hepes (pH 7.4) for
KCNQ?2/3 channel recordings. Leak subtraction by the
P over N protocol was not performed except for the
measurements of ‘gating’ currents (Fig. 6B) and the data
shown in Fig. 5A.

‘Gating’ current measurements

‘Gating’ current was measured in ND96 solution under
TEVC. Holding potential was set to —60mV for
wild-type and D151N, and —80 mV for D164N/D186N.
Leak currents and current derived from charging cell
capacitance were cancelled using a P/-10 protocol in
which a step pulse for subtraction was applied from a
holding potential of —80 mV for wild-type and D151N,
—90mV for D164N/D186N. A holding potential was
set deeper for D164N/D186N, because the Q-V curve
is shifted leftward in this mutant and the risk of sub-
traction of the actual ‘gating’ current component with the
P/-10 protocol needed to be minimized. Moved charge
was calculated from OFF-current after components of
cell capacitance were subtracted with the P/—10 protocol
using Pulse + Plusefit software (HEKA Electronik).
‘Gating’ currents were verified by the following criteria:
(1) moved charges are saturated at higher membrane
potentials, and (2) the Q-V curve could be well fitted
by a Boltzmann equation. Whereas ON-current is super-
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imposed by the endogenous outward current at high
depolarization such as over 100 mV, OFF-current upon
hyperpolarization obtained under this condition gave a
Q-V relationship indistinguishable from that obtained
with the cut-open oocyte method over a wide range of
test voltages, as previously reported (Murata et al. 2005).
Results were indistinguishable from those recorded in the
external solution utilized in the previous paper (Murata
et al. 2005) that contained N-methyl-p-glucamine
(NMDG)-methanesulphonate (data not shown).

Statistics

Error bars indicate s.p. Statistical significance was tested
using the non-parametric Mann—Whitney test.

Results

Confocal imaging shows that the Ptdins(4,5)P, level
is decreased upon depolarization and recovers
upon hyperpolarization

The pleckstrin homology (PH) domain derived from
PLC-§ is known to selectively bind to PtdIns(4,5)P,
and translocate to the cell surface dependent on the
concentration of PtdIns(4,5)P, (Stauffer et al. 1998;
Varnai & Balla, 1998; Zhang et al. 2004). We examined
the temporal change of PtdIns(4,5)P, by imaging
PH-domain—GFP under confocal microscopy. Xenopus
oocytes provide an ideal system for such analysis because
of the opaqueness of the cytoplasm due to rich pigments
and yolk and the translocation of the GFP-fused version
of the PH-domain of PLC-§ (PHp;c—GFP) can easily be
quantified by measuring the intensity of fluorescence in
the cell membrane (Zhang et al. 2004). A bright signal
was detected on the cell contour in oocytes expressing
PHp;c—GFP. In oocytes only expressing PHp;c—GFP, no
significant change was seen either by depolarization or
by hyperpolarization (Fig. 1A and B left panels). When
Ci-VSP was coexpressed, the signals on the cell contour
became gradually brighter on hyperpolarization (Fig. 1B,
upper middle panel; online Supplemental material,
movie 2). This change was reversed when the holding
potential was set to 0 mV: the signal gradually faded
(Fig. 1B, lower middle panel; n = 7; movie 1). Such change
was not seen with a Ci-VSP mutant, R229Q/R232Q
(Fig. 1A and B, right panels; n = 4; movie 3), which does
not exhibit ‘gating’ current but is expressed on the cell
surface of Xenopus oocytes (Murata et al. 2005).

It is known that PHp«—GFP binds to inositol
1,4,5-trisphosphate (Ins(1,4,5)P;) and diffuses into the
cytoplasm upon hydrolysis of PtdIns(4,5)P, by a
phospholipase C (Varnai & Balla, 1998). When the
cell membrane was depolarized in oocytes expressing
Ci-VSP in ND96 solution, endogenous Ca’'-activated
Cl™ current, which is expected to be activated by
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Figure 1. Confocal imaging with PtdIns(4,5)P; sensitive PHp c-GFP reports that Ptdins(4,5)P; is decreased
by Ci-VSP during membrane depolarization

A, confocal images of oocytes under conditions of hyperpolarized (—60 mV) or depolarized (0 mV) membrane
potential. GFP-fused PH domain of PLC-§ (PHp.c—GFP) was coexpressed with (middle panels) or without (left
panels) Ci-VSP in Xenopus oocytes. Images just before changing membrane potential (0 s) and at the last timing
of the step (160 s) are indicated as pairs. PHp c—GFP coexpressed with Ci-VSP concentrated to and diffused from
plasma membrane in the hyperpolarized (upper panel) and depolarized (lower panel) condition, respectively. When
cell was inserted with two microelectrodes, it usually showed resting membrane potential ranging from —30 mV
to —10 mV. Then the recording mode was switched to voltage clamp mode with holding potential of —60 mV
for 160 seconds, stepped to 0 mV for 160 seconds, finally to —60 mV again for 160 seconds. Signals during
the first hyperpolarizing stimulus are shown. Cells expressing PHp c—GFP with voltage-insensitive Ci-VSP mutant
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Ins(1,4,5)P5-induced calcium release, was not evoked
(data not shown). This rules out the possibility that a
decrease of PHp;c—GFP upon depolarization was due to
Ins(1,4,5)P5 production by PLC endogenously expressed
in Xenopus oocytes.

Imaging of the PtdIns(3,4,5)P3-sensitive PH domain
supports the hypothesis that dephosphorylation
activity by Ci-VSP is turned on upon depolarization

We also performed imaging analysis of PtdIns(3,4,5)P;
using the Btk-derived PH domain fused with GFP
(PHpu—GFP), which is known to selectively detect
PtdIns(3,4,5)P; (Salim et al. 1996; Varnai et al. 1999).
Since a basal level of PtdIns(3,4,5)P; is usually extremely
low at the resting condition, endogenous insulin receptors
were stimulated to activate PI-3 kinase to increase
PtdIns(3,4,5)P; by incubating oocytes with insulin
(8 um) under voltage clamp to —60mV (Fig. 2). As
expected, the PHpy—GFP signal increased on the surface,
reflecting the increase of PtdIns(3,4,5)P; production
(Fig. 2B, upper three panels). Then, PHpy—GFP trans-
location was tested during depolarization and then
during hyperpolarization. In most cases, clear depletion
of PHpy—GFP from the cell surface occurs during
depolarization, probably reflecting dephosphorylation of
PtdIns(3,4,5)P; (Fig.2B, in the middle column, middle
panels with red traces). Such a decrease was not seen
when prior activation of PI-3 kinase by insulin was
not performed. In the hyperpolarizing episode following
the depolarization, the signal of PHpy—GFP often
increased. Decrease during depolarization or increase
during the second episode of hyperpolarization was
not seen in oocytes that spare Ci-VSP (Fig.2B, left
column) or express the voltage-insensitive form of
Ci-VSP R229Q/R232Q (Fig.2B, right column) with
mutations in the VSD (Murata et al. 2005). We
observed a minor decrease of fluorescence signal during
depolarization from cells that express PHpy—GFP alone.
However, these cells never showed an increase of GFP
signal during hyperpolarization (Fig.2B, left column,
bottom panel with blue traces). Changes of intensity
of Ci-VSP-expressing cells were significantly larger than
those from cells expressing voltage-insensitive Ci-VSP or
cells expressing just PHpy—GFP both in the protocols
with depolarization and with hyperpolarization (Fig. 2C).
These results indicate that Ci-VSP has phosphatase
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activity with PtdIns(3,4,5)P; as substrate, consistent
with the in vitro measurements of the phosphatase
activity using the glutathione-S-transferase-fused cyto-
plasmic region of Ci-VSP (Murata et al. 2005), and
that PtdIns(3,4,5)P5 concentration changes in the same
direction as PtdIns(3,4,5)P; in response to changes in
membrane voltage.

Evidence that phosphatase activity is activated upon
depolarization (1): run-down of Kir activities

Imaging analysis confirmed that the PtdIns(4,5)P,
concentration is reduced during depolarization and
recovered during hyperpolarization, consistent with our
previous observation of GIRK2 currents (Murata et al.
2005). From the high sequence similarity of Ci-VSP
to PTEN, we originally predicted a scheme in which
phosphatase activity is activated by hyperpolarization,
and PtdIns(3,4,5)P; is dephosphorylated to PtdIns(4,5)P,,
since PTEN dephosphorylates PtdIns(3,4,5)P;, but not
PtdIns(4,5)P,. However, given that PtdIns(3,4,5)P; is the
minor species of phosphoinositide in the cell membrane
and that its concentration is much lower than that
of PtdIns(4,5)P,, this scheme does not account for
voltage-dependent change of Kir activities by membrane
potential change, in particular, their marked reduction
upon depolarization (Murata et al. 2005). Furthermore,
the scheme also does not explain why both PtdIns(3,4,5)P;
and PtdIns(4,5)P, changed their concentrations in the
same direction in response to change of membrane
potential (Figs 1 and 2). One alternative scheme could
be that phosphatase activity is turned on during
depolarization, rather than during hyperpolarization, and
that the PtdIns(4,5)P, level is reduced by the phosphatase
activity.

To test if reduction of PtdIns(4,5)P, occurs in a
voltage-dependent manner, the run-down kinetics of
Kir activity was examined at distinct levels of interval
voltages ranging from 0 mV to 40 mV by measuring the
Kir amplitude of GIRK2 channels every 500 ms (Fig.
3). As interval potentials were made more positive,
Kir activities decreased more rapidly (Fig.3B and C)
consistent with the idea that depletion of PtdIns(4,5)P,
occurs by voltage-regulated phosphatase activity.

If Ci-VSP depletes PtdIns(4,5)P, upon depolarization,
the level of PtdIns(4,5)P, should be less than the
normal resting level. To gain information about the
extent to which the PtdIns(4,5)P, level is reduced upon

(R229Q/R232Q) did not exhibit such translocation (right panel). B, temporal change of fluorescence intensity
of GFP under voltage clamp. The intensity was standardized by the initial intensity. Individual traces were
obtained from different cells. In the cells shown in A, intensities in the boxed regions were measured.
C, averaged change of fluorescence intensity from multiple cells. Minimal (depolarized) or maximal (hyperpolarized)
intensity during each recording was corrected by the intensity at time zero in individual cell. Asterisks indicate a
statistically significant difference (P < 0.05) from Ci-VSP(-) cells.
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Figure 2. Btk-derived (PtdIns(3,4,5)P3-sensitive) PH-domain fused with GFP reports that Ci-VSP decreases
PtdIns(3,4,5)P3; upon membrane depolarization

A, confocal images taken just before applying the second hyperpolarizing episode and just before the end of
the episode in each example of the cell only with GFP-fused PH domain of Btk (PHgy—GFP) (left panels), with
Ci-VSP and PHgy—GFP (middle panels) and with VSD mutant of Ci-VSP with PHgy—GFP (right panels). Oocytes
were primed to activate PI-3 kinase to increase PtdIns(3,4,5)Ps level by applying insulin (8 um: applied in the time
indicated by arrow in top panels of B). After insulin application, translocation of PHgy—GFP exhibited similar voltage
dependence to that of PHp c—GFP: depolarization decreased the signal, whereas hyperpolarization increased the
signal. B, temporal changes of fluorescence intensity during hyperpolarization (=60 mV) or depolarization (0 mV)
are shown. Individual traces were obtained from different cells. Measured areas are indicated as boxes in A.
C, statistical representation of B. Analysis was performed in a similar manner as in Fig. 1C. Asterisks indicate a
statistically significant difference (P < 0.05) from Ci-VSP(-) cells.
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depolarization compared with the normal level, we
utilized the IRK1 (Kir2.1) channel, which has a higher
affinity for PtdIns(4,5)P, than the GIRK2 channel and
potentially serves as a sensitive indicator of PtdIns(4,5)P,
less than 1 um (Huang et al. 1998). When IRK1 was
coexpressed with Ci-VSP and membrane potential was
varied up to 60 mV, IRK1 activity gradually decreased as
the membrane potential increased (Fig. 4A). In most cases,
Kir current could be recovered from its depletion to the
original current amplitude when the holding potential
was reset to —60mV (n=4). Depolarization-induced
run-down of Kir occurred in a time scale of 10s
(Fig. 4C, left) whereas recoveries of Kir currents by
hyperpolarization to —60 mV took longer (Fig. 4C, right
panels). Such depolarization-dependent decrease of Kir
current was never observed (Fig. 4B, triangles) when IRK1
was coexpressed with an enzyme-defective form, C363S
(Murata et al. 2005). Given that the affinity of IRK1
for PtdIns(4,5)P, is about 0.5 um (Huang et al. 1998),
PtdIns(4,5)P, is reduced to a level much lower than in the
normal cell membrane. The significant rightward shift of
voltage dependency of IRK1 current (red line) from that
of GIRK2 (blue dotted line in Fig.4B) is also consistent
with the notion that the PtdIns(4,5)P; level is reduced by
Ci-VSP activities upon depolarization.
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Evidence that phosphatase activity of Ci-VSP is
activated upon depolarization (2): decay of KCNQ2/3
channel is induced by depolarization

KCNQ2/3 potassium channels are known to underlie
the M-current of neurons (Wang et al. 1998). Activities
of KCNQ2/3 potassium channels are known to be
sensitive to PtdIns(4,5)P, and their sensitivity to
PtdIns(4,5)P, is one of the mechanisms that underlie
inhibitory modulation by the muscarinic acetylcholine
receptor (Zhang et al. 2003). In our previous report,
KCNQ2/3 channels on coexpression with Ci-VSP
exhibited voltage-dependent changes of their current
magnitude, indicating that KCNQ2/3 also serves as a
faithful reporter of phosphoinositides. Modulation of
their activities by coexpressed Ci-VSP was examined in
more detail. When KCNQ2/3 channels were expressed
alone, delayed-rectifying potassium currents did not
exhibit any decay (Fig.5A upper panel). When Ci-VSP
was coexpressed, the current amplitude saturates at the
large depolarization and even decreases at higher voltage
(Fig. 5A lower panel), resulting in a bell shaped -V
curve (Fig. 5B). Current traces show a slight decay during
the depolarizing pulse. We suspect that such saturation of
amplitude at higher voltage could be due to depletion of

0mv
(n=7)

20 mv
(n=4)

40 mV
(n=3})

Figure 3. Voltage-dependent kinetics of run-down of GIRK2 current

A, families of Kir currents of GIRK2 channels when interval voltage was set to 0, 20 or 40 mV. Preceding these
recordings, cells were held at —60 mV for 60 s. Raw current traces elicited during repetitive test pulses to —100 mV
every 500 ms are superimposed. Following test pulses, cells were held to indicated potential levels for 250 ms.
Red traces are for the first episodes, blue for the second and greens for the fifth episodes, respectively. Such
voltage-dependent run-down does not occur when only the GIRK2 channel was expressed or coexpressed with
the enzyme-defective Ci-VSP (C363S) (data not shown). B, plots of temporal changes of maximum Kir amplitudes
from sets of data indicated in A. The curves were fitted with a single exponential. C, the averages of time constants
for fitting the plots as in B from different cells. Time constants at 0 mV, 20 mV and 40 mV, were 3.51 £+ 1.08 s
(n=17),125+0.17s(n=4),and 0.25 & 0.04 s (n = 3), respectively.
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PtdIns(4,5)P, by enhanced phosphatase activity of Ci-VSP
upon depolarization.

With a long depolarizing pulse (2 s) to various levels of
membrane potential, KCNQ2/3 current showed a decay
pattern that becomes sharper as the membrane potential
increases (Fig. 5C). The current decay could be fitted by
single exponentials (data not shown). The time constants
plotted against the membrane potential showed clear
voltage dependency over a span of +100 mV (Fig. 5D).
Oocytes expressing KCNQ2/3 with the enzyme-defective
Ci-VSP (C363S) mutant (Murata et al. 2005) did not
exhibit such decay (Fig. 5C, lower panel). Time constants

J Physiol 583.3

of decay of KCNQ2/3 currents at 20mV and 40 mV
were significantly longer than those of decline of GIRK2
activities measured with interval potentials to the same
levels (Fig. 3), possibly reflecting that GIRK2 channels
require a higher concentration of PtdIns(4,5)P, for their
channel activities than KCNQ2/3 channels.

Is voltage dependence of phosphatase activity in
Ci-VSP derived from VSD?

In our previous report, when the two positive arginines
in the S4 segment of Ci-VSP were replaced by glutamine
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Figure 4. Changes in IRK1 (Kir2.1) channel activity
report the enzymatic activity of Ci-VSP from 10 mV
to 60 mV

A, representative traces of the current of
PtdIns(4,5)P;-sensitive IRK1 potassium channel
coexpressed with Ci-VSP. Intervals were held to
membrane potentials ranging from —30 mV to 60 mV.
B, the dependence of relative amplitude of IRK1-derived
currents on the interval voltages. IRK1 channel showed
voltage-dependent decrease of the current from 10 to
60 mV (red), in a range more positive than that with
GIRK2 (blue). IRK1 channels coexpressed with
enzyme-defective Ci-VSP mutant (C363S) did not
exhibit such changes in activity (black). Data of GIRK2
(dotted blue line) were adopted from our previous study
(Murata et al. 2005). C, time-dependent change of Kir
activities with depolarizing intervals to +50 mV (red) or
with hyperpolarizing intervals to —60 mV (blue). The
top panel indicates pulse protocols. In the middle panel,
current traces evoked during repetitive test pulses to
—100 mV are superimposed. Episode numbers are
indicated for traces at the initial and last episode.
Bottom panels show time-dependent plot of the Kir
current. Values from four individual cells are shown by
distinct symbols in both red and blue plots. The Kir
amplitudes were standardized by those at zero time.
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residues, it neither showed ‘gating’ current, nor voltage
dependency of phosphatase activity as reported by
potassium channel activities (Murata et al. 2005). This
suggested that the voltage dependence of the phosphatase
activity of Ci-VSP is derived from the nature of VSD.
However, we could not rule out the possibility that this
mutant of Ci-VSP did not adopt the normal conformation
or proper folding in the cell membrane.

A critical test for whether voltage dependency of
phosphatase activity is really derived from the VSD is to test
how voltage dependency of phosphatase activity is altered
when the properties of VSD are modified. For another
experiment, we had constructed numerous VSD mutants
of Ci-VSP. In this survey, one construct, D164N/D186N
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mutant with two mutations in the VSD (scheme in
Fig. 6A), exhibited significantly slower kinetics than that of
wild-type (Fig. 6B) and shifted the charge—voltage (Q-V)
curve as compared with the wild-type (blue filled squares,
Fig. 6C). Another mutant D15IN (Fig.6A), in which
one negative charge in the S2 segment was neutralized
by asparagine, exhibits faster kinetics of OFF-‘gating’
currents than the wild-type (Fig.6B). The Q-V curve
of OFF-‘gating’ currents (Q,g—V curve) showed a right-
ward shift as compared with that of the wild-type (red
closed circle, Fig. 6C). In our recording conditions of
TEVC, some endogenous outward current was activated
by depolarization over 100 mV (traces in Fig.6B).
Nevertheless, such endogenous conductance gave only

110 mV

abieyo Buneb paziieuuou

I I ]
60 90 120
membrane potential (mV)

Figure 5. Decay of KCNQ2/3 current is induced by Ci-VSP in a voltage-dependent manner

A, KCNQ2/3 current coexpressed with (upper panel) or without (lower panel) Ci-VSP was recorded under the
two-electrode voltage clamp. Holding potential was —60 mV, and step pulses were applied by 10 mV increment.
KCNQ2/3 current showed ‘inactivation-like’ decay kinetics in the higher membrane potential condition (red traces).
Transient outward notches at the onset of depolarization and inward notches at repolarization are ‘gating’ currents
of Ci-VSP. Capacitative component was subtracted by P/-10 method. B, I~V relationships of traces shown in A
(KCNQ2/3 only: open circles, KCNQ2/3 + Ci-VSP: filled circles) are shown. The red box indicates the voltage
region where KCNQ2/3 current was decreased as shown in red traces in A. C, representative current traces with
‘inactivation-like’ decay kinetics of KCNQ2/3 currents (middle panel) by long depolarization (2 s). Intervals were
set to 60 s at —60 mV (top panel). KCNQ2/3 coexpressed with enzyme-defective Ci-VSP mutant (C363S) did not
exhibit such kinetics (bottom panel). Slowly activating outward current following decline of KCNQ2/3 current at
high membrane potentials (ex. 110 mV) is probably due to endogenous current that often activates at this voltage
range. D, voltage dependency of decay time constant of ‘inactivation-like’ kinetics in six oocytes. The decay phase
of KCNQ2/3 current was fitted by single exponentials. The red curve is the charge-voltage curve (Qqs—V) adopted

from our previous study (Murata et al. 2005).
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Figure 6. Shifted voltage dependency of ‘gating’ currents of the two VSD mutants, D164N/D186N and
D151N

A, comparison of the amino acid sequence of S2 and S3 with Shaker potassium channel (left) and positions of
negatively charged amino acid residues in the topology of the voltage sensor domain (right). B, representative traces
of ‘gating’ current measurements under the two-electrode voltage clamp of D151N (red), wild-type (Ci-VSP), Ci-VSP
(black) and D164N/D186N (blue). Holding potential was —60 mV and step pulses were applied from —60 mV to
180 mV for wild-type and D151N, from —80 mV to 160 mV for D164N/D186N by 10 mV increment. Symmetrical
capacitive component was subtracted by the P/~10 method. OFF-'gating’ current traces are indicated at higher
magnification (lower panel). Traces are shown only from —60 mV to 120 mV for wild-type and D151N, —80 mV
to 100 mV for D164N/D186N by 30 mV increment for clarity. C, Qu¢—V curves of wild-type (black), D164N/D186N
(blue) and D151N (red). The curve was fitted with the Boltzmann equation: Q = Qmax/[1 + exp{zF(V1,2 — V)/RT}].
Vi (mV)=69.8 (Ci-VSP), 89.6 (D151N), 12.1 (D164N/D186N). z=1.09 (wild-type), 1.06 (D151N), 1.15
(D164N/D186N).
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negligible inward currents upon repolarization to —60 mV
and the inward currents at repolarization from oocytes
expressing Ci-VSP mainly reflect displacement currents.
Uninjected oocytes showed only negligible fast-relaxing
inward currents upon repolarization. Q. under the
TEVC provides an estimate of voltage dependency
that is indistinguishable from that obtained by the
measurements with the cut-open oocyte method, as
previously demonstrated (Murata et al. 2005). When
inward currents upon repolarization were integrated as
‘Qoff and plotted against the membrane potential, they
showed a sigmoidal shape that is well fitted by a Boltzmann
equation (Fig. 6C).

We exploited potential advantages of these mutants to
test whether the shift of voltage dependency of phosphatase
activities occurs correlated with the changes of voltage
sensor movements. First, voltage-dependent decay of
KCNQ2/3 outward current was compared among the two

A Ci-VSP
A

4 —

1 sec.

D164N/D186N
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mutants and the wild-type (Fig. 7). With the step pulse
to —20mV or —10 mV for 4 s, D164N/D186N induced a
clear decay of KCNQ2/3-derived outward current, whereas
wild-type and D151N did not exhibit a current decay at
this range of voltages (Fig. 7A). Plots of proportions of
residual currents versus the peak amplitudes measured
at distinct voltages indicate that D164N/D186N exhibits
more significant decay than wild-type and DI5IN from
—20mV to 10 mV. At higher voltages, wild-type and
D151N induced remarkable decay that becomes sharper
as the voltage level increases. D15IN exhibited less
remarkable decay than the wild-type as seen from the plot
of the residual component against the membrane potential
(Fig. 7B). At more than 40 mV, the residual component
is completely silenced in wild-type and D151N, whereas
the decay kinetics of KCNQ2/3-derived current induced
by D164N/D186N appears saturated and a significant
residual current component was observed. This probably
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Figure 7. Induction of current decay of KCNQ2/3 channels occurs at lower membrane potential in

D164N/D186N

A, representative traces of KCNQ2/3 potassium currents in the presence of Ci-VSP (black traces), D151N (red)
or D164N/D186N (blue). Current traces were elicited by a depolarizing step to between —20 mV and 60 mV.
At a higher voltage level, endogenous outward current was activated and superimposed. B, the magnitude of
the residual component of KCNQ2/3 current during a 4 s step pulse was normalized by the peak amplitude at
each membrane potential level. Data were recorded from a single batch of oocytes. The proportion of residual
current was calculated for each trace as the ratio of the minimum current amplitude following the peak timing
against the maximum amplitude. When there is no decay, the maximum magnitude during a 4 s step pulse was
divided by the amplitude at the end of the pulse. Expression level of Ci-VSPs was estimated by the total moved
charges, Quf, of OFF-‘gating’ currents measured from another batch of oocytes that were microinjected with the
same concentration of cRNA as for the measurement of KCNQ2/3 currents. Q¢ values (nC) were —51.5 + 12.2
(Ci-VSP), —39.6 + 8.2 (D151N), —45.8 &+ 11.4 (D164N/D186N), respectively. The numbers of cells were 5, 4, 4
for Ci-VSP, D151N and D164N/D 186N, respectively. Similar results of the current decay of KCNQ2/3 channel were

obtained from two other experiments.
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suggests that D164N/D186N can attain only smaller
maximum magnitude of phosphatase activity which is
saturated at a lower voltage level than the wild-type and
D151N. Plots of decay time constants of KCNQ2/3 current
(Supplemental material Fig. S2) indicate that phosphatase
activity D164N/D186N is only weakly voltage dependent
at highly depolarized potentials. Despite an apparent
decrease in maximal efficacy for phosphatase activity in
D164N/D186N, the measurable voltage dependence for
this mutant is clearly shifted toward more hyperpolarized
potentials.

The voltage-dependent curve of Kir-reporting
phosphatase activity is known to be slightly dependent on
the expression level of Ci-VSP (Murata et al. 2005). The
expression level of each version of Ci-VSP was therefore
examined by measuring OFF-‘gating’ currents from sister
oocytes (legend of Fig. 7) along with measurements of
KCNQ2/3 currents. Although DI5IN exhibited slightly
smaller magnitudes of ‘gating’ charges (39.6 +8.2nC,
n=29), cells expressing D164N/D186N and wild-type
expressed a similar magnitude of ‘gating’ charges
(45.8+11.4nC,n=09,51.5+ 12.2, n = 10, respectively).

Voltage dependency of phosphatase activity was also
compared among the VSD mutants and the wild-type
by measuring Kir currents. Holding the intervals to
—40 mV led to only a small reduction of Kir amplitude
in D151N, whereas more than 30% reduction was seen
with D164N/D186N (Supplemental Fig. S1A). Plots of
Kir activities against the holding potentials (Supplemental
Fig. S1C) demonstrate a clear shift of voltage dependency
of Kir-reporting phosphatase activities of D164/D184N
from DI5SIN. This shift of D164N/D186N was in the
same direction as that of voltage dependency of the
voltage-sensor movement. It is unlikely that the shifted
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voltage dependency of D164N/D184N is due to the
different expression levels, since cells expressing DISIN
with different magnitudes of ‘gating’ charges showed
significantly less negative values of V;,, than any set of
data of D164N/D186N (Supplemental Fig. S1D).

These findings favour the idea that the VSD confers
voltage dependency of the phosphatase.

Discussion

The high level of identity of amino acid sequence between
the cytoplasmic region of Ci-VSP and PTEN and our
previous findings (Murata et al. 2005) originally led
us to propose that Ci-VSP exclusively dephosphorylates
PtdIns(3,4,5)P; to increase the PtdIns(4,5)P, level.
However, this idea clashes with several findings. (1) GIRK2
channel activities were drastically changed, given that
GIRK2 may not discriminate between PtdIns(4,5)P, and
PtdIns(3,4,5)P; (Fig. 3 in Rohacs et al. 1999). (2) GIRK2
and KCNQ2/3 channel activities are severely reduced
or even abolished upon depolarization (Murata et al.
2005). (3) The range of membrane potentials which
induced change of phosphatase activity as measured by
GIRK2 channel activities was significantly shifted in a
negative direction compared with the range of voltage
sensor movement (Murata et al. 2005). In this study,
the relationship between the carried charge of the VSD
and phosphatase activity was studied through GFP-based
confocal imaging and measurements of potassium
channel activities. Our results indicate that phosphatase
becomes active upon depolarization (Fig. 8), not upon
hyperpolarization, unlike the originally proposed idea.
Voltage-dependent properties of the current decay of
KCNQ2/3 channel as well as run-down of the two types

@ O

PIP2 PIP

Figure 8. Scheme of operation of Ci-VSP

A, depolarization induces upward charge displacement
of the voltage sensor and this triggers activation of
phosphatase. B, Ci-VSP dephosphorylates not only
PtdIns(3,4,5)P3 but also Ptdins(4,5)P;.
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of Kir channels indicate that reduction of PtdIns(4,5)P,
level by Ci-VSP can occur more significantly at higher
membrane potentials. These observations are consistent
with the ideas that not only PtdIns(3,4,5)P; but also
PtdIns(4,5)P, is the substrate of phosphatase reaction by
Ci-VSP and that these phosphatase activities are activated
upon depolarization. We thus propose that Ci-VSP shares
basic properties with voltage-gated Na*, Ca’*, and K*
channels: (1) depolarization activates effector operation
and (2) voltage-dependent conformational change of VSD
is translated into a downstream effector.

Basic properties of Ci-VSP as phosphoinositide
phosphatase

Our model predicts that phosphatase activity of Ci-VSP
is silenced during hyperpolarization. This sounds
paradoxical, given that phosphatase activity of in vitro
purified cytoplasmic region of Ci-VSP (Murata et al. 2005)
indicates that the VSD is not required for phosphatase
activity. However, it is yet to be addressed whether in
vitro measurements of phosphatase activities with purified
recombinant protein consisting only of the cytoplasmic
region represent enzyme activity in the resting state
(corresponding to hyperpolarized condition) or activated
state (corresponding to depolarized condition) of Ci-VSP.
Furthermore, in an in vitro enzyme assay of recombinant
cytoplasmic region, micelles but not native cell membranes
were utilized. Under this condition, phosphoinositides
could be randomly accessed to the active site of
the phosphatase domain, whereas phosphoinostides are
localized in the inner leaflet of the cell membrane in the
environment of the Xenopus oocyte.

PTEN, which is highly homologous to the cytoplasmic
region of Ci-VSP, has specificity for the 3-position of the
inositol ring, and does not dephosphorylate PtdIns(4,5)P,
(Maehama et al. 2001). Our conclusion is also inconsistent
with previous findings that dephosphorylation by
mammalian VSP orthologues is selective for the 3-position
of inositol phosphates like PTEN (Walker et al. 2001;
Wau et al. 2001). However, recent analysis of phosphatase
specificity with a spectrum of fluorescence-labelled
phosphoinositides by thin layer chromatography
(H. Iwasaki, et al in preparation, International
Symposium of Kobe University, 2006), has indicated
that PtdIns(4,5)P, is dephosphorylated in vitro by the
cytoplasmic region of Ci-VSP.

Decrease of potassium channel activities induced
by Ci-VSP

Understanding how fast phosphatase activity changes
in Ci-VSP is an important issue in unravelling
the mechanisms of coupling between VSD and the

© 2007 The Authors. Journal compilation © 2007 The Physiological Society
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phosphatase domain. GIRK2 channels coexpressed with
Ci-VSP decreased their current amplitude with a time
constant of less than a second at 40 mV (Fig.3). On
coexpression with Ci-VSP, KCNQ2/3 channels showed
voltage-dependent decay similar to N-type inactivation
of voltage-gated potassium channels (Figs 5C and D and
7). This decay occurs with a time constant less than
50 ms at a level over 100 mV. These time scales of decay
kinetics of potassium channels are much faster than the
predicted turnover rate of the phosphatase activity of
Ci-VSP, about several seconds per molecule, based on
the in vitro measurements of enzyme kinetics of the
recombinant phosphatase domain of Ci-VSP (Murata
et al. 2005; Okamura, 2007). However, turnover rate
by malachite green assay cannot simply be compared
with kinetics of phosphatase activity in live cells due
to the differences of conditions and configurations
between the two measurements: (1) in vitro assays for
measuring phosphatase activities utilize only the cyto-
plasmic region of the protein, which may only take
a conformation corresponding to the resting state of
the full-length protein under hyperpolarization in native
membranes, as discussed before; (2) the alkyl chain
of PtdIns(3,4,5)P; utilized for that assay is shorter
than native phosphoinositides; (3) micelles containing
phosphoinisitides, not the native cell membrane, were
used in the in vitro assay; and (4) PtdIns(4,5)P, was not
used, but PtdIns(3,4,5)P; was utilized for the in vitro assay
(Murata et al. 2005), whereas PtdIns(4,5)P, is likely to
be a more abundant substrate in vivo. It is also possible
that the potassium channel could be spatially colocalized
with Ci-VSP and depletion of PtdIns(4,5)P, just close to
potassium channels occurs much faster than the global
PtdIns(4,5)P, in the cell membrane.

The decay kinetics of potasium channels may also
depend on many other factors than enzyme kinetics.
These factors may include local diffusion of PtdIns(4,5)P,,
unbinding of PtdIns(4,5)P, from the potassium channel,
and a delay in the closing of the potassium channel
after the unbinding of PtdIns(4,5)P,. In addition, kinetics
of current decay also depend on sensitivity of channel
activities to phosphoinositides and the robustness of
expression of Ci-VSP. In fact, the time course of GIRK2
channel activities with depolarizing intervals (Fig. 3B and
C) was significantly faster than the decay kinetics of
KCNQ2/3 channel-derived outward currents (Fig. 5C and
D) when compared at the same membrane potentials.
Such a difference in time course can be expected given
that the GIRK2 channel requires a higher concentration of
PtdIns(4,5)P, for activity than KCNQ2/3 channels.

More studies will be required to clarify how decay
of potassium channel activity is quantitatively correlated
with the kinetics of the phosphatase. It is unlikely that
voltage-dependent decay of KCNQ2/3 channel currents in
the presence of Ci-VSP is derived from the intrinsic voltage
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sensor of KCNQ2/3 channels, or any voltage-dependent
mechanism that is unrelated to the activity of Ci-VSP.
In Kvl potassium channels, PtdIns(4,5)P, is known
to modulate N-type inactivation by binding to an
inactivation ball region (Oliver et al. 2004). However,
the KCNQ2/3 channel does not have any cytoplasmic
structure of the inactivation ball and does not inter-
act with the potassium channel S-subunit that operates
as the inactivation ball. Voltage-dependent decay of the
KCNQ2/3 channel is not observed under PtdIns(4,5)P,
depletion, which is induced by activation of phospholipase
C (Nakajo & Kubo, 2005).

Coupling between VSD and the phosphatase domain

The voltage-dependent change of phosphatase activity
reported by GIRK2 channel activity was saturated at
depolarization, around +20mV, at which only about
10-15% of the total charge of the voltage sensor
moves (Murata et al. 2005). This apparent gap of
voltage dependency between the charge movement and
phosphatase activity was due to the limited dynamic range
of sensitivity of GIRK2 channels to phosphoinositides.
In fact, measurements of GIRK2 activities coexpressed
with Ci-VSP in the present study indicate that changes
in concentration of PtdIns(4,5)P, occur in a time scale
of less than 0.5s upon depolarization to 0 mV and
this kinetics becomes gradually sharper from 0mV
to 40 mV. Voltage-dependent change of IRK1-reporting
PtdIns(4,5)P, concentration indicates that phosphatase
activity of Ci-VSP is enhanced up to 50 mV (Fig.4).
KCNQ2/3 channels coexpressed with Ci-VSP exhibited
voltage-dependent current decay that became sharper over
a range of membrane potentials up to 100 mV. These
results suggest that enzyme activity in Ci-VSP is gradually
changed over a range of membrane potentials where the
magnitude of ‘gating’ charges of the VSD varies.

The mild steepness and wide range of voltage
dependency of phosphatase activity in Ci-VSP contrast
with voltage-gated ion channels in which allosteric inter-
action among four homologous domains enables a sharp
voltage-dependent increase in the probability of pore
opening at no more than 10 mV. The Q-V curve of
‘gating’ currents of Ci-VSP is less steep than that of
voltage-gated potassium channels, but this probably
cannot fully account for milder voltage dependency of
phosphatase activity than that of voltage-dependent gating
of ion channels. Recent X-ray crystallography of the
mammalian Kv1.2 channel indicated that four subunits
interact with each other, and VSD is in close proximity
to the pore domain of the neighbouring subunit (Long
etal. 2005). Synergetic interactions between the four VSDs
through pore regions enable sharp voltage-dependent
activation of voltage-gated ion channels. Possibly, VSP may
operate in a simpler way: the voltage sensor movement
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is translated into activation of phosphatase activity
without requiring protein—protein or intersubunit inter-
actions. This must require further characterization of
the quantitative correlation between the VSD movement
and phosphatase activity as well as the elucidation of
the subunit stoichiometry. In this context, a version with
mutations in the VSD, D164N/D186N, will serve as a good
model to understand mechanisms of coupling between
the VSD and phosphatase, since it exhibited both slowed
‘gating’ currents and reduced phosphatase activity as
seen from the slow decay kinetics of KCNQ2/3 channels
(Fig. 7A). It will be important to determine how the
maximum scale of enzyme activity is blunted or kinetics
of activation of enzyme activity is modified in this mutant.
Why has nature developed the property of Ci-VSP that
phosphatase activity is tuned at a level of membrane
potential over 0 mV, which cannot be physiologically
attained in many types of cells? In mammalian phagocytes,
large depolarizations of more than 40 mV can take
place due to oxidase activity (Banfi et al. 1999).
Intriguingly, Ci-VSP is expressed in blood cells of
ascidians, Ciona intestinalis (personal communcation
from Dr M. Ogasawara). Ci-VSP may play a role in
translating an electrical signal into a chemical signal, not
within a narrow window of membrane potential such as
for generation of action potentials in neurons and muscle,
but rather over a wide range of membrane potentials that
probably may be attained physiologically in these cells.
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