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Voltage-Sensing Phosphatase:
Its Molecular Relationship With PTEN
Voltage-sensing phosphoinositide phosphatase (VSP) contains voltage sensor
and cytoplasmic phosphatase domains. A unique feature of this protein is that
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depolarization-induced motions of the voltage sensor activate PtdIns(3,4,5)P3
and PtdIns(4,5)P2 phosphatase activities. VSP exhibits remarkable structural
similarities with PTEN, the phosphatase and tensin homolog deleted on
chromosome 10. These similarities include the cytoplasmic phosphatase region, the phosphoinositide binding region, and the putative membrane interacting C2 domain.

Phosphoinositides and PTEN
Phosphoinositides constitute up to 4% of the total
membrane phospholipids and are located at the
inner leaflet of biological membranes. The headgroup of phosphoinositides is composed of an inositol ring with phosphate(s). Phosphoinositides are
key second messengers for intracellular signaling,
with distinct phosphoinositides having different
signaling roles depending on the position and the
number of phosphates on the inositol ring.
PTEN (phosphatase, tensin homolog, deleted on
chromosome TEN) was first identified as a tumor
suppressor gene by mapping homozygous deletions on human chromosome 10q23.3 (23, 24, 45).
PTEN exhibits overall homology to protein tyrosine
phosphatases and weak homology to tensin, a cell
adhesion molecule, and auxilin, a protein involved
in synaptic vesicle transport. Because the phosphatase domain of PTEN shows a signature Cysx5-Arg [CX(5)R] motif that is conserved in protein
tyrosine phosphatases (PTPs), PTEN was first
thought to be a protein phosphatase (24). However, PTEN exhibited only low catalytic activity
toward phosphoproteins and peptides. It showed
the highest activity toward negatively charged
phosphorylated polymers such as Glu-Tyrn, but
this activity was low relative to other protein phosphatases (23, 36). PTEN was shown by the Dixon
laboratory to dephosphorylate PtdIns(3,4,5)P3, making it the first phosphatase identified to utilize a
phosphoinositide as its substrate (29, 30). A large
number of studies with gene knockdown or conditional gene knockout mice have shown that PTEN
plays a critical role in diverse biological events,
including development, cell growth, cell size,
and morphology, through negative regulation of
Ptdlns(3,4,5)P3.
PTEN consists of two major domains (the phosphatase domain and the C2 domain) and three
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short regulatory regions [the NH2-terminal phosphoinositide binding motif (PBM), the COOH-terminal tail region, and the COOH-terminal PDZ
binding motif] (see FIGURE 1). The phosphatase
domain of PTEN has a similar structure to that of
non-metal-regulated phosphatases, including
PTPs and dual-specificity phosphatases (22). A
study of the crystal structure of PTEN (22)
showed that the phosphatase domain has a
deeper substrate binding pocket than PTPs and
dual-specificity phosphatases, accounting for a
much higher preference for phosphoiniositides
than protein substrates.
The structure of the C2 domain of PTEN is similar to the C2 domain in other proteins, including
phospholipase C and phospholipase A (22). Although the C2 domain of PTEN does not bind
calcium, as predicted from the absence of conserved amino acids in the calcium binding loops
that face membranes (22), it has membrane binding affinity (22) through nonspecific electrostatic
interactions (32). Furthermore, the C2 domain of
PTEN interacts with the phosphatase domain
through multiple hydrogen bonds (22). The regulatory functions of the C2 domain in PTEN seem to
be multi-fold. First, the C2 domain helps target the
protein to the membrane through its electrostatic
affinity. The GST fusion protein of the human
PTEN C2 domain can bind to multi-lamellar lipid
vesicles in vitro (7). PTEN constructs with mutations in several basic amino acids in the C2 domain
showed reduced affinity to phospholipid vesicles
and low tumor suppressing activities. However, the
addition of a myristoylation signal to those C2 domain mutants does not rescue the tumor suppressing activities of PTEN (13). These suggest that
membrane targeting is not the only functional role
of the C2 domain in PTEN (13). Truncation or
mutation of the C2 domain makes the protein unstable and accelerates protein degradation (7, 12,

1548-9213/11 ©2011 Int. Union Physiol. Sci./Am. Physiol. Soc.

REVIEWS
13). PTEN constructs with point mutations in the
loop regions of beta-sheets of the C2 domain
showed reduced tumor suppressing activity but
retained catalytic activity toward water-soluble
PtdIns(3,4,5)P3 (13). Furthermore, many of the
residues involved in interdomain contacts are
mutated in human cancers (22), suggesting that
the C2 domain regulates the phosphatase domain through maintaining the protein stability.
PTEN has three short regions for enzyme regulation. The NH2-terminal region contains a conserved phosphoinositide-binding motif (called
PBM) with multiple basic residues. In particular,
the KRR sequence at residues 13–15 is highly
conserved among PTEN orthologs from slime
mold to human. PBM seems to preferentially
bind PtdIns(4,5)P2. A 21-amino acid polypeptide
containing the PBM of PTEN physically binds to
PtdIns(4,5)P2(43). K13E (9, 14, 27) and R15A (11,
45) are reported as human cancer mutations. The
K13E PTEN mutant does not bind to PtdIns(4,5)P2
in vitro as examined by FRET between tryptophan
fluorescence and a pyrene label on phosphatidylethanolamine (PE) (43). K13E of human PTEN and
the Dictyostelium protein lacking the whole PBM
region showed remarkably lower phosphatase activities toward PtdIns(3,4,5)P3 (5, 53) and reduced
tumor suppressing activities (17, 53). The K13A
mutation of human PTEN (5) also showed reduced
phosphatase activity. In Dictyostelium, PTEN plays
a key role in directed migration during chemotaxis
(16). PTEN downregulates PtdIns(3,4,5)P3 at the
leading edge of migrating cells, and ablation of the
PTEN gene in Dictyostelium abolishes chemotaxis
(16). Introduction of the PBM-deleted version of
PTEN into PTEN-knockout Dictyostelium cells cannot rescue the cell migration in response to
chemo-attractant (17). With mutations in PBM or
on depletion of PtdIns(4,5)P2, PTEN does not efficiently localize to cell membranes, suggesting that
PtdIns(4,5)P2 binding to PBM is required for efficient membrane anchoring (41). Other mechanisms by which PtdIns(4,5)P2 binding to PBM
regulates PTEN activities have also been proposed.
Devreotes’s group suggests that PBM intrinsically
binds to the catalytic site to shield it from substrate
in the membrane (41). In this model, binding of
PBM to phosphoinositide releases the catalytic site
to allow enzyme activity. It has also been suggested
that binding of PtdIns(4,5)P2 to PBM allosterically
regulates protein conformation of the phosphatase
domain of PTEN (43).
The region downstream of the C2 domain contains the COOH-terminal tail (C-tail) and the PDZ
binding motif (see FIGURE 1). The C-tail consists of
a region of ⬃60 amino acids and contains sites that
are phosphorylated by casein kinase, glycogen synthase 3b (2), and RhoA-associated kinase (25).

FIGURE 1. Scheme of VSP, PTEN, tensin, myotubularin, PTPMT1, and Inpp4
Blue indicates the phosphatase domain. PBM (in green) indicates phosphoinositide-binding
motif. Four rectangles of VSP indicate transmembrane segments of VSD. Tensin shows
weak overall homology to PTEN. Myotubularin is 3’ phosphatase mainly working on
PtdIns(3) and PtdIns(3,5)P2. PTPMT1 is PtdIns(5)P phosphatase and localized in mitochondria. Inpp4 is PtdIns(3,4)P2 phosphatase.

Phosphorylation of the C-tail silences phosphatase
activities (38, 41). The phosphorylated C-tail region
directly binds to the rest of the protein, thereby
masking enzyme activity (41). This interaction
does not occur when four phosphorylation sites in
the C-tail are replaced by alanine (41). Binding of
the C-tail to the rest of the protein also depends on
protein conformation of the phosphatase domain
and the C2 domain, because the C-tail region does
not bind PTEN containing a mutation in the cysteine of the CX(5)R motif or a mutation in the
calcium binding region 3 (CBR3) loop, thought to
be involved in membrane interaction. The PDZ
binding motif most likely stabilizes the proteins
and facilitates protein anchoring to cell membranes through its binding to membrane-anchored
PDZ proteins.

VSP: The Transmembrane-Type
PTEN-Related Phosphatase
Voltage-sensing phosphoinositide phosphatase (VSP)
(33) consists of a transmembrane domain and a
cytoplasmic phosphatase region. The ascidian VSP,
Ci-VSP, has been most intensively characterized.
This gene was identified from the genome of a
marine invertebrate, Ciona intestinales (39), but it
is conserved from sea squirts to human. Human
orthologs (52) and murine orthologs (54) of VSP had
been characterized as PTEN-related phosphoinositide phosphatases without considering the function
of the transmembrane domain. The cytoplasmic
region of VSP has a remarkable sequence similarity
to PTEN but lacks the region corresponding to the
COOH-terminal region and the PDZ-binding motif
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FIGURE 2. Cartoon of VSP vs. voltage-gated ion channels and voltagegated proton channel
Cartoon of VSP (left) vs. voltage-gated ion channels (right) and voltage-gated proton
channel (middle). Green indicates VSD. In VSP, the phosphatase region with similarity
to PTEN is located downstream of VSD. In voltage-gated ion channels such as voltagegated potassium channels (right), four repeats assemble to form an ion permeation
pathway (blue). Cytoplasmic regions play a role in subunit assembly and regulation of
channel gating. In the voltage-gated proton channel (Hv channel), proteins assemble
as a dimer, and individual subunits provide a permeation pathway.

(see FIGURE 1). The transmembrane domain exhibits similarity to the voltage sensor domain
(VSD) from voltage-gated ion channels such as
voltage-gated sodium channels, voltage-gated potassium channels, and voltage-gated calcium
channels (see FIGURE 2). The cytoplasmic region
has 5= phosphatase activity toward PtdIns(3,4,5)P3
and PtdIns(4,5)P2; depolarization activates the
phosphatase through the motions of VSD. VSP
most likely operates as a monomer, as shown by
the method of counting the photobleaching step of
green fluorescent protein (GFP) molecules attached to VSP expressed on Xenopus oocyte membranes (21).

Voltage sensing
The structure of VSD of VSP shares signature features with voltage-gated ion channels. It consists of
four transmembrane segments from S1 to S4. S2
and S3 have conserved acidic residues, and S4 has
periodically aligned basic residues in a pattern
similar to S4 of voltage-gated ion channels. Motions of the voltage sensor of VSP have been characterized by voltage clamp both by measuring
nonlinear capacitative currents similar to gating
currents of voltage-gated ion channels (33, 51) and
detection of local environments around single
amino acid residues using the method of sitedirected fluorometry (20, 21, 51). VSP is the first
example in which a voltage sensor functions in a
different context than regulation of ion permeation
through the pore domain. VSD of VSP lacking the
cytoplasmic region still shows “gating” currents
8
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(15, 33) that are also called “sensing currents” (51).
This provides compelling evidence that VSD is a
self-contained sensor module consistent with the
protein structures of voltage-gated potassium
channels (26). A part of the voltage sensor of VSP
can replace a corresponding region of the VSD of a
voltage-gated potassium channel without losing
channel activities (3). A protein that only consists
of VSD also exists, and it functions as a voltagegated proton channel (42, 44) (see FIGURE 2).
The voltage sensor of VSP shares many features
with that of voltage-gated ion channels. Amino
acid replacement in VSD of VSP leads to a shift of
voltage dependence of the voltage sensor motions
(8, 15, 21, 33). VSP’s “gating” currents or sensing
currents show peaks with clear delay following the
initiation of voltage step. These indicate that multiple states exist in the transitions of activation of
the voltage sensor. In voltage-gated ion channels
from many species, the voltage dependence of the
voltage sensor motions is shifted to a negative direction when the membrane potential is held to a
depolarized level. This phenomenon correlates with
the development of slow inactivation of voltagegated ion channels. Villalba-Galea et al. found a
similar shift of voltage-dependence by altering holding potentials in Ci-VSP: the voltage sensor can move
within a more negative range of voltages when the
membrane is held at a potential in which the sensing
charges have moved to the active position of the
voltage sensor (51). In the voltage clamp fluorometry
of tetramethylrhodamine (TMR) dye attached to
G214C of Ci-VSP, it was shown that a slower component of the change of fluorescence traces the transition between the active state and the relaxed state.
These findings indicate that with persistent depolarization the voltage sensor of Ci-VSP enters into the
third state, the so called “relaxed state,” distinct from
the resting and activated state, characteristics shared
by various types of voltage-gated ion channels.

Enzymatic activities
Remarkable sequence similarity of Ci-VSP to PTEN
suggested that the major enzymatic reaction of CiVSP is to dephosphorylate PtdIns(3,4,5)P3. However,
electrophysiological measurements in Xenopus
oocytes heterologously expressing Ci-VSP proteins
showed remarkable depletion of PtdIns(4,5)P2 on depolarization of the cell membrane (34), which cannot
be explained by the phosphatase activity toward
PtdIns(3,4,5)P3. Imaging of PtdIns(4,5)P2 using green
fluorescent protein (GFP)-tagged pleckstrin homology (PH) domain from phospholipase C ␦ subunit
(PLC-␦) showed that PtdIns(4,5)P2 concentration is
reduced during depolarization (34). A malachite
green assay showed that the cytoplasmic region of
VSP not only dephosphorylates PtdIns(3,4,5)P3 but
also PtdIns(4,5)P2 in vitro (18) (see FIGURE 3).
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Thin-layer chromatography with isotope labeling
showed that the 5= phosphate is removed from
PtdIns(4,5)P2 (18). Imaging studies with total internal
reflection fluorescence (TIRF) in mammalian cells
using a PtdIns(4)P-sensitive probe, oxysterol binding
protein (OSBP)-pleckstrin homology (PH) domainGFP, and PtdIns(3,4)P2-sensitive probe, tandem PHdomain-containing protein 1 (TAPP1)-PH domainYFP, showed that PtdIns(4)P and PtdIns(3,4)P2 are
produced by the activities of Ci-VSP, consistent with
the results of in vitro assays (18). Dephosphorylation
of PtdIns(4,5)P2 and PtdIns(3,4,5)P3 was also shown
with a teleost ortholog of VSP (Dr-VSP) (15). It still
remains to be established whether PtdIns(3,4,5)P3 is
dephosphorylated by VSP to PtdIns(4,5)P2 as well as
to PtdIns(3,4)P2.
Thus Ci-VSP has a different substrate specificity from PTEN that does not dephosphorylate
PtdIns(4,5)P2 and is highly selective for the phosphate on the 3= position. Such a distinct substrate specificity of Ci-VSP partly depends on a
glycine residue in the active site (the fourth residue of HCKGGKGR) (18), because mutation of
G365 to A abolishes phosphatase activity toward
PtdIns(4,5)P2. However, it is possible that other
residues also contribute to the substrate specificity of Ci-VSP (18).
In vitro malachite green assay of the whole cytoplasmic region of Ci-VSP with PtdIns(3,4,5)P3 as
substrate showed that Vmax and Km values are 0.292
nmol·min⫺1·g⫺1 and 36 M, respectively (33),
which are within the range of those reported for
PTEN. The turnover rate is estimated at ⬃3.2 s. No
similar analysis has been available for PtdIns(4,5)P2
so far.

KCNQ2/3 channel continues to become sharper
over 50 mV where the charges carried by the voltage sensor still do not saturate. These changes of
K⫹ channel activities over a wide range of membrane potentials are consistent with the idea that
enzymatic activities are correlated with the motions of the voltage sensor. More detailed study will
be necessary to address how enzymatic activities
are quantitatively related to the motions of the
voltage sensor, especially because KCNQ2/3 channels have intrinsic voltage sensor. It also remains
unknown whether the phosphotase activity is completely shut down at hyperpolarized voltage.
Interaction between two protein modules is often known to be bidirectional. Motions of the voltage sensor on suppression of enzyme activity with
mutation of the phosphatase domain or treatment
with phosphatase inhibitor were studied by measuring “gating” or sensing currents of teleost VSP
in a mammalian cell expression system (15). They
were accelerated when enzyme activities were suppressed by phosphatase inhibitors such as pervanadate or hydrogen peroxide, or when a cysteine
residue, a site critical for enzyme activity, was mutated to serine (15). Altered patterns of voltage
sensor motions were also seen when Ci-VSP with a
mutation, D331 in the phosphatase domain corresponding to D92 in PTEN, was expressed in Xenopus oocyte (20). These retrograde effects from the
phosphatase region to the voltage sensor suggest
that the operation of the voltage sensor is influenced by the state of the phosphatase domain and

Voltage sensor-enzyme coupling
The relationship between enzyme activity and
membrane voltage was examined by electrophysiolgical methods (33) and imaging studies
(34). PtdIns(4,5)P2-activated potassium channels
serve as indirect readouts of PtdIns(4,5)P2 phosphatase activities. Inward rectifier K⫹ channels
and KCNQ2/3 channels were coexpressed with
Ci-VSP in heterologous expression systems (34).
By analyzing current magnitudes or kinetics of
those K⫹ channels on distinct pulse protocols of
voltage commands, it was established that depolarization drives the enzymatic activity of Ci-VSP
(see FIGURE 4).
By electrophysiological studies of potassium
channels with distinct PtdIns(4,5)P2-sensitivities, it
was suggested that enzyme activity is tuned over a
wide range of membrane potential. Depolarizationinduced enzyme activity is detected at ⫺40 mV and
enhanced at a more positive level when GIRK
channels (Kir3) were used as the phosphoinositidesensor (see FIGURE 4). The current decay of

FIGURE 3. Cartoon of VSP’s enzyme reaction with phosphoinositides compared with that of PTEN
Phosphate on the inositol ring is shown by circle. Alkyl group of phosphoinositides is shown by cylinder.
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Ci-VSP were also studied by measuring fluorescence of TMR attached to the external end of S4
(20). Motions of the voltage sensor are decelerated
when D331 of the phosphatase domain is mutated
(20). Such a retrograde effect of the phosphatase
domain on the voltage sensor is abolished when
PtdIns(4,5)P2 levels are depleted either by the activation of phospholipase C (PLC) or rapamycin-induced
activation of an exogenous 5= phosphatase, Inp54p.
Effect of PtdIns(4,5)P2 depletion on the retrograde
coupling was not seen when PBM was mutated, consistent with the idea that PtdIns(4,5)P2 acts on the
PBM of the linker region (20). These suggest a model
that a PtdIns(4,5)P2-PBM interaction is required to
link the voltage sensor and the phosphatase domains, whereas the release of PtdIns(4,5)P2 from
PBM uncouples the two modules. This idea needs to
be tested by further studies, including a demonstration of direct binding of PtdIns(4,5)P2 to PBM.

Biological roles of VSP

FIGURE 4. Assay of enzyme activity, changes of activities of GIRK channels, and time course of depletion of PtdIns(4,5)P2

A: assay of enzyme activity with PtdIns(4,5)P2-sensitive activities of potassium channels
in Xenopus oocyte. Depletion of PtdIns(4,5)P2 by VSP enzymatic activities will decrease
potassium currents. Arrow indicates activation of VSP’s PtdIns(4,5)P2 phosphatase activity. B: example of changes of activities of GIRK (G-protein-coupled inward rectifier
potassium) channels on depolarization. Pulse protocol is shown above. GIRK channel
activities were measured by stepping the membrane potential to ⫺100 mV. During
interval depolarization (60 s), VSP enzymatic activities increase and the level of
PtdIns(4,5)P2 is reduced. Interval (60 s) voltage is indicated at right side of individual
inward potassium currents. C: time course of depletion of PtdIns(4,5)P2 monitored by
GIRK channel currents. In B and C, images were adapted from Ref. 34.

that coupling between the two modules is very
tight.
Coupling is diminished when the linker region
between VSD and the phosphatase region is deleted, suggesting critical roles of the linker region
in coupling (33). The linker contains a conserved
phosphoinositide-binding motif (PBM), which is
similar to the motif at the NH2-terminus of PTEN
(5, 17, 53). Two recent studies have addressed how
a mutation in this region of Ci-VSP alters motions
of the voltage sensor (20, 50). Mutations in the
PBM of Ci-VSP accelerate the speed of “gating” or
sensing current during repolarization, shift the
voltage dependence of the charge movement to
positive potentials, and cause a “deeper” relaxation
of the voltage sensing domain (50). Effects of PBM
mutation on the motions of the voltage sensor of
10
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VSP is expressed in testis in both ascidians and
mammals (see Table 1). Localization of native VSP
proteins has been studied in the ascidian Ciona
intestinalis, where it is expressed on sperm tail
membranes (33). Sperm plasma membrane has
diverse types of ion transporting membrane proteins such as voltage-gated calcium channels (6),
CatSper channels, and voltage-gated proton channels. It will not be surprising if VSP plays a role,
together with sperm membrane proteins, in sperm
physiology such as motility or maturation. Perhaps
functions of multiple types of PtdIns(4,5)P2-dependent membrane proteins on sperm membranes
can be acutely shut down by downregulating
PtdIns(4,5)P2 via depolarization-dependent phosphatase activities of VSP. A recent report showed
that the chicken VSP gene is transiently expressed
in mesonephros, suggesting its role in cell differentiation or kidney function (37). Possible neural
expression of mammalian ortholog of VSP, called
TPIP (52), and weak expression of Ci-VSP in the
nervous system of adult ascidian (33) raise a possibility that VSP may play role in phosphoinositideregulated events in neural cells such as vesicle
turnover and regulation of membrane excitability.
Future studies to define detailed protein expression patterns and gene knockout or knockdown in
model organisms will shed light on physiological
roles of VSPs.

VSP Serves as a Molecular Tool
PtdIns(4,5)P2 regulates many biological processes
such as dynamics of the cytoskeleton, vesicle
turnover, and activities of membrane proteins (46).
Because the levels of phosphoinositides can be
acutely altered by VSP’s enzyme activity through a
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Table 1. Summary of Ci-VSP and VSP orthologs from teleost, chick, rodents and human
Species Name

Gene Name
Used in
Reference

Ciona intestinalis
Danio rerio
Homo sapiens

Ci-VSP
Dr-VSP
TPIP*
TPTE
PTEN2
cTPTE

Mus musclus
Gallus gallus

Number of
Amino
Acids

Gene Expression
Pattern

Reported Phosphatase
Activities Toward
PtdIns(3,4,5)3

Reported Phosphatase
Activities Toward
PtdIns(4,5)P2

Reference(s)

576
512
445
403
664
511

Testis, brain
n.t.
Testis
Testis
Testis
Testis, embryonic
kidney

Present†,‡
Present†
Present†
No activity†
Present†
n.t.

Present†,‡
Present‡
Not tested
n.t.
Low or absent†
n.t.

33
15
52
52
54
37

n.t., Not tested. *Several spliced variants are known for human TPIP (7). †Result based on the in vitro malachite green assay. ‡Result based on
electrophysiology or imaging method with the full-length protein.

simple jump of membrane potential, VSP serves as
a tool to study the detailed kinetics and functional
roles of phosphoinositides. Recently, kinetics of
PtdIns(4,5)P2 metabolism and regulation of ion
channels have been studied using VSP as a molecular tool to acutely deplete PtdIns(4,5)P2 (10, 19).
Residence time of PtdIns(4,5)P2 on KCNQ2/3
channel was able to be estimated at ⬍10 ms, which
is much shorter than previously thought (10). Regulation of neuronal voltage-gated calcium channels by diverse intracellular signals underlies
modulation of synaptic transmission and neuronal
plasticity. However, roles of phosphoinostides in
activities of voltage-gated calcium channels have
remained unclear. A recent study with VSP as a tool
to acutely deplete PtdIns(4,5)P2 has demonstrated
regulatory roles of PtdIns(4,5)P2 in voltage-gated
calcium channel (47). Mutational modification of
the properties of VSP, such as voltage threshold,
activation kinetics, and substrate turnover, will
help to expand the range of such applications.
VSP also provides a tool to develop a protein-based
voltage probe. Measuring the electrical activity of a
specific group of neurons simultaneously is important for understanding the principles of neuronal
networks. Several voltage-sensitive probes have been
designed utilizing VSDs from voltage-gated ion channels (4, 31) without any successful application for
imaging electrical activities. VSP has several advantages for developing a voltage probe. VSD of voltagegated ion channels does not exhibit gating currents if
the pore domain is deleted, thus making it difficult to
optimize the voltage-sensitive properties by electrophysiology. In contrast, voltage sensitivity of VSD of
VSP is accurately measured. The voltage sensor of
VSP shows robust “gating” or sensing currents even
when the protein lacks the cytoplasmic region (15).
Furthermore, overexpression of a VSP-based probe is
less likely to perturb native cellular functions because
of its monomeric organization (21) and low native
expression in excitable tissues such as neurons and
muscle. Voltage reporter proteins based on conventional voltage-gated ion channels may perturb cellular functions by interfering with native channel

proteins. However, it should be noted that cellular
properties are not completely unchanged when a
VSP-based probe is overexpressed. On heterologous
expression of such a probe, capacitative currents
need to be supplied when the voltage sensor of VSP
is moved. This mimics the effect of the addition of
cell capacitance, thus affecting intrinsic electrical
properties of native cells (1). It should also be considered that overexpression of membrane proteins
may cause ER stress leading to alteration of the cell
state.
Several voltage-sensitive probes have been designed by fusing the VSD of Ci-VSP with fluorescent proteins (8, 28, 35, 40, 49). A mutation was
introduced into the S4 segment to optimize the
range of voltage sensitivity. In one such example,
the protein named “mermaid,” two coral-derived
fluorescent proteins as a bright and pH-resistant
FRET pair were fused to VSD of Ci-VSP. This protein exhibits a large change in emission ratio (49)
and enabled non-averaged imaging of membrane
potential changes in isolated cardiac muscle cells
and cortical neurons (49). Recently, mermaid was
stably expressed in cardiac muscle cells of zebrafish, and propagation of an electrical signal
within the heart was visualized in live fish (48).
Trials of modifying properties (magnitude, voltage
range, and speed of activation) by site-directed
mutagenesis or by utilizing other fluorescent proteins (40) are in progress in different laboratories.

Summary and Future Directions
VSP consists of the ion-channel-like voltage sensor
and a PTEN-like phosphatase region. The voltage sensor of VSP is a self-contained module that activates, on
depolarization, a PtdIns(3,4,5)P3/PtdIns(4,5)P2 phosphatase region. Interaction between the two protein
modules in VSP is bidirectional; there is a retrograde
effect of the phosphatase module on the voltage sensor. Given that VSP shares structural similarities with
other phosphatases, understanding how the voltage
sensor regulates phosphatase activities of VSP will
lead to deeper insights into operating mechanisms of
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PTEN and other phosphatases. One important clue is
that the linker between VSD and the cytoplasmic
phosphatase region has a conserved PBM that potentially binds to PtdIns(4,5)P2 to regulate their coupling (20, 50). In addition, whether the role of the
C2 domain of VSP is similar to that of PTEN is
also an open question. To further understand
these findings, characterization of VSP would include studies of both the voltage sensor and the
phosphoinositide phosphatase. 䡲

14. Gronbaek K, Zeuthen J, Guldberg P, Ralfkiaer E, Hou-Jensen
K. Alterations of the MMAC1/PTEN gene in lymphoid malignancies. Blood 91: 4388 – 4390, 1998.

Note: Ci-VSP has recently been shown to be expressed
in blood cells of adults and juveniles (Ogasawara Y, et al.
Gene Expr Patterns. In press).
We thank Cheri Lazar for editing and Carolyn Worby for
thoughtful comments.
We thank HFSP and the National Institutes of Health for
support and encouragement.
No conflicts of interest, financial or otherwise, are declared by the author(s).

18. Iwasaki H, Murata Y, Kim Y, Hossain MI, Worby CA, Dixon JE,
McCormack T, Sasaki T, Okamura Y. A voltage-sensing phosphatase, Ci-VSP, which shares sequence identity with PTEN,
dephosphorylates phosphatidylinositol 4,5-bisphosphate.
Proc Natl Acad Sci USA 105: 7970 –7975, 2008.

15. Hossain MI, Iwasaki H, Okochi Y, Chahine M, Higashijima S,
Nagayama K, Okamura Y. Enzyme domain affects the movement of the voltage sensor in ascidian and zebrafish voltagesensing phosphatases. J Biol Chem 283: 18248 –18259, 2008.
16. Iijima M, Devreotes P. Tumor suppressor PTEN mediates
sensing of chemoattractant gradients. Cell 109: 599 – 610,
2002.
17. Iijima M, Huang YE, Luo HR, Vazquez F, Devreotes PN. Novel
mechanism of PTEN regulation by its phosphatidylinositol
4,5-bisphosphate binding motif is critical for chemotaxis. J
Biol Chem 279: 16606 –16613, 2004.

19. Klein RM, Ufret-Vincenty CA, Hua L, Gordon SE. Determinants of molecular specificity in phosphoinositide regulation.
Phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2) is the endogenous lipid regulating TRPV1. J Biol Chem 283: 26208 –
26216, 2008.
20. Kohout SC, Bell SC, Liu L, Xu Q, Minor DL Jr, Isacoff EY.
Electrochemical coupling in the voltage-dependent phosphatase Ci-VSP. Nat Chem Biol 6: 369 –375.

References
1.

Akemann W, Lundby A, Mutoh H, Knöpfel T. Effect of voltage sensitive fluorescent proteins on neuronal excitability.
Biophys J 96: 3959 –3976, 2009.

2.

Al-Khouri AM, Ma Y, Togo SH, Williams S, Mustelin T. Cooperative phosphorylation of the tumor suppressor phosphatase and tensin homologue (PTEN) by casein kinases and
glycogen synthase kinase 3beta. J Biol Chem 280: 35195–
35202, 2005.

3.

Alabi AA, Bahamonde MI, Jung HJ, Kim JI, Swartz KJ. Portability of paddle motif function and pharmacology in voltage
sensors. Nature 450: 370 –375, 2007.

4.

Baker BJ, Mutoh H, Dimitrov D, Akemann W, Perron A,
Iwamoto Y, Jin L, Cohen LB, Isacoff EY, Pieribone VA, Hughes
T, Knopfel T. Genetically encoded fluorescent sensors of
membrane potential. Brain Cell Biol 36: 53– 67, 2008.

5.

Campbell RB, Liu F, Ross AH. Allosteric activation of PTEN
phosphatase by phosphatidylinositol 4,5-bisphosphate. J
Biol Chem 278: 33617–33620, 2003.

6.

Darszon A, Acevedo JJ, Galindo BE, Hernandez-Gonzalez
EO, Nishigaki T, Trevino CL, Wood C, Beltran C. Sperm
channel diversity and functional multiplicity. Reproduction
131: 977–988, 2006.

7.

Das S, Dixon JE, Cho W. Membrane-binding and activation
mechanism of PTEN. Proc Natl Acad Sci USA 100: 7491–
7496, 2003.

8.

Dimitrov D, He Y, Mutoh H, Baker BJ, Cohen L, Akemann W,
Knopfel T. Engineering and characterization of an enhanced
fluorescent protein voltage sensor. PLoS ONE 2: e440, 2007.

9.

Duerr EM, Rollbrocker B, Hayashi Y, Peters N, Meyer-Puttlitz
B, Louis DN, Schramm J, Wiestler OD, Parsons R, Eng C, von
Deimling A. PTEN mutations in gliomas and glioneuronal
tumors. Oncogene 16: 2259 –2264, 1998.

10. Falkenburger BH, Jensen JB, Hille B. Kinetics of PIP2 metabolism and KCNQ2/3 channel regulation studied with a voltage-sensitive phosphatase in living cells. J Gen Physiol 135:
99 –114.
11. Furnari FB, Huang HJ, Cavenee WK. The phosphoinositol
phosphatase activity of PTEN mediates a serum-sensitive G1
growth arrest in glioma cells. Cancer Res 58: 5002–5008,
1998.
12. Georgescu MM, Kirsch KH, Akagi T, Shishido T, Hanafusa H.
The tumor-suppressor activity of PTEN is regulated by its
carboxyl-terminal region. Proc Natl Acad Sci USA 96: 10182–
10187, 1999.
13. Georgescu MM, Kirsch KH, Kaloudis P, Yang H, Pavletich NP,
Hanafusa H. Stabilization and productive positioning roles of
the C2 domain of PTEN tumor suppressor. Cancer Res 60:
7033–7038, 2000.

12

PHYSIOLOGY • Volume 26 • February 2011 • www.physiologyonline.org

21. Kohout SC, Ulbrich MH, Bell SC, Isacoff EY. Subunit organization and functional transitions in Ci-VSP. Nat Struct Mol
Biol 15: 106 –108, 2008.
22. Lee JO, Yang H, Georgescu MM, Di Cristofano A, Maehama
T, Shi Y, Dixon JE, Pandolfi P, Pavletich NP. Crystal structure
of the PTEN tumor suppressor: implications for its phosphoinositide phosphatase activity and membrane association.
Cell 99: 323–334, 1999.
23. Li DM, Sun H. TEP1, encoded by a candidate tumor suppressor locus, is a novel protein tyrosine phosphatase regulated
by transforming growth factor beta. Cancer Res 57: 2124 –
2129, 1997.
24. Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, Puc J,
Miliaresis C, Rodgers L, McCombie R, Bigner SH, Giovanella
BC, Ittmann M, Tycko B, Hibshoosh H, Wigler MH, Parsons R.
PTEN, a putative protein tyrosine phosphatase gene mutated in human brain, breast, and prostate cancer. Science
275: 1943–1947, 1997.
25. Li Z, Dong X, Wang Z, Liu W, Deng N, Ding Y, Tang L, Hla T,
Zeng R, Li L, Wu D. Regulation of PTEN by Rho small GTPases. Nat Cell Biol 7: 399 – 404, 2005.
26. Long SB, Campbell EB, Mackinnon R. Crystal structure of a
mammalian voltage-dependent Shaker family K⫹ channel.
Science 309: 897–903, 2005.
27. Longy M, Coulon V, Duboue B, David A, Larregue M, Eng C,
Amati P, Kraimps JL, Bottani A, Lacombe D, Bonneau D. Mutations of PTEN in patients with Bannayan-Riley-Ruvalcaba
phenotype. J Med Genet 35: 886 – 889, 1998.
28. Lundby A, Mutoh H, Dimitrov D, Akemann W, Knöpfel T.
Engineering of a genetically encodable fluorescent voltage
sensor exploiting fast Ci-VSP voltage-sensing movements.
PLoS ONE 3: e2514, 2008.
29. Maehama T, Dixon JE. PTEN: a tumour suppressor that functions as a phospholipid phosphatase. Trends Cell Biol 9:
125–128, 1999.
30. Maehama T, Dixon JE. The tumor suppressor, PTEN/
MMAC1, dephosphorylates the lipid second messenger,
phosphatidylinositol 3,4,5-trisphosphate. J Biol Chem 273:
13375–13378, 1998.
31. Miyawaki A. Fluorescence imaging of physiological activity in
complex systems using GFP-based probes. Curr Opin Neurobiol 13: 591–596, 2003.
32. Mulgrew-Nesbitt A, Diraviyam K, Wang J, Singh S, Murray P,
Li Z, Rogers L, Mirkovic N, Murray D. The role of electrostatics in protein-membrane interactions. Biochim Biophys Acta
1761: 812– 826, 2006.
33. Murata Y, Iwasaki H, Sasaki M, Inaba K, Okamura Y. Phosphoinositide phosphatase activity coupled to an intrinsic voltage sensor. Nature 435: 1239 –1243, 2005.

REVIEWS
34. Murata Y, Okamura Y. Depolarization activates
the phosphoinositide phosphatase Ci-VSP, as detected in Xenopus oocytes coexpressing sensors
of PIP2. J Physiol 583: 875– 889, 2007.
35. Mutoh H, Perron A, Dimitrov D, Iwamoto Y, Akemann W, Chudakov DM, Knöpfel T. Spectrallyresolved response properties of the three most
advanced FRET based fluorescent protein voltage probes. PLoS One 4: e4555, 2009.

41. Rahdar M, Inoue T, Meyer T, Zhang J, Vazquez F,
Devreotes PN. A phosphorylation-dependent intramolecular interaction regulates the membrane
association and activity of the tumor suppressor
PTEN. Proc Natl Acad Sci USA 106: 480 – 485,
2009.
42. Ramsey IS, Moran MM, Chong JA, Clapham DE.
A voltage-gated proton-selective channel lacking
the pore domain. Nature 440: 1213–1216, 2006.

36. Myers MP, Stolarov JP, Eng C, Li J, Wang SI,
Wigler MH, Parsons R, Tonks NK. P-TEN, the
tumor suppressor from human chromosome
10q23, is a dual-specificity phosphatase. Proc
Natl Acad Sci USA 94: 9052–9057, 1997.

43. Redfern RE, Redfern D, Furgason ML, Munson M,
Ross AH, Gericke A. PTEN phosphatase selectively binds phosphoinositides and undergoes
structural changes. Biochemistry 47: 2162–2171,
2008.

37. Neuhaus H, Hollemann T. Kidney specific expression of cTPTE during development of the chick
embryo. Gene Expr Patterns 9: 568 –571, 2009.

44. Sasaki M, Takagi M, Okamura Y. A voltage sensor-domain protein is a voltage-gated proton
channel. Science 312: 589 –592, 2006.

38. Odriozola L, Singh G, Hoang T, Chan AM. Regulation of PTEN activity by its carboxyl-terminal
autoinhibitory domain. J Biol Chem 282: 23306 –
23315, 2007.

45. Steck PA, Pershouse MA, Jasser SA, Yung WK,
Lin H, Ligon AH, Langford LA, Baumgard ML,
Hattier T, Davis T, Frye C, Hu R, Swedlund B,
Teng DH, Tavtigian SV. Identification of a candidate tumour suppressor gene, MMAC1, at chromosome 10q23.3 that is mutated in multiple
advanced cancers. Nat Genet 15: 356 –362, 1997.

39. Okamura Y, Murata Y, Iwasaki H, Sasaki M. New
role of voltage sensor: voltage-regulated phosphatase recently identified from ascidian genome. Tanpakushitsu Kakusan Koso 51: 18 –26,
2006.
40. Perron A, Mutoh H, Launey T, Knöpfel T. Redshifted voltage-sensitive fluorescent proteins.
Chem Biol 16: 1268 –1277, 2009.

46. Suh BC, Hille B. Regulation of ion channels by phosphatidylinositol 4,5-bisphosphate. Curr Opin Neurobiol 15: 370–378, 2005.

48. Tsutsui H, Higashijima S, Miyawaki A, Okamura Y.
Visualizing voltage dynamics in zebrafish heart. J
Physiol 588: 2017–2021, 2010.
49. Tsutsui H, Karasawa S, Okamura Y, Miyawaki A.
Improving membrane voltage measurements using FRET with new fluorescent proteins. Nat
Methods 5: 683– 685, 2008.
50. Villalba-Galea CA, Miceli F, Taglialatela M, Bezanilla F. Coupling between the voltage-sensing
and phosphatase domains of Ci-VSP. J Gen
Physiol 134: 5–14, 2009.
51. Villalba-Galea CA, Sandtner W, Starace DM,
Bezanilla F. S4-based voltage sensors have three
major conformations. Proc Natl Acad Sci USA
105: 17600 –17607, 2008.
52. Walker SM, Downes CP, Leslie NR. TPIP: a novel
phosphoinositide 3-phosphatase. Biochem J 360:
277–283, 2001.
53. Walker SM, Leslie NR, Perera NM, Batty IH,
Downes CP. The tumour-suppressor function of
PTEN requires an N-terminal lipid-binding motif.
Biochem J 379: 301–307, 2004.
54. Wu Y, Dowbenko D, Pisabarro MT, Dillard-Telm
L, Koeppen H, Lasky LA. PTEN 2, a Golgi-associated testis-specific homologue of the PTEN tumor suppressor lipid phosphatase. J Biol Chem
276: 21745–21753, 2001.

47. Suh BC, Leal K, Hille B. Modulation of high-voltage activated Ca2⫹ channels by membrane phosphatidylinositol 4,5-bisphosphate. Neuron 67:
224 –238.

PHYSIOLOGY • Volume 26 • February 2011 • www.physiologyonline.org

13

