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Voltage-gated ion channels are transmembrane 
proteins in which at least one gate is controlled by 
the transmembrane potential. They are frequently 
very selectively permeable to sodium (Nav 
channels), potassium (Kv channels) or calcium 
(Cav channels) ions. Depending on the channels, 
opening of the activation gate is triggered by 
membrane depolarization (Kv, Nav and Cav 
channels) or hyperpolarization (HCN channels 
for instance). In addition, in many voltage-
gated channels, a so-called inactivation gate is 
also present. Compared to the activation gate, 
the latter is oppositely coupled to the potential: 
In Kv, Nav and Cav channels, upon membrane 

depolarization, the inactivation gate closes whereas the activation gate opens. 

Depending on the cell types in which they are expressed and their physiological role, various 
voltage-dependent channels can be characterized by their conductance, ion selectivity, 
pharmacology and voltage-sensitivity. These properties are mainly dictated by the 
amino-acids sequence and structure of the pore forming subunit(s), presence of accessory 
subunit(s), membrane composition, intra- and extracellular ions concentration. Noteworthy, 
despite a profound variety of these ion channels characteristics, it seems that most of them 
obey to the same global, four-fold structure now obtained by several X-ray crystallography 
experiments.

Given the wealth of electrophysiological, biochemical, optical, and structural data regarding 
ion channels voltage-dependency, we decided to put together in this e-book, up to date 
reviews describing the molecular details of these complex voltage-gated channels.
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the main stimulus, which comes from either the nearby vol-
tage sensor domain or from a distal part of the C-terminus. 
C-terminal domains of Kv channels are indeed critical for 
the modulation of channel gating by signal transduction ele-
ments (Barros et al., 2012). These two categories may also be 
related with the intrinsic properties of the pore mentioned 
above (Vardanyan and Pongs, 2012).

– hERG is a very peculiar channel with slow activation gate and 
fast inactivation gate. Several molecular mechanisms (differen-
ces in voltage sensor dynamics, in the strength of S4-S5/S6 cou-
pling, modulatory role of the N- and C-termini) may be at the 
origin of that peculiar behavior (Cheng and Claydon, 2012).

Finally, in addition to the pore forming subunits, membrane 
lipids (Choveau et al., 2012; Moreno et al., 2012; Rodríguez 
Menchaca et al., 2012), intracellular ions (Goodchild and Fedida, 
2012), and β-subunits (Sun et al., 2012) that can associate with 
multiple stoichiometry (Wrobel et al., 2012) also modulate the 
channel voltage-dependency.

We hope that this series of reviews will bring researcher in the 
field (electrophysiologists, biochemists, modelers), a compendium 
of the knowledge gathered so far on the complex mechanisms of 
ion channel/enzyme voltage-dependency.
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Given the wealth of electrophysiological, biochemical, optical, 
and structural data regarding ion channels voltage-dependency, 
we decided to put together in this special issue, up to date reviews 
describing the molecular details of these complex voltage-gated 
channels (and in one instance voltage-dependent phosphatases: 
Villalba-Galea, 2012). The articles focus mostly on the molecular 
mechanisms underlying channels voltage-dependency, such as the 
electromechanical coupling governing their activation, but also on 
molecular mechanisms governing their regulation by lipids. We 
anticipate that such knowledge will help one to better understand 
the pathophysiology of channelopathies (Choveau et al., 2012; 
Delemotte et al., 2012; Jurkat-Rott et al., 2012) and lead to new 
pharmacological approaches.

Molecular mechanisms underlying voltage-dependent activa-
tion and inactivation are complex, especially because channels are 
behaving in drastically different ways. Many reviews included in 
the present Research Topic issue describe models that rationalize 
these different behaviors:

– In some channels, e.g., HCN, KAT, activation is promoted by 
hyperpolarization while in others, e.g., Kv channels, it is pro-
moted by depolarization, despite a similar global structure and 
behavior of their voltage sensors. The opposite behavior may 
come from different kinds of S4-S5/S6 interactions, that can be 
transient for hyperpolarization activated channel, permanent 
for depolarization activated channel (Blunck and Batulan, 
2012), or bimodal, with the residues implicated in the S4-S5/
S6 interaction being different in the open and closed states 
(Choveau et al., 2012). Along the same lines, the peculiar clo-
sed state inactivation observed in Kv4 channels may also come 
from a transient S4-S5/S6 interaction (Bähring et al., 2012).

– Forced uncoupling between the voltage sensor and the pore 
leads to opposite effects: this uncoupling favors channel clo-
sure of Shaker channels or, conversely, opening of the Kv-KcsA 
chimeric and KCNQ1 channels. This is most probably due 
to intrinsic properties of the pore, favoring a closed state in 
the former case and an open state in the latter (Blunck and 
Batulan, 2012; Vardanyan and Pongs, 2012).

– The nature of the gating motion of S6 falls into two catego-
ries as described in details by Labro and Snyders (2012). This 
may due to different constraints associated with the origin of 
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The Ciona intestinalis voltage-sensitive phosphatase, Ci-VSP, was the first Voltage-
controlled Enzyme (VEnz) proven to be under direct command of the membrane potential.
The discovery of Ci-VSP conjugated voltage sensitivity and enzymatic activity in a single
protein.These two facets of Ci-VSP activity have provided a unique model for studying how
membrane potential is sensed by proteins and a novel mechanism for control of enzymatic
activity.These facets make Ci-VSP a fascinating and versatile enzyme. Ci-VSP has a voltage
sensing domain (VSD) that resembles those found in voltage-gated channels (VGC). The
VSD resides in the N-terminus and is formed by four putative transmembrane segments.
The fourth segment contains charged residues which are likely involved in voltage sensing.
Ci-VSP produces sensing currents in response to changes in potential, within a defined
range of voltages. Sensing currents are analogous to “gating” currents in VGC. As known,
these latter proteins contain four VSDs which are entangled in a complex interaction with
the pore domain – the effector domain in VGC.This complexity makes studying the basis of
voltage sensing inVGC a difficult enterprise. In contrast, Ci-VSP is thought to be monomeric
and its catalytic domain – the VSP’s effector domain – can be cleaved off without disrupting
the basic electrical functioning of the VSD. For these reasons, VSPs are considered a great
model for studying the activity of a VSD in isolation. Finally, VSPs are also phosphoinositide
phosphatases. Phosphoinositides are signaling lipids found in eukaryotes and are involved
in many processes, including modulation of VGC activity and regulation of cell proliferation.
Understanding VSPs as enzymes has been the center of attention in recent years and sev-
eral reviews has been dedicated to this area. Thus, this review will be focused instead on
the other face of this true Janus Bifrons and recapitulate what is known about VSPs as
electrically active proteins.

Keywords: voltage-sensitive phosphatases, Ci-VSP, sensing current, 310 helix,VSD relaxation

INTRODUCTION
Voltage sensing phosphatases (VSP) are the first family of enzymes
displaying a voltage sensing domain (VSD). The first member of
the VSP family was described in 1999, when the human isoform
TPTE (Transmembrane Phosphatase with Tensin homology) was
reported as a testis-specific protein (Chen et al., 1999; Guipponi
et al., 2001; Wu et al., 2001; Tapparel et al., 2003). In spite of the
great similarities between the C-terminus of TPTE and members
of the protein tyrosine phosphatases (PTP) family (Chen et al.,
1999; Guipponi et al., 2000, 2001; Walker et al., 2001; Tapparel
et al., 2003), no catalytic activity was – or has been – observed to
be mediated by this protein.

Two years later, the findings of a second human VSP (Walker
et al., 2001; Wu et al., 2001) and a murine VSP (Guipponi et al.,
2001) were reported. In contrast to TPTE, the new human VSP
(known as TPTE2 and originally named TPIP: TPTE and PTEN
homologous Inositol lipid Phosphatase) displayed phosphoinosi-
tide phosphatase activity (Walker et al., 2001; Wu et al., 2001).
Another difference between the human VSPs (Hs-VSP, where
“Hs-” is for Homo sapiens) is that TPTE2 (hereafter Hs-VSP1)
is also found expressed in stomach and brain, in addition to
testis (Walker et al., 2001). To date, the physiological role of these
proteins remains elusive. Likewise, whether or not Hs-VSPs are

electrical active remains to be determined – so is the case for
the murine VSP (Mm-VSP; known as mTpte). Nevertheless, it
is arguably predicted that VSPs are involved in phosphoinositide
signaling pathways, which are found in all eukaryotes (Di Paolo
and De Camilli, 2006; Balla et al., 2009).

Since the discovery of Hs-VSPs, a number of VSPs have been
found – or predicted to exist – in many species (Kumanovics et al.,
2002; Sutton et al., 2012). The most conspicuous member of the
family is Ci-VSP. This enzyme was isolated from the tunicate Ciona
intestinalis – hence the acronym “Ci-.” In juvenile animals, Ci-VSP
has a wide tissue distribution (Ogasawara et al., 2011); whereas it
seems to be restricted to testis, neuronal tissues, and sperm in
adults (Murata et al., 2005). In contrast to mammals VSPs, Ci-
VSP displays robust electrical activity. Indeed, Ci-VSP was the first
enzyme proven to be under direct control of the membrane poten-
tial (Murata et al., 2005; Murata and Okamura, 2007). Ci-VSP is
one of the workhorses for research aimed at understanding the
biophysical and biochemical features of the VSP family. In fact,
our current understanding of the functioning of VSPs emerges
from studies on this enzyme.

The physiological role of VSPs remains unclear. Ci-VSP and
other catalytically active VSPs are phosphoinositides phosphatases
(Walker et al., 2001; Murata et al., 2005; Murata and Okamura,
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2007; Iwasaki et al., 2008; Halaszovich et al., 2009, 2012; Kohout
et al., 2010; Ratzan et al., 2011; Kurokawa et al., 2012). As known,
phosphoinositides are ubiquitous signaling lipids in eukaryotes
(Di Paolo and De Camilli, 2006; Balla et al., 2009). Phospho-
inositide signaling is central for a number of processes including
development (Leslie and Downes, 2004; Di Paolo and De Camilli,
2006; Leslie et al., 2007, 2008; Balla et al., 2009), ion channels
regulation (Suh and Hille, 2008; Logothetis et al., 2010), plasma
membrane identity (Hammond et al., 2012), and others. Also, it
has been shown that there is a correlation between changes in the
membrane potential and regulation of cell proliferation and dif-
ferentiation (Sundelacruz et al., 2009; Levin and Stevenson, 2012).
Thus, VSPs constitute a potential direct link between electrical
activity and development.

VSPs are homologs to PTEN, an enzyme critically involved
in the control of cell growth and proliferation, as well as in cell
differentiation (Leslie and Downes, 2002, 2004; Bai et al., 2004;
Menager et al., 2004; Walker et al., 2004; Balla et al., 2005; Leslie
et al., 2007, 2008; Endersby and Baker, 2008; Ooms et al., 2009;
Arendt et al., 2010; Bunney and Katan, 2010; Davidson et al., 2010;
Michailidis et al., 2011). PTEN is known as a tumor suppressor –
disruption of its function is among the most common causes of
cancer in humans (Li et al., 1997; Teng et al., 1997; Maehama
and Dixon, 1998, 1999; Leslie and Downes, 2004; Bunney and
Katan, 2010). PTEN and the catalytic domain of Ci-VSP display
similar mechanisms for activation (Iwasaki et al., 2008; Villalba-
Galea et al., 2009a; Kohout et al., 2010; Hobiger et al., 2012),
share catalytic targets (Murata et al., 2005; Iwasaki et al., 2008;
Halaszovich et al., 2009; Kohout et al., 2010; Lacroix et al., 2011),
and have structures that resemble each other (Lee et al., 1999;
Matsuda et al., 2011; Liu et al., 2012). Based on these similari-
ties, a series of chimeras, made by attaching the VSD of Ci-VSP
to PTEN, were proven to provide control by membrane poten-
tial on the activity of PTEN (Lacroix et al., 2011). This study
demonstrated for the first time that a cytosolic enzyme can be
engineered to become a Voltage-controlled Enzymes (VEnz) and,
thus, be directly controlled by membrane potential. More recently,
this approach has been used to study the activity of the catalytic
domains of the chicken (Gallus gallus) VSP (Gg-VSP; Kurokawa
et al., 2012) and the Hs-VSP1 (Halaszovich et al., 2012; Kurokawa
et al., 2012).

Among enzymes, what is unique about VSPs is that the N-
terminus forms a functional VSD controlling catalytic activity – at
least in non-mammalian VSPs. In spite of this extraordinary char-
acteristic, it is the C-terminus what has drawn the attention of
many researchers in recent years. Presumably, a reason for this
is that Ci-VSP displays high structural and functional homology
with the tumor suppressor PTEN (Murata et al., 2005; Murata
and Okamura, 2007; Iwasaki et al., 2008; Villalba-Galea et al.,
2009a; Kohout et al., 2010; Lacroix et al., 2011; Hobiger et al.,
2012; Liu et al., 2012). In fact, several review articles on this matter
are available in the literature (Worby and Dixon, 2005; Okamura
and Dixon, 2011; Villalba-Galea, 2012) and a number of crystal
structures have been published recently (Matsuda et al., 2011; Liu
et al., 2012). Arguably however, the most striking feature of VSPs
is that the VSD controls catalytic activity. Thus, this review will be
mainly focused on the electrical properties of VSPs.

SENSING CURRENTS
The VSD of Ci-VSP bears charged residues located within the
membrane-embedded region of the protein. As for others VSD
proteins, changes in magnitude and/or polarity of the electri-
cal field across the plasma membrane can induce changes in the
position of these charges, translating this displacement into con-
formational changes in the protein itself. This is the underlying
process for voltage sensing (Bezanilla, 2005, 2008; Swartz, 2008).

The movement of charged residues down the electrical gradi-
ent produces transient currents (Figure 1A). These currents are
known as “sensing” currents. In voltage-gated channels (VGC),
sensing currents are regarded as “gating” currents, since they are
involved in the mechanism that opens and closes the “gate” for ion
conduction (Bezanilla, 2005, 2008; Tombola et al., 2006). Thus, it
is fair to say that “gating” currents were the first instance of sensing
currents ever described.

Sensing currents are produced by the movement of VSD intrin-
sic charges across its membrane-embedded region. In the simplest
case, VSD’s charges sojourn between two states, one called Resting
state and another called Active state (Figure 1C, top). The Resting
state corresponds to the most probable state found at resting mem-
brane potentials – hence the name. In this condition, the plasma
membrane is polarized at negative voltage. On the other hand,
the VSD is more likely to be in the Active state as more positive
the membrane potential is. The transition rates between Resting
and Active states depend exponentially on the voltage across the
membrane (Bezanilla, 2000). For a simple two-state model, the
transition rate from the Resting to the Active state (α) is greater
as the membrane potential is more positive, while the rate for the
reverse transition (β) is lesser; for negative potentials, the opposite
situation is observed. Thus, the probability of finding the VSD in
the Active state (PActive) increases at more positive potentials and
is given by the following equation: PActive= α/(α+ β).

Usually, the action of changing the membrane potential to
more positive values is referred to as “depolarization.” This term
is inherited from classical electrophysiology in which conduc-
tances were evoked by driving the membrane potential toward
0 mV – not polarized membrane. However, in the case of VSPs,
maximum activation is typically observed above+60 mV (Murata
et al., 2005; Murata and Okamura, 2007; Hossain et al., 2008;
Iwasaki et al., 2008; Villalba-Galea et al., 2009a; Ratzan et al.,
2011). At these potentials, the membrane is positively polarized
and the magnitude of the polarization is larger that the one
observed at typical resting potentials. Thus, the term “depolariza-
tion” is unsuitable to describe the changes in potential that leads
to activation of VSPs. Instead, the term antipolarization (anti-
: from the greek αντí that means opposite) is a more accurate
descriptor.

THE NATURE OF SENSING CURRENTS
For the voltage-gated channel Shaker, it has been proposed that
gating currents are composed by the sum of “shot”-like currents
events (Sigg et al., 1994; Bezanilla, 2000). There is not reason to
believe that VSPs behave differently. Thus, it can be assumed that,
as in the case of Shaker, the transition of a single VSD from the
Resting to the Active state produces an outward “shot”-like cur-
rent as sensing charges move toward the extracellular space. In
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FIGURE 1 | (A) Ci-VSP-C363S sensing currents recorded from Xenopus
oocytes using the cut-open voltage clamp technique (Taglialatela et al.,
1992). The holding potential (HP) was set to −60 mV, and ON-sensing
currents were evoked by 800 ms-test pulses ranged −80 to +140 mV.
OFF-sensing currents were recorded at −60 mV. Numerical integration of
the ON-sensing currents (inset) was performed using a package developed
by the author using the programming language Java. (B) Maximum (steady
state) net charges are calculated by integration were plotted against the
voltage applied during the corresponding test pulse. The charge (Q) vs.
Potential (V) relationship was fitted to a Boltzmann distribution (see text).
For this, particular example, the half-maximum potential fitted was
+56.6±0.4 mV. (C) Minimum scheme for description of the electrical
behavior of the voltage sensing domain of Ci-VSP. At potentials below

−50 mV, the VSD resides with high probability in the Resting state. Upon
changes in the membrane potential to more positive voltages, sensing
currents are observed as consequence of the movement of sensing
charges leading the VSD into the active state. If the membrane potential is
above +50 mV, a secondary, voltage-independent transition is observed
following sensing currents. This process is called relaxation (see text) and
promotes the population of the relaxed state. As described in the text,
transitions between the resting and active state may occur while the S4
segment is in a 310 helix conformation. However, transit into the relaxed
states may be accompanied by a transformation of the upper part of the
S4 segment into an α-helix. Finally, repolarization of the plasma membrane
causes the return of the VSD to the resting state. This transition is
achieved through a hypothetical relaxed resting state.

contrast, the transition from the Active to the Resting state pro-
duces an inward “shot”-like current as the sensing charges move
in the opposite direction. For a large number of VSDs, the balance
between these currents results in a net charge movement across
the membrane, thus sensing currents.

When the membrane potential changes from negative to a more
positive voltages, sensing currents are observed as outwardly rec-
tifying currents. These currents are referred to as ON-sensing
currents, since they are related to the activation of the VSD and

phosphatase activity. Likewise, changes from positive to more neg-
ative potentials evoke inward sensing current, which are referred
to as OFF-sensing currents, since they are related to the deactiva-
tion of the VSPs. The net charge movement (Q) at each potential
can be determined by numerically integrating sensing currents
(Figure 1A, inset). The relationship between Q and the mem-
brane potential (V ), known as Q−V relationship (Figure 1B,
open circles), is typically described by one or the sum of two or
more Boltzmann distributions Q = QMAX/(1+ e−zF(V−V1/2)/RT )
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(Figure 1B, red line). The parameters of these distributions are uti-
lized to characterized voltage dependence of VSD proteins. One
of the most commonly used parameters is the half-maximum
potential (V 1/2) that, in the case of a two-state model, defines
at which potential the Resting and Active states are equally popu-
lated (Figure 1B). Other parameters for Boltzmann distributions
are: QMAX which is the maximum charge that can be moved, z
which is the apparent sensing charge, and F, R, and T which are
the Faraday constant, the universal ideal gas constant, and T in
temperature in Kelvin, respectively.

VOLTAGE DEPENDENCE OF VSPs
For Ci-VSP, sensing currents typically become discernible at
potentials above−50 mV,when holding the membrane at−60 mV.
As describe above, Q increases as antipolarization increases and it
reaches its maximum – it saturates – at potentials above+120 mV
(Figure 1B). The typical V 1/2 for the Ci-VSP Q−V relation-
ship is around +55 mV (Hossain et al., 2008; Villalba-Galea
et al., 2008; Figure 1B). Beside Ci-VSP, sensing currents have
been only reported from the isoform isolated from Danio rerio
(zebrafish). This VSP, known as Dr-VSP, shows a V 1/2 around
+96 mV (Hossain et al., 2008).

Three additional VSPs have been shown to be VEnz. These are
two isoforms isolated from Xenopus laevis (Xl-VSP1 and Xl-VSP2)
and one isoform isolated from Xenopus tropicalis (Xt-VSP; Ratzan
et al., 2011). No sensing currents have been reported from these
proteins. However, catalytic activity for Xl-VSP1 and Xl-VSP2 is
observed at potential above −20 and 0 mV, respectively, reaching
maximum around +60 mV (Ratzan et al., 2011). These observa-
tions suggest that Xl-VSPs have steeper voltage dependence than
Ci-VSP.

An intriguing feature of VSP is that mutations in the catalytic
domain, the effector domain of the VSD, have direct consequences
on the electrical activity of the voltage sensor. Particularly, inac-
tivation of Ci-VSP catalytic activity by mutating Cystein 363 to a
serine (C363S) causes an apparent change in the dynamics of the
VSD Ci-VSP. As reported from experiments using Two-Electrode
Voltage Clamp Fluorometry (TE-VCF), the deactivation of the
VSD is slower when the catalytic domains has been inactivated
by introducing the mutation C363S (Kohout et al., 2010). Like-
wise, introduction of the equivalent mutation in Dr-VSP (C302S)
slightly shifts the V 1/2 from+97 to+107 mV (Hossain et al., 2008).
The basis for these differences in the electrical properties is yet to
be determined.

It has also been shown that mutations that affect electrochem-
ical coupling affect sensing currents as well. During the return of
the VSD to the resting state, OFF-sensing currents display a slower
kinetic than those observed for ON-sensing currents during acti-
vation (Figure 1). To explain this observation, it has been proposed
that the VSD controls the binding of the Phospholipid Binding
Motif (PBM) to the membrane, which, in turn, controls catalytic
activity (Villalba-Galea et al., 2009a; Kohout et al., 2010; Lacroix
et al., 2011; Hobiger et al., 2012). Therefore, the return of sensing
charges must overcome PBM binding to the membrane while in
transit to the resting state. More recently, it has been shown that
the PBM is likely to bind PI(4,5)P2 (Kohout et al., 2010; Villalba-
Galea, 2012). Several mutations in the PBM has been identified to

disrupts binding, thus, electrochemical coupling (Villalba-Galea
et al., 2009a; Kohout et al., 2010; Lacroix et al., 2011; Hobiger et al.,
2012). In the presence of some these mutations or when the cat-
alytic domain is deleted, an increase in the speed of OFF-sensing
current is observed (Villalba-Galea et al., 2009a; Hobiger et al.,
2012). Conversely, when a mutation causes the “trapping” of the
catalytic domain on the membrane, the return of the S4 segment
to the resting state is much slower. This has been shown in TE-VCF
recordings from Ci-VSP bearing a mutation in catalytic domain
where Aspartate 331 is replaced to an alanine (D331A; Kohout
et al., 2010). Taken together, these observations clearly suggest that
as the VSD controls the catalytic domain, this latter one influences
the electrical activity of the sensor. Whether the modulation of
electrical activity the consequence of electromechanical coupling
or whether there is an explicit feedback mechanism for regulation
of the VSD remains to be determined.

THE VOLTAGE SENSING DOMAIN
The N-terminus of Ci-VSP displays four putative transmembrane
spanning segments forming a VSD (Murata et al., 2005). This
domain is homologous to those found in voltage gated channels
(Noda et al., 1986). The fourth putative segment of the VSD of
Ci-VSP bears five basic residues which are thought to constitute
the main sensing charges of the domain (Figure 2). In the orig-
inal description of Ci-VSP, the arginine at position 223 (R223)
was alluded as the first sensing charge (Murata et al., 2005). Con-
sistently, it is to be noticed that Arginine 217 (R217) is the only
arginine in the S4 segment that is not in the canonical every-third
residues array like in many VGC (Figure 2; Horn, 2005). However,
neutralization of R217 – the outermost extracellular charge – by
mutation to a glutamine (R217Q) shifts the voltage dependence of
the VSD about 50 mV toward negative potentials (Dimitrov et al.,
2007; Kohout et al., 2008). These observations have prompted the
idea that R217 may be the first sensing charged residue of the S4
segment (Kohout et al., 2008). Yet, it can be argued that R217 does
not participate in voltage sensing and, instead, its charge causes
an electrostatic bias in the effective electric field across the VSD.
Thus, whether R217 is the first sensing charge or whether it shapes
the electrical field across the VSD remains elusive.

The next charged residues are located in positions 223, 226,
229, and 232. These positive charges are also carried by arginines
(Figure 2). Intriguingly, Ci-VSP is the only example –among the
sequences consulted for this review – of a VSP with a S4 seg-
ment displaying four arginines in a single every-third-residue
array (Figure 2). Using the conserved motif NKRRY in the
PBM as reference, sequence alignment of Ci-VSP with other
VSPs shows that R229 is one the most conserved residues in
the S4 segment residues among VSPs (Figure 2). This suggests
that R229 may constitute a critical residue for electrochemical
coupling and for structural stability of the VSD. For Ci-VSP,
substitution of residues 229 and 232 for glutamine abrogated
voltage-dependent catalytic activity and seems to suppress sensing
currents (Murata et al., 2005). These observations indicate that
these residues are likely involved in electrochemical coupling in
Ci-VSP.

Modeling of the activated VSD of Ci-VSP built based on the
crystal structure of the chimeric potassium channel Kv1.2/2.1
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FIGURE 2 | A structural model for the Ci-VSP VSD was generated using
the package MODELER and the structure of the chimeric potassium
channels Kv1.2–2.1 (2R9R), subjected to minimization and an all-atom
simulation for 50 ns using NAMD. For molecular dynamics simulations, the
structure was embedded in a DPPC lipid bilayer (not shown). (A) Top view
displaying four transmembrane segments (S1–S4) in counterclockwise order.
(B) Side view of the Ci-VSP VSD model. The S4 segment displays five
Arginines. Arginines 223, 226, 229, and 232 (R1–R4) are located in the center
of the crevice formed by the packing of the helices. In contrast, Arginine 217
remains outside the crevice pointing toward the lipids. (C) S4 segment shown
in details. All charged residues point to the center of the crevice (right side),
except for R217 which faces the opposite direction. (D) Alignment of the S4
segment of VSP from several species. The PBM, particularly, the sequence

NKRRY, was used as a reference point. The arginine corresponding to Ci-VSP’s
R223 and R229 are the most conserved arginine among the VSP consulted
for this review. Those sequences labeled with an asterisk are predicted
proteins. The two letter code before “VSP” represent the species. Mb,
Monosiga brevicollis (marine choanoflagellate); Ci, Ciona intestinalis (sea
squirt); Nv, Nemastotella vectensis (sea squirt); Dr, Danio rerio (zebrafish); Tn,
Tetraodon nigroviridis (puffer fish); On, Oreochromis niloticus (tilapia); Xl,
Xenopus laevis (african clawed frog); Xt, Xenopus tropicalis (frog); Ac, Anolis
carolinensis (lizard; green anole); Gg, Gallus gallus (chicken); Mg, Meleagris
gallopavo (turkey); Mm, Mus musculus (mouse); Cg, Cricetulus griseus
(chinese hamster); Bt, Bos taurus (cow); Hs, Homo sapiens. To make the
nomenclature uniform, the following changes in notation were made:
Hs-VSP1 is TPTE2 or TPIP, Hs-VSP2 is TPTE, and Mm-VSP is mTpte.

(Long et al., 2007) shows that R229 is located in proximity
to two negatively charges residues, Aspartate 164 (D164) and
Aspartate 186 (D186; Figure 3). In Shaker, K374 is critical
for structural stability and is likely to interact with Glutamate
293 and Aspartate 316 in the S2 and S3 segments, respectively
(Papazian et al., 1995; Tiwari-Woodruff et al., 1997; Khalili-
Araghi et al., 2010). Likewise, D164 and D186 are conversed
in all known VSPs sequence consulted for this review, sug-
gesting that Shaker’s K374 and Ci-VSP’s R229 may play simi-
lar roles. Although experimental evidences are to be provided,
based on the predicted similarities between these VSD struc-
tures, it is likely that R229 is part of a network involving D164
and D186. It is important to emphasize that these interactions
might be established at positive potentials, since the model for
Ci-VSP shown here was based on the active (maybe relaxed)
structure of the Kv1.2–2.1 chimeric channel (Long et al., 2007).
Evidently, the accuracy of these predictions is intimately depen-
dent on the initial sequence alignment used for the model
construction.

Another residue, Phenylalanines 161 (F161) in Ci-VSP, is also
conserved among VSPs (Figure 3). This residue seems to be
homologous to F290 in Shaker, which is known as the “gating
charge transfer center” and constitute the core of the so-called
“hydrophobic plug” in the VSD of VGC (Tao et al., 2010; Lacroix
and Bezanilla, 2011; Pless et al., 2011). However, it is intriguing
that mutations of F161 have little effect on the Q−V relationship

of Ci-VSP (Lacroix and Bezanilla, 2012) suggesting that the puta-
tive “hydrophobic plug” in Ci-VSP may be architecturally different
than in VGC.

RELAXATION OF Ci-VSP
An fascinating property of Ci-VSP is that the voltage depen-
dence of sensing currents shifts toward negative voltages when the
membrane potential is held antipolarized (Villalba-Galea et al.,
2008, 2009a). This phenomenon, known as relaxation, has been
proposed to occurs following a voltage-independent transition
from the Active state (Figure 1C; Villalba-Galea et al., 2008,
2009a). Although the origin of relaxation remains unknown, it
has been suggested that one plausible mechanism for it involves
local remodeling of the S4 segment. Particularly, a secondary struc-
ture transition of the S4 segment from a 310 helix to an α-helix
(Villalba-Galea et al., 2008). As known, the carbonyl group of a
residue in a 310 helix interacts, via hydrogen bonding, with the
amide group of the following third residue. This is different than
α-helices in which the equivalent interaction is established with the
fourth residue instead. Consequently, as stated by Vieira-Pires and
Morais-Cabral (2010), “a 310 helix is more tightly wound, longer,
and thinner than an α-helix with the same number of residues.”

A transition in the S4 segment from a 310 to an α-helix can be
seen as a “local” mechanism. However, relaxation seems to com-
promise the entire S4 segment as shown from FRET-based optical
recording using the Voltage-Sensitive Fluorescence Protein (VSFP)

www.frontiersin.org September 2012 | Volume 3 | Article 161 |

11

11

http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive


Villalba-Galea Voltage-controlled enzymes

FIGURE 3 | Aligment of the S2 segment, S2–S3 loop, and S3 segment of
VSPs. The bottom parts of the S2 and S3 segment contain three of the most

conserved residues in VSPs. These are the equivalents to F161, D164, and
D186 in Ci-VSP. These residues are also found in VGC (see text).

2.3 (Villalba-Galea et al.,2009b). To know,VSFPs (Sakai et al.,2001;
Baker et al., 2007; Dimitrov et al., 2007; Lundby et al., 2008) and
similar construct, such as Nema, Zahra, and Zahra 2 (Baker et al.,
2012), are artificial proteins built by fusing fluorescence proteins
to the C-terminus of a VSD. Detailed analysis by Akemann et al.
(2009) has confirmed that optical signals from VSFP 2.3 report
conformational changes related to VSD relaxation. Thus, it can
be argued that relaxation may arise from rearrangements of the
entire VSD to energetically satisfy the new position of the S4 seg-
ment after activation. If this is the case, relaxation can be seen as a
“global” mechanism.

The structures of several six-transmembrane domain channels
display 310 helices in their S4 segments (Long et al., 2007; Clay-
ton et al., 2008; Payandeh et al., 2011). In the structure of the
chimeric potassium channel Kv1.2–2.1, a 310 helix is found in the
bottom the S4 segment extending from the fourth (R4) to the
sixth (R6) arginines (Long et al., 2007). In the case of the NavAb,
a member of the NaChBac family isolated from the bacterium
Arcobacter butzleri, a 310 helix extends along the S4 including the
four arginines of this segment (Payandeh et al., 2011). Similarly,
the MlotiK1 structure shows its charge-less S4 segment displaying
a five-turn 310 helix (Clayton et al., 2008). Because the existence
and stability of 310 helices depend on the packing and the inter-
action with other regions (Vieira-Pires and Morais-Cabral, 2010),
these observations grant the possibility that S4 segment could be
packed as a 310 helix in the resting state. In support of this idea,
several molecular dynamics studies of isolated VSDs suggest that
the S4 segment rests as a 310 helix (Bjelkmar et al., 2009; Khalili-
Araghi et al., 2010; Schwaiger et al., 2011). In fact, it has been
proposed that the S4 segment moves more readily when packed
in a 310 helix when compared to an α-helix (Bjelkmar et al., 2009;
Schwaiger et al., 2011). In summary, these studies seem to con-
clude that, indeed, the property of being “tightly wound, longer,
and thinner” is likely to be more energetically favorable for voltage
sensing. Thus a combination of “local” and “global” events can
account for relaxation.

VOLTAGE CLAMP FLUOROMETRY AND RELAXATION
Using the TE-VCF technique, it has been shown that the quenching
of tetramethylrhodamine-maleimide (TMRM) attached to a Cys-
teine replacing Glycine 214 (G214) on the top of the S4 segment
is sensitive to conformational changes in the VSD (Kohout et al.,
2008). Detailed analysis of fluorescence recording using Cut-Open
Voltage Clamp Fluorometry (CO-VCF) revealed that TMRM
quenching reports two distinct conformational changes during
VSD activation (Villalba-Galea et al., 2008). The first (fast) com-
ponent is correlated with the movement of the sensing charges,
constituting about 40% of the change in fluorescence observed
(pulsing to+80 mV for 2 s). The second component (slow) is cor-
related with the settling of relaxation of the VSD as estimated by
electrophysiology. This second component develops after sensing
currents have faded, suggesting that the conformational changes
responsible for this quenching component are not caused by
voltage-dependent transitions (Villalba-Galea et al., 2008). Com-
bining both observations, it was concluded that this significant
fraction of the fluorescence quenching signal emerge from con-
formational changes involved in relaxation (Villalba-Galea et al.,
2008).

The structure of the chimera Kv1.2–2.1 is regarded as being in
the active state. However, since there is no electrical field imposed
across the VSD during crystallization, this leads to the possibility
that the VSD in structure is in a relaxed-like state and that the
top half of the S4 segment displays an α-helix that forms after
relaxation (Villalba-Galea et al., 2008). Furthermore, it has been
proposed from molecular dynamics studies that the movement of
the S4 segment produces little changes in the shape and intensity
of the electrical fields across the VSD during deactivation (Dele-
motte et al., 2011). Extrapolating from this observation, it can be
argued that the movement of the sensor during activation occurs
before any secondary structure change takes place.

Based on VCF studies in Shaker, it has been proposed that the
depolarization-induced movement of the S4 segment involves a
rotation of the helix along its axis (Tombola et al., 2006; Pathak

Frontiers in Pharmacology | Pharmacology of Ion Channels and Channelopathies September 2012 | Volume 3 | Article 161 |

12

12

http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive


Villalba-Galea Voltage-controlled enzymes

et al., 2007). The possibility of a transition from a 310 to an α-helix
occurring after sensing (gating) currents inexorably leads us to a
simple minded question: Is it possible that the apparent rotation
of the S4 is the consequence of the unwinding of the 310 helix?
In the case of Ci-VSP, this question has not been answered yet.
However, it has been shown that TMRM-labeling at position 208
(a glutamine to cysteine substitution in the S3–S4 loop) yields a
fluorescence signals displaying a biphasic behavior. In this case,
antipolarization causes an initial dequenching of the fluorophore
followed by a slow quenching beyond the resting value (Kohout
et al., 2010). This observation suggests that the TMRM attached
to position 208 “visits” two different environments causing this
differential quenching and – based on what is know for Shaker
(Pathak et al., 2007) – are consistent with the idea that the top of
the S4 segment is rotating. As before however, it can be argued
that the unwinding of S4 segment after activation could produce a
similar fluorescence signature. These possibilities are not exclusive
and can not be ruled out with the reported evidences. So, further
confirmation is needed.

It is noteworthy that alternative models for the movement of
the S4 segment, such as the “paddle” model (Jiang et al., 2003; Ruta
et al., 2003; Long et al., 2007) and the “helical-screw” model (Guy
and Seetharamulu, 1986) have not been ruled out. Yet, the model
depicted here is more in tune with a third of “the three Major
Schools” – as referred to by Borjesson and Elinder (2008) – in
which the core of the VSD forms water-filled crevices.

Noteworthy, recent work from the Elinder Lab (Henrion et al.,
2012) shows that, in Shaker, the S4 segment moves respect to the
S3b segment and not with it, suggesting that the paddle model
is inadequate. Also, a number of recent theoretical studies sup-
port this finding (Pathak et al., 2007; Khalili-Araghi et al., 2010;
Delemotte et al., 2011; Schwaiger et al., 2011; Jensen et al., 2012;
Yarov-Yarovoy et al., 2012).

Thus far, as reported by fluorescence measurements, the elec-
trically driven movement of the S4 segment seemingly leads to
the unwinding (or rotation) of the S4 segment outermost section.
This notion might suggest that conformational changes of the VSD
during relaxation are confined to the top part of the S4 segment.
This implies that relaxation consists of a “local” rearrangement
of this segment. However, fluorescence recording from VSFP2.3
expressed in Xenopus oocytes argues otherwise (Villalba-Galea

et al., 2009b). Reiterating, VSFP2.3 is a member of a genetically
encoded optical probes for membrane potential built by attaching
fluorescent proteins – or tandem of them – to the C-terminus
of a VSD (Sakai et al., 2001; Baker et al., 2007; Dimitrov et al.,
2007; Lundby et al., 2008). In the case of VSFP2.3, a tandem of
Cyan- and Yellow-Fluorescent Proteins (CFP and YFP, respec-
tively) replaces the catalytic domain of Ci-VSP. Using CO-VCF,
fluorescence recordings from this probe have shown that the opti-
cal signals are correlated with sensing charge movement and relax-
ation in a similar fashion than fluorescence signals from TMRM
when covalently attached to the other end of the S4 segment
(Villalba-Galea et al., 2009b). These observations clearly indicate
that relaxation is transmitted along the entire S4 segment, rather
to be a “local” event. Thus, it is possible that relaxation involves
conformational changes in other regions of the VSD in addition
to the S4 segment. If proven, this will make relaxation a “global”
phenomenon. Models for the resting state of Kv channels show a
rearrangement of the VSD involving all transmembrane segments
respect the active state (Pathak et al., 2007; Khalili-Araghi et al.,
2010; Yarov-Yarovoy et al., 2012). Therefore, it is very likely that
relaxation encompasses conformational changes in the entire VSD.
Further investigations of this matter will provided a better under-
standing of the dynamic of voltage sensor. This facet in the activity
of Ci-VSP has constituted – and remains to be – a great tool in
doing so.

FINAL REMARKS
Why VSPs operate at positive potentials remains unclear – such
is their physiological role. However, membrane potential is not
the only parameter determining the activity of VSPs – at least for
Ci-VSP. Under physiological conditions, operation of VSPs could
be tightly regulated by phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P2] beyond activation by PBM binding. Electrochemical
coupling is regulated by this lipid (Kohout et al., 2010) and, in turn,
Ci-VSP and other VSPs, use this signaling molecule as one of their
main catalytic substrates (Murata et al., 2005; Murata and Oka-
mura, 2007; Halaszovich et al., 2009; Kohout et al., 2010; Ratzan
et al., 2011). Combining these observations, it can be speculated
that VSPs could function as homeostatic regulators for the concen-
tration of PI(4,5)P2, where the combination of electrical activity
and PI(4,5)P2, are dynamically tuning phosphatase activity.
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Voltage-gated potassium (Kv) channels are tetramers, each subunit presenting six trans-
membrane segments (S1–S6), with each S1–S4 segments forming a voltage-sensing
domain (VSD) and the four S5–S6 forming both the conduction pathway and its gate. S4
segments control the opening of the intracellular activation gate in response to changes
in membrane potential. Crystal structures of several voltage-gated ion channels in combi-
nation with biophysical and mutagenesis studies highlighted the critical role of the S4–S5
linker (S4S5L) and of the S6 C-terminal part (S6T) in the coupling between the VSD and
the activation gate. Several mechanisms have been proposed to describe the coupling at a
molecular scale. This review summarizes the mechanisms suggested for various voltage-
gated ion channels, including a mechanism that we described for KCNQ1, in which S4S5L
is acting like a ligand binding to S6T to stabilize the channel in a closed state. As dis-
cussed in this review, this mechanism may explain the reverse response to depolarization
in HCN-like channels. As opposed to S4S5L, the phosphoinositide, phosphatidylinositol 4,5-
bisphosphate (PIP2), stabilizes KCNQ1 channel in an open state. Many other ion channels
(not only voltage-gated) require PIP2 to function properly, confirming its crucial importance
as an ion channel cofactor. This is highlighted in cases in which an altered regulation of ion
channels by PIP2 leads to channelopathies, as observed for KCNQ1. This review summa-
rizes the state of the art on the two regulatory mechanisms that are critical for KCNQ1
and other voltage-gated channels function (PIP2 and S4S5L), and assesses their potential
physiological and pathophysiological roles.

Keywords: voltage-gated potassium channels, S4–S5 linker, phosphatidylinositol 4,5-bisphosphate, patch-clamp,
channelopathies

PART 1: ROLE OF THE S4–S5 LINKER IN CHANNEL VOLTAGE
DEPENDENCY
Voltage-gated ion channels are all designed according to a com-
mon pattern including six transmembrane segments (S1–S6), with
S1–S4 forming the voltage-sensing domain (VSD), in which the
positively charged S4 is the voltage sensor per se, and S5–S6
forming the pore. The N- and C-termini are cytosolic. Whereas
voltage-gated K+ channels are tetrameric assemblies of identical
or homologous subunits, eukaryotic Ca2+ and Na+ voltage-gated
channels are the result of the fusion of four subunits.

If a general consensus started to emerge on the nature and the
(nano-)metrics of the movement of the voltage sensor in voltage-
gated channels, it is still not the case for the nature of the coupling
between the voltage sensor movement and the gate opening. In
this first part, we review most of the results obtained through var-
ious experimental approaches on various channels, that can give
insights on the nature of the coupling, and we try to classify this
coupling into two categories: a strong or a labile coupling between
the main actors, namely, the S4–S5 linker (referred here as S4S5L)
and the C-terminal part of the S6 transmembrane segment (S6T).

HOW DOES THE VOLTAGE SENSOR REGULATE PORE GATING?
Movement of the voltage sensor
The ability of Kv channels to sense the membrane potential
is conferred via the VSD. The S4 segment moves across the
plasma membrane in response to changes in membrane poten-
tial, allowing the transition of the channel between a closed
conformation and an open conformation. Many studies have
investigated the nature of the S4 movement, and came up with
three different models, with major differences in this move-
ment.

∗ According to the crystal structure of KvAP, S4 coupled to S3
form a helical hairpin, or “paddle,” moving 15–20 Å across the
lipid bilayer, as confirmed by avidin accessibility to different-
length tethered biotin reagents (Jiang et al., 2003; Ruta et al.,
2005). However, a number of lines of evidence suggest that the
KvAP structure does not correspond to a native conformation,
such as the fact that the VSD is in a resting state and in contrast,
the pore is in the open state. This non-native state is poten-
tially due to the use of monoclonal antibody fragments in order
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to stabilize the structure, but more likely due to the absence of
membrane lipids (Lee et al., 2005).
∗ The “transporter” model, described in Shaker, involves a very
small movement of S4 (2–3 Å) from a crevice in contact with
the intracellular solution to another one in contact with the
extracellular solution (Cha et al., 1999; Chanda et al., 2005).
∗ Finally, the helical screw model (Guy and Seetharamulu, 1986)
and the similar sliding helix model (Catterall, 1986), originally
proposed for sodium channels, have been then adapted to Kv

channels (Durell and Guy, 1992). These models suggest that S4
rotates ∼180˚, and at the same time, translates ∼13.5 Å along
its axis (reviewed in Börjesson and Elinder, 2008). Strikingly,
“embryonic” paddle and helical screw models were predicted as
early as 1981 (Figures 2 and 9 of Armstrong, 1981).

The variety of these models, and the fact that they predict a
magnitude of the S4 movement across the membrane ranging
from 2 Å (Cha et al., 1999) to ∼15 Å in Shaker (Larsson et al.,
1996), most probably come from the variety of the techniques
employed. Some of the techniques (such as FRET) underestimate
the distances by capturing rare conformations when the donor
and acceptor are nearby. On the contrary, cross-linking or teth-
ered biotin may overestimate distances by capturing and covalently
stabilizing rare and extreme conformations in which a cysteine is
accessible intracellularly or extracellularly (Tombola et al., 2006).

A structural model of Shaker, based on the crystal structure of
Kv1.2, predicts an axial rotation and a translation of S4 (Yarov-
Yarovoy et al., 2006) as described in the “helical screw” model. In
addition, a subsequent tilting motion of the S4 is also suggested.
Very recently, disulfide-locking experiments and structural mod-
els of resting and activated state of the VSD in a sodium channel,
NaChBac, propose an outward movement (∼6–8 Å) of S4 relative
to S1, S2, and S3 and a rotation (∼30˚) of the S4 coupled to a
tilting motion relative to the S4S5L (Yarov-Yarovoy et al., 2012).
Studies of these different channels support the idea that a com-
mon S4 movement may be applied to various channels, including
KCNQ channels. The next step will be to solve the crystal structure
of KCNQ channels, in an attempt to gain insights on the struc-
tural conformation corresponding to gating of these channels.
Presently, homology models (Smith et al., 2007) and molecular
dynamics are valuable templates to better understand the physio-
logical and pathophysiological mechanisms of voltage dependency
(Delemotte et al., 2011).

Coupling between the voltage sensor and the gate: S4S5L and S6T

play a major role
The S4S5L interacts with S6T in many voltage-gated channels.
Which part of the channel links the voltage sensor movement to
the gate opening? The physical interaction between S4S5L and
S6T and the role of this interaction in translating the voltage sen-
sor movement to the gate opening have been investigated in many
voltage-gated channels by diverse techniques. The results obtained
will be detailed below and in other reviews of the present Fron-
tiers Research Topic, but it is important to note that many works
stress the major role of this S4S5L–S6T interaction. Mutagene-
sis associated to functional studies using chimeras of Shaker and
KcsA (Lu et al., 2001, 2002), alanine-scanning of S4S5L and S6T

in Kv4.2 (Barghaan and Bähring, 2009), cross-linking studies of
S4S5L and S6T in human ether-a-go-go related gene (hERG; Ferrer
et al., 2006), but also in the hyperpolarization-activated channel,
spHCN1 (Prole and Yellen, 2006), all converge to the notion that
S4S5L and S6T play a major role in the coupling between the volt-
age sensor and the S6T. This is further confirmed by the crystal
structures of Kv and Nav channels, which show that the distance
between S4S5L and S6T fits with the hypothesis that these regions
contact each other (Long et al., 2005; Payandeh et al., 2011).

These studies strongly indicate that theVSD-activation and gate
coupling are associated through the S4S5L–S6T interaction. How-
ever, many questions remain to be elucidated. Are other regions of
channels involved in this coupling? How exactly does this S4S5L–
S6T interaction make the link between VSD-activation and gate
coupling?

The N-terminus and the S1 segment are also involved in the
VSD-pore coupling. In addition to S4S5L and S6T interaction,
other regions influence voltage-dependent channel activity. One
of those regions is the N-terminus (Nter). In many signaling pro-
teins, a PAS domain is present where it functions as a signal sensor
and its name comes from the transcription factors in which it was
first identified: period circadian protein (Per), aryl hydrocarbon
receptor nuclear translocator protein (Arnt), and single-minded
protein (Sim). The PAS domain is also present in the N-terminus
of three Kv channel families, Kv10, Kv11, and Kv12. An interac-
tion between the PAS domain and S4S5L has been postulated as
underlying the slow deactivation process of hERG channels (Wang
et al., 1998a; Chen et al., 1999). Long QT syndrome (LQT) is a car-
diac disease characterized by prolonged ventricular repolarization,
arrhythmias, and sudden death. In some LQT patients, a disrup-
tion of the presumed interaction between the PAS domain and
S4S5L would result in an acceleration of the deactivation rate, lead-
ing to a decrease in this critical repolarizing current (Chen et al.,
1999). Alonso-Ron et al. (2008) showed that channels lacking Nter
domain or bearing mutations in S4S5L exhibited similar slowed
deactivation and positive shift in the voltage dependence of acti-
vation, supporting the hypothesis of an interaction between these
two regions. However, no experiment has unequivocally demon-
strated a direct Nter-S4S5L interaction although a recent study has
demonstrated a close proximity between Nter and S4S5L in hERG
(de la Peña et al., 2011). To highlight such interaction, the authors
introduced cysteines in the PAS domain and in the S4S5L and
then tested the effects of applying an oxidizing agent, tert -butyl
hydroperoxide (TbHO2), on channels expressing those cysteines.
Formation of disulfide bonds, induced by TbHO2, between cys-
teines introduced in Nter and S4S5L, dramatically decreases the
tail current. This effect is completely reversed by dithiothreitol, a
reducing agent. Taken together, these data indicate that Nter can
bind to S4S5L, stabilizing the channel in the closed state. A more
exhaustive review on the role of cytoplasmic domains (CTD) in
voltage-gated potassium channels gating is available in another
article of this Frontiers Research topic (Barros et al., 2012).

The coupling between the VSD and the pore may also occur
through interactions between transmembrane domains (TMD).
Cross-linking studies in Shaker channel showed the proximity
between the S4 and S5 segments, and suggested that interactions
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may be involved in the coupling between the VSD and the pore
(Broomand et al., 2003; Gandhi et al., 2003). Also, statistical analy-
sis of Kv channels sequences and mutagenesis studies suggest that
an interface between the S1 domain and the pore helix, both highly
conserved in Kv channels, is required for this coupling as well (Lee
et al., 2009). Indeed, a tryptophan scanning of residues forming
the interaction surface between S1 and the pore helix in Shaker has
shown that mutations of those residues affect channels function.
Finally, formation of a disulfide bond, forcing the S1-pore helix
interaction, leads to an alteration of gating.

In summary, a network of interactions, including Nter, S1,
S4S5L, and S6T, seems to be involved in the coupling between
VSD and the pore.

INTERACTION BETWEEN S4S5L AND S6T: TWO MODELS
Model 1: Mechanical lever model (Figure 1A)
Shaker. The Shaker gene from Drosophila melanogaster was the
first potassium channel to be cloned (Tempel et al., 1987), con-
tributing to the identification of a family of homologous channels
in vertebrates (the Kv superfamily) and to the understanding of
the role of Kv channels in human diseases. This channel is one of
the most extensively studied voltage-activated ion channels and
often serves as a model in the study of voltage dependency. In
this tetrameric voltage-gated K+ channel, the four VSDs are cova-
lently connected to the S5 segments of the pore region by the
S4–S5 linkers, as mentioned above. Kinetic models predicted that
the gating mechanism of this channel involves several relatively
independent movements of the four VSDs between resting and
activated states, followed by a concerted opening transition where
the S6 gate moves from a closed to an open state (Bezanilla et al.,
1994; Hoshi et al., 1994; Stefani et al., 1994; Zagotta et al., 1994a,b).
This model was further confirmed by using a triplet of mutations
in the S4 that make the final concerted step rate limiting in the
activation pathway, thus rendering it more detectable (Ledwell
and Aldrich, 1999).

In an elegant work using chimeras in which Shaker pore mod-
ule is replaced by the one of KcsA channel (Lu et al., 2001, 2002),
Lu and co-workers showed that S4S5L and S6T play a key role in
voltage dependency. Incomplete channel closures in Shaker-KcsA
chimeras with modified S4S5L and S6T suggest that these regions
interact in the closed state (Lu et al., 2002). Assuming that the
voltage sensors S4 are coupled to the gate in Shaker channels via
an obligatory (one S4 in the down state is enough to keep the
channel closed) rather than an allosteric mechanism, they pro-
posed a mechanical lever model in which S4S5L are pushing the
S6 gate in a closed conformation at negative voltages. The crystal
structure corresponding to the open state of the related vertebrate
Kv1.2 (below) is consistent with this mechanism in which all the
S4 segments have to be in an “up” state to allow pore opening.

In other functional studies, Shaker mutations in S4S5L and S6T

were shown to have a dramatic effect on the slow component of
the off-gating current. Together with the fact that closing the gate
impacts on gating charge return, this has been interpreted as the
S4S5L and S6T interaction allosterically keeping S4 in the “up”
position and stabilizing the open state (Batulan et al., 2010). The
same group identified other Shaker mutations in S4S5L and S6T

that completely uncouple S4 movement from pore opening. They

used the mutations to show that the pore domain exerts a mechan-
ical load onto the voltage sensors. Indeed, these mutations lead the
voltage sensors to be activated at more negative potentials (they
are more free to move), and relieve the mode shift of the volt-
age sensor, that they interpret as a stabilization of the open state
directly impacting the S4 movement (Haddad and Blunck, 2011).

Altogether, these data support both the specificity and the
strength of interaction between S4S5L and S6T, consistent with
the mechanical lever mechanism, but in a more complex manner,
with potentially state-dependent S4S5L and S6T interactions sta-
bilizing the closed (Lu et al., 2002) and the open (Batulan et al.,
2010) states. Of note, the critical role of S4S5L and S6T interaction
in channel open state stabilization has been recently illustrated
using high speed molecular dynamics simulation (Jensen et al.,
2012). Altogether these data, suggest a mechanism more complex
than a pure electromechanical coupling.

Kv1.2. The Kv1.2 channel is a Shaker-like voltage-gated potas-
sium channel expressed in mammalian neurons and involved in
the regulation of pre- and post-synaptic membrane excitability.
The interaction between the S4–S5 linker and the S6 segment was
observed in the crystal structure of Kv1.2 in the open state (Long
et al., 2005), confirming the electromechanical coupling between
the voltage sensor movement and the pore, as suggested previously
by Lu and co-workers in Shaker channels. The S4 were suggested
to perform mechanical work on the pore of Kv1.2 through the S4–
S5 linkers, which are positioned to constrict or dilate the S6 inner
helices of the pore (Long et al., 2005). A prediction of the chan-
nel closed state was built based on the hypothesis of a permanent
coupling. In this configuration where the S6 helix is presented
as a “receptor” of S4–S5 linker, it is easy to understand why its
sequence on Kv channels is quite conserved: Pro-X-Pro, where X is
any amino-acid (Shaker-like Kv channels), or Gly (other Kv chan-
nels) in the corresponding region. This structure allows bending
of the S6 helix in order to form the correct interaction with the S4–
S5 linker helix. However, the absence of a structure of Kv channels
in the closed state prevents from determining the exact molecular
nature of the voltage-dependent gate closure. Moreover, the struc-
ture of Kv1.2 may not completely correspond to the functional
open-activated state, especially for the position of S4 relative to
the pore, since this structure is incompatible with the proximity
of first S4 arginine R294 and a pore domain residue, A351 (Lewis
et al., 2008). Such proximity between R294 and A351 was probed
by the generation of a high affinity binding site of Zn2+ or Cd2+

when the residues were mutated to histidine. As discussed above
for cross-linking experiments trying to estimate the S4 position
and movement, introduction of the Zn2+ or Cd2+ high affinity
binding site may also capture the channel in a non-native state.

Only the combination of experimental and in silico approaches,
and the multiplication of channel structures will help understand-
ing the molecular details of the channel voltage dependency. For
instance, a recent crystal structure obtained from a prokaryotic
voltage-gated sodium channel (structurally similar to eukaryotic
voltage-gated K+ channels) supports the idea of a transient and
quite labile coupling between S4S5L and the S6T (Figure 1B).
Indeed, we can observe in this structure that the voltage sensors
S4 are in their activated position even though the pore is closed
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FIGURE 1 |Two models of coupling between voltage sensor movement
and pore opening. (A) The mechanical lever model with a strong coupling
between voltage sensor movement and pore opening, as suggested for Kv1.2

and Shaker. (B) The ligand/receptor model with a loose and state-dependent
coupling between voltage sensor movement and pore opening, as suggested
for KCNQ1 channels.

(Payandeh et al., 2011), and this corresponds to a decreased
interaction of S4S5L with S6T.

Model 2: Ligand/receptor model (Figure 1B)
KCNQ1. It is now admitted that the VSD-pore coupling is medi-
ated by the interaction between S4S5L and S6T. Several works on
Shaker and Kv1.2 channels (above) suggest that the nature of this
interaction is a strong coupling of the pore opening with voltage
sensor movement. But in other channels, the interaction between
S4S5L and S6T may be state-dependent, and leads to stabilization
of the channel in the open or closed state. Forcing the interac-
tion between S4S5L and S6T seems to stabilize hERG channels in a
closed conformation (Ferrer et al., 2006). One interpretation can
be that S4S5L is the equivalent of a ligand, able to bind to S6T and
to stabilize the channel in a closed state. Upon depolarization, S4
drags the S4S5L ligand away from its receptor, allowing the chan-
nel to open (Figure 1B). To test this hypothesis on KCNQ1, we
designed peptides identical to S4S5L (the “ligand”) and S6T (the
“receptor”) based on sequence alignment with Shaker, in which
interacting areas in the S4S5L and the S6T were suggested (Lu
et al., 2001, 2002). KCNQ1 coassembles with the β-subunit KCNE1
to form the channel responsible for the cardiac slowly activating
delayed rectifier current, I Ks. In COS-7 cells transfected with the
cardiac KCNE1-KCNQ1 channel complex and the S4S5L or S6T

mimicking peptides, we found that co-expression of S4S5L pep-
tides (“ligand” or inhibitory peptides) and the channel resulted in
a reduction of the voltage-dependent potassium currents. In con-
trast, S6T peptides (“receptor” or decoy peptides) up-regulated
channels activity, by competing with the endogenous S6T and

decreasing the inhibitory effect of the endogenous S4S5L bind-
ing to the endogenous S6T (Choveau et al., 2011). This confirms
that S4S5L can be compared to a ligand that locks channels in the
closed state by interacting with its receptor, S6T. The specificity
of the S4S5L/S6T interaction was confirmed by mutating the part-
ners. Previous mutagenesis studies in KCNQ1 channels identified
mutations in S4S5L (V254A) and in S6T (L353A) that prevent the
channels from closing completely at hyperpolarizing potentials
(Boulet et al., 2007; Labro et al., 2011), consistent with a decrease
in the S4S5L–S6T interaction. Based on these results, introduction
of V254A in S4S5L peptide or L353A mutations in S6T peptide
should disrupt the channel-peptide interaction and thus abolish
their respective effect on the K+ current. Mutant peptides have
indeed no effect on KCNQ1 function (Choveau et al., 2011). To
further demonstrate the specificity of the peptides-KCNQ1 inter-
action, a couple of mutations were tested both on the peptides and
on the channel. In the KCNQ1 channel, introduction of L353A
mutation located in S6T leads to an instantaneous current com-
ponent, that is abolished by the introduction of V254L mutation
located in S4S5L (Labro et al., 2011). The increased side chain
volume induced by V254L substitution is probably compensating
for the decreased side chain volume induced by the L353A one.
We hypothesized (i) that the incomplete L353A channel closure
was due to a low binding affinity of the endogenous WT ligand
(S4S5L) to its L353A mutated S6T receptor and (ii) a restored bind-
ing affinity of the endogenous V254L mutated ligand (S4S5L) to
the mutated S6T receptor. To confirm this, we showed that the
WT S4S5L peptide has indeed no effect on the L353A KCNQ1
channel, whereas the mutant S4S5L peptide (V254L) has an effect
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on this L353A KCNQ1 channel (Choveau et al., 2011). Altogether,
our results are consistent with a ligand/receptor mechanism in
which S4S5L acts as a ligand that binds to its receptor, S6T, stabi-
lizing the pore in a closed conformation. May this ligand/receptor
mechanism be applied to other voltage-gated channels?

Human ether-a-go-go related gene. The hERG encodes the
voltage-gated potassium channel underlying the cardiac delayed
rectifier current, I Kr, participating in the repolarization phase
of cardiac action potential (Curran et al., 1995; Sanguinetti
et al., 1995; Trudeau et al., 1995). hERG channel structure is
similar to that of Shaker-like voltage-gated channels (Warmke
and Ganetzky, 1994), possessing six (S1–S6) TMDs that com-
prise voltage sensor (S1–S4) and ion conduction pore (S5–S6)
region. Despite this similarity, hERG channels behave very dif-
ferently from Shaker-like channels: hERG activation and deac-
tivation gating kinetics are much slower, whereas inactivation
and the recovery from inactivation are rapid and intrinsically
voltage-dependent (Smith et al., 1996; Sanguinetti and Tristani-
Firouzi, 2006). Similarly to KCNQ1, the proximity between the
S4S5L and S6T in the closed state was suggested by mutagene-
sis of these regions (Tristani-Firouzi et al., 2002). Most impor-
tantly, introducing cysteines in both S4S5L and S6T led to a
current decrease in an oxidizing environment, and predomi-
nantly at a negative holding potential. This potential-dependent
channel locking in the closed state is consistent with the for-
mation of a disulfide bond between the cysteines introduced
in S4S5L and S6T (Ferrer et al., 2006), and suggest that S4S5L

binding to S6T locks the channel closed. This is in accordance
with the ligand-receptor model underlying the voltage depen-
dency of hERG channel activity. In the WT channel, interaction
between S4S5L and S6T occurs via specific amino-acids since
a point mutation (D540K) located in S4S5L (Sanguinetti and
Xu, 1999) fundamentally alters the gating properties of hERG
channels and these changes are prevented by additional point
mutations (R665A, R665Q, or R665D) located in S6T (Tristani-
Firouzi et al., 2002). The demonstrated specificity of amino-acids
interaction further supports the S4S5L ligand and S6T receptor
model. A companion review (Cheng and Claydon, 2012) in the
present Research Topic suggests that the sequence of the S4S5L

may be partly responsible for the slow activation kinetics of hERG
channels.

HCN and KAT1. The hyperpolarization-activated, cyclic-
nucleotide-gated (HCN) channels represent a family of four
members (HCN1-4) that carry I f (“f” for “funny”) or I h (“h”
for “hyperpolarization”) currents (DiFrancesco, 1981). Sequence
analysis revealed that the primary structure of HCN channels is
similar to that of voltage-gated potassium channels, i.e., six TMDs
(S1–S6), including the positively charged voltage sensor S4 and the
ion-conducting pore between S5 and S6. Ionic currents through
HCN channels modulate the intrinsic electrical activity in the heart
(DiFrancesco et al., 1979; DiFrancesco, 1993) and in a variety
of neurons (Pape, 1996). Intriguingly, these non-specific cation
channels are activated upon cell membrane hyperpolarization,
contrarily to the classical depolarization-activated ion channels.

How can this difference in the gating behavior be explained?
Two competing models have been proposed. The first model pro-
poses that HCN channels are in an inactivated state when the
membrane is depolarized and that its hyperpolarization induces
channels to recover from inactivation and enter into an open state
(Miller and Aldrich, 1996; Gauss et al., 1998). The second suggests
that HCN channels gating is opposite to the one of Kv channels.
In other words, membrane depolarization induces HCN chan-
nels deactivation whereas membrane hyperpolarization results in
channel activation. Uncovering hyperpolarization-induced inac-
tivation in KAT1, a six-segment potassium channel cloned from
the higher plant Arabidopsis and having similar gating charac-
teristics as HCN, has provided an argument that favors the sec-
ond model for hyperpolarization-dependent activation of HCN
channels (Moroni et al., 2000).

Alanine-scanning mutagenesis in HCN2 channel identified
three S4S5L residues playing a major role in the S6 gate stabilization
in the closed state (Chen et al., 2001), consistent with the “lig-
and/receptor” model of voltage dependency described in KCNQ1
and hERG. However, this does not explain in a straightforward
way the reversed voltage dependency of the channel compared
to other voltage-gated channels. A possible explanation would be
that a specific S4S5L–S6T interaction also favors an open state (in
mirror to such interaction favoring a closed state in KCNQ1 or
hERG channels). Using a cysteine cross-linking approach, a study
showed that forced interaction between the S4S5L (F359C) and the
C-terminus, downstream to S6 (K482C), leads to a constrained
and unnatural opening of spHCN1 channel (Prole and Yellen,
2006). Using a homology modeling approach, another study on
KAT1 suggested that channel closure occurs via an electrostatic
repulsion between S4S5L (R190 and R197) and S6T (R307 and
R310) while the channel opening occurs when S4S5L is rotating,
allowing an electrostatic interaction between D188 in S4S5L and
R307, R310 in S6T (Grabe et al., 2007). Again, all these studies
are in good agreement with a ligand/receptor model of voltage
dependency.

Kv4.2. Kv4.2 channel belongs to the family of voltage-gated potas-
sium channels related to the Shal gene of Drosophila (Kv4 chan-
nels). These channels mediate a subthreshold-activating current
(I SA) that controls dendritic excitation and the backpropagation
of neuronal action potentials (Hoffman et al., 1997). These Kv4
channels share structural motifs that are conserved in Shaker-like
Kv channels, including the positively charged S4 voltage sensor, the
TTXGYGD signature sequence in the selectivity filter, and the Pro-
X-Pro motif in the S6 segment. One specificity of these channels,
as compared to Shaker-like channels, is their significant closed-
state inactivation induced by small depolarization (Jerng et al.,
2004) and a fast voltage-dependent recovery from inactivation
(tens to hundreds of milliseconds). Using functional and modeling
approaches, it was demonstrated that this closed-state inactiva-
tion is strongly linked to the S4-charge immobilization in Kv4.2
channels, suggesting that the functional availability of Kv4.2 chan-
nels is directly regulated by the voltage sensors (Dougherty et al.,
2008). Another study based on structural modeling and alanine-
scanning, demonstrated that this voltage-dependent regulation
involves a dynamic coupling between the S4S5L and S6T. This
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dynamic coupling mediates both transient activation and closed-
state inactivation in Kv4.2 channels (Barghaan and Bähring, 2009).
While interaction between S4S5L and S6T is necessary for channel
activation, the Kv4 inactivation process would result from a desta-
bilization of this interaction. This is detailed in another review
(Bähring, 2012) of the present Research Topic. A model of labile
coupling might thus be applied to Kv4.2 channels the same way as
for KCNQ1, hERG, HCN, or KAT1 channels.

Nav and Cav channels. Voltage-gated Na+ and Ca2+ channels
(Nav and Cav, respectively), are fused tetrameric subunits with the
same structural organization as proper tetrameric Kv channels.
Indeed, Nav and Cav subunits contain four homologous but not
identical domains, each including six transmembrane segments
(S1–S6), a voltage sensor domain with a positively charged S4 seg-
ment and a pore region formed by the association of S5 and S6
segments.

Since the voltage-dependent activity of Na+ and Ca2+ chan-
nels is mediated by the S4 movements in response to membrane
potential variation (Yang and Horn, 1995; Hu et al., 2003) like
voltage-gated potassium channels, we hypothesize that the ligand-
receptor mechanism we demonstrated for KCNQ1 (Choveau et al.,
2011; Labro et al., 2011) may be applied to Na+ and Ca2+ chan-
nels. The recent crystal structure of the prokaryotic one-domain
voltage-gated sodium channel is consistent with our hypothesis
since it can be observed that the channel gate (S6) is closed while
the S4 segments are in the “up” position (Payandeh et al., 2011).
Moreover, in this pre-open configuration (or pre-locked configu-
ration if we consider the open to close pathway), the interaction
surface between S4S5L and S6T is reduced as compared to the
Kv1.2 channels structure (Payandeh et al., 2011). These observa-
tions support the model of a spontaneously opening and closing
pore (McCusker et al., 2011; Shaya et al., 2011) with S4S5L lock-
ing the channel in a closed state when the membrane is polarized
(Figure 1B). It will be interesting to confirm if this model also
applies to Na+ and Ca2+ channels, using the approach of exoge-
nous peptides mimicking S4S5L or S6T, as used in Choveau et al.
(2011).

IMPAIRED S4–S5 AND S6 INTERACTION UNDERLIES HUMAN DISEASES
As developed earlier, it is broadly accepted that the interaction
between S4S5L and S6T is extremely important for voltage-gated
ion channels function (activation, deactivation, and inactivation).
For that reason, disruption of such interaction may have dramatic
physiological effects, and lead to certain forms of disease.

Both cardiac and neurological disorders have been linked to
impaired S4–S5L and S6T interactions in Kv channels. For instance,
many mutations of the KCNQ1 channels lead to the LQT, a car-
diac disease characterized by prolonged ventricular repolarization,
arrhythmias, and sudden death. Interestingly, looking specifically
at the S4S5L, it was shown that LQT1 mutations (type 1 LQT, asso-
ciated with mutations in KCNQ1) are clustered on the one side of
the S4S5L α-helix structure, that is putatively responsible for inter-
actions with the S6T region (Boulet et al., 2007; Labro et al., 2011),
while several LQT1 mutations are also localized in the interact-
ing S6T region (http://www.fsm.it/cardmoc/), comforting in the
opinion that the interaction of S4S5L with S6T is physiologically

crucial for a proper heart function. Unfortunately, specific stud-
ies that would directly relate the importance of this interaction
with disease are still lacking. However, in order to confirm that the
ligand/receptor model (Figure 1B) fits well with the KCNQ1-E1
complex behavior, we used an atrial fibrillation mutant, S140G,
that was shown to deactivate extremely slowly, and thus that
presents almost no voltage dependence in the −80 to +80 mV
range (Chen et al., 2003; Restier et al., 2008). Interestingly, while
“S6T/activator peptides” clearly affect WT KCNQ1-KCNE1 chan-
nels, no effect was observed on the S140G-E1 complex. Conversely,
“S4S5L/inhibitory peptides” did have a dramatic blocking effect,
suggesting that the endogenous S4S5L of the S140G mutant chan-
nel does not reach S6T. Although speculative, these data suggest
that in this mutant, the gain-of-function effect might be some-
how related to an impaired interaction between S4S5L and S6T

(Choveau et al., 2011) due to a stabilization of S4 in the “up” state
(Restier et al., 2008).

On the other hand, the pathological effect of a Kv1.1 channel
mutation is consistent with the mechanical lever model of Kv1
channels (Figure 1A): the observation that a mutation located in
the S4S5L prevents Kv1.1 open state stabilization led to the conclu-
sion that disrupted S4S5L and S6 interactions underlie one type of
episodic ataxia disease, in direct support of the mechanical lever
model (Batulan et al., 2010).

Recently, it was proven that S4S5L and S6 regions of the
voltage-gated calcium channel Cav2.3 are coupled during the acti-
vation process (Wall-Lacelle et al., 2011). Since Cav channels are
involved in several pathologies, including episodic ataxia, familial
hemiplegic migraine, idiopathic generalized epilepsy (Adams and
Snutch, 2007), one can easily imagine that an impaired S4S5L–S6T

interaction in these channels might also underlie diseases, know-
ing that mutations in patients have been found in those critical
regions (Adams and Snutch, 2007; Pietrobon, 2007).

PART 2: MODULATION OF VOLTAGE-GATED CHANNELS BY
PIP2
PIP2 REGULATES SEVERAL VOLTAGE-GATED CHANNELS
KCNQ1 channels
Effect of PIP2 on IKs currents. Phosphatidylinositol 4,5-
bisphosphate (PIP2) is a minor acidic membrane lipid found
primarily in the inner leaflet of the plasma membrane. PIP2 was
first described as the precursor of the second messengers inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) when cleaved
by receptor-activated phospholipase C (PLC; Berridge, 1981). It
was realized much later that plasma membrane PIP2 is not simply
a precursor, but also a signaling molecule in its own right (reviewed
in Logothetis et al., 2010). As also demonstrated for a wide vari-
ety of ion channels and transporters (Gamper and Shapiro, 2007;
Suh and Hille, 2008; Logothetis et al., 2010), we showed that PIP2

is a necessary cofactor for KCNQ1 channel activity (Loussouarn
et al., 2003). It regulates KCNQ1 channel function by stabilizing
its open conformation, leading to increased current amplitude,
slower deactivation kinetics, and a negative shift in the steady-
state activation curve. Such PIP2 effect was described by a kinetic
model in which only the final concerted step toward opening was
affected by PIP2 levels (Figure 2). In this model, when the mem-
brane is depolarized, the movement of the four voltage sensors
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FIGURE 2 | A model based on the stabilization of the open state by PIP2
recapitulates the characteristics of the KCNQ1/KCNE1 currents. (A)
During activation, k ′s4 is negligible whereas kS4 =3.56/s, and during
deactivation k ′s4 = 7.47/s whereas kS4 is negligible. In this model, PIP2 only
affects the transition from a closed state to an open state when the four
voltage sensors are in the permissive state (CS4 on). Thus, during simulated
rundown, only kPIP2 varies (k ′ =87.3/s). (B) Experimental traces were

superimposed with the simulated current (solid lines). kPIP2 was fixed to
592.74, 176.43, 25.84, and 4.53/s (simulating PIP2 level decrease) to best fit
the decrease in current amplitude during rundown, as shown in the inset.
Inset: simulated (circles) and observed current (solid line) amplitudes as a
function of time after patch excision. (C) Traces in (B) were normalized to
compare the observed and simulated kinetics of activation and deactivation.
From Loussouarn et al. (2003).

in the upward direction is rate limiting, making activation kinet-
ics PIP2-independent. But, when the membrane is repolarized,
the transition of the concerted pore closing becomes rate limit-
ing, making deactivation kinetics PIP2-dependent. Other KCNQ
channels are also PIP2 sensitive, like the KCNQ2/KCNQ3 complex
responsible for the neuronal M-current (cf. below). It is interesting
to note that for this channel complex, the biophysical parameters
do not seem to vary as PIP2 levels vary (Shapiro et al., 2000), and
more specifically the deactivation kinetics (Zhang et al., 2010). It
is possible for those channels, that the concerted pore closing is

not rate limiting, making deactivation kinetics PIP2-independent.
In KCNQ4, similar kinetics of “OFF” gating current and ion cur-
rent deactivation are consistent with this hypothesis (Miceli et al.,
2012).

The KCNQ1/KCNE1 kinetic model shares similarities with the
one of Kir6.2/SUR1 channel (Enkvetchakul et al., 2000) suggest-
ing similar effects of PIP2 on six-domain and on two-domain
channels. Furthermore, similarly to several inwardly rectifying K+

(Kir) channels, ROMK, GIRK, and IRK (Huang et al., 1998), direct
interaction of PIP2 with a cluster of basic residues located in the
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C-terminus close to S6 was recently shown in KCNQ1 channel
(Thomas et al., 2011). This functional homology may give some
insights on the nature of PIP2 regulation of KCNQ1/KCNE1 chan-
nels. From the crystal structure of a GIRK channel, Whorton
and Mackinnon showed that PIP2 molecules lie at the interface
between the TMD and the CTD (TMD-CTD) and are coordi-
nated by several positively charged residues Lys64, Lys194, Lys199,
and Lys200 (Whorton and Mackinnon, 2011). PIP2 is suggested
to couple the G-loop gate (open by GTP binding) and the inner
helix gate. But even in the absence of GTP, it allows the outer and
interfacial helices to slightly shift downward and outward, and the
inner helices to slightly rotate. Even if the motion of the inner
helices is not sufficient to open the pore by itself, it shows that
PIP2 binding can lead to the inner helices rearrangements. For
KCNQ1, PIP2 binding to the cluster of basic residues located just
after S6 (Thomas et al., 2011) may lead to the stabilization of the
inner helices in an open state. In another recent crystallographic
study, Hansen et al. (2011) showed that PIP2 mediates docking of
the whole CTD to the TMD and subsequent opening of the inner
helix gate of Kir2.2. Thereby, we can speculate that KCNQ1 CTD
could interact with the membrane, via interactions with PIP2.
This idea is supported by our previous work showing that substi-
tutions of arginines located at the C-terminus of KCNQ1 channels
(R539 and R555, cf. below) decrease the channel-PIP2 sensitivity.
However, crystallographic studies must be done to confirm this
hypothesis.

Impact of KCNE1 subunits on PIP2 sensitivity of IKs. Although
KCNQ1 is a voltage-gated channel on its own, KCNE1 leads to
changes in the current properties: it increases the amplitude, shifts
the voltage dependence of activation toward more positive poten-
tials, slows activation and deactivation kinetics, and suppresses
inactivation (Barhanin et al., 1996; Sanguinetti et al., 1996). More
recently, it was shown that KCNE1 alters the function of I Ks by
modulating the interaction between PIP2 and the KCNQ1/KCNE1
complex (Li et al., 2011). It is established that the interaction
between proteins and PIP2 is often based on interaction between
basic residues with the negative charges of PIP2 (Suh and Hille,
2008). In light of this, Li et al. (2011) individually mutated 11 basic
residues located in the cytosolic C-terminus of KCNE1 to iden-
tify key structural determinants contributing to I Ks regulation by
PIP2. To do this, they studied for each mutant the gradual decrease
of KCNQ1/KCNE1 channel activity (“rundown”) observed right
after excision in the inside-out configuration of the patch-clamp
technique, patch excision provoking a decrease in membrane PIP2

levels. In their study, Li et al. (2011) demonstrated that KCNE1
increases the PIP2 sensitivity of I Ks. More specifically, they iden-
tified 4 basic residues (R67, K69, K70, and H73) in KCNE1 that
seem to play a critical role in this PIP2 sensitivity. They showed that
neutralization of these basic residues abolished the delay before
rundown that is specifically observed when KCNE1 is co-expressed
with KCNQ1, and significantly reduced the time constant of run-
down. From a structure obtained by a NMR approach, it appears
that these four residues are located on an α-helix, following the
TMD (Kang et al., 2008). Kang et al. suggested that the C-terminal
end of KCNE1 sits near S4S5L and S6T, which may explain the
changes exerted by KCNE1 on the gating of KCNQ1 (see Part 1:

Role of the S4–S5 Linker in Channel Voltage Dependency). More-
over, basic residues in the S4S5L and in the proximal C-terminus
of KCNQ1 have been shown to interact with PIP2 (Park et al.,
2005; Thomas et al., 2011), suggesting that PIP2 and KCNE1 mod-
ulate I Ks through interaction with the same region of KCNQ1.
Thus, PIP2 interacts with amino-acids in the KCNQ1/KCNE1
channel complex, and its capacity to modulate I Ks is regulated by
KCNE1, through mechanisms that remain to be clearly identified
by crystallographic approach.

Impact of PKA and PKC on PIP2 sensitivity of IKs. Neuro-
transmitter and hormone receptor stimulations activate different
signaling pathways that adjust the protein phosphorylation status.
Among others, Gq/G11-protein coupled receptors, like muscarinic
acetylcholine (ACh) receptors (M1), stimulate the PLC which
hydrolyzes PIP2 (Berridge, 1981) as explained above. The DAG
produced by PIP2 hydrolysis activates protein kinase C (PKC),
which has been suggested to regulate I Ks channels. Matavel and
Lopes (2009) showed that Gq-coupled receptors regulate I Ks

in a biphasic manner: (i) downstream activation of PLC leads
to PIP2 depletion and underlines channel inhibition and (ii)
PKC-mediated phosphorylation is responsible for the activation
phase.

Protein kinase A (PKA) is another well-characterized kinase
that regulates I Ks through receptor-activated signaling pathways
(Walsh and Kass, 1988; Marx et al., 2002). Stimulation of the β1-
adrenergic receptor leads to activation of adenylyl cyclase (AC) that
catalyzes the conversion of ATP to cAMP and activates PKA. This
β-adrenergic stimulation activates KCNQ1 via direct phosphoryla-
tion by PKA. More recently, Lopes et al. (2007) showed a crosstalk
between KCNQ1 phosphorylation by PKA and its regulation by
G-proteins of the Gq/G11 family. This study demonstrated that
ACh inhibition of KCNQ1/KCNE1 currents in injected Xenopus
laevis oocytes was lower in activated-PKA conditions and higher
in inhibited-PKA conditions as compared to control. Further-
more, invalidation of the KCNQ1 S92 consensus phosphorylation
site completely abolished the PKA effect on M1 inhibition of
KCNQ1/KCNE1 currents. These results suggest that direct PKA
phosphorylation of KCNQ1 is responsible for the PKA modula-
tion of the observed PLC-dependent inhibition. A direct effect
of PKA phosphorylation on channel regulation by PIP2 was sug-
gested by the use of wortmannin, which blocks the PI4-kinase
intervening in the PIP2 synthesis. PKA modulation of wortman-
nin inhibition was similar to the PKA modulation of M1 inhibition
of KCNQ1. All these results suggest that the KCNQ1 sensitivity to
PIP2 is modulated by PKA (Figure 3).

More recently, Matavel et al. (2010) gave some new insights
on KCNQ1 regulation by PKA and PKC. They tested four point
mutations of putative PIP2 interaction sites of the channel (R174C,
R243C, R366Q, and R555C) and observed that mutations located
in the proximal and distal C-terminus (R366Q and R555C, respec-
tively), enhance the channel sensitivity to variations of membrane
PIP2 level, suggesting a decrease in the apparent affinity of these
mutant channels to PIP2. This was not the case for two mutations
located in the S2–S3 loop (R174C) and in the S4S5L (R243C). For
the latter, this is in contradiction with the enhanced sensitivity to
PIP2 level variation observed by Park et al. (2005) for the R243H
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FIGURE 3 | Model of the regulation of channel-PIP2 interactions by PKA.
β1-adrenergic receptor regulates channel-PIP2 interaction through PKA
phosphorylation, and simultaneously regulates Gq/G11-protein coupled

modulation of the channel. Lopes et al. showed that this model is
transposable to KCNQ1 and TREK1 channels. Adapted from Lopes et al.
(2007).

mutant. Such discrepancy can be explained by the difference in
the nature of the substituted amino-acid (cysteine in one case and
histidine in the other) or by differences in experimental conditions
(whole-cell configuration on oocytes and giant-patch configura-
tion on COS-7 cells, respectively). Furthermore, Matavel et al.
showed that R174C and R243C mutants exhibited an impaired
activation by both PKA and PKC, whereas C-terminal KCNQ1
mutants presented an increased activation. Thus, for R366Q and
R555C mutant channels, regulation of the channel by PIP2 was
potentiated, suggesting that PKA and PKC activate the channel by
strengthening KCNQ1 interactions with PIP2.

Other KCNQ channels
Five members have been identified in the KCNQ channel family
(KCNQ1–5), each with a specific tissue distribution. In the heart,
intestine, and inner ear, KCNQ1 subunits, assembling with aux-
iliary KCNE subunits, are important for repolarization and K+

transport (Barhanin et al., 1996; Sanguinetti et al., 1996; Neyroud
et al., 1997;Wang et al., 1998b). KCNQ2,KCNQ3,and KCNQ5 par-
ticipate to “M-type” K+ currents in a variety of neurons (Lerche
et al., 2000; Schroeder et al., 2000; Cooper et al., 2001; Roche
et al., 2002; Shah et al., 2002) and play a dominant role in reg-
ulating neuronal excitability (Jones et al., 1995; Cooper et al.,
2001). KCNQ4 primarily localizes to the inner ear (Kubisch et al.,
1999). Zhang et al. (2003) studied the PIP2 dependency of all
KCNQ family members. They used various approaches for homo-
meric KCNQ2 and heteromeric KCNQ2/KCNQ3 channels and
showed that PIP2 application in inside-out macropatches leads
to an increase in channel activity, even after an almost complete
rundown. Following channel reactivation by PIP2, they observed
that application of polylysine, which was described to act as a PIP2

scavenger (Lopes et al., 2002; Rohács et al., 2002), results in fast
and complete block of the current. Application of PIP2 antibody
to the internal surface of inside-out macropatches also suppresses
the current. KCNQ1/KCNE1, KCNQ4, and KCNQ5 channels are
also reactivated by PIP2 after inhibition by polylysine, showing
that all KCNQ family members are PIP2 sensitive.

Similar to KCNQ1 (Loussouarn et al., 2003), PIP2 may increase
the current via a stabilization of the open state of KCNQ2–4

channels (Li et al., 2005). In their study, Li et al. (2011) showed that
the maximal single-channel open probability (Po) of KCNQ2–
KCNQ4 and specifically KCNQ2/3 channels is highly governed
by diC8-PIP2 concentration. Furthermore, they observed a strong
increase in maximal channel open probability (Po) of KCNQ2/3
and KCNQ2 in cell-attached patches from cells overexpressing
PI5-kinase, which has been shown to increase membrane PIP2

(Bender et al., 2002; Winks et al., 2005). Conversely, a decrease in
free membrane PIP2 induced by muscarinic stimulation strongly
lowers channel Po. The apparent affinity of the channels for diC8-
PIP2 is strongly different and parallels the differential maximal Po

in cell-attached patches, suggesting that Po of channels is mainly
governed by their sensitivity to membrane PIP2 (Li et al., 2005).
Although not sufficient to nail down the point, these experiments
are consistent with PIP2 stabilizing the open state of all KCNQ
channels.

In addition to PIP2, several kinds of phosphoinositides but also
other phospholipids are present in the plasma membrane and are
capable of regulating the “M-type” K+ current (Telezhkin et al.,
2012). However, the fact that the current decreases when using
tools that specifically decrease PIP2 (Suh et al., 2006; Lindner et al.,
2011) plus consideration of the concentration for half activation
for the different phospholipids and their abundance in the mem-
brane suggest a predominant role of PIP2 for the regulation of
KCNQ channels (Telezhkin et al., 2012).

Human ether-a-go-go related gene
The hERG or KCNH2 encodes the pore-forming subunit of the
channel that is responsible for the rapid delayed rectifier K+ cur-
rent, I Kr, in cardiac cells and several other cell types (cf. Part 1:
Role of the S4–S5 Linker in Channel Voltage Dependency). This
was the first voltage-gated ion channel described to be sensitive
to PIP2 (Bian et al., 2001). Consistent with this PIP2 sensitivity,
the muscarinic receptor M1, which stimulates enzymatic hydrol-
ysis of PIP2 by PLC, has been shown to suppress rat ERG cur-
rents in a heterologous system (Hirdes et al., 2004). As opposed
to KCNQ1/KCNE1 (Loussouarn et al., 2003), Bian et al. (2001)
showed that PIP2 addition on hERG channel led to an accelerated
activation with no effect on deactivation. But more recently, we
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observed that PIP2 effects on hERG are very close to those observed
on KCNQ1/KCNE1: increased current, slowed deactivation, and
no effect on activation kinetics (Rodriguez et al., 2010). This
difference could be due to the use of divergent patch-clamp config-
urations in these studies: whole-cell in Bian et al. versus inside-out
in our study. Furthermore, as for KCNQ1/KCNE1 channel com-
plex, a kinetic model showed that PIP2 effects on hERG can be
explained by modifying the late transition rates only, correspond-
ing to pore opening. In addition, we observed that hERG channels
present a PIP2 sensitivity similar to KCNQ1/KCNE1, estimated by
(i) polylysine-induced rundown kinetics, (ii) PIP2 induced run-up
kinetics, and (iii) sensitivity to intracellular Mg2+, which is known
to screen the PIP2 negative charges. All these data support the idea
that hERG and KCNQ1/KCNE1 channels have a similar affinity
to PIP2. However, the experiments we performed also showed the
persistence of a fraction of hERG current at low PIP2 levels, which
may underlie differences in response to physiological decrease in
membrane PIP2 levels.

Other voltage-sensitive channels
In addition to the delayed rectifiers KCNQ1 and hERG, other
voltage-gated channels are regulated by PIP2: the voltage-gated
Ca2+ channels (Cav) channels (Wu et al., 2002), HCN channels
(Pian et al., 2006), and also Kv channels (Oliver et al., 2004). At least
for Cav channels, accessory subunits can regulate the modulation
of the current by PIP2, similar as the β-subunit KCNE1 modu-
lating the PIP2 sensitivity of KCNQ1 (Suh et al., 2012). Another
article of this Frontiers Research topic is focusing on the effect of
PIP2 on these channels (Menchaca et al., under revision).

IMPLICATION OF PIP2 IN SIGNALING PATHWAYS
Depletion of PIP2 by activation of the Gq signaling pathway
Many studies have investigated the role of PIP2 in the reg-
ulation of voltage-gated KCNQ channels activity. Recovery
of KCNQ2/KCNQ3 current following muscarinic stimulation
requires re-synthesis of PIP2 (Suh and Hille, 2002) and channels
activity decreases quickly upon patch excision but is restored upon
cytoplasmic addition of PIP2 (Zhang et al., 2003). In addition, flu-
orescent PIP2-sensitive probes showed close correlation between
PIP2 hydrolysis and channel current suppression by muscarinic
agonists (Winks et al., 2005). Similar effects of PIP2 were found
for KCNQ1 channels, in recombinant systems (Loussouarn et al.,
2003; Zhang et al., 2003; Matavel and Lopes, 2009). Surprisingly,
one study shows the opposite effect of PIP2 on I Ks in guinea-pig
cardiomyocytes which would deserve a closer look (Ding et al.,
2004).

A decrease in PIP2 may be the major determinant for a decrease
in a KCNQ current upon activation of some Gq/11-coupled recep-
tors, but the mechanism may also be more complex for other
Gq/11-coupled receptors. Regarding regulation of the M-current,
two distinct pathways following PLC activation and IP3 and DAG
production have been described (Figure 4).

The first pathway, for which the decrease in PIP2 is the major
determinant of M-current depression, is induced by the activa-
tion of M1 muscarinic ACh and AT1 angiotensin II receptors
(Zaika et al., 2006; Suh and Hille, 2007; Matavel and Lopes, 2009;
Figure 4A).

The second pathway, activated by bradykinin B2 and puriner-
gic P2Y receptors (Figure 4B), induces PIP2 hydrolysis, but also
PIP2 re-synthesis preventing a decrease in PIP2 abundance. PIP2

re-synthesis is triggered by the increase of IP3 concentration lead-
ing to calcium release from intracellular stores (Cruzblanca et al.,
1998; Bofill-Cardona et al., 2000; Delmas et al., 2002; Zaika et al.,
2007). This release is modulated by a IP3 receptor-binding protein,
IRBIT, which leaves and unmasks some IP3 binding sites at a high
enough IP3 concentration, and increases the IP3 receptor sensi-
tivity (Zaika et al., 2011). The released Ca2+ binds to the calcium
sensitive neuronal calcium sensor-1 (NCS-1) that activates PI4-
kinase, leading to PIP2 re-synthesis compensating the hydrolysis
of PIP2 by PLC (Zaika et al., 2007). Ca2+ also binds to calmodulin
(CaM; Gamper et al., 2005) and Ca2+-CaM binding to the chan-
nel might decrease the affinity of channels for PIP2 (Kwon et al.,
2007; Sarria et al., 2011) as their putative binding modules seem
to overlap (Hernandez et al., 2008). This decrease in the affinity
for PIP2 may be the cause for current depression in the second
pathway (Figure 4B).

Binding/unbinding of PIP2

Localization of PIP2-binding sites. The location of presumed
PIP2-binding sites and the characteristic of their motifs have been
investigated in several channels. For KCNQ channels, evidence
support the idea that the PIP2-binding site(s) is (are) located
mainly within the C-terminus. For instance, the H328C muta-
tion in helix A within the C-terminus of KCNQ2 (residue in
green in Figure 5) renders channels less sensitive to PIP2 (Zhang
et al., 2003). In addition, Shapiro and co-workers localized a clus-
ter of basic residues within the linker connecting helices A and
B in the C-terminus of KCNQ2–4 as the primary site of PIP2

action (Hernandez et al., 2008). Based on the crystal structure
of Kir2.1, homology modeling of KCNQ2 has suggested three
residues (R459, R461, and R463) to form hydrogen bonds with
phosphates of the PIP2 head group (Hernandez et al., 2008).

Because all KCNQ channels share a common structure and are
up-regulated by PIP2 (Loussouarn et al., 2003; Zhang et al., 2003),
PIP2-binding site may be located at the analogous position in
KCNQ1. However, a sequence alignment shows that the putative
amino-acids binding to PIP2 identified by Shapiro and co-workers
(blue frame in Figure 5) are highly conserved in KCNQ2–5 but
not in KCNQ1, suggesting different PIP2-binding site(s) in this lat-
ter. A recent study has identified a cluster of basic residues (K354,
K358, R360, and K362) in helix A of KCNQ1 as being involved
in PIP2-binding (Thomas et al., 2011). Three of these residues
are conserved in other KCNQ channels (red frame in Figure 5),
suggesting a potential role of those amino-acids in PIP2-channel
interactions in KCNQ2–4. Other residues, that are located in the
S4–S5 linker (R243), downstream of the CaM binding domain
(R539) and in helix C of KCNQ1 C-terminus (R555), have also
been proposed to interact with PIP2 (Park et al., 2005). As a result,
and especially for KCNQ1, PIP2 seems to interact with multiple
parts of the channel. The crystal structures of Kir2.2 and GIRK
2, corresponding to S4–S5 linker+ S5–S6+C-terminus in KCNQ
channels, illustrate such networks of interaction, and may give
insights on the nature of PIP2 regulation of KCNQ channels, as
exposed above (Hansen et al., 2011; Whorton and Mackinnon,
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FIGURE 4 | Model of regulation of KCNQ channels function by the Gq
signaling pathway. (A) Activation of the PLC by ACh and angiotensin II
induces the hydrolysis of PIP2 to DAG and IP3. (B) Activation of bradykinin
and purinergic receptors leads to depletion of PIP2 by PLC but also its

re-synthesis. IP3 allows releasing Ca2+ from endoplasmic reticulum via
IP3R receptor. The released Ca2+ can bind to NCS-1 that induces the
synthesis of PIP2 via PI4K or bind to CaM and modulate the channel
sensitivity to PIP2.

FIGURE 5 | Alignment of human KCNQ C-terminus and potential PIP2
interacting residues. The residues in KCNQ1, framed in red and indicated
in red and italic, are those identified by Thomas et al. (2011) and Park et al.

(2005), respectively. The H328 residue identified in KCNQ2 is indicated in
green and in italic (Zhang et al., 2003). The region identified in KCNQ2–4 by
Shapiro and co-workers is framed in blue (Hernandez et al., 2008).
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2011). A more precise mapping and robust structural data remain
to be established in KCNQ channels to understand the underlying
mechanism.

In hERG also, a PIP2-binding site seems to be located in the
C-terminus. Deletion of a segment (883–894) in the C-terminus
of hERG abolished the effects of PIP2 on channel amplitude and
voltage dependence of activation (Bian et al., 2004). However, the
exact position remains elusive.

Role of Ca2+-CaM. We described above that activation of Gq/11
signaling pathways leads to PIP2 depletion and consequently to
decreased channel current. However, several works suggest that
unbinding of PIP2 due to decreased affinity for KCNQ channels,
rather than PIP2 depletion, can underlie Gq/11-mediated depres-
sion of KCNQ current (Delmas and Brown, 2005). In agreement
with this, Ca2+-CaM binding site is very close to the putative bind-
ing site for PIP2: helix A and B for Ca2+-CaM and the A-B helix
linker for PIP2 (Wen and Levitan, 2002; Gamper and Shapiro,
2003; Hernandez et al., 2008). This proximity indicates that occu-
pation of this site by Ca2+-CaM might reduce the binding of PIP2

to the channel, leading to a down-regulation of channels. Con-
sistent with this, a recent study (Sarria et al., 2011) showed an
increase of the open probability by PIP2 of another six-segment
channel, TRPM8, to be reversed by Ca2+-CaM. Conversely, Kwon
and co-workers have found that PIP2 reduced Ca2+-CaM bind-
ing to several channels including TRPC1, TRPC5–7, and TRPV1
(Kwon et al., 2007). Interestingly, similar effects are observed in
KCNQ1 and Cav1.2, supporting the idea that PIP2- and Ca2+-
CaM binding sites overlap in these channels (Kwon et al., 2007).
However, mechanisms by which Ca2+-CaM and PIP2 antagonize
each other effects remain unclear. Does this reduction result from
a direct competition or from allosteric conformational changes?

Do phospholipids affect the voltage sensor S4 movement? As
previously described in this review, mutagenesis studies have iden-
tified clusters of positively charged residues, mainly located in
the cytosolic C-terminus of channels that may interact with the
negatively charged PIP2. The S4 segment possesses several posi-
tively charged residues, suggesting that PIP2 might also affect its
movement by interacting with some of these residues.

Several studies are consistent with the idea that lipids can inter-
act with the voltage sensor and modulate its motion; although
most of these studies focus on interactions in the outer leaflet (PIP2

is situated in the inner leaflet). Structural studies on KvAP and on
a Kv1.2-Kv2.1 chimeric channel show that some residues of S4 are
exposed to lipids (Lee et al., 2005; Long et al., 2007). Chimeric
Kv2.1 in which the “paddle” motif (S3b and S4) is replaced by one
of the paddle motifs of Nav1.4 or of the voltage-dependent phos-
phatase, Ci-VSP, can be used to evaluate the contribution of the
paddle motif to a specific property of the voltage sensor. Hydrolysis
of the outer-leaflet lipid sphingomyelin to ceramide-1-phosphate
by sphingomyelinase D alters the S4 movement differently in the
different chimeric channels, suggesting an interaction between
outer-leaf lipids and the paddle motif (Milescu et al., 2009). The
sphingomyelin phosphate that persists in ceramide-1-phosphate is
critical for their interaction with S4 since sphingomyelinase C, an
enzyme which removes this phosphate group, strongly reduced the

gating current of Shaker and Kv1.3 (Xu et al., 2008). The impor-
tance of the phosphate group of lipids in the S4 movement has also
been highlighted in KvAP channels (Schmidt et al., 2006; Zheng
et al., 2011). Expression of KvAP in membranes, in which lipids
have a positively charged group instead of a phosphate group,
renders the channels not functional (Schmidt et al., 2006). This
effect would arise from a disruption of the interaction between the
arginines of the S4 segment and the phosphate groups of the mem-
brane lipids. Consistent with this, Zheng et al., 2011) showed that
the switch of the S4 from the resting to the activated conformation
requires more energy in a membrane without phospholipids.

According to those studies, S4 is stabilized in the activated posi-
tion by interaction with outer-leaflet phospholipids. The structure
of the Kv1.2-Kv2.1 chimeric channel suggests that an inner-leaflet
phospholipid may also interact with the S4–S5 linker (Long et al.,
2007). We suppose that the negatively charged phosphate groups
of PIP2 may bind to positively charged residues at the bottom of
S4 or in S4–S5 linker and regulate S4 motions. However, no direct
evidence exists for such an interaction.

IMPAIRED CHANNEL-PIP2 INTERACTION UNDERLIES HUMAN
DISEASES
As mentioned above, the importance of PIP2 regulation of voltage-
gated ion channels is now proven and clear. Thus, one might ask
how far this crucial factor affects the physiological functions of
these channels. Is it limited to a biophysical/regulatory effect, or
does it have major impact; for instance, can an impaired interac-
tion with PIP2 lead to human disease? While this issue was partly
answered for non-voltage-gated ion channels (Logothetis et al.,
2010), the relationship between PIP2 and channelopathies imply-
ing voltage-gated ion channels is less clear, probably since the study
of their regulation is more recent and less developed.

The KCNQ1-KCNE1 potassium channel complex underlies the
I Ks repolarizing cardiac current. We showed that this channel
function is dependent on PIP2 regulation, which allows stabiliza-
tion of the open state (Loussouarn et al., 2003). Importantly, we
also demonstrated that residues in intracellular part of KCNQ1
channels (S4S5L and C-terminus) are important for PIP2 reg-
ulation, and that their substitution, occurring in some LQT1
patients, leads to channel with decreased PIP2 sensitivity, suggest-
ing a direct connection between channels-PIP2 interactions and
the LQT syndrome (Park et al., 2005).

The KCNE1 beta-subunit is critical for a proper activity of
KCNQ1 in the heart, and KCNE1 mutations are also associated
with a LQT (type 5 LQT syndrome, LQT5). It was shown that
neutralization of positive charges located in KCNE1 C-terminus
is associated with LQT5 (Lai et al., 2005; Hedley et al., 2009; Kap-
plinger et al., 2009). A recent study highlighted the importance
of PIP2 interaction with KCNE1 and suggested that such inter-
action is critical for a proper function of KCNQ1/KCNE1 in the
heart. This study went further by reporting that LQT5 syndrome
is directly related to PIP2-KCNE1 association, since WT channel
complex properties were restored by using higher than normal
doses of PIP2, thus also confirming the PIP2-dependence of LQT5
disease (Li et al., 2011).

Regulation of hERG channels by PIP2 has been described
in Section “Part 2: Human Ether-a-go-go Related Gene.” PIP2
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stabilizes hERG open state changing the amplitude and deacti-
vation kinetics (Bian et al., 2001; Rodriguez et al., 2010). In the
putative PIP2-binding sites, phospholipid anionic heads may inter-
act with intracellular positively charged residues separated by, at
least, one aromatic residue (Rosenhouse-Dantsker and Logothetis,
2007; Hernandez et al., 2008). One PIP2 interacting site of hERG is
localized to the C-terminal part of S6 (residues 883–864; Bian et al.,
2004). Interestingly, three type 2 (hERG-related) LQT mutations
that lead to substitution or deletion of arginines (at positions 885,
887, and 892) are localized in this area (Napolitano et al., 2005;
Tester et al., 2005; Arnestad et al., 2007). It would thus be infor-
mative to investigate the activity of these LQT mutant channels to
determine a potential PIP2 involvement with the LQT2 syndrome.

The importance of PIP2 regulation for proper voltage-gated
ion channels function deserves thus all our attention. Although no
direct connection between the phospholipid and channelopathies
has been proven, apart from the LQT studies, the data obtained

so far open a wide range of possibilities. An impressive list of
phosphoinositide-sensitive channels has been presented in a recent
review (Logothetis et al., 2010), and many of them are involved
in pathologies (Lehmann-Horn and Jurkat-Rott, 1999). Follow-
ing the example of hERG above, and knowing that several studies
brought further details into the PIP2-binding sites on voltage-
gated ion channels (Zhang et al., 2003; Oliver et al., 2004; Her-
nandez et al., 2008; Flynn and Zagotta, 2011; Thomas et al., 2011),
we can certainly imagine that other mutations lead to impaired
channels-PIP2 interaction and thus lead to disease.
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Since their discovery in the 1950s, the structure and function of voltage-gated cation
channels (VGCC) has been largely understood thanks to results stemming from electro-
physiology, pharmacology, spectroscopy, and structural biology. Over the past decade,
computational methods such as molecular dynamics (MD) simulations have also con-
tributed, providing molecular level information that can be tested against experimental
results, thereby allowing the validation of the models and protocols. Importantly, MD can
shed light on elements of VGCC function that cannot be easily accessed through “classi-
cal” experiments. Here, we review the results of recent MD simulations addressing key
questions that pertain to the function and modulation of theVGCC’s voltage-sensor domain
(VSD) highlighting: (1) the movement of the S4-helix basic residues during channel activa-
tion, articulating how the electrical driving force acts upon them; (2) the nature of the VSD
intermediate states on transitioning between open and closed states of the VGCC; and
(3) the molecular level effects on the VSD arising from mutations of specific S4 positively
charged residues involved in certain genetic diseases.

Keywords: Kv1.2, gating charges,VSD intermediate states, molecular models, channelopathies, mutations, omega

currents

INTRODUCTION
Voltage-gated cation channels (VGCCs) are transmembrane (TM)
proteins ubiquitous to excitable cells of superior organisms. Their
role is to transport ions across the cell membrane in a manner
that depends on its polarization state. Being implicated in a wide
variety of biological functions such as the transmission of the ner-
vous impulse, mutations in genes encoding them may give rise to
inherited genetic diseases such as long and short QT syndrome
of the heart, epilepsies, periodic paralyses, deafness, diabetes, etc.
The physiological role of VGCCs has made them objects of interest
since their discovery in the 1950s and understanding their function
at a molecular level has benefited greatly from results from a large
number of experimental techniques, especially structural biology,
electrophysiology, and pharmacology, as well as spectroscopies of
various kinds.

Among the body of discoveries that have contributed to increase
our knowledge of VGCC structure and function, three of them
were recognized to have a remarkable impact: the first was the
recording of transient currents of very low amplitude (∼200
times lower than ionic currents). These currents, called today
“gating currents,” initially measured in the 1970s (Armstrong and
Bezanilla, 1973; Schneider and Chandler, 1973; Keynes and Rojas,
1974) follow from the reorganization of charged residues of the
protein in response to a change in the TM voltage. Their integral,
i.e., the gating charge, Q, represent the total charge that is trans-
ported through the membrane capacitance during gating (opening

or closing) of the channel and is a characteristic feature of VGCC
function. The second came from the sequencing of VGCCs (Noda
et al., 1984; Tempel et al., 1987), which revealed that they were
made of either homo- or hetero-tetramers of 6 TM segments
(S1–S6). The segment S4 contains a number of positively charged
residues (mostly arginines) and was as such recognized to consti-
tute the “voltage-sensor.” Following from this, it was hypothesized
that it is the movement of S4 across the membrane capacitance in
response to changes in the TM potential that gives rise to the gat-
ing currents aforementioned. The third discovery was the X-ray
crystal structure of a mammalian member of the VGCC family,
the Shaker-like (potassium) Kv1.2 channel (Long et al., 2005b).
Indeed, while a previous structure had captured an archeal voltage
gated K+ channel, the KvAP from Aeropyrum pernix, in a non-
native conformation 2 years prior (Jiang et al., 2003a), the Kv1.2
structure revealed for the first time the native 3-D arrangement of
the channel: a homo tetramer of S5 and S6 segments forms the
central pore (homologous to all K+ channels) and four separate
bundles made of segments S1–S4 each form an auxiliary “voltage-
sensor” domain (VSD) on the periphery. In this particular Kv1.2
crystallized structure, S4, which contains six positively charged
residues, is located in an “up” position, indicating that the VSD
was captured in its “activated” conformation. While leaving open
the question of the resting/closed state VSD conformation and the
channel’s deactivation mechanism, this structure enabled one to
start envisioning the molecular level operation mechanism of the
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VSD. In particular, it allowed computational approaches such as
molecular dynamics (MD) simulations to step in and contribute
to answering questions concerning the functional mechanism.

In this review,we will provide the reader with our perspective on
the results obtained so far using an MD approach. After describing
the technique and depicting the protocols designed to specifically
address questions that are peculiar to the study of VGCCs (e.g.,
how to reproduce voltage clamp conditions in silico, and how to
estimate the gating charge, etc.), we will review the main molecu-
lar insights gleaned on VSD operation. In particular, we will show
how the protocols devised have enabled construction of models
of the resting/closed state as well as being able to access the con-
formations of kinetic intermediate states. We also show how MD
simulation results have been used to tackle questions of biological
and pharmacological interest, namely how mutations of the S4
positively charged residues are involved in genetic diseases.

METHODS IN MOLECULAR DYNAMICS SIMULATIONS
As already mentioned, the field of VGCC research has benefited
from a large number of experimental techniques ranging from
pharmacology to structural biology (Hille, 2001). Computational
methods such as MD simulations contributed only later as high-
resolution structures have become available. When performed
under conditions corresponding to laboratory scenarios, MD sim-
ulations can provide a detailed view of the structure and dynamics
of a macromolecular system. They can also be used to perform
“computer experiments” that cannot be carried out in the labo-
ratory, either because they do not represent a physical behavior,
or because the necessary controls cannot be achieved in the lab.
Additionally, information from MD simulations like positions and
velocities of atoms can also enable to calculate quantities that can
be tested against experimental results to ensure the validity of the
protocols employed. As an illustration, voltage clamp electrophys-
iology measurements record currents flowing through the external
clamp circuit, giving indirect access to the currents moving across
the membrane, whereas in MD simulations, it is possible to follow
directly ionic charge displacement at an atomic level (Aksimentiev
and Schulten, 2005; Jensen et al., 2010; Kutzner et al., 2011) and
use this information to estimate currents from a statistical sam-
pling (repetition) of such events. A comparison of the simulation
results with experiments enables one to validate (or invalidate)
the theoretical models and ensures that molecular scale dynamics
embodied in the MD simulation are reliable.

In this section, we offer a brief description of the general prin-
ciples of MD simulations, and present the protocols developed
specifically to address questions concerning VGCC structure and
function.

GENERAL CONSIDERATIONS
MD simulations refer to a family of computational methods aimed
at simulating macroscopic behaviors of a microscopic many-body
system through the numerical integration of the classical equa-
tions of motion. In this review, we report mainly results from
atomistic simulations, in which each atom of the system (par-
ticle) is represented by a single interaction center with its net
charge, mass and specific interaction characteristics. The macro-
scopic properties of the whole simulation system are expressed

as functions of the particle coordinates and momenta, which are
computed along a phase space trajectory generated by classical
dynamics (Allen and Tildesley, 1987; Leach, 2001; Frenkel and
Smit, 2002). The time evolution of the system trajectories are dri-
ven by the forces between particles, which in turn derive from a
potential energy function U, also called a force field. The force
fields in common use in biophysics, which include GROMOS
(Schuler et al., 2001), CHARMM (MacKerell et al., 1998) and
AMBER (Case et al., 1999), are based on a classical treatment of
particle–particle interactions that does not allow chemical bond
dissociation: Specifically, the function U is written in terms of
interactions between pairs of atoms and is typically divided into
“bonded” and “non-bonded” contributions. Typically, the bonded
interactions consist of intramolecular harmonic bond stretching
(Ebond), angle bending (Eangle), and dihedral angle deformation
(E torsion). Non-bonded interactions include electrostatic (Eel) and
van der Waals terms (Evdw). The former are calculated from the
Coulomb interaction between partial charges assigned to each
atom, whereas the latter describe the short-range repulsion and
long-range attraction between pairs of atoms.

Recently, other types of force field have emerged, where a sin-
gle interaction site encompasses several atoms (Bond et al., 2007;
Marrink et al., 2007; Devane et al., 2009; Khalfa et al., 2009).
These so-called coarse-grained (CG) models have the advantage
of reducing by almost an order of magnitude the number of par-
ticles, enabling to increase the size of the system and reach a much
longer simulation time. For instance, they were used to investigate
biologically interesting processes such as the interaction of VGCCs
with lipids (Bond and Sansom, 2007; Mokrab and Sansom, 2011)
or with toxins (Wee et al., 2008). On the other hand, as the res-
olution of the system is reduced, details that may be important
are lost. For example, a single water bead often represents several
(3–4) water molecules, i.e., 9–12 atoms. In most CG force fields, its
molecular polarizability is lost and several of its properties cannot
be modeled, limiting therefore the number of applications that
can be studied with these force fields.

The number of atoms considered in an MD simulation is typ-
ically of the order of 105–106. To minimize surface effects, and
thereby simulate more closely the expected behavior of a macro-
scopic system, it is customary to use 3-D periodic boundary
conditions (PBCs). The system as a whole is divided into cells.
Each cell is surrounded on all sides by periodic images of itself.
Hence, in the case of a VGCC in its membrane environment, what
is usually modeled is in fact a multilamellar lipid bilayer stack with
a high density of channels. This setup mimics therefore conditions
close to the ones in crystallography or neutron- or x-ray reflectivity
studies rather than the ones in physiology experiments.

MD simulations generate a set of atomic positions and veloc-
ities as a function of time that evolve deterministically from an
initial configuration according to the interaction potential U.
Information (positions, velocities or momenta, and forces) at
a given instant in time, t, is used to predict the positions and
momenta at a later time, t + δt, by numerically integrating the
classical equations of motion. The timestep δt should be typically
of the order of a few femtoseconds (fs = 10−15 s) for all-atom sim-
ulations in order to ensure energy conservation. Accordingly, the
time range that can be reached nowadays by this technique on
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large systems like ions channels or membrane proteins in their
host environment is of the order of microseconds (millisecond in
very rare occurrences; Shaw et al., 2009).

In general, the MD technique is a scheme for studying the
natural time evolution of a classical system of fixed number of
particles N in a volume V. In MD simulations using the Newton
equations of motion, the total energy E is conserved and along
the trajectory, the system samples the micro-canonical ensem-
ble (NVE). Modified algorithms have been devised to perform
simulations in conditions that mimic the laboratory conditions.
Temperature (T ) and pressure (P) control can then be achieved
to simulate the isothermal (NVT) or isothermal-isobaric (NPT)
ensembles (Martyna et al., 1992).

EVALUATION OF THE LOCAL ELECTROSTATIC AND TM POTENTIAL
The function of VGCCs is to transport ions through the membrane
in a manner that depends on the polarization state of the latter.
The main force that drives their opening/closing is the action of
TM potentials on their charged residues. In general, the TM poten-
tial is defined as the difference between the electrostatic potential
(EP) in the cytoplasm and in the cell exterior. In MD simulations,
as a convention, the bottom bath represents the cell’s inside while
the top bath represents its outside. Estimating the TM potential
then requires evaluating the difference between the EP in the two
baths. The EP may be linked (ignoring electronic polarization) to
the charge density distribution through Poisson’s equation. This
EP can be computed at a location r of the system, provided an MD
trajectory, by solving (for instance on a 3-D grid):

∇2ϕ(r) = −4π
∑

i

ρi(r) (1)

where the sum runs over all atoms i bearing a partial charge ρi in
the system. The local electric field at a position r may be obtained
as the derivative of the EP. Note that access to such a quantity
enables one to verify whether or not and how much the electric
field is focused within the VSD, which in turn has been crucial
for the proper estimation of the gating charge resulting from a
conformational change of the channel (see details below).

APPLYING A TM VOLTAGE
A central question in the study of the VSD operation using MD
is the correct modeling of the applied TM potential in a way that
complies with experiments. When a cell membrane is subjected to
an electrical stress, either naturally, or during a patch clamp exper-
iment, the TM potential arises from a local ionic charge imbalance,
i.e., from an excess of charges on one side of the membrane with
respect to the other. The correct handling of such an effect in
MD simulations is challenging because of the use of 3-D PBCs.
Thus, an ionic imbalance along the membrane normal cannot be
applied directly, due to the communication of the top of the sim-
ulation system with the bottom of its image and vice versa. Two
major methods have been proposed to circumvent this technical
problem.

Electric field method
In experiments, a charge imbalance gives rise to a TM potential and
therefore to an electric field along the membrane normal, z. In MD

simulations, the first strategy developed to apply a TM potential,
which is also the simplest to implement technically, was to apply a
constant electric field E perpendicular to the membrane (Suenaga
et al., 1998; Zhong et al., 1998; Crozier et al., 2001; Tieleman et al.,
2001). In practice, this is done by applying a force F = qi.E to all
the atoms bearing a charge qi. Reorganization of the molecules
and most particularly of the water dipoles then induces a voltage
difference across the bilayer. In experiments, the potential differ-
ence arising from the application of an electric field to a capacitor
(e.g., a lipid membrane) amounts to ΔV = E.d, d being the thick-
ness of the capacitor. In MD simulations, due to the use of PBCs,
evaluation of the TM potential by the Poisson equation shows that
ΔV is rather a function of Lz, the box size along z (Tieleman,
2004; Tarek, 2005; Gumbart et al., 2012) resulting in ΔV = E.Lz.
Due to this property, it is important to stress here that the quantity
that is the most appropriate to consider when comparing simu-
lations with electrophysiology experiments is the TM potential
rather than the electric field (Delemotte and Tarek, 2012).

Charge imbalance method
In patch clamp experiments, electrodes are inserted on both sides
of the membrane and the TM voltage pulse is long enough (mil-
liseconds, i.e., above the membrane charging time) to generate an
ionic reorganization within the solution and subsequent charge
of the membrane. To mimic such conditions in MD simulations,
another class of methods was proposed, where an explicit ionic
charge imbalance is considered. Note that to ensure such an imbal-
ance, communication between the system and periodic images of
the solution baths on either side of the membrane needs to be
avoided. To do so, a system consisting of three salt-water baths sep-
arated by two bilayers was proposed (Sachs et al., 2004; Gurtovenko
and Vattulainen, 2005; Kandasamy and Larson, 2006).

A variant of this method consists of using a single bilayer
between two independent electrolyte baths, each terminated by an
air (vacuum)/water interface (Delemotte et al., 2008). The vacuum
slab prevents ionic diffusion from one side of the membrane to the
other via the PBC (Bostick and Berkowitz, 2003) and maintains
constant the charge imbalance imposed between the two baths. For
large enough electrolyte baths (>30 Å) the lipid bilayer behaves as
if it was in contact with an infinite solution. In both of these setups,
it was shown that the bilayer behaves as a capacitor, and that sepa-
ration of the charges by a low dielectric medium gives rise to a TM
potential ΔV = Qs/C, when a charge imbalance per surface area Qs

is imposed, C being the capacitance of the membrane.
Such a method has an important drawback for applications

where the TM voltage should remain constant, namely due to the
relatively small size of the system, reorganization of the charges
within the membrane in response to an applied voltage (ion con-
duction, reorganization of charged residues of a protein, etc.) leads
to a drop in the TM voltage. Whereas this may be a desired effect in
some applications (see next paragraph for the computation of gat-
ing charges), a method that enables one to maintain ΔV roughly
constant was recently proposed (Kutzner et al., 2011).

GATING CHARGE CALCULATIONS
Gating currents arise from the movements of charged groups
(ions or charged residues, dipoles. . .) within the lipid dielectric
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in response to the application of a TM voltage. In the case of
VGCCs submitted to an activating voltage, the displacements of
the charges tethered to the VSD give rise to tiny transient “gat-
ing” currents. The time integral of the latter, Q, corresponds to
the amount of electric charge translocated across the membrane
capacitor, and is characteristic of a specific conformational change.
In voltage clamp experiments, when current through the main
pore is blocked [using for instance a non-conductive mutant such
as the W434F Shaker mutant (Perozo et al., 1993)], the current
measured through the external circuit can be related directly to
the “gating” current within the protein, the integral of which is
Q. Q may also be formally related to the excess free energy due
to the applied TM voltage. It is then expressed as the product of
the channel’s charges by the fraction of the electric field that they
traverse during the conformational change that the TM voltage
induces (Nonner et al., 2004). Accordingly, in MD simulations,
two independent routes can be used to estimate, Q.

Direct measurement or Q-route
Both the charge imbalance and the electric field MD setups enable
one to monitor the gating charge, Q mimicking what is done in
patch clamp experiments. With the charge imbalance method, if
ionic conduction through the channel’s pore is prevented, the
movement of protein charges across the membrane capacitor is
reflected directly by a change in the measured TM potential ΔV
(Treptow et al., 2009). In practice, the gating charge, Q associ-
ated with the conformational change from state λ1 to λ2 can be
written as:

Q = −1

2

[
q

protein
0 (λ2) − q

protein
0 (λ1)

]
(2)

The TM voltage is related to the charge imbalance q0 between
the electrolytes through:

ΔV = q0

AC
(3)

in which q0 arises from the contribution of both ions (qion
0 ) and of

the protein (qProtein
0 ), A is the membrane area and C the membrane

capacitance. As C is constant for a channel/membrane system in
the TM voltage range considered (Stefani et al., 1994; Treptow
et al., 2009), this allows one to combine Eqs. 2 and 3 to express
qProtein

0 as

q
protein
0 = −qion

0 + ACΔV (4)

As qion
0 is maintained fixed, variations in ΔV are then directly

linked to the expression of the protein gating charge.
With the electric field method ensuring a constant ΔV value,

it was shown that it is possible to monitor the capacitive charge
flowing through the external circuit as in voltage clamp setups
(Roux, 2008). To do so, one considers ensemble averages of the
displacement charge, Q in conformational state λ under a TM
voltage ΔV as:

〈Q〉λ,ΔV =
〈

N∑
i=1

qi
zu

i

Lz

〉
λ,ΔV

(5)

where Lz is the size of the simulation box along the normal to
the bilayer, qi the partial charge of atom i, and Z u

i the unwrapped
coordinate of atom i along the z axis.

Energetic formalism or W-route
In general, the total free energy of a system comprises an intrin-
sic contribution arising from the molecular environment, and
another reflecting the coupling of the system to the applied TM
potential ΔV. This second contribution may be linked to the gating
charge, Q through:

Q = ΔG (λ2, ΔV ) − ΔG (λ1, ΔV )

ΔV
(6)

where ΔG(λ) is the excess free energy of the channel (in its con-
formation λ) due to ΔV. ΔG(λ) may be evaluated directly by
summing over all charges the finite difference between two free
energy perturbation calculations performed at two different TM
voltages (Roux, 2008). However, such time-costly calculation may
be avoided sinceΔG(λ) can also be directly linked to the “electri-
cal” distance (Sigworth, 1994; Lecar et al., 2003; Jogini and Roux,
2007) by:

ΔG (λ, ΔV ) = G (λ, ΔV ) − G (λ, 0) = ΔV
∑

i

qiδ
λ
i (7)

where the sum runs over all charges qi of the channel and the
“electrical distance” is given by:

δλ
i = ∂

∂V
ϕλ

i

∣∣
V = 0 (8)

with ϕλ
i the local EP at the charge location (Roux, 1997; Islas

and Sigworth, 2001; Grabe et al., 2004). Here, in contrast to
experiments, the contributions of individual residues of the pro-
tein to the total gating charge, and therefore their role in the
voltage-sensing mechanism may be directly evaluated.

MOLECULAR INSIGHT INTO THE FUNCTION OF KV
CHANNELS
The Kv1.2 X-ray crystal structure provided the MD community
with a robust starting conformation to investigate, for the first
time, the structural and dynamical properties of a mammalian
K+ selective VGCC (Long et al., 2005b), while previous investi-
gations had relied on approximate homology models (Ranatunga
et al., 2001; Capener and Sansom, 2002; Eriksson and Roux, 2002;
Guy, 2002; Durell et al., 2004; Treptow et al., 2004). Naturally, the
first studies have focused on elucidating the properties of the acti-
vated/open state derived from the crystal structure embedded in
a model lipid bilayer mimicking the cell membrane. Such simula-
tions have made it possible to describe in detail the environment of
the positive charges of S4, with the goal to gain understanding in
the voltage-sensing mechanism (Treptow and Tarek, 2006a; Jogini
and Roux, 2007). Others studied the permeation mechanism and
the origin of selectivity at the level of the pore. Such investiga-
tions were recently reviewed in (Jensen et al., 2010) and will not
be discussed here.
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Later, efforts were devoted to uncover the resting/closed state
and ultimately, the mechanism of VSD deactivation linking the
two states. To do so, two different strategies were adopted. The first
consisted in building ab initio models of the closed/resting state of
Kv1.2 by introducing constraints derived from experiments. After
relaxation of this structure in a membrane/solution environment,
the transition pathway was then deduced by comparing the resting
state conformation with the initial activated one. The second strat-
egy has been to “follow” the deactivation of the channel submitted
to a hyperpolarized (closing) TM potential. Such a brute force
approach required reaching time scales well above those accessi-
ble to standard simulations and was made possible only with the
advent of large high performance computing (HPC) resources.
Importantly, we will show that such an approach enabled the
discovery of the early steps of the deactivation mechanism.

MOLECULAR DESCRIPTION OF KV1.2 THE ACTIVATED STATE
Details of the crystal structure
Preceding the first TM segment (S1), the N-terminus from each of
the four subunits of the Kv1.2 channel come together to form an
intracellular tetramerization (T1) domain. It is believed that this
auxiliary subunit is very important as it enables contacts between
the proteins of different cells. The T1 domain, of dimension
∼135 Å × 95 Å × 95 Å has an I4 symmetry, the four-fold symme-
try axis running through the center of the main pore, and extends
by ∼30 Å in the direction perpendicular to the membrane.

As expected, the Kv1.2 pore domain is quite similar to the pore
of the bacterial potassium channel KscA (Doyle et al., 1998). The
tetrameric assembly of S5 and S6 forms an inverted teepee. As
in other K channels, the pore domain is divided into two major
regions: at the extracellular side, the selectivity filter (formed by the
P-loop linking S5 and S6) controls the passage of ions and favors
the transport of K+ with respect to other ions whereas at the
intracellular side, the gate defines the open and closed states of the
channel. The inner helix of the pore (S6) contains the amino-acid
sequence PVP at which the helix is kinked. This kink is thought
to be important for coupling of the VSD to the gate and for the
channel gating (del Camino et al., 2000; Beckstein et al., 2003;
Domene et al., 2003). Based on the diameter of the pore at the
bundle crossing (∼12 Å), the pore was hypothesized to be in an
open state.

The S1–S4 bundles form the VSDs and are organized in a man-
ner that agree with previous experimental results (Broomand et al.,
2003; Neale, 2003): the VSD of one subunit sits next to the pore
domain of the adjacent subunit and the connection between the
VSD and the pore of the same subunit is insured by an S4–S5 helical
linker (Figure 1). The VSD, of which all the segments are oriented
roughly perpendicular to the membrane plane, shows rather tight
packing. As electron densities are weak in the VSD region, the
backbones were easily identified as TM alpha helices but the side
chains were not all resolved: most side chains are present in the
model on S2, S4, and the S4–S5 linker but S1 and S3 were built
as polyalanine helices. The loops connecting the helices were also
omitted in the original structure model.

In Kv1.2, S4 bears six positively charged residues (R294, R297,
R300, R303, K306, and R309, referred to hereafter as R1, R2, R3,
R4, K5, and R6) and four negative charges are lining the interior

FIGURE 1 | Side view of the activated Kv1.2 (derived from the X-ray

crystal structure) embedded in its membrane environment. The entire
channel is represented as gray ribbons while the highly charged S4-helix is
highlighted in blue and the S4–S5 linker in red. The lipid head groups of the
membrane (green) and the ions (K+ in yellow and Cl− in cyan) of the solution
are represented as spheres. The water molecules are not shown for clarity.

of the VSD (E183 on S1, E226 and E236 and S2 and D259 on S3).
In a refined structure (Chen et al., 2010), as well as in a chimera
(a Kv1.2 structure in which the S3b/S4 paddle was replaced by its
equivalent in Kv2.1; Long et al., 2007), the conformations of side
chains and the loops were later uncovered, enabling a better char-
acterization of the VSD and of the salt bridge network stabilizing
S4 in a TM orientation. In the refined structure, R3 is engaged in
a salt bridge with E183, R4 with E226, K5 with D259 and R6 with
E236, while R1 and R2 face the lipid head groups of the top bilayer.
This conformation was recognized to correspond to an activated
state of the VSD, in agreement with the open pore state.

The coupling between the VSD and the pore is posited to occur
through the amphiphatic α-helix bridging between S4 of the VSD
and S5 of the pore (S4–S5 linker). This linker is located along the
pore, with its hydrophilic face facing the solution and hydrophobic
face facing the hydrophobic core of the membrane. It crosses over
the top of the S6 inner helix from the same subunit and makes
many amino-acid contacts with it. The kink in the S6 helix makes
the bottom half of S6 a “receptor” for this linker, which is thought
to be involved mechanically in the channel closure mechanism.

MD simulations of the activated Kv1.2 structure
The first studies carried out by the modeling community follow-
ing publication of the Kv1.2 activated structure were limited to
the structural characterization of the channel relaxed in a model
membrane/solution environment for a few nanoseconds. MD sim-
ulations of Kv1.2 in its membrane environment has indicated that
the channel’s gate (pore) at the motif is indeed large enough (pore
radius >4.5 Å) to let ions through and that the conduction path-
way seems to involve passing through the S1–T1 linkers. Along
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the S6 segment, MD simulations have enabled the identification
of V478 of the PVP motif as the residue constituting the main gate
(Treptow and Tarek, 2006b).

At the level of the VSD domain, much effort was dedicated
to the elucidation of the environment of the S4 basic residues.
Indeed, the location of the S4-helix in a TM environment orig-
inally had been challenged because it required setting charges
in a hydrophobic, energetically unfavorable environment. Sev-
eral groups reconstructed the missing side chain residues of the
original structure and observed the following properties: in the
activated state, the two outermost positive charges of S4, R1, and
R2, are turned toward the lipid head groups and seem to interact
with them through an electrostatic interaction (Sands and San-
som, 2007). The remaining four charges, R3, R4, K5, and R6 are
engaged in salt bridges with negative residues of the remainder of
the VSD. Because water crevices protrude into the VSD from the
intra- and the extracellular media, all the S4 basic residues lie in
a solution environment, rationalizing the stability of S4 in a TM
orientation (Freites et al., 2006; Treptow and Tarek, 2006a; Jogini
and Roux, 2007; Nishizawa and Nishizawa, 2008; Krepkiy et al.,
2009). Such a property also accounts for the focused electric field
necessary to transport 12–14e during activation while the verti-
cal translation of S4 remains of intermediate magnitude. Using
continuum electrostatic computations, Jogini and Roux (2007)
determined that the TM potential sensed by the S4 basic residues
varies mostly over the outer part of the membrane (“focused elec-
tric field”) while others find that the electric field is most focused
in the inner region of the membrane (Treptow and Tarek, 2006a);
a discrepancy that remains to be explained. Looking further at the
interaction of a single VSD with the membrane using a CG model,
Bond and Sansom (2007) found that the insertion of the pro-
tein leads to considerable local membrane deformation, mainly
due to the interaction of S4 with the surrounding lipids. Such a
property is proposed to participate to the focusing of the electric
field. These results were later confirmed by neutron diffraction,
solid-state nuclear magnetic resonance (NMR) spectroscopy and
all-atom MD simulations (Krepkiy et al., 2009).

AB INITIO MOLECULAR MODELS OF THE KV1.2 CLOSED STATE
After the activated Kv1.2 structure was resolved, protocols were
designed to develop a model of the resting state and to gain
a complete view of the process associated with the response of
the channel to depolarization. The first resting state model to be
proposed was built on the basis of the ROSETTA Membrane ab
initio structural modeling program (Yarov-Yarovoy et al., 2006).
A candidate was selected using as constraints the experimentally
probed distances between E226 (S2) and R1 and the exposure
of two of the four potential gating charge-carrying arginines in
S4 to the intracellular water-accessible environment, supposed to
account for the 12–14e gating charge. In the gating mechanism
derived from the comparison between this closed state model and
the activated structure, S4 moves outwards by ∼3 Å and rotates
clockwise ∼180˚ about its axis while the extracellular part of S4
changes its tilt angle from ∼10˚ to ∼45˚ relative to the mem-
brane normal vector. The same modeling method was used by a
different group, only introducing new experimental constraints
derived from fluorescence scan data (Pathak et al., 2007). While

the coarse features were similar, the models differ in that the
activation now involves a vertical translation of S4 by 6–8 Å. Inde-
pendently, Grabe et al. (2007) constructed a down state model of
the channel using homology modeling with six pairs of interact-
ing residues as structural constraints and verified this model by
engineering suppressor mutations on the basis of spatial consider-
ations. Tombola et al. (2006a) proposed yet another model of the
resting conformation of the VSD of Kv1.2 that they tested using
leak current measurements concomitant with S4 mutations (see
next paragraph).

Recently, Clayton et al. (2008) solved the structure of MlotiK
in its closed state. In this non-voltage-gated potassium-selective
channel, uncharged residues replace the first four basic residues of
S4, and two of the acidic countercharges are absent. The packing
of the VSD domain as well as the interaction between the VSD
and the pore seem to be quite different than the ones in VGCCs.
Yet, this structure provides us with a good idea of what a closed
Kv channel looks like, mostly in the pore region. Hence, models
of the resting states of other channels (Hv1, NaChBac, and the
plant KAT channel) have been derived from homology modeling
methods, using among others, the MlotiK structure as templates
(Shafrir et al., 2008; Schow et al., 2010; DeCaen et al., 2011; Wood
et al., 2012). All these models bear similarities, as they place S4
inwards. The deactivation mechanisms derived involve a sliding
helix motion for S4 while the bundle made of S1–S3 remains sta-
tic. The details of the process, however, depend on the particular
channel, with the S4 vertical translation ranging from 3 to 15 Å
and its tilt from a few degrees to a much larger angle.

Han and Zhang (2008) were the first to relax the closed state
model by Pathak et al. (2007) in a membrane environment using
MD simulations. They observed differences in a variety of proper-
ties between the open and closed state channel (stability, environ-
ment of the S4 basic residues, salt bridge arrangements, and further
interactions between the VSD and the pore), concluding that only
the sliding helix model could enable going from one to the other
state. Khalili-Araghi et al. (2010) then pushed the MD simulations
further and measured the total gating charge associated with the
activation of the channel. They revealed that in the down state,
S4 had to be placed in a slightly lower position than originally
proposed by Pathak et al. to reach a total Q = 12–14e transported
across the membrane capacitor. As the applied electric field varies
rapidly over a narrow region of 10–15 Å in the outer leaflet of
the membrane, they confirmed that the gating charge could reach
12–14e without full translocation of S4 across the membrane.

IN SILICO VSD DEACTIVATION BY THE APPLICATION OF A TM
POTENTIAL
Interestingly, even without applying a TM voltage, an early study
using a coarse grained (CG) representation of the Kv1.2 (Treptow
et al., 2008) revealed the first computationally induced conforma-
tional change of Kv1.2. Such a representation, in which few atoms
are regrouped into one interaction center, allowed the simulation
to reach time scales where large conformational changes could
be sampled. The gating mechanism revealed suggested a down-
ward movement of S4 combined with a lateral displacement of
the S4–S5 linker acts on the gate to induce closure of the channel.
Because of the low resolution of the method, results obtained with
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CG force fields are only qualitative but they nevertheless gave first
indications on the route followed by Kv1.2 to deactivate.

Fully atomistic MD simulations applying membrane hyperpo-
larization have been conducted recently mainly by three groups
in order to observe directly the deactivation of the channel by
“brute force.”Two groups followed the protocol employed by Trep-
tow et al. (2004) in a pioneering study of a homology model of
Shaker. By submitting the system to an electric field, this simula-
tion triggered a conformational response, including displacement
of the S4-charges in response to a change in the TM voltage.
Applying a strong electric field (0.1 V/nm) to an isolated Kv1.2
VSD (for 30 ns), Nishizawa and Nishizawa (2008) sampled a 6.7 Å
displacement of S4 in a screw-like axial rotation, in which the
S4 basic residues formed serial interactions with E183 (E0) and
E226 (E1). The authors identified two intermediate states, which
they found to be in good agreement with kinetic models such
as the ZHA (Zagotta et al., 1994a) one. Their subsequent work
brought more information on the coupling mechanism between
VSD operation and gate closure/opening: this mechanism involves
the S4–S5 linker, which brings S6 in its open/closed position
through salt bridges between a positive charge at the end of S4
and a negative charge at the end of S6 (Nishizawa and Nishizawa,
2009).

The group of Lindahl carried out a long MD simulation (1 μs)
of an entire Kv1.2 channel (Bjelkmar et al., 2009) submitted to a
hyperpolarized potential. The response they described involved a
large rotation of S4 (120˚), changes in hydrogen bonding patterns
and an extension of the 310 helical stretch but almost no transla-
tion of S4. They implied that the final downwards translation that
is necessary to complete the deactivation process is partly entropic
explaining the slow nature of the process. The same authors con-
tinued by investigating the energetic cost of dragging S4 basic
residues downwards when S4 is in a 310 helical conformation
compared to a α-helical one (Schwaiger et al., 2011). For the first
transition toward the resting state, i.e., when R4 passes through the
hydrophobic seal at the center of the VSD, the free energy is lower
by about a factor of two with the 310 helix conformation and leads
to less distortion of the rest of the VSD; a finding that supports
the hypothesis that S4 adopts a 310 helix conformation during
activation/deactivation (see next paragraph for more discussion).

Others have adopted the charge imbalance setup (see Methods
in Molecular Dynamics Simulations; Denning et al., 2009; Treptow
et al., 2009; Delemotte et al., 2011). Delemotte et al. (2011) have
used an extensive 2.2 μs MD simulation of the membrane-bound
Kv1.2 channel subject to a hyperpolarized potential to reveal the
VSD response and reorganization during the initial steps of the
channel deactivation. The conformational changes taking place
within the VSD involved a zipper-like motion of the S4 basic
residues in sequential ion pairing with nearby counter charges
and lipid head groups from both the upper and lower membrane
leaflets (Figure 2). This essential feature is in agreement with early
mutagenesis experiments (Papazian et al., 1995; Tiwari-Woodruff
et al., 2000; Zhang et al., 2005) and with the recent hypotheses from
the groups of Cui and Catterall. The former probed the salt bridge
interactions in the different states of Kv7.1 by charge reversal muta-
genesis (Wu et al., 2010). The latter probed these interactions in
NaChBac, a bacterial Nav channel, whose VSD is very similar to
that of Kv, by disulfide locking (DeCaen et al., 2009) and showed
indeed that, during activation, the S4 segment moves from an
inward position to an outward position by forming sequentially
state-dependent salt bridges (c.f. also Catterall, 2010).

Overall, the Delemotte et al. (2011) study has uncovered five
states of the channel. In addition to the α (open) state and the two
intermediate states (β, γ) arising from the unbiased MD trajectory,
one more (δ) was identified resorting to biased MD simulations
using so-called steered MD simulations (thus using additional
forces to pull certain atoms in the desired direction) in which the
imposed “reaction” pathway was consistent with the zipper-like
motion (Figure 2). To further validate their resting state model of
the VSD, the authors evaluated the gating charge associated with
the transition from α to ε. The latter, computed using the direct
measurement, is most appropriate to compare with electrophys-
iology measurements of the gating charge. It is associated with
the whole channel deactivation. For the entire system, it amounts
to 12.8 ± 0.3e which is in good agreement with values obtained
for Shaker-like channels (12–14e) in the 1990s (Schoppa et al.,
1992; Aggarwal and MacKinnon, 1996; Seoh et al., 1996). Also, the
position of S4 basic residues in the ε-state was checked by prob-
ing the effect of mutations of the arginines, R1 and R2 (see next
paragraph). Importantly, the final down state (ε) arising from the

FIGURE 2 | Salt bridge network in each Kv1.2 conformation (α to ε). Basic residues are in blue and acidic residues in red. F233 is represented as yellow
spheres and lipid PO−

4 groups within 6 Å of the basic residues are shown in green. Adapted from Delemotte et al. (2011).

www.frontiersin.org May 2012 | Volume 3 | Article 97 |38

http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive


Delemotte et al. MD simulations of Kv channels

biased MD bears similarities with the ones generated by de novo
(ab initio) modeling (Tombola et al., 2005a; Pathak et al., 2007) or
by further using restrained all-atom MD simulation of the channel
embedded in a membrane environment to bias the conformation
toward the hypothetical resting state (Khalili-Araghi et al., 2010;
Vargas et al., 2011). Note however there is a difference between
the resting state models proposed by the two groups concerning
the position and orientation of R1, which is slightly different. The
Delemotte et al. model places R1 in a lower position, i.e., close to D2
(D259), in agreement with recent (Tao et al., 2010) and subsequent
work (Lin et al., 2011) placing R1 in the so-called catalytic cen-
ter (c.f. below). The probable discrepancy from these two models
comes from the fact that there are multiple closed, non-conductive
states, as proposed in various kinetic models. The relative popu-
lation of these states depends on the length and the magnitude of
the hyperpolarizing pulse. The Khalili-Araghi model then likely
represents the closed state that is most populated at a slightly less
negative voltage, which may be referred to as a “penultimate closed
state” as proposed by (Lin et al., 2011), while the Delemotte et al.
(2011) model is reached only at more negative TM voltages, and
in that sense is possibly a candidate for the “deep resting state.”

The overall VSD activation mechanism proposed by Delemotte
et al. (2011) is consistent with experiments and kinetic models
devised to fit the curves of the gating current, which assume that
activation of each of the VSDs proceeded in multiple sequential
steps. Interestingly, the gating charge measured for each transi-
tion (∼0.45–1.2e per subunit) is of the same order of magnitude
as the elementary charge movements estimated from measure-
ments of gating current fluctuations (Sigworth, 1994) and as the
“loose”charges, an early component of the gating current in Shaker
channels (∼1e per VSD unit; Sigg et al., 2003), indicating that
the intermediate states uncovered are of functional significance.
Naturally, early models, e.g., the Zagotta–Hoshi–Aldrich model
(Zagotta et al., 1994a) have considered a small number of states
(a minimum of three was required for proper fitting). Later, other
groups, extending the study to a broader voltage range, have pro-
posed the same types of models, but introducing additional states
(Baker et al., 1998; Schoppa and Sigworth, 1998; Zheng and Sig-
worth, 1998; Kanevsky and Aldrich, 1999; Loboda and Armstrong,
2001; Sigg et al., 2003). One of the most recent proposals sug-
gested that the VSD can adopt five conformational states (Tao
et al., 2010). This last investigation by Mackinnon and co-workers
demonstrated indeed that the VSD transitions involve sequential
passage of the S4 basic residues through a catalytic center involv-
ing the conserved F233 residue. This feature is captured in the five
states (α to ε), in each of which a different basic residue occupies
the gating charge transfer center. Furthermore, the unbiased MD
simulation have clearly indicated the response of the four VSDs of
the channel and particularly the intermediate transitions are not
occurring simultaneously for all VSDs, in agreement with electro-
physiology experiments that all indicate that only the final opening
transition is concerted (Zagotta et al., 1994b).

Concerning the overall displacement of S4 which was subject to
much debate in the literature, the overall conformational change
from the active to the resting states of the VSD is shown in the Dele-
motte et al. (2011) study to necessitate a large displacement of the
S4 backbone amounting to 10–15 Å, which is in closer agreement

with estimates from avidin binding experiments (Ruta et al., 2005)
than previous models (Catterall, 2010). Up to 2005, two main
contradictory models were competing to describe VSD activa-
tion (Börjesson and Elinder, 2008): (1) the helical screw model, in
which S4 moves independently from the rest of the VSD in a screw-
like motion, involving a large translation of the latter by ∼10–20 Å
while rotating about its own axis by 180˚, advocated mostly by
cysteine accessibility studies and disulfide scanning experiments
and (2) the transporter model involving instead a large reorgani-
zation of the electric field in the vicinity of S4 with only a small
overall displacement of S4, which had been put forward mostly to
rationalize fluorescence measurements. Since then however, sev-
eral attempts have been undertaken at reconciling these various
views (Tombola et al., 2006b; Jogini and Roux, 2007; Pathak et al.,
2007). It was claimed that all the experiments involving mutage-
nesis introduce an alteration of the structure, of the function and
probably of the dynamics of the channel (Durell et al., 2004), and
that all the fluorescence studies have a tendency to underestimate
measured distances (Selvin, 2002). Also, avidin binding may lock
the channel in extreme positions, which are scarcely visited other-
wise, leading to overestimation of measured distances (Jiang et al.,
2003b). Taking this into account, the molecular conformations
of the transition states identified by the computational study of
Delemotte et al. (2011) appear to be not only consistent with the
sliding helix model, but also complying with most experiments,
and thus likely provide a picture of the complete operation of
the VSD.

In order to satisfy the charge pairing of the basic and acidic
residues, some studies have suggested that the movement of S4
and particularly the passage of S4 through the catalytic center
require the transitory switch of a stretch of S4 into a 310 helix
(DeCaen et al., 2009). Recent simulations have found results point-
ing toward this direction: Khalili-Araghi et al. (2010) found a
spontaneous conversion of the 10 residue stretch of S4 located
in the catalytic center into a 310 helix in their Rosetta model of the
resting state. The group of Lindahl (Bjelkmar et al., 2009) found an
extension of 310 helix stretch when submitting the open Kv1.2/2.1
paddle chimera channel to a hyperpolarized electric field. They
further showed that the free energy of dragging S4 downward is
much lower for the 310 helix conformation (Schwaiger et al., 2011).
Interestingly, Delemotte et al. (2011) simulations have shown that
for one subunit, the short stretch around the residue transferring
through the gating charge transfer center takes the form of a 310

helix, for each of the four transitions. In contrast, all the other
subunits underwent the four transitions without such secondary
structure change. From this data, it is not clear therefore which
mechanism would be most favorable from an energetic point of
view and further investigations are needed before drawing firm
conclusions. In addition, it is important to stress here that sec-
ondary structure stability and conformational changes are likely to
be dependent on the force field used and interpretation of related
data should be with caution (Yoda et al., 2004; Matthes and de
Groot, 2009).

Perhaps the most interesting feature revealed by MD simula-
tions and the analysis of the electrical activity of the channel is the
finding that the cumulative gating charge transported by the S4
basic residues can be described by a unique sigmoidal function,
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which defines the electromechanical coupling mechanism that the
VSD charges undergo (Delemotte et al., 2011). As inferred by early
MD studies, because water crevices protrude into the VSD from
the intra- and the extracellular media, all the S4 basic residues lie
in a solution environment. Such a shape ensures the presence of a
focused electric field, which is required to transport 12–14e during
activation without having to translate S4 vertically in an excessive
manner (Freites et al., 2006; Treptow and Tarek, 2006a; Jogini and
Roux, 2007; Nishizawa and Nishizawa, 2008; Krepkiy et al., 2009).
However, while Jogini and Roux determined using continuum
electrostatic computations that the TM potential sensed by the S4
basic residues varies mostly over the outer half of the membrane,
Delemotte et al. (2011) found that such a variation is maximal at
the level of the gating charge transfer center, just under the middle
of the VSD. As mentioned earlier, the origin of this discrepancy is
not yet understood. The former model agrees better with the flu-
orescence measurements from the Bezanilla lab (Asamoah et al.,
2003), while the latter agrees better with the hypothesis of a charge
transfer center within the hydrophobic plug (Tao et al., 2010). Note
that in addition, and as importantly, Delemotte et al. (2011) show
that the shape and intensity of the focused electric field is hardly
modified during deactivation, thus invalidating the transporter
model.

Though the ensemble of these results is specific to the VSD of
the Kv1.2 channel, the coarse features can likely be generalized
to other VGCCs. Also, when combined with electrophysiology
measurements, they may allow a better characterization of the
molecular mechanisms implicated in the modulation of these
channels. Among others, for instance, one finds those implicat-
ing the interaction of VGCCs with their lipidic environment.
Indeed, recent studies have shown that the presence or absence of
the phosphate groups has a dramatic influence on VGCCs func-
tion: the activation of K+ channels may indeed be suppressed
when they are embedded in bilayers formed by cationic lipids
(Schmidt et al., 2006). Removal of the lipid head groups by
enzymes also results in an immobilization of the VSD motion,
thereby inhibiting function (Ramu et al., 2006; Xu et al., 2008;
Zheng et al., 2011). As inferred from electrophysiology experi-
ments, MD simulations confirmed that lipids, and in particular
their negatively charged phosphate head group moieties pro-
vide counter charges for the S4 basic residues, during the gating
process. While earlier molecular models of the VSD (Bjelkmar
et al., 2009; Treptow et al., 2009; Khalili-Araghi et al., 2010) have
shown that lipids from the upper and lower bilayer leaflets sta-
bilize, respectively the activated and resting states of the VSD,
Delemotte et al. (2011) provided evidence that lipids are also
crucial in stabilizing conformations of the intermediate states
(Figure 2).

CHANNELOPATHIES ARISING FROM VSD MUTATIONS
Due to their ubiquity, genetic mutations in VGCCs give rise to a
variety of inherited diseases, called channelopathies. Neuromus-
cular disorders were the first to be described but we now know that
they can affect tissues of any excitable cell such as the heart. More-
over, one gene encoding a particular ion channel can suffer from
various mutations, causing either the same disease, or a different
one. For example, Kv7.1, encoded by the KCNQ1 gene and found

in heart cells, has a total of 49 mutations that lead to 5 different
phenotypes: long QT syndrome types 1 and 2, short QT syndrome,
Jervell and Lange-Nielsen syndrome 1 or atrial fibrillation (listed
in the Online Mendelian Inheritance in Man (OMIM) database).
Usually these mutations can be spread throughout the ion chan-
nel sequence, in the VSD, the pore, or in the N- and C-termini
domains, leading to molecular scale effects that should in principle
be drastically different.

Here, we focus particularly on the mutations within the VSD,
especially those affecting the S4 basic residues. Mutations of the
charged residues of S4 in K+, Na+, or Ca2+ VGCCs have been
shown to impair cellular function and have been linked to a num-
ber of inherited channelopathies leading to epilepsy, long QT
syndrome, and paralyses (Lehmann-Horn and Jurkat-Rott, 1999).
Most of these mutations modify the physical properties of VGCCs,
e.g., sensitivity to voltage changes, which in turn alters conduction
through the central (alpha) pore (Bao et al., 1999; Jurkat-Rott et al.,
2000; Soldovieri et al., 2007). Recently, however, specific mutations
have been identified that lead to the appearance of another cur-
rent component aside from the alpha conduction. In Shaker for
instance, such so-called“omega”or gating-pore current was attrib-
uted to a non-specific leakage of cations through a conduction
pathway within the VSD, indicating that R1 in the S4 segment
sterically hinders ion passage through the gating-pore (Tombola
et al., 2005b). Substitution of the latter in the VSD by histidine,
R1H, allows a H+ current to flow at hyperpolarized potentials
(Starace and Bezanilla, 2004), while a R4H mutant allows a proton
flux at depolarized potentials (Starace and Bezanilla, 2001). More-
over, mutations of R1 into smaller, uncharged residues give rise
to an influx of a non-selective cation current, called “omega cur-
rent,”through an unidentified pathway through theVSD (Tombola
et al., 2006a). Interestingly, it seems that such mutants may have
also evolved into “useful” channels: A member of the Kv3 family
was identified in a flatworm, N.at-Kv3.2, which has an inward rec-
tifier phenotype, and in which two S4 basic residues are replaced
by neutral amino-acids. It was shown that this channel mediates
ion permeation through the modified gating (omega) pore, yield-
ing qualitatively different ion permeability when compared to all
other members of this gene family (Klassen et al., 2008).

In Na+ VGCCs, omega currents were correlated with mutations
that cause normo- and hypo-kalemic periodic paralysis (Sokolov
et al., 2005, 2007, 2008; Struyk and Cannon, 2007). Interestingly,
in such a channel, it was shown that the mutation of residues R2
or R3 in one of the four S4 helices allows an influx of cations
through the omega pore in a state-dependent manner: the omega
current is observed only when the channel is in its hyperpolarized
conformation. Under depolarization, the omega pore closes and
the canonical ion-selective pore opens.

In the following, we show how the study of mutations via MD
simulations performed both for the open and closed conforma-
tions of Kv1.2, which serves as a prototype for the entire Kv family,
can unveil the elementary molecular processes involved in the
omega currents detected by electrophysiology.

MD SIMULATIONS OF THE EFFECTS OF VSD S4 MUTATIONS
In Kv1.2, no “natural” mutations of S4 basic residues were shown
to give rise to channelopathies. To take advantage of the molecular
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conformations at hand, Delemotte et al. (2010) designed artificial
mutants (double and single mutants) that enabled them to use
Kv1.2 as a prototype to study the effect of S4 basic mutations.
Two key conformations of the channel were considered: the first
corresponds to the X-ray crystal structure of the open chan-
nel, the aforementioned α state (Long et al., 2005a), while the
other corresponds to the closed state, in which the VSD has the
resting conformation (conformation ε). Interestingly, in both con-
formations, the topology of the VSD has shared characteristics:
whereas the salt bridge network between the basic residues of S4
and acidic residues of the S1–S3 bundle is state-dependent, the
solvent-accessible volume has the shape of an hourglass. The con-
striction, i.e., the region of lowest diameter, where diffusion of
water is shown to be hampered, is located around the salt bridge
that involves D259 (and R1 in the closed and K5 in the open state).
Such a shape was described also in independent work (Bezanilla,
2005; Sokolov et al., 2005; Treptow and Tarek, 2006a; Krepkiy et al.,
2009).

Accordingly, to investigate leak currents through the VSD, Dele-
motte et al. (2010) chose to mutate one or two residues around
the constriction. Mutants away from the constriction were used
as controls. As expected, several MD simulations showed that
the mutation of the residues (to their uncharged homolog) not
involved in the water constriction does not change the overall
topology of the VSD. The salt bridge in which the residue is
involved is indeed broken, but the interaction being away from
the constriction, the VSD retains its hourglass like shape. In con-
trast, mutation of residues involved in the constriction, i.e., that of
K5 in the open structure and that of R1 in the closed one opens up
in each case a hydrophilic path (omega pore), drastically changing
the topology of the VSD (Figure 3).

Submitting each of these mutants to TM potentials using
explicit ion dynamics showed that the hydrophilic pathway within
the VSD of the closed state is permeable to K+cations. In agree-
ment with experiments on the other hand, in the open state K5
mutant, only a partial conduction event was witnessed. Due to the
neutralization of basic residues, the resulting omega pore contains
an excess of negative charge (one or more glutamates). Accord-
ingly, the K+ diffusion followed a jump diffusion model in which
the acidic residues serve as binding sites, and in agreement with
experiments (Gamal El-Din et al., 2010), despite the presence
of chloride ions in the electrolyte baths, the omega pores were
selective to cations. Repetition of permeation events and transpo-
sition to physiological conditions (TM voltage ∼100 mV and ionic
concentration ∼100 mM) enabled evaluation of the leak conduc-
tance ∼106 ions/s, which is over one order of magnitude below the
alpha currents (∼ 107 ions/s).

Recently, Khalili-Araghi et al. (2012) studied the same type
of mutations in their model of the resting state of Kv1.2, where
R1 is in interaction with E1 of S2. Simulation of four mutants
(R1S, R1N, E1D-R1N, and E1D-R1S) under a depolarized TM
voltage indicates a similar process: K+ ions are transported sto-
chastically, more favorably than Cl− ions, due to the presence of
a negatively charged constriction in the mutated VSD. The need
to resort to double mutants to achieve more conduction than in
the WT VSD, however, is in disagreement with experimental data
(Tombola et al., 2005b; Gamal El-Din et al., 2010) and may indicate

FIGURE 3 | VSD topologies of the activated (A,B) and resting (C,D)

states of the Kv1.2 VSDs before mutation, i.e., in the wild-type channel

(A,C) and after mutation of a single residue, i.e., K5 in the activated (B)

and R1 in the resting (D) state. Representations and colors are the same
as in Figure 2. The water is represented as a continuous surface (yellow)
and highlights the presence of a constriction in the WT VSDs and not in the
mutants.

(as also discussed in In silico VSD Deactivation by the Application
of a TM Potential) that the Khalili-Araghi et al. resting state model
is a“penultimate”closed state rather than a fully resting closed state
(Lin et al., 2011).

RELATIONSHIP TO DISEASES
The results from MD simulations may be summarized as fol-
lows: at rest, VGCCs are in a closed non-conducting confor-
mation and S4 is in the so-called “down” state. Within the
VSD, the salt bridges that maintain the constriction between the
intra- and extracellular water crevices involve the top S4 residues
and only their mutation leads to omega currents (Figure 4,
top). Under depolarized TM potentials, S4 positive residues are
dragged upwards (S4 moves to the “up” state) and the VGCCs
adopt the open conformation. Within the VSD, the bottom S4
basic residues become critical in maintaining the constriction
(Tombola et al., 2005b; Nishizawa and Nishizawa, 2008). Accord-
ingly, mutations of the latter destabilize the VSDs and lead to
omega currents (Figure 4, bottom). Hence, mutations of the
S4 basic residues give rise to state-dependent omega currents.
Overall, these results are consistent with experiments showing
that (1) mutations (synthetic or genetic) of the S4 top basic
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FIGURE 4 | Cartoon representation of the appearance of omega leaks.

(A) Under hyperpolarized potentials, when the VSD is in its resting position,
mutation of top residues give rise to omega currents, which then represent

an inward cation leak (yellow arrow). (B) Under depolarized potentials, when
the VSD is activated, mutation of bottom residues gives rise to outward
omega currents.

residues of the Na+ VGCCs Nav1.2a (Sokolov et al., 2005) and
Nav1.4 (Sokolov et al., 2007) and of Shaker channels (Tombola
et al., 2005b) lead to inward omega currents under hyperpo-
larized potentials and (2) mutations of the S4 bottom basic
residues of Nav1.2a (Sokolov et al., 2005) and Nav1.4 (Sokolov
et al., 2008) lead to outward omega currents under depolarized
potentials.

In VGCCs, the positive residues of S4 are the main sensors
of the TM voltage and are directly implicated in the conforma-
tional changes of the VSD, which control switching (gating) of
the channels from open to closed conformations (Schoppa et al.,
1992; Seoh et al., 1996). A mutation of any S4 basic residue alters
the sensitivity of the channels and modifies their gating kinetics
as shown for several VGCCs. In Kv1.2. Delemotte et al. (2010)
have identified the mutations that are critical for the stability of
α and ε VSD conformations, and determined in which conforma-
tional state these mutations give rise to omega currents. Under
hyperpolarized TM potentials, omega currents affect directly the
channel’s function since they constitute a leak through a closed
channel supposedly impermeable to ions. Quite interestingly, most
mutations associated with genetic diseases, e.g., epilepsy, hypo-
or hyper-kalemic periodic paralysis, or long QT syndrome fall in
this category. Under depolarized TM potentials, VGCCs are open
and omega currents are a mere modulation of the main alpha
current (the omega pore conductance is ∼2 orders of magni-
tude lower than the alpha pore conductance (Sokolov et al., 2005,
2007, 2008). Such small conductance must however have a more
dramatic consequence on VGCCs that undergo N-type inactiva-
tion – i.e., become non-conductive under extended depolarized

potentials – as shown for Nav1.4, for which omega leak currents
were implicated in NormoPP symptoms (Sokolov et al., 2008).

To generalize these results to other members of the large
VGCC family (Nav, Cav, and Kv), however, more structural data
is required. Indeed, whereas the general characteristics of omega
conduction should be similar in other more or less homologous
channels, a more precise knowledge of the salt bridge network
within each conformation of the VSD, and therefore of the loca-
tion of the constriction, is necessary to enable identification of the
mutations that would give rise to omega currents. Finally, although
the appearance of an omega current is the easiest effect of S4 muta-
tions to characterize using MD simulations, one should recall that
it is most likely not the only effect of such mutations. Indeed,
mutating such charges probably results in the alteration of the
response of the VSD to TM voltage change, as manifested by shifts
in G/V and Q/V curves and modified kinetics of ON and OFF cur-
rents (Miceli et al., 2008). To explain the molecular origin of such
experimental observations, it would be most insightful to com-
pare the free energy surface of activation/deactivation of the WT
and of the mutants, which requires sophisticated MD simulations
protocols (Hénin and Chipot, 2004; Maragliano et al., 2006; Laio
and Gervasio, 2008).

CONCLUSION
Since the release of the first crystal structure of a mammalian
voltage gated K+ channel, Kv1.2 in 2005, theoretical and computa-
tional methods have been used to gain insights into the molecular
level function of these ubiquitous proteins. The focus of this
review has been directed at the specific contribution from MD
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simulations to advance our understanding of the function and
modulation of the VSD.

Starting from the open/activated state crystal structure, we have
presented different protocols that have been devised to uncover the
resting/closed state structure and, in some occurrences, the con-
formation of kinetic intermediate states. We have shown how these
models may be tested and validated against experimental data such
as the gating charge value, molecular contacts, etc. and how such
molecular level insights may help reconcile diverging views derived
from different sets of experimental data. We have then shown how
the availability of these computational-based models has enable
done to tackle questions with direct biological or pharmacolog-
ical implication, i.e., to look into the molecular details of the
appearance of leak currents, which follow from genetic mutations
involved in inherited diseases.

Since it seems unlikely that a crystal structure of the closed state
will be resolved in the near future, results from computational
methods, in combination with the ones from all other experi-
mental techniques, are crucial to gain a molecular level picture of
the entire activation/deactivation cycle. As ever, larger computer
resources become available, the accessible time scale will exceed the
millisecond domain. Thus the day where a complete brute force
MD calculation will uncover the entire deactivation/activation

pathway is not so far away; an event that will finally bridge the
gaps between the results from the different studies described in
this review.

Finally, as a crystal structure of the first bacterial voltage-gated
Na+ channel was released last year (Payandeh et al., 2011), model-
ers have already started to take a serious interest in unraveling the
structure/function behavior of Na+ selective channels (Carnevale
et al., 2011; Corry and Thomas, 2011). Such an achievement opens
up a whole new world that should enable, together with the results
on voltage-gated K+ channels, to explain the basis of cellular
excitability at a molecular level.
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NOTE ADDED IN PROOF
A recent paper by Jensen et al. (2012) reports on an impressive
over 200 μs MD simulation of Kv1.2 channel switching between
deactivated and activated states, that quite interestingly confirms
essentially all the findings of Delemotte et al. (2010, 2011).
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In voltage-gated cation channels, a recurrent pattern for mutations is the neutralization
of positively charged residues in the voltage-sensing S4 transmembrane segments.These
mutations cause dominant ion channelopathies affecting many tissues such as brain, heart,
and skeletal muscle. Recent studies suggest that the pathogenesis of associated pheno-
types is not limited to alterations in the gating of the ion-conducting alpha pore. Instead,
aberrant so-called omega currents, facilitated by the movement of mutated S4 segments,
also appear to contribute to symptoms. Surprisingly, these omega currents conduct cations
with varying ion selectivity and are activated in either a hyperpolarized or depolarized volt-
age range.This review gives an overview of voltage sensor channelopathies in general and
focuses on pathogenesis of skeletal muscle S4 disorders for which current knowledge is
most advanced.

Keywords: epilepsy and neuromyotonia, long QT syndrome, familial hemiplegic migraine, myotonia and

paramyotonia, hyperkalemic and hypokalemic periodic paralysis, sodium overload, cytotoxic edema, degeneration

INTRODUCTION
The basic motif of the alpha subunit of voltage-gated cation chan-
nels is a tetrameric association of four domains I–IV, each con-
sisting of six transmembrane helical segments S1–S6, connected
by intracellular and extracellular loops. At the resting potential,
open probability is low. Activation results from a depolarization-
induced conformational change leading to the opening of the
alpha pore. When the pore is pharmacologically blocked, charge
movements in the electrical membrane field are measurable as so-
called gating currents. These gating currents are a result of the
outward movement of highly conserved voltage-sensitive S4 seg-
ments which display an arginine or lysine residue at every third
amino acid position, almost vertically aligned (denoted as R1,
R2, R3, etc.). At resting potential, the outermost S4 charge sep-
arates the extracellular fluid from the cytoplasm. With membrane
depolarization, each S4 moves outwardly shifting deeper situated
arginines to the critical position of extra-intracellular separation.
During their outward movement, the S4 segments move in a spi-
ral path through canaliculi of the channel protein made up of
segments S1–S3 (Figures 1 and 2). Likewise, during recovery from
channel inactivation, the S4 segments are thought to move back
to their original position. Because of the narrow constriction sep-
arating extracellular from intracellular compartments, mutations
of the S4 charges may cause either a hyperpolarization-activated
or a depolarization-activated non-specific cation leak called the
omega current (Figure 2).

An omega current was first described in the voltage-gated
potassium channel of drosophila Shaker. In this channel the muta-
tion R1H in S4 generates an inward-directed hyperpolarization-
induced proton current that becomes increasingly prominent as
the proton reversal potential EH is shifted to more positive values
(Starace and Bezanilla, 2004). R1 substitutions to residues other

than histidine result in a hyperpolarization-induced inward cur-
rent carried by alkali metal cations rather than protons (Tombola
et al., 2005) indicating that this mutation creates a short-circuit
connection of intracellular and extracellular compartments in
the canaliculus. This current varies with the identity of the
substituted residue: R1S > R1C > R1V ∼ R1A, has the selectiv-
ity Cs+ > K+ > Li+, and is not affected by alpha pore blockers.
Shaker mutants R2H and R3H conduct protons at potentials cor-
responding to the voltage-dependent movement of S4 charges, as
the current is maximal at potentials close to midpoint of the QON-
voltage relation (Starace et al., 1997; Starace and Bezanilla, 2001).
Further depolarization blocks the omega pore, consistent with
the model that outward S4 movement shifts the short-circuiting
mutant residues out of the canaliculus.

Studies on Shaker potassium channel and domain II of rat
brain sodium channel Nav1.2 suggest that substitution of a single
S4 arginine may be insufficient to produce a non-proton omega
current, but that two adjacent mutations (i.e., R2/R3 or II-R1/R2)
are required (Sokolov et al., 2005; Gamal El-Din et al., 2010). In
this respect, the presence of alanine at the position equivalent to
R0 in Shaker may therefore enhance the omega current of R1S.
The motif of adjacent arginine replacements recurs in some of the
potassium channel disorders and may be explained by the degree
of accessibility of arginines to the extracellular or intracellular
compartments. However, this does not hold true for all channels
suggesting that position and orientation of the S4 segment and
its environment play an important role as well. Based on current
knowledge of S4 position, in this review R0 designates charge posi-
tions of S4 outside of the canaliculus and R1 the first charge inside
of it.

For human diseases, the channelopathies result from muta-
tions in voltage-gated ion channels. In several of these disorders,
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FIGURE 1 | Scheme of a voltage-gated ion channel. Bird’s eye view of the
channel consisting of four similar repeats (I to IV). The channel has been cut
open between repeats I and IV to show the opening and closing of the central

pore. The model also shows one of the four voltage sensors S4, which moves
outward when the membrane becomes depolarized and remains in this
position until repolarization.

mutations of specific charges of S4 segments are known, such
as in epilepsy, hemiplegic migraine, long QT (LQT) syndrome,
paramyotonia congenita, and periodic paralyzes (Table 1). The
underlying mutations generally modify voltage sensitivity of gat-
ing and maximal amplitude of alpha current. Additionally, some
of these mutations have been reported to produce an omega cur-
rent. Most of these are inward currents that result in enhanced
membrane depolarization, contributing to the symptoms of the
channelopathy. Depending on the position of the S4 mutation
and the voltage threshold of activation of the channel, the omega
current can appear in very different voltage ranges.

This review briefly outlines the clinical features and pathogene-
sis of the S4 channelopathies with a focus on mutation-dependent
changes of alpha and omega currents as well as their contributions
to the phenotype. It also introduces the concept of membrane bi-
stability in general and in computer simulations incorporating
omega current. Also discussed are the consequences of intra-
cellular sodium overload and tissue degeneration to explain the
non-episodic features of the channelopathies and the ideas behind
best practice treatment. For further reading, there are reviews
with more emphasis on S4 structure and function (Catterall,
2010), S4 mutations in channels of skeletal muscle (Cannon, 2010;
Jurkat-Rott et al., 2010), or drug action in periodic paralyzes and
related channelopathies (Matthews and Hanna, 2010; Tricarico
and Camerino, 2011).

EPILEPSY AND NEUROMYOTONIA
Epilepsy is characterized by recurring episodes of synchronized
electrical discharges of neurons caused by their facilitated depo-
larization within the central nervous system. The symptoms of a
seizure depend on age of the patient, the underlying cause, and the
brain region involved.

Generalized epilepsy with febrile seizures plus (GEFS+) is
a childhood-onset syndrome featuring febrile seizures (FS) and
afebrile epileptic convulsions within the same pedigree. The pen-
etrance is ∼60%. In two-thirds of affected individuals either FS
persist after the sixth year of life or afebrile generalized tonic-clonic
seizures additionally occur (FS+). GEFS+ type II is caused among
others by missense mutations in the alpha subunit of the neuronal
sodium channel Nav1.1, encoded by SCN1A. Mutations frequently
destabilize the fast-inactivated state, resulting in a persistent
inward sodium current that depolarizes the membrane potential
to a value closer to the Nav1.1 threshold (facilitated spike gen-
eration). Additionally, a few mutations result in loss-of-function
by trafficking defects (Catterall et al., 2010; Escayg and Goldin,
2010). S4 mutations II-R1C, IV-R4H, and IV-R7C (Figure 3)
result in additional loss-of-function effects such as decreased cur-
rent amplitude and stabilization of the inactivated state (Alekov
et al., 2000; Spampanato et al., 2001; Lossin et al., 2003; Barela
et al., 2006; Vanoye et al., 2006). Apparently, loss-of-function in
inhibitory neurons produces overexcitability (Martin et al., 2010)
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FIGURE 2 | Omega pores and currents dependent on the R position.

(A) Replacement of the outermost arginine (red) by a neutral amino acid (gray)
such as glycine (R1G) opens a conductive pathway through the polarized
membrane, resulting in an omega current (red). At depolarized potentials at
which the S4 segment moves outward, the conductive pathway is closed by a
deeper arginine and the omega current ceases. In contrast the replacement
of a deeper arginine (R3G) only opens the omega pore if the membrane is
depolarized. (B) Homology model of domain I in hNav1.4 based on crystal

structure of NaVAb (activated-closed; crystal structure at 0 mV), using
Modeller. Positions of arginine and lysine residues of DIS4 are shown, relative
to the putative gating pore constriction (arrow). Modified from Groome and
Winston (2012). (C) Comparison of current-voltage (I/V ) traces for wild type
hNav1.4 and R222G, with plots of raw I/V, linear leak, and normalized current
(linear leak subtracted from IV and normalized to gating current at +40 mV).
The mutation R222G causes HypoPP type 2. External solution contained
120 mM K+ and 1 μM TTX. Modified from Holzherr et al. (2010).

similar to gain-of-function effects in excitatory neurons (Kahlig
et al., 2006, 2010).

Severe myoclonic epilepsy of infancy (SMEI), or Dravet syn-
drome, is characterized by clonic or tonic-clonic seizures that
occur in the first year of life, are often prolonged, and are typically
associated with fever. During the course of the disease, patients
develop additional afebrile generalized and partial seizures. Cog-
nitive deterioration appears in early childhood. In contrast to
GEFS+, the syndrome is resistant to pharmacotherapy, although
stiripentol seems to have a positive effect by enhancing GABAergic
neurotransmission. Cranial magnetic resonance (MR) imaging

in patients reveals focal and generalized atrophy. Because some
patients with SMEI have a family history of febrile or afebrile
seizures, and in some families GEFS+ and SMEI overlap, SMEI
may therefore be regarded as the most severe phenotype of the
GEFS+ spectrum (Mullen and Scheffer, 2009). SMEI is caused
by mutations in SCN1A encoding Nav1.1. Most SMEI mutations
cause loss-of-function due to nonsense mutations demonstrat-
ing that haploinsufficiency of SCN1A is pathogenic (Oakley et al.,
2011). The loss-of-function of Nav1.1 channels results in reduced
action potential (AP) firing in hippocampal inhibitory neurons,
thus generating overexcitability. IV-R4C causes gain-of-function
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by destabilizing fast inactivation and producing persistent currents
(Rhodes et al., 2004) that may be inhibited by the sodium channel
blocker ranolazine (Kahlig et al., 2010; Figure 3).

Benign familial neonatal seizures (BFNS) are dominantly inher-
ited with a penetrance of 85%. The seizures manifest within the
first weeks of life and typically disappear spontaneously after weeks
to months. Seizures may have a partial onset or may appear as
generalized. Accordingly, ictal EEGs show focal and generalized
discharges. Interictal EEGs are mostly normal. The risk of seizures
recurring in adulthood is ∼15%, but psychomotor development is
usually normal. Causative mutations have been identified in Kv7.2
and Kv7.3 potassium channels encoded by KCNQ2 and KCNQ3
respectively that interact with each other and constitute the so-
called M -current, an important regulator of membrane potential
near the AP threshold. Co-expression of heteromeric wild type and
mutant Kv7.2/Kv7.3 channels usually reveals a potassium current
reduction of ∼20–30% in the setting of haploinsufficiency. This
causes BFNS by depolarizing the membrane and facilitating AP fir-
ing (Maljevic et al., 2008). In contrast, S4 mutations of the pattern
R3W/Q (Figure 3) produce a dominant negative effect on co-
expressed wild type brought about by a drastic depolarizing shift
of the activation curve and slowing of the activation time course

(Dedek et al., 2001; Wuttke et al., 2007; Miceli et al., 2012). This
suppression of inhibitory neurons explains the hyperexcitability
that affects central as well as peripheral neurons. The latter locus
of hyperexcitability leads to additional neuromyotonia also termed
peripheral nerve hyperexcitability (PNH). This disorder is charac-
terized by short spells of spontaneous skeletal muscle overactivity
resulting in twitching, undulation, or rippling of the muscles and
painful cramps, so that the phenotype for these S4 mutation carri-
ers is BFNS-PNH. Omega currents have been implicated in BFNS
for the analogous Kv7.4 channel. There, corresponding R3W/Q
mutations generate non-specific depolarization-induced cation
outward currents of ∼1% of the pore current amplitude, at the
+40 mV voltage step (Miceli et al., 2012). In Kv7 channels, single
mutations of R1 and R3 fulfill the concept of adjacent arginine
replacements because there is a glutamine at position R2.

LONG QT SYNDROME
Long QT syndrome is named for an elongated QT interval in
the electrocardiogram. It is caused by lengthening of the repolar-
ization phase of the cardiac ventricular AP. Because duration of
the cardiac AP is dispersed in different regions of the ventricle
depending on regional channel expression, any disproportionate

FIGURE 3 | S4 sequences of channels with an R0 to R6 mutation.

Positively charged residues in R0 to R6 positions are delineated with a
shaded background (gray). The constriction of the omega pore lies
between R2 and R3. Therefore an inward movement of S4 due to
hyperpolarization opens the omega pore if R1 or R2 is replaced by a

neutral amino acid. An outward movement of S4 due to depolarization
opens the omega pore if R3 or R4 is replaced by a neutral amino acid.
These gray-background arginines are boxed. The Shaker K+ channel serves
as reference. Neutral replacements of its arginines R2 and R3 have been
described as proton transporters.
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prolongation of the AP increases the probability for re-entry of the
depolarization wave, early after-depolarizations and thus, arrhyth-
mia. Associated ECG findings may be ventricular bigemini and
torsade de pointes in which the QRS complex twists around the iso-
electric axis in the electrocardiogram. By this, syncope and sudden
death may result in young and otherwise healthy individuals. LQT
syndrome (LQTS) is caused among others by loss-of-function of
potassium channels Kv7.1 encoded by KCNQ1 or Kv11.1 encoded
by KCNH2 and by gain-of-function of the Nav1.5 sodium channel
encoded by SCN5A.

Kv7.1 currents deactivate very slowly allowing adaptive short-
ening of the AP during tachycardia by incomplete deactivation.
Therefore, loss-of-function in Kv7.1 leads to arrhythmia espe-
cially at elevated heart rate due to physical or emotional stress.
R1C decreases current amplitude which explains the LQT in the
electrocardiogram, but also produces a hyperpolarizing shift of
the voltage dependence of activation and tail currents, thereby
explaining the additional atrial fibrillation in these patients (Bar-
tos et al., 2011). R5H/C produce a slowed rate of activation, a
positive voltage shift of activation and/or dominant suppression
of co-expressed wild type (Franqueza et al., 1999; Mohammad-
Panah et al., 1999; Chouabe et al., 2000). R1, R3, and R5 mutants
all fulfill the concept of adjacent arginine replacements because
there is a glutamine at R2 and a histidine at R4 (Figure 3).

Kv11.1 activates and deactivates relatively slowly in comparison
to a rapid inactivation. LQT mutations suppress repolarization of
the myocardial AP and lengthen the QT interval by either loss-of-
function or haploinsufficiency. A dominant negative effect may be
achieved by current reduction of the tetrameric channel complex.
For the LQT double mutation of R0/R1, there is no functional data
but there two adjacent arginines are changed (Figure 3). The point
mutation R3C reduces current amplitude and accelerates deacti-
vation thereby slowing repolarization of the cardiac AP in its final
phase (Nakajima et al., 1999).

Nav1.5 initiates the cardiac AP. LQT mutants frequently con-
duct a persistent inward current during membrane depolarization
and single channel recordings show fluctuation between normal
and non-inactivating gating modes. I-R3Q/W shift the steady-state
inactivation curve to the right (Bezzina et al., 2003). IV-R0L/Q
delay inactivation (Makita et al., 1998), IV-R1P impairs inactiva-
tion or shifts the steady-state inactivation curve to the left (Ruan
et al., 2007) and decreases inactivation upon stretch modula-
tion (Banderali et al., 2010). Mutations IV-R7C/H show dispersed
re-openings (Dumaine et al., 1996; Figure 3). It has yet to be estab-
lished that omega currents play a role in the pathogenesis of Kv or
Nav LQTS channelopathies, but the finding of mutations in these
cardiac disorders in R1–R3 residues of S4 raises that possibility
(Table 1; Sokolov et al., 2007).

HEMIPLEGIC MIGRAINE
Familial hemiplegic migraine (FHM) presents with characteristic
unilateral migraine headaches accompanied by nausea, phono-,
and photophobia. Episodes are typically precipitated by an aura
with symptoms of both hyper- and hypo-excitability such as apha-
sia, dysarthria, vertigo, homonymous hemianopsia, cheiro-oral
paresthesias, and some degree of (primarily) unilateral paresis.
Additionally, ataxia and cerebellar degeneration are frequently

part of the FHM phenotype. Up to 50% of cases are caused
by mutations in Cav2.1 encoded by CACNA1A. Current patho-
genesis models of migraine with aura suggests cortical spreading
depression which consists of an initial brief spike of increased neu-
ronal activity followed by long-lasting suppression of excitability
spreading across the cortex at 1–3 mm/min. The depression wave
is associated with long-lasting depolarization associated with ele-
vation of extracellular potassium and intracellular sodium. The
progress of FHM correlates to the succession of symptoms during
the aura initiating the migraine attacks. FHM1 includes sporadic
hemiplegic migraine with progressive cerebellar ataxia. The aura
may be prolonged and confusion and loss of consciousness may
occur. In the interval, some families additionally present with
epilepsy, retinal degeneration, hypacusis, and persistent cerebellar
dysfunction with Purkinje cell atrophy. While migraine is mainly
caused by gain-of-function, loss-of-function may lead to addi-
tional ataxia. Of the seven known S4 mutations in Cav2.1, there
is functional data for only two. I-R0Q increases open probabil-
ity and channel density in vitro (Kraus et al., 1998; Hans et al.,
1999). In a knock-in mouse this mutation generates increased
current density in cerebellar neurons, enhanced transmission at
the neuromuscular junction, and reduced threshold and increased
velocity of cortical spreading depression, effects that are compat-
ible with an omega current (van den Maagdenberg et al., 2004;
Figure 3). II-R1Q shifts activation to the left but decreases peak
current (Kraus et al., 2000). Omega currents produced by either
of these mutations have yet to be demonstrated.

SODIUM CHANNEL MYOTONIA AND PARAMYOTONIA
Myotonia is an involuntary slowed relaxation after a forceful vol-
untary muscle contraction, experienced by the patient as muscle
stiffness. After making a forceful fist or eyelid closure, the patient
cannot reopen their hand or eye. Repetition decreases the myoto-
nia, a phenomenon called warm-up. Electrical hyperexcitability of
the muscle fiber membrane is the basis for myotonia, apparent in
the form of repetitive APs in the EMG. Needle insertions into the
resting muscle elicit myotonic bursts, i.e., runs of APs with ampli-
tude and frequency modulation that sound like dive bombers.
Autosomal dominantly inherited myotonia can be caused among
others by mutations in SCN4A, the gene encoding the alpha
subunit of the voltage-gated sodium channel of skeletal muscle,
Nav1.4 (Heine et al., 1993), essential for generation of the muscle
fiber AP. Most mutations destabilize the fast-inactivated state so
that the channel inactivates slower and incompletely (Lerche et al.,
1993). The resulting subthreshold membrane potential facilitates
AP generation. I-R3W causes typical myotonia with warm-up phe-
nomenon and transient weakness (Lee et al., 2009). However, no
functional data are available.

Paramyotonia (PC) is also caused by dominant SCN4A mis-
sense mutations. The cardinal symptom is cold-induced muscle
stiffness that increases with continued activity called paradoxical
myotonia, or paramyotonia for short. In most families, on inten-
sive cooling the stiffness gives way to flaccid weakness or even
to paralysis which is caused by severe membrane depolarization
(Lehmann-Horn et al., 1987; Lerche et al., 1996). Families with
IV-R0H/C/S/L/P also have episodes of generalized periodic paral-
ysis (Lehmann-Horn and Jurkat-Rott, 1999). Such attacks occur
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spontaneously and can be triggered by rest or elevated serum
potassium. They are of much shorter duration than the cold-
induced weakness that usually lasts for several hours even after
the muscles are re-warmed. During cooling, PC muscle fibers
slowly depolarize to an extent greater than that observed in normal
muscle fibers. The depolarization is associated with long-lasting
bursts of APs which cease when the membrane potential reaches
−55 mV. At this potential sodium channels inactivate so that
muscle becomes inexcitable and paralyzed. Causative mutations
generally slow the entry into, and accelerate recovery from, fast
inactivation (Yang et al., 1994). IV-R0 mutations slow deactiva-
tion, in addition to destabilizing the fast-inactivated state (Fan
et al., 1996; Lerche et al., 1996; Featherstone et al., 1998; Groome
et al., 1999; Mitrovic et al., 1999). No omega current is observed
(Francis et al., 2011), possibly because R0 is located outside of the
canaliculus (Figures 2 and 3).

PERIODIC PARALYSIS
Autosomal dominant hypokalemic periodic paralysis (HypoPP) is
characterized by episodes of flaccid generalized muscle weakness
accompanied by low serum potassium levels. Triggers for the weak-
ness are carbohydrates and insulin with subsequent hypokalemia,
rest after exercise, and cooling. Oral potassium administration
accelerates the recovery of muscle strength. Native patient mus-
cle fibers show long-lasting membrane depolarization paradoxi-
cally triggered by lowering of extracellular potassium, resulting in
an inactivation of sodium channels necessary for AP generation
(Jurkat-Rott et al., 2000). This effect is exacerbated in the pres-
ence of insulin (Bond and Gordon, 1993; Ruff, 1999). Permanent
progressive weakness is additionally found in ∼60% of patients
whereby muscle degenerates and is increasingly replaced by fatty
tissue. The causative mutations are located in the skeletal muscle
calcium channel Cav1.1 encoded by CACNA1S (HypoPP-1) and
the skeletal muscle sodium channel Nav1.4 encoded by SCN4A.
Given the finding that all but one of these mutations neutralize
a positively charged S4 residue, it is not surprising that a role for
omega currents as a causal factor in the pathogenesis of the chan-
nelopathies has been most clearly demonstrated for the periodic
paralyzes.

Functional studies of the alpha currents of either of these
channels do not satisfactorily explain the phenotype. In Cav1.1,
II-R1H/G and IV-R2H/G (Figure 3) lead to loss-of-function in
the sense of current amplitude reduction, slowing of activation,
reduced open probability, left shift of steady-state inactivation,
reduced amplitude and broadening of APs (Lehmann-Horn et al.,
1995; Lapie et al., 1996; Jurkat-Rott et al., 1998; Morrill et al., 1998;
Morrill and Cannon, 1999; Kuzmenkin et al., 2007). None of these
gating defects are expected to lead to increased depolarization.
Similarly, in Nav1.4, II-R1H, II-R2H/G/S/C, and II-R3G/W/Q
show reduced current amplitude, left shift of steady-state fast inac-
tivation, enhanced fast and slow inactivation, slowed recovery after
long depolarizations, and reduced AP amplitudes (Bulman et al.,
1999; Jurkat-Rott et al., 2000; Struyk et al., 2000; Bendahhou et al.,
2001; Kuzmenkin et al., 2002; Carle et al., 2006; Wu et al., 2008,
2011). These defects would not contribute to depolarization either.

In Nav1.4, II-R1H, II-R2H/G/C/S, and III-R2Q mutations gen-
erate omega currents that are activated by hyperpolarization,

are still active at the usual resting potential, but are closed
by depolarizations large enough to activate and thus, move S4
(Figure 3). Their amplitude is about 1% of the alpha pore cur-
rent. Substitution of these arginines by the bulky histidine residue
enables proton transport only; other cations do not seem to have
enough space to pass (Sokolov et al., 2007; Struyk and Can-
non, 2007; Francis et al., 2011). Substitution of these arginines
with uncharged resides such as glycine allow an inwardly recti-
fying flow of small monovalent cations whereby potassium and
cesium are preferred over sodium or lithium (Sokolov et al., 2007;
Struyk et al., 2008). Figure 2C shows current-voltage relation-
ships for R222G/hNaV1.4 channels from experiments performed
in our lab as an example (Holzherr et al., 2010). Omega pores
conduct currents that show an above-linear increase in ampli-
tude with hyper- or depolarization although the electrical field is
focused to a single amino acid (Ohm resistor) and not constantly
increasing within the membrane (constant field theory). The non-
linearity of the omega current reflects the stochastic process of
a voltage-dependent open probability and follows a Boltzmann
distribution.

Guanidinium, a derivative of arginine, has greater than 10
times the conductance through the omega pore than monova-
lent cations, while divalent and trivalent cations block the omega
pore at mM concentrations (Sokolov et al., 2010). In that study, a
screen of guanidine derivatives as potential blockers of the path-
ogenic omega current in HypoPP yielded one compound, 1-(2-4
xylyl) guanine that exhibited similar potency for block compared
to the divalent cations tested. In addition, there is an inward cation
leak current at hyperpolarized potentials in native muscle of R1H
knock-in mice with omega features (Wu et al., 2011). The conclu-
sion from these alternative approaches to study omega currents is
that they contribute to the depolarization leading to inexcitability
and weakness. Nevertheless, despite similarities of sodium channel
omega currents with those in Shaker produced by R1H mutations,
their blockade is quite different, suggesting differences in shape,
size, and exact cation pathway along the canaliculi of these chan-
nels. Perhaps this phenomenon is related to the postulation that
two adjacent mutated charges promote omega currents in voltage-
gated potassium channels, a requisite that does not hold true for
sodium channels.

In contrast to the hyperpolarization-induced omega currents
from substitutions of II-R1 and II-R2, II-R3G/Q/W mutations
generate Nav1.4 cation currents that are activated by depolariza-
tion (Figure 3). This means that the omega currents are conducted
when S4 is in the activated or inactivated state,but not in the resting
state. This omega current is deactivated at hyperpolarized mem-
brane potentials (Sokolov et al., 2008). The associated phenotype
differs slightly in the ictal serum potassium levels which can be low
or normal (normokalemic periodic paralysis, NormoPP). Also, the
reaction to oral potassium administration may be different than
for HypoPP – anything from amelioration to worsening of the
weakness.

For II-R1H/Q and IV-R2H/G Cav1.1 channel mutations
(Figure 3), no direct omega currents have been shown. However,
in native patient muscle there is an inward cation leak current at
hyperpolarized potentials with omega features (Jurkat-Rott et al.,
2009). Also, based on these measurements, the periodic paralysis
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episodes can be successfully modeled. The underlying idea is that
depolarized muscle fibers will be paralyzed, and that polarized
fibers will be fully functional. If transitions between these two
situations are reversible, the membrane potential is bi-stable.

BI-STABILITY OF MEMBRANE POTENTIAL
P-states are the electrically stable resting membrane potentials of
a cell in the nomenclature of Jurkat-Rott et al. (2009). Normal
cells reveal a bimodal distribution around the stable membrane
potentials P1 and P2. At physiological conditions, most fibers are
highly negative polarized and in the excitable P1-state which fol-
lows the predictions of the Goldman–Hodgkin–Katz equation.
Upon an increased sodium conductance, e.g., by omega pores, the
fraction of cells in the (depolarized) P2-state is increased. With
slow depolarization, voltage-gated sodium channels might inacti-
vate via closed-state inactivation and render the cells inexcitable.
In contrast, cells that remain in the P1-state are only slightly depo-
larized and thus still excitable. This bi-stability is the result of
inwardly rectifying potassium channels (K ir), which open with
hyperpolarization and close with depolarization (Figure 4A). The
bi-stability is the reason that only a small increase in sodium con-
ductance, e.g., by an omega pore, is required to shift cells from
the P1- to the P2-state (Figure 4B). Vice versa, a repolarizing con-
ductance can shift the membrane back to the P1-state (Figure 4).

Transitions between the P1- and P2-states can occur when any
trigger drives the system closer to a limit point or shifts a limit
point. If the limit points of both states (LP1 and LP2) are situated
at different K+ values, the system shows hysteresis (Figure 4C). If
external K+ is considered as a control parameter, it is shown to
play an important role in driving the system to its limits, and set
the stage during “physiological” hypokalemia, for the paradoxical
depolarization triggered by a slight increase in sodium conduc-
tance provided by an omega current. A significant role for the
activated omega pore as a causal factor in the pathogenesis of
HypoPP is supported by the computer model whose details are
given in the Appendix and whose parameters are given in Table 2.

A drop of serum K+ will decrease K ir conductance. Although
the Nernst equation predicts hyperpolarization when external K+
is reduced, the hypokalemia-induced reduction of K ir conduc-
tance may shift the cells from the P1- to the P2-state (Figure 4C).
Therefore, cells show a bimodal distribution of membrane poten-
tials especially at low K+. This phenomenon is called paradoxical
depolarization (Jurkat-Rott and Lehmann-Horn, 2007; Struyk and
Cannon,2008; Jurkat-Rott et al., 2009). Not surprisingly,decreased
conductance in mutant K ir channels contributes to the pathogen-
esis of episodic paralysis associated with thyrotoxicosis (K ir 2.6;
Ryan et al., 2010; Cheng et al., 2011), periodic paralysis and car-
diac arrhythmia in Tawil–Anderson’s syndrome (K ir 2.1; Plaster

FIGURE 4 | Effects of omega currents schematically (A) and in a

computer simulation (B). (A) The current-voltage relationship of K ir

potassium channels shows a voltage range characterized by a “negative”
resistance. This negativity leads to membrane bi-stability. Whereas small
instantaneous changes of P1 will be compensated for (P1 is therefore a
stable membrane potential), larger depolarizing artifacts will cause a jump of
P1 to the limit point LP2. P1 can be regained by substantial repolarizing
influences like the Na/K pump. (B) The curve is downwardly shifted by an
omega Na+ current. Limit point LP1 is a very instable membrane potential
that will be shifted to P2 by even smallest instantaneous changes. In the
P2-state the cell membrane will be electrically stable. (C) Membrane
potentials P for various [K+]o values and for various omega pore
conductances (in μS/cm2). Reducing [K+]o first leads to hyperpolarization until
the limit point (LP1) is reached at which the membrane potential becomes
instable and jumps to the depolarized state of about −58 mV. From there,

increasing [K+]o takes the potential along the curve until LP2 is reached. LP2
is the starting point for the repolarization. The curves of LP1 and LP2 meet in
the cusp point, CP. The region inside the cusp (bounded by LP1, LP2, and CP)
is bi-stable. In contrast omega pore conductances larger than 18 μS/cm2

result in gradual depolarization without bi-stability. The model reveals that an
omega pore shifts LP1 and LP2 (the cusp) to the right, i.e., less severe
hypokalemia is required to shift cells from the P1- to the P2-state. The
membrane potentials yielded by the computer simulation were compared
with values measured for muscle fibers by use of microelectrodes: open
symbols stand for human controls (−83 ± 5 mV in 95% of fibers at 4 mM K+,
−99 ± 3 mV for 87% at 1.5 mM K+, and −58 mV for 91% at 1 mM K+); filled
symbols for HypoPP patients with either Cav1.1-R1239H (circle: −74 ± 5 mV
in 76% of fibers at 4 mM K+) or Cav1.1-R528H (triangle: −75 ± 5 mV in 91%
of fibers at 4 mM K+); at 1.5 mM K+, 95% of the patients’ fibers −56 mV
(square; n = 127). Modified after Jurkat-Rott et al. (2010).
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Table 2 | Parameters of the catastrophe model.

Parameter Value Unit

GATING PARAMETERS OF NaV, KV, AND CLC

Êomega −110 mV

Aomega 34 mV

ĝNaV 268 mS/cm2

ĝNaL 2.75 μS/cm2

ĝKV 21.6 mS/cm2

ĝClC 0.5 mS/cm2

ĝir 0.0485 mS/cm2

K S 0.0475 mM2

K K 5 mM2

δ 0.2 –

Ĵp 8 Nmol cm−2 s−1

KmK 1 mM

KmNa 8 mM

LH 1.25 × 10−10 l cm−2 N−1 s−1

EXTRA AND INITIAL INTRACELLULAR CONCENTRATIONS

ĉNa+
e + ĉK+

e 141.5 mM

ĉCl−
e 108 mM

ĉFix−
e 25.8 mM

ĉNeutral
e 10 mM

ĉNa+
i 15.6 mM

ĉK+
i 132.3 mM

ĉS
i 8.9 mM

ĉCl−
i 4.3 mM

ĉFix−
i 124.1 mM

EH+ −18.5 mV

V i 3.38 μl

c̄H2O 55555 mM

PARAMETERS FOR ION AND WATER FLUXES

α̂m 0.288 ms−1

β̂m 1.38 ms−1

Êm −42 mV

K αm 10 mV

K βm 18 mV

α̂h 0.0081 ms−1

β̂h 4.38 ms−1

Êh −45 mV

K αh 14.7 mV

K βh 9 mV

ÊS −85 mV

AS 6 mV

α̂n 0.0131 ms−1

β̂n 0.067 ms−1

Ên −37 mV

K αn 7 mV

K βn 40 mV

ÊhK −30 mV

K τhK 25.75 mV

AhK 7.5 mV

Êa 70 mV

Aa 150 mV

(Continued)

Parameter Value Unit

PHYSICAL AND STRUCTURAL PARAMETERS

Df 70 μm

η 2 –

c̄m 1 μF/cm2

zFix −1.3 –

R 8.3145 J mol−1 K−1

T 311.15 K

F 96485 C/mol

et al., 2001) and underlies barium-induced augmentation of para-
doxical depolarization of skeletal muscle fibers in low external K+
(K ir 2.1; Struyk and Cannon, 2008). Decreased conductance of the
ATP-sensitive K channel in skeletal muscle may also be a causative
factor in hypokalemic-induced depolarization, at least in response
to insulin (Tricarico et al., 1998). It has been proposed that part of
the therapeutic effect of acetazolamide in HypoPP is its action to
promote the activation of several different types of skeletal muscle
potassium channels, which may offset the decreased conductance
of K ir (for review see Matthews and Hanna, 2010).

If the omega pore conductance is >18 μS/cm2 (for the condi-
tions in Figure 4C), the bi-stability is replaced by a single stable
resting potential. The value depends on the conductance ratio
g K/gω with g K carried by additional (e.g., delayed rectifying) Kv

channels which are less dependent on extracellular K+ than are
K ir channels. In this monostable system, the membrane potential
can vary between −74 and −58 mV (Figure 4C).

Usually the majority of normal cells do not become inexcitable
in response to decreased serum K+, because the limit points are
located at very low K+ that do not occur physiologically. However
in the presence of an omega current, the limit points are shifted to
higher K+, and transitions between the states are possible under
physiological conditions. HypoPP seems to be caused by such a
shift. For instance, computer simulation of the effect of R669H
on V rest in response to low external K+ predicts a decrease in the
threshold for paradoxical depolarization of muscle fibers, similar
to that observed experimentally with barium poisoning (Struyk
and Cannon, 2008). Cation ionophores like amphotericin B and
gramicidin can mimic the omega pore current and serve as a suc-
cessful, pharmacological in vitro model for HypoPP (Jurkat-Rott
et al., 2009). Based on the ionophore experiments, the fraction of
fibers in the P2-state may correspond to the chronic weakness in
HypoPP patients. Typical triggers such as glucose and insulin caus-
ing hypokalemia will further increase this fraction and precipitate
a paralytic attack. The pharmacological computer model predicts
that smaller omega currents require a more severe hypokalemia
of the patients to shift cells into the P2-state than larger omega
currents.

SODIUM OVERLOAD, CYTOTOXIC EDEMA, AND TISSUE
DEGENERATION
By tackling the question as to whether sodium influx (e.g., through
omega pores) increases the cytoplasmic sodium concentration, a
23Na MR sequence was developed (Nielles-Vallespin et al., 2007)
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FIGURE 5 | 1H and 23Na measurements in the calf muscles of

HypoPP patients. (A–F) T2-weighted STIR 1H (left) and 23Na-MR
images (right) from a healthy control (A,B) and the propositus of a
HypoPP family, a 37-year-old female harboring the Cav1.1-R1239H
mutation (C–F). The images in (C,D) were taken before treatment and
the images in (E,F) were taken after treatment with 250 mg/d
acetazolamide for 4 weeks. Note the very high proton intensities in
STIR (C) and the elevated Na+ concentration before treatment (D),

arrows pointing at highest Na signal intensities) and their improvement
after treatment. The central reference contains 0.3% NaCl solution;
occasional side tubes containing 0.3% NaCl in 1% agarose (left) and
0.6% NaCl in H2O (right) were additional standards. (G–I) Axial
T1-weighted MR images from family members patients: the female’s
80-year-old grandmother whose limb muscles were almost completely
replaced with fat (G), the female’s 35-year-old sister (I), and the
55-year-old uncle (H,G). Modified after Jurkat-Rott et al. (2009).

that indeed revealed a muscle sodium overload in HypoPP patients
(Figure 5). In addition, 1H-MR images (MRI) with a short-tau
inversion recovery (STIR) sequence displayed an edema in the
muscles of these HypoPP patients (Figures 5A–F). Therefore the
question arose as to whether the edema was caused by a cyto-
plasmic sodium accumulation and osmotic imbalance, or by an
interstitial edema, e.g., by an inflammation. To answer this ques-
tion the MRI technique was further improved to a 23Na MRI
inversion recovery sequence (Na-IR) which partially suppresses
the signal raised by free sodium in the extracellular fluid and
thus mainly represents cytoplasmic sodium (Nagel et al., 2011).
In the HypoPP patients the nature of the edema was cytoplasmic.
It seemed to be cytotoxic as all patients who showed the edema
presented with a chronic weakness and muscle degeneration with
age (Figures 5G–I).

In parallel with the concept of degeneration caused by sodium
overload, ictal cytotoxic edema during the long-lasting depolar-
ization (spreading depression) has been frequently reported in
FHM (for example Chabriat et al., 2000; Butteriss et al., 2003)
and has been suggested to sustain the long-lasting aura (Iizuka
et al., 2006) and contribute to neurodegeneration (Carreño et al.,

2011). Likewise, ictal edema is associated with neuronal degener-
ation and sclerosis of the hippocampus in FSs (Scott et al., 2003,
2006; Sokol et al., 2003). Therefore, it is possible that intracellular
sodium overload may contribute to neuronal as well as muscle
channelopathies.

REPOLARIZATION AND RELIEF OF THE CYTOTOXIC EDEMA
Guided by the experience that acetazolamide has favorable effects
on the episodic weakness in the periodic paralyzes (Resnick
et al., 1968), this agent was administered to HypoPP patients and
reduced the chronic weakness of the patients as well as the sodium
overload and edema in the MRI (Figure 5). In the pharmacologi-
cal in vitro model of HypoPP using an ionophore, acetazolamide
shifted many fibers from the P2- to the P1-state. This in vitro
effect was considered to be responsible for the positive, in vivo
effects (Jurkat-Rott et al., 2009). Thus, drugs that repolarize the
fiber membrane may prevent progression of the cell degeneration
by reducing the cytotoxic edema. Supporting the idea that FHM
and epilepsy share similar pathomechanisms to HypoPP, it is not
surprising that acetazolamide is standard treatment option for
both epilepsy (Wolf, 2011) and FHM (Russell and Ducros, 2011).
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APPENDIX
PATHOGENESIS MODEL – CATASTROPHE ON THE CUSP
Using catastrophe theory, the effects of an omega current were simulated in a one-compartment computer model of skeletal mus-
cle fibers. Both changes of ion concentrations and consecutive water shifts were considered. The size of the T-tubular system was
accounted for by a specific factor. It was not considered a separate compartment since the low-resistance T-tubular openings justified
the assumption of an equilibrium. Parameters of the catastrophe model are given in Table 2; notations and abbreviations at the end of
the Appendix.

The membrane was equipped with the following conductances: a background Na+ leak conductance (g NaL), the omega pore con-
ductance (g leak), a voltage-gated Na+ (g NaV ) and K+ (g Kv ) conductance, an inward-rectifying K+ (g IR) and a voltage-dependent
Cl− (g Cl) conductance, a hydraulic conductivity (LH), and a Na+/K+ pump flux (J p). The model was based on the charge-difference
approach (3) in which the membrane potential E is calculated from the amount of charges in the intracellular compartment Qi and
the membrane area Am:

E = Qi

c̄m · Am
with Am = 4 · η · Vi

Df

Qi = F ·
∑
ion

nion · zion ion ∈ {Na, K , Cl, Fix, S}

V i was the cell volume, Df the fiber diameter and η a factor correcting the size of the T-tubular membrane. The cell was only permeable
for Na, K, Cl, and H2O. Fix are intracellular anions (e.g., proteins, phosphates), which – in this model – cannot pass through the
membrane. Their overall charge valence zFix is set to −1.3. This was necessary to avoid very negative membrane potentials at low
potassium concentrations. S are the positive charged ions, that block inward-rectifying K+ channels from inside upon depolarization.
Its valence zS is set to +2, so they represent Mg2+. Multiple positively charged polyamines that increase the strength of rectification
were not considered.

The amounts of ions and water in the cell n are state variables in this model. They are integrated over time by numerically solving
the differential equations that describe their fluxes J :

ns = n̂s +
t∫

0

Js · dt s ∈ {Na, K , Cl , H2O}

Js = dns

dt
=
∑

c

J c
s +

∑
p

J
p
s

c ∈ {NaV, KV, Kir, ClC, Aqua
}

p ∈ {Na/K − pump
}

The fluxes of ions through channels J c
s and water through an aquaporin J

Aqua
H2O (modeled by a simple hydraulic conductivity) are

computed by the following equations:

J c
ion = −F−1 · g c

ion · (E − Eion)
ion ∈ {Na+, K+, Cl−

}
c ∈ {NaL, Leak, NaV, KV, Kir, ClC

}
J

Aqua
H2O = LH · ĉH2O · ΔΠ

The driving forces for the fluxes were the electrochemical gradients (E − E ion) for ions or the osmotic pressure difference ΔΠ for water:

Eion = R · T

zion · F
· ln

(
c ion

e

c ion
i

)

ΔΠ = R · T ·
∑
sol

(
c sol

i − c sol
e

)
sol ∈ {Na, K, Cl, Fix, S}

The Na/K pump was modeled by

Jp = Ĵp ·
(

1 + KmK

/
cK +

e

)−2 ·
(

1 + KmNa

/
cNa +

i

)−3
, J

p
Na + = −3 · Jp and J

p
K + = 2 · Jp
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The parameters K mK and K mNa were taken from Wallinga et al. (1999). The maximum pump flux Ĵp was chosen to get an intracellular

Na+ concentration cNa+
i of 15 mM at control conditions. Intracellular ion concentrations were calculated from the cell volume V i and

the amount of ions:

Vi =
∑

s
ns

c̄H2O
, s ∈ {Na, K, Cl, Fix, H2O}

c ion
i = nion

Vi
, ion ∈ {Na, K, Cl, Fix}

The voltage-gated Na+ (NaV), K+ (KV), and Cl− (ClC1) conductances were based on the Hodgkin–Huxley type formalism; identifiers
had their classical meaning. The equations taken from Wallinga et al. (1999) are given here for completeness:

g Na+
NaV

= ĝNaV · m3 · h · S, g K+
KV

= ĝKV · n4 · hK and g Cl−
ClC = ĝClC · a4

The gating variables m, h, S (NaV slow inactivation), n, and hK (inactivation of KV) were state variables and defined by the following
differential equations

dy

dt
= αy · (1 − y

)− βy · y y ∈ {m, n, h}

αm =
α̂m ·

(
E − Êm

)
1 − e

−
(

E−Êm

)/
Kαm

and βm = β̂m · e
−
(

E−Êm

)/
Kβm

αh = α̂h · e
−
(

E−Êh

)/
Kαh and βh = β̂h

1 + e
−
(

E−Êh

)/
Kβh

dS

dt
= S∞ − S

τS
, τS = 60

0.2 + 5.65 · [(E + 90)
/

100
]2 and S∞ = 1

1 + e

(
E−ÊS

)/
AS

αn =
α̂n ·

(
E − Ên

)
1 − e

−
(

E−Ên

)/
Kαn

and βn = β̂n · e
−
(

E−Ên

)/
Kβn

dhK

dt
= hK∞ − hK

τhK

, τhK = e
−
(

E−EhK

)/
KhK and hK∞ = 1

1 + e

(
E−ÊhK

)/
AhK

The gating variable of ClC1 was assumed to reach the steady-state instantaneously

a = 1

1 + e

(
E−Êa

)/
Aa

For the inward-rectifying potassium channels the same model as in Wallinga et al. (1999) was used, parameters were chosen to get

appropriate values for the limit points at control conditions and a resting conductivity at cK+
e = 3.5 mM of 41 μS/cm2. The equations

were:

g K+
IR = g ′

IR · y , g ′
IR =

ĝIR ·
(

cK+
R

)2

K K+
IR +

(
cK+

R

)2 , cK+
R = cK+

e · e−δEK+ F
/

RT
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y = 1 −
⎡
⎢⎣1 + K S

IR

cS
i · e2(1−δ)EF/RT

·
⎛
⎜⎝1 +

(
cK+

R

)2

K K+
IR

⎞
⎟⎠
⎤
⎥⎦

−1

The constant background sodium leak conductance was then adapted to reach a K+ to Na+ permeability ratio between 0.01 and 0.02

and a membrane potential of approximately –86 mV (at cK+
e = 3.5 mM).

For modeling the H+ leak conductance, it was assumed – based on the 31P MR spectroscopy measurements (Jurkat-Rott et al.,
2009) – that the H+ equilibrium potential was constant and further, that every H+ was exchanged by one Na+ ion, presumably by a
Na+/H+ exchanger. Thus the omega current was treated as a sodium current (indirectly) driven by the electrochemical gradient for
protons. Its conductance was modeled as a pore with a voltage-dependent open probability that follows a Boltzmann distribution. The
equation

gomega = ĝomega ·
(

1 + e
E−Êleak

/
Aleak

)−1

was fitted to the HypoPP muscle fiber results. The Na+ flux (indirectly) mediated by the omega pore was calculated by

J Na+
omega = −F−1 · gomega · (E − EH+

)
with EH+ = R · T

F
· ln

(
10pHi

10pHe

)

The model was implemented in MatLab Version 7.3 (The Mathworks, Inc.). Initial-value problems were solved with ODE15s, a solver
for sets of stiff ordinary differential equations. Then bifurcation analysis was done by using the continuation routines of the toolbox
CL_MATCONT Version 2.4.

NOTATIONS AND ABBREVIATIONS
Indices

Aqua water channel

c channel like voltage-gated Na+ channel, voltage-gated K+ channel

ClC1 voltage-dependent Cl− channel

e extracellular

f fiber

i intracellular

ion Ion: Na+, K+, Cl−

IR inwardly rectifying K+ channel

KV voltage-gated K+ channel

Omega omega pore conductance

NaL background Na+ channels

NaV voltage-gated Na+ channel

p Na+/K+-pump

s substance: sodium, potassium, chloride, fixed anion, water

∞ steady-state

Identifiers

a gating variable of the Cl− channel

Am membrane area

c concentration

Cl− chloride ion

cm specific membrane capacity
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Df fiber diameter

δ electrical distance from outside where binding site for K+ and S2+ is localized in K ir

E membrane potential

Eion equilibrium potential (Nernst)

F Faraday constant

Fix intracellular fixed anions (e.g., proteinates, phosphates)

g conductance

H+ protons

η scaling factor relating the size of T-tubular membrane to sarcolemma

J flux

K+ potassium ion

KmK sensitivity of the Na+/K+-pump for extracellular potassium

KmNa sensitivity of the Na+/K+-pump for intracellular sodium

K K dissociation constant of K+ on K ir channels

K S dissociation constant of S2+ on K ir channels

LH hydraulic conductivity

m, h, S gating variables of the voltage-gated Na+ channel (activation, fast, slow inactivation)

n, hK gating variables of the voltage-gated K+ channel (activation, inactivation)

n amount of substance

Na+ sodium ion

Π osmotic pressure

Q charge

R gas constant

S2+ intracellular fixed cation (cytoplasmic blocker of K ir channels)

T absolute temperature

t time

V i cell volume
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Voltage-gated ion channels play a central role in the generation of action potentials in the
nervous system. They are selective for one type of ion – sodium, calcium, or potassium.
Voltage-gated ion channels are composed of a central pore that allows ions to pass through
the membrane and four peripheral voltage sensing domains that respond to changes in
the membrane potential. Upon depolarization, voltage sensors in voltage-gated potassium
channels (Kv) undergo conformational changes driven by positive charges in the S4 seg-
ment and aided by pairwise electrostatic interactions with the surrounding voltage sensor.
Structure-function relations of Kv channels have been investigated in detail, and the result-
ing models on the movement of the voltage sensors now converge to a consensus; the
S4 segment undergoes a combined movement of rotation, tilt, and vertical displacement
in order to bring 3–4e+ each through the electric field focused in this region. Nevertheless,
the mechanism by which the voltage sensor movement leads to pore opening, the electro-
mechanical coupling, is still not fully understood.Thus, recently, electromechanical coupling
in different Kv channels has been investigated with a multitude of techniques including elec-
trophysiology, 3D crystal structures, fluorescence spectroscopy, and molecular dynamics
simulations. Evidently, the S4–S5 linker, the covalent link between the voltage sensor and
pore, plays a crucial role.The linker transfers the energy from the voltage sensor movement
to the pore domain via an interaction with the S6 C-termini, which are pulled open during
gating. In addition, other contact regions have been proposed.This review aims to provide
(i) an in-depth comparison of the molecular mechanisms of electromechanical coupling in
different Kv channels; (ii) insight as to how the voltage sensor and pore domain influence
one another; and (iii) theoretical predictions on the movement of the cytosolic face of the
Kv channels during gating.

Keywords: voltage-gated potassium channels, electromechanical coupling, gating, HCN, HERG, BKCa

INTRODUCTION
Voltage-gated potassium channels (Kv) are a group of membrane
proteins that regulate the flow of potassium ions into and out of
cells in response to changes in the membrane potential. Kv chan-
nels are found throughout the body in different cell types. Their
expression in neuronal and muscle tissues helps generate action
potentials as well as maintain the resting membrane potential,
thereby playing a critical role in cellular excitability in the central
nervous and cardiac systems. Other roles of this class of proteins
include regulation of hormone release such as the insulin secre-
tion pathway (MacDonald and Wheeler, 2003) and implication in
immune response (Koo et al., 1997; Beeton et al., 2001; Blunck
et al., 2001; Thomas et al., 2011). Mutations in the genes encoding
Kv channels lead to familial neuronal and cardiac diseases, includ-
ing cardiac arrhythmias, episodic ataxia, epilepsy, and congenital
deafness (Adelman et al., 1995; Neyroud et al., 1997; Jentsch, 2000;
Tristani-Firouzi and Sanguinetti, 2003; Imbrici et al., 2006).

Kv channels assemble as symmetric tetramers, with each sub-
unit consisting of six transmembrane α-helices (S1–S6) connected
by five linker regions. The first four helices (S1–S4) of one

monomer form a distinct voltage sensor at the periphery, whereas
the S5–S6 of all four monomers collectively arrange into a single
ion conducting pore in the center of the structure (Figures 1A,B,
Long et al., 2005a). Access to the ion conducting pore is controlled
by an intracellular gate comprised of the S6 C-terminal ends,which
form a bundle crossing that obstructs the pore when the channel is
closed (Armstrong, 1971; Holmgren et al., 1997; Doyle et al., 1998).
The S5–S6 linker forms a re-entrant loop (p-loop), arranging at
the extracellular funnel into a small pore helix and the selectivity
filter responsible for the preference for potassium over sodium in
K+ channels (Doyle et al., 1998).

Each voltage sensor comprises a motif of four to six basic
residues separated by two hydrophobic ones. This creates a posi-
tively charged surface along the S4 responsible for the sensitivity
toward the membrane potential (Figure 1C). Driven by the pos-
itive charges in the S4 helix, the S4 transitions into the activated
state (Liman et al., 1991; Papazian et al., 1991; Aggarwal and MacK-
innon, 1996; Seoh et al., 1996). The S4 is partly accessible to the
lipid environment, but the charged surface is directed toward the
other helices of the voltage sensor S1–S3 (Long et al., 2005a).
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FIGURE 1 | Structure of voltage-gated potassium channels. (A) Side view
of the structure of Kv1.2/2.1 chimera (PDB: 2R9R, Long et al., 2007); in
monomer A the segments S1–S6 are colored magenta, lime, orange, blue,
red, and green, respectively. The T1 domain and the T1–S1 linker are shown in
light blue. (B) Structure of Kv1.2/2.1 chimera (top view ). One subunit is
colored in red. For the other three voltage sensor domains are colored in blue
and the pore domain in green. (C) Topology of Kv channels; S1–S4 form the
voltage sensor, S5 and S6 together with the p-loop form the pore domain. The
N-terminus contains the inactivation ball peptide. (D) The electric field inside
the voltage sensor is concentrated on a few Ångström and is moving upon

conformational change of the S4; black lines indicate the electric field and
illustrate the concentration of the field, the red lines indicate equipotential
planes (modified after Blunck et al., 2005; Chanda et al., 2005). (E) Sequence
alignment of the S4–S5 linker and S6T of different Kv channels (HERG
alignment according to Ng et al., 2012). Accession numbers:
Shaker-CAA29917 ; Kv1.1-NP_000208 ; Kv1.2-NP_004965 ; Kv1.3-NP_002223;
Kv1.4-NP_002224; Kv1.5-NP_002225 ; Kv1.6-NP_002226 ; Kv1.7-NP_114092;
Kv1.8-Q16322; Kv2.1-NP_004966 ; Kv3.1-NP_004967 ; Kv4.1-NP_004970;
Kv5.1-NP_002227 ; Kv6.1-NP_002228 ; HERG-BAA37096 ; HCN1-NP_066550;
HCN2-EDL31671; BKCa-AF118141.
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Voltage sensor and pore domain are covalently linked by the S4–S5
linker. The N-terminus forms a structure hanging below the ion
channel pore (“hanging gondola,” Kreusch et al., 1998; Bixby et al.,
1999; Long et al., 2005a) called the T1 domain (Figure 1A), which
is responsible for the correct assembly of the tetrameric channels
(Li et al., 1992; Shen and Pfaffinger, 1995).

Kv CHANNEL GATING
Upon depolarization of the membrane potential, the voltage sen-
sors driven by the positively charged S4 undergo a conformational
change (Mannuzzu et al., 1996; Cha and Bezanilla, 1997), which
subsequently leads to pore opening. It has been shown that the
S4 traverses several closed states before entering the activated state
(Perozo et al., 1994; Zagotta et al., 1994b). Once all four volt-
age sensors are activated, the pore opens in one cooperative step
(Zagotta et al., 1994a). The voltage sensor movement may electri-
cally be detected as gating currents caused by the rearrangement of
its electrostatic charges with respect to the electric field. The acti-
vation transitions are reflected in the gating currents as two major
components – the first associated with the early closed-state tran-
sitions and the second with the major conformational change of
the voltage sensor (Perozo et al., 1994). A fraction of the gating
charge (∼13%) was also associated to the final concerted acti-
vation (Smith-Maxwell et al., 1998a; Ledwell and Aldrich, 1999;
Pathak et al., 2005). Major charge movement was separated from
the final cooperative transition and pore opening by three conser-
vative mutations in the non-basic residues of the lower1 S4 (ILT
mutation).

Combining the crystal structures of Kv1.2 and the Kv1.2/2.1
chimera (Long et al., 2005a, 2007) with a wealth of electrophysio-
logical and voltage-clamp fluorometry results enabled to associate
the kinetic transitions to structural features of the voltage sensor.
One major landmark was the suggestion that the electric field does
not homogenously drop off as it does within the membrane but
that it reaches far into the voltage sensor along water-filled crevices
from both faces in a manner that the field is concentrated onto a
narrow span, a hydrophobic seal, between both sides (Figure 1D,
Larsson et al., 1996; Starace and Bezanilla, 2001, 2004; Asamoah
et al., 2003; Chanda et al., 2005; Tombola et al., 2005). Although
a crystal structure is available only for the activated state, various
models exist for the resting state and the gating movement of the
voltage sensor. Starting from the sliding helix (Larsson et al., 1996;
Yang et al., 1996) or helical screw model (Guy and Seetharamulu,
1986; Ahern and Horn, 2005), the transporter model (Starace and
Bezanilla, 2001, 2004; Chanda et al., 2005), and the paddle model
(Jiang et al., 2003; Ruta et al., 2005), the current understanding
converges more and more toward a single consensus model for
the gating movement of the voltage sensor (Khalili-Araghi et al.,
2010; Vargas et al., 2011; Jensen et al., 2012; Yarov-Yarovoy et al.,
2012). According to this consensus, the positive gating charges on
the S4 are stabilized by pairwise interactions with anionic charges
in S1–S3 aligned along the interface to S4 (Papazian et al., 1995;
Tiwari-Woodruff et al., 2000; Yarov-Yarovoy et al., 2006). During
activation, the positive charges “jump” from one negative charge

1Throughout the manuscript, “lower” and “upper” refer to the cytosolic and
extracellular half of the transmembrane domains.

to the following one leading to the conformational change of the
voltage sensor. The movement of the S4 itself has been projected
to be a combination of (i) a tilt of the S4 helix in the membrane,
(ii) a rotation around the helix axis, and (iii) small vertical and
radial translations. This movement will displace the S4–S5 linker
and thus lead to pore opening (see below). In addition, it has
been suggested that the S4 helix itself adopts a 310 helical con-
formation permitting the helix to stretch and accommodate the
continued stability of charged interactions (Long et al., 2007; Clay-
ton et al., 2008; Villalba-Galea et al., 2008; Bjelkmar et al., 2009;
Khalili-Araghi et al., 2010). The inner part of the S4 lengthens
while the two ends twist around like a corkscrew. Whether the S4
adopts the 310 conformation spontaneously or during activation is
presently unknown. Upon prolonged stay in the activated state, S4
is then proposed to transform from a 310 to an α-helix, which has
been described as“relaxation”of the voltage sensor. (Villalba-Galea
et al., 2008).

Pore opening itself is accomplished by a widening of the bun-
dle crossing at the C-terminal S6. The S6 of many Kv channels
contains a PVP motif leading to a kink of its axis (Figures 1A,E).
It is assumed that, during pore opening, the S6 C-terminal to
the PVP motif is moving away from the central axis thereby per-
mitting entry into the central water-filled cavity. Opening of the
pore, however, triggers inactivation of the channel. Two major
types of inactivation have been described, N- and C-type inactiva-
tion. During the fast, N-type inactivation, a ball peptide tethered
to the N-terminus of the Kv channels enters the open pore and
blocks access to it (Armstrong and Bezanilla, 1977; Hoshi et al.,
1990; Zagotta et al., 1990). During slow, C-type inactivation, the
selectivity filter acts as a second gate and prevents ions from pass-
ing through (Yellen, 2002; Blunck et al., 2006; Cordero-Morales
et al., 2006a,b). Opening of the lower gate directly triggers the
slow entry into the C-type inactivated state (Cuello et al., 2010b,c),
implying that the two gates of the ion conducting pore act dia-
metrically – opening of the cytosolic gate triggers closing of the
extracellular one.

ELECTROMECHANICAL COUPLING
As described above, the energy driving the opening of the pore is
generated by the voltage sensor upon changes of the surrounding
electric field. Accordingly, electromechanical coupling describes the
process of transferring this energy from the voltage sensor to the
pore domain, triggering the mechanical opening of the pore. By
first approximation, the voltage sensor movement pulls the lower
S5 helix outward via the only covalent link, the S4–S5 linker. How-
ever, a number of questions remain unanswered by this simplified
view. First, the major voltage sensor movement seems to occur
independently followed by a single cooperative step that is associ-
ated with pore opening (Zagotta et al., 1994a; Pathak et al., 2005);
in other words, all four voltage sensors have to be activated before
the final pore opening step is allowed. The major (charge) move-
ment of the voltage sensor thus has to happen independently of
pore domain opening, arguing against a direct coupling between
both movements. Second, it is not clear how the conformational
rearrangement of the S4 mechanically leads to a widening of the
helical bundle crossing. Third and finally, while the S5 is cova-
lently linked to the voltage sensor, it is the S6 that obstructs the ion
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conduction pathway. How are both helices linked to one another?
Some of these questions have already been answered to date; oth-
ers remain the focus of research. Below, we will outline the results
that led to the current understanding of the mechanisms of electro-
mechanical coupling and discuss the open problems. Initially, we
will concentrate on the Shaker-like Kv channels as the fundamental
model system and compare the mechanism with results obtained
in other voltage-dependent potassium channels.

ELECTROMECHANICAL COUPLING IN SHAKER-LIKE Kv
CHANNELS
Early on, it was found that the covalent link between voltage sensor
and pore, the S4–S5 linker plays a key role in the electromechani-
cal coupling. Slesinger et al. (1993) already identified positions in
the S4–S5 linker that influence the properties of the permeation
pore, but at that time, the linker was still assumed to be part of
the ion conducting pathway. Its involvement in the intermediate
(coupling) transitions was first proposed by Schoppa and Sigworth
(1998a,b) and, for HERG channels (Human ether-a-go-go related
gene, see below), by Sanguinetti and Xu (1999). However, as it
is the S6 – not the S5 helix that lines the pore (Liu et al., 1997;
Doyle et al., 1998), it remained unanswered as to how movement
of the S4–S5 linker led to pore opening itself. Lu et al. (2001, 2002)
solved this problem by demonstrating that the S4–S5 linker directly
interacts with the C-terminal S6 (S6T) promoting pore opening.
They constructed Shaker-KcsA chimeras by replacing the Shaker
pore with the corresponding KcsA domain. These constructs were
gating voltage dependently only if the corresponding S4–S5 linker
and S6T were paired. The involvement of S6T in electromechanical
coupling was corroborated by mutations in this region leading to
altered coupling (Ding and Horn, 2002, 2003; Hackos et al., 2002;
Soler-Llavina et al., 2006; Labro et al., 2008; Batulan et al., 2010;
Haddad and Blunck, 2011). Lu et al. (2002) showed that both the
motifs 483YFYH486 in the S6T and 385LGRTLKAS392 in the S4–S5
linker were essential, although these regions should probably be
extended to 481FNYFY485 and 382LQILGRT388 (Figure 1E, McCor-
mack et al., 1991; Schoppa and Sigworth, 1998a; Soler-Llavina
et al., 2006; Labro et al., 2008; Haddad and Blunck, 2011). In the
crystal structure of Kv1.2, these are also the regions that make the
closest contact between both regions of the same subunit (Long
et al., 2005b, Figure 2A). It is suggested that F481, Y483, and F484
form a hydrophobic pocket, into which the S4–S5 linker and in
particular I384 and T388 insert (Labro et al., 2008; Haddad and
Blunck, 2011). Sequence alignment of the S4–S5 linker and S6T

regions shows that the motifs are conserved among Kv1 family
members. In Kv2-6, few variations occur with L382, L385 in the
S4–S5 linker and F481, Y485 in the S6T being strictly conserved
(Figure 1E).

Lu et al. (2002) also found the C-terminal part of the S4–
S5 linker (393MRELGLL399) to be essential although it does not
make direct contact in the open state structure. However, it had
been demonstrated that this region interacts with Y485 (in the

483YFYH486 motif) of the neighboring subunit (Batulan et al.,
2010). Three of the residues involved, E395, L399, and Y485 are
strictly conserved throughout Kv1-6 (Figure 1E). Mutations in this
region influence primarily the deactivation of off-gating kinetics,
indicating that this interaction develops in the open state only.

When looking at the three-dimensional arrangement of all four
S4–S5 linker and the S6T (Figure 2B, Long et al., 2007), it becomes
evident that the 481FNYFYH486 motif of the S6T is nestled between
the N-terminal part of the S4–S5 linker of the same subunit
(382LQILGRT388) and the C-terminal part of the neighboring S4–
S5 linker (394RELGL398). The formation of an intersubunit link
between the S4 and S5 linker of one subunit with the S6T of the
neighboring one (Batulan et al., 2010) has also very recently been
proposed to develop after pore opening in the prokaryotic sodium
channel Nav-Ab (Payandeh et al., 2012). In Nav-Ab, the interac-
tion is located more toward the center of the S4–S5 linker possibly
because Nav-Ab undergoes a different type of inactivation (see
below).

ALTERNATIVE INTERACTION REGIONS
Despite the fact that the most profound interactions on the electro-
mechanical coupling were found in the S4–S5 linker and S6T

region, other contacts between the voltage sensors and the pore
domain seem to influence electromechanical coupling as well.
These may explain why still a voltage-dependent opening of the
pores is observed in “uncoupled” mutants (Haddad and Blunck,
2011)2. Mutations in the region of N-terminal S5 (401–405) and
the S6 in the region of the PVP kink (472–479) have a sim-
ilar, although less pronounced, effect as uncoupling mutations
(Kanevsky and Aldrich, 1999; Soler-Llavina et al., 2006). Accord-
ing to the crystal structure of the Kv1.2/2.1 chimera (Long et al.,
2007), these positions are oriented toward the voltage sensor of
the neighboring subunit, right at the area where the ILT mutations
(V369I-I372L-S376T) are located (Figure 2C). Soler-Llavina et al.
(2006) suggested therefore a direct annealing between the lower S4
and the S5 of the neighboring subunit. This is different from the
suggestion of Batulan et al. (2010) of an intersubunit interaction
between the S4–S5 linker and the S6 of the neighboring subunit.
As the residues involved in the interaction between the S4 and the
neighboring S5 are all hydrophobic, an influence of membrane
lipids positioned at the interface of the voltage sensor and pore
domain is also possible (Soler-Llavina et al., 2006).

The lipid composition had been shown to influence activation
of the prokaryotic KvAP (Schmidt et al., 2006, 2009) and Shaker
K+ channels (Borjesson et al., 2008, 2010; Xu et al., 2008). In the
bacterial voltage-gated KvAP channel, it has been proposed that
the positively charged arginine residues along the voltage sensor
interact with and are stabilized by negatively charged lipid phos-
phodiester groups (Schmidt et al., 2006). By changing the lipid
environment from a phospholipid to a non-phospholipid make-
up, the voltage sensor switches from an activated to a resting state.
Similarly, enzymatic cleavage of the phospholipid head groups
hinders Shaker K+ activation (Ramu et al., 2006; Xu et al., 2008).
Recently even binding sites for polyunsaturated fatty acids had
been identified (Decher et al., 2010; Borjesson and Elinder, 2011).
Nevertheless, these interactions seem to be electrostatic in nature
and do not seem to target the coupling between voltage sensor and
pore domain.

2Alternatively, this opening could be an intrinsic property of the selectivity filter, as
observed in KcsA Cordero-Morales et al. (2006a).
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FIGURE 2 | S4–S5 linker and S6T interaction. (A) Region of annealing
between the S4–S5 linker (blue) and the S6T (red ). Residues identified in
intrasubunit interaction (I381, T388, F481, and F484) are colored in
green, residues involved in intersubunit interactions (R394, E395, L399,
and Y485) are colored in yellow. (B) Coordination of the S4–S5 linker and

the S6T in the crystal structure. The S4–S5 linkers form a ring and enclose
the S6T between two S4–S5 linkers. [coloring as in (A)]. (C) Residues
involved in direct contact of S4 (light orange) with the neighboring S5
(light blue) are shown in blue (F401, F402) and orange (ILT: V369, I372,
S376).

Two other contact regions have been implicated in electro-
mechanical coupling. First, the crystal structure predicts the upper
S5 to be in close contact with the upper S4 of the neighboring sub-
unit. Close proximity of these regions had been proposed earlier
(Elinder et al., 2001a,b; Laine et al., 2003) although mutations in
this region did not seem to energetically uncouple voltage sensor
and pore. The interaction may therefore play a minor functional
role, or have effects primarily on gating kinetics (Soler-Llavina
et al., 2006).

The second contact area involves S1 and the pore helix (Lee
et al., 2009). This was identified, in addition to the S4–S5
linker, based on a statistical coevolution analysis of Kv channels.
Crosslinking of S1 to the pore helix in the prokaryotic KvAP chan-
nels prevented channel opening to a certain extent. The authors
suggest that a S1-pore helix interaction acts as an anchor to
facilitate coupling via the S4–S5 linker.

ENERGETIC CONSIDERATIONS IN ELECTROMECHANICAL
COUPLING – ELASTICITY
As it is required for all four voltage sensors to have moved before
the pore opens in a single cooperative step (Zagotta et al., 1994a),
the system has to contain a certain amount of “elasticity,” where
the energy provided by the activation of a single voltage sensor
is “stored” until all four voltage sensors have been activated. The
structural basis for the elasticity remains unknown; it shows, how-
ever, in the energetics of the electromechanical coupling. Uncou-
pling by point mutations (Ledwell and Aldrich, 1999; Ding and
Horn, 2003; Soler-Llavina et al., 2006; Haddad and Blunck, 2011)
separates gating charge–voltage (QV, reflecting voltage sensor
movement) and conductance–voltage (GV ) relations (reflecting
pore opening); while the QV is shifted to more negative poten-
tials, the GV is shifted to more positive ones (Figure 3A). This
is a distinct property of disturbed electromechanical coupling, as
stabilizing or destabilizing either the voltage sensor in its rest-
ing state or the pore in its open state would lead to symmetric
effects on QV and GV (Ding and Horn, 2003; Batulan et al., 2009;
Muroi et al., 2009, 2010; Haddad and Blunck, 2011). The shift
of the QV to more negative potentials means that less energy is
required to activate the voltage sensors. In the wildtype channel,
this energy is likely transferred to the pore, indicating that the pore

itself prefers to remain in the closed state. A separation between
QV and GV can only be achieved by modifying the energetic cou-
pling between both modules (Batulan et al., 2009; Muroi et al.,
2009, 2010; Haddad and Blunck, 2011).

If the system is considered as two entities, voltage sensor and
pore, which can transit from resting to activated and closed to
open, respectively, then a certain amount of energy (∆Gexc) is
exchanged between both systems (Figure 3B). Muroi et al. (2010)
modeled the behavior of the two systems as cooperatively cou-
pled. The cooperative models imply that the pore has a relatively
high probability of opening in the voltage range where the voltage
sensors become activated3. Uncoupled mutants, however, seem
to have a very low open probability in that region (Ledwell and
Aldrich, 1999; Soler-Llavina et al., 2006; Muroi et al., 2010; Haddad
and Blunck, 2011). Considering, furthermore, the tight interaction
between voltage sensor and pore discussed above, it is likely that
their respective free energies are largely dependent on the pres-
ence of the other module. Thus, it is more prudent to describe
the energetic states of the entire system in a sequential model
(resting-activated-open; Figure 3C; Haddad and Blunck, 2011),
where the charge Q is moved during the closed-activated tran-
sition. In this description, the energy exchanged between voltage
sensor and pore domain will influence the energy level of the inter-
mediate, “activated” state. As the energy required to open the pore
has to be available prior to entering the activated state, the acti-
vated state becomes higher energetic (Figure 3C). It is important
to note that the final opening transition in the models is inevitably
voltage dependent in order to explain the voltage dependence of
the “uncoupled” mutants’ GV (Ledwell and Aldrich, 1999; Soler-
Llavina et al., 2006; Haddad and Blunck, 2011). The default state
of the pore in different Kv channels has in detail been discussed in
Vardanyan and Pongs (2012, in this topic issue).

Interestingly, the separation of QV and GV can be inversed by
a single point mutation (I384A) in the S4–S5 linker of the Shaker
channel (Haddad and Blunck, 2011). In the I384A mutant, QV and
GV superpose, indicating that voltage sensor movement is tightly

3If the probability for pore opening was negligible, the cooperative models would
become identical to a three-state sequential model. In this case, the state with open
pore and resting voltage sensor would never be occupied.
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FIGURE 3 | Energetic coupling between voltage sensor and pore
domain. (A) Change of gating charge–voltage (QV ) and
conductance–voltage (GV ) relations for uncoupled (left ) and tightly coupled
(right ) mutants (modified from Haddad and Blunck, 2011). (B) Relation
between two separate models and exchange of free energy between
voltage sensor and pore domain. (C) Analogous sequential model and
associated energy diagram. Change of coupling energy ∆G alters energy
level of activated state. Charges are moved during resting-activated
transition. (D) Gating currents elicited from the Shaker-W434F mutant in
response to pulses from −90 to potentials varying between −120 to
+60 mV in 10 mV intervals.

coupled to pore opening (Figure 3A). In the energetic model, the
transition from the activated to the open state occurs immediately.
Physically, it means that a single subunit is no longer “permitted”
to enter the activated state without opening the pore. It is likely
that due to the tight coupling, more energy is transferred to the
pore enabling it to open at lower potentials (Haddad and Blunck,
2011).

SPRING OR BOLT?
This leads us to the question about the nature of the link between
the voltage sensor and pore. What can we say about the movement
of S4–S5 linker and S6T relative to one another? In principle, two
scenarios are possible. The first possible scenario is that the S4–S5
linker and S6T remain in close contact during activation. The S4

and/or the S4–S5 linker act as a spring that becomes strained or
compressed by the activation of the voltage sensors. If sufficient
energy is stored, the S6T is pushed or pulled open. In the second
scenario, the S4–S5 linker acts as a bolt that prevents the pore
from opening. Only once all four bolts are removed, i.e., the S4–
S5 linkers have moved out of the way, the pore passively follows
the opening. In the second scenario, the energy for opening of
the pore is not provided by the voltage sensor; instead the voltage
sensors “break” the interaction between S4–S5 linker and S6T. As
a consequence, only the QV, not the GV should be affected by
uncoupling.

In both scenarios the interaction between S4–S5 linker and
S6T has to occur in the closed state. An interaction that occurs
in the open state would lead to an increase in the energy of the
activated state and shift the voltage dependence (QV ) to more
positive potentials when disturbed, contrary to the experimental
observations. The interaction has to occur thus in the closed state.
The same conclusion has been found based on disulfide bridges in
HERG channels (Ferrer et al., 2006) and by interaction with com-
plementary peptides in KCNQ1 channels (Choveau et al., 2011),
both of which are thought to have similar coupling mechanisms
(see below, Labro et al., 2011).

The same two possibilities exist for channel deactivation as for
activation; the S4–S5 linkers could return to the deactivated state
leaving the S6T to follow passively or the S6T could be pulled
or pushed back into its resting position by the S4–S5 linker. The
question remains, therefore, whether the N-terminus of the S4–S5
linker keeps in close contact with the S6T throughout the gat-
ing process. Several results indicate that both regions are rather
“loosely” coupled, as first suggested for HCN channels by Chen
et al. (2001). First, the strength of the coupling varies consid-
erably in response to small changes, e.g., I384N and I384A in
Shaker lead to uncoupling and tight coupling, respectively. If the
link would remain intact continuously, these effects should not
be observed. A sliding or detaching between both helices is thus
more likely. Accordingly, the HERG channel can be locked in the
closed state by a disulfide bridge between S4–S5 linker and the
S6T (Ferrer et al., 2006). Second, Choveau et al. (2011) showed
that co-expressed peptides of the respective complementary helix
influenced gating. Nevertheless, it cannot be excluded that this
already occurred during protein folding. Third, in HCN channels
(Chen et al., 2001) as in the Kv-KcsA chimera (Lu et al., 2001,2002),
disturbance of the coupling by mismatch of S4–S5 linker and S6T

led to a fraction of the channels being constitutively open. In con-
trast, uncoupling in Shaker led to constitutively closed channels
(Smith-Maxwell et al., 1998b; Ledwell and Aldrich, 1999; Soler-
Llavina et al., 2006; Haddad and Blunck, 2011). The difference
is likely found in the “preferred” state of the pore itself. KcsA,
gated by protons (Heginbotham et al., 1999), is held closed by a
series of pH-dependent interactions at the helical bundle crossing
(Takeuchi et al., 2007; Thompson et al., 2008; Cuello et al., 2010a).
Upon increase in proton concentration, release of the interactions
and electrostatic repulsion of the charged residues leads to pore
opening. As the transition to the open state occurs spontaneously
devoid of additional energy sources, the pore opens by itself and
the Kv-KcsA chimera need to push the pore closed. The negative
shift of the QV in the uncoupled Shaker mutants, on the other
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hand, demonstrates that energy is required to bring the channel
into the open state. In addition, no voltage independent compo-
nent is observed in Shaker channels even at open probabilities as
low as 10−6 (Islas and Sigworth, 1999). Thus, although the pore
is not locked in the closed state, it will not open spontaneously
and needs to be pushed (or pulled) open. The structural basis
for the inherently different behavior of the pores might be based
on the PVP motif found in many Kv channels but not in HCN,
HERG, or KcsA (Figure 1E). This is supported by the fact that
mutation of the second proline in the PVP motif to an aspartate
leads to a constitutively open channel with only fractional volt-
age dependence (Sukhareva et al., 2003). This must be seen in the
context of the general pore architecture and cannot be general-
ized. As we will discuss below, the HCN channels’ default state is
closed despite the absence of a PVP motif. The other way around,
HERG channels become constitutively open by introducing a PVP
motif in the S6 (Fernandez et al., 2004; for a detailed discus-
sion of constitutive conductance see also Vardanyan and Pongs,
2012).

Finally, in the tightly coupled mutant I384A, the voltage sensors
are held back in their activated state during deactivation leading to
very slow closing kinetics (Haddad and Blunck, 2011). All of the
above suggest that during deactivation, the voltage sensors “sep-
arate” from the S6T, and that the pore follows passively. While
the Kv-KcsA chimeras need to be pushed closed (Lu et al., 2002),
wildtype Shaker channels need to be pushed open (Haddad and
Blunck, 2011).

STABILIZATION OF THE ACTIVATED STATE
Just like the annealing of the N-terminus of the S4–S5 linker to S6T,
also the interaction between the lower S4 and S5 of the neighboring
subunit seem to follow a similar pattern and develop in the closed
state (Smith-Maxwell et al., 1998a,b; Ledwell and Aldrich, 1999;
Pathak et al., 2005; Soler-Llavina et al., 2006). Other influences on
the voltage sensor movement, on the other hand, develop mainly in
the open state. The gating currents of the non-conducting mutant
W434F (Perozo et al., 1993; Bezanilla et al., 1994; Stefani et al.,
1994) are asymmetric for the beginning and end of a depolar-
izing pulse (Figure 3D). The slow rising phase of the off-gating
currents was attributed to an interaction developing between the
C-terminus of the S4–S5 linker and the S6T of the neighboring
subunit (Batulan et al., 2010). The interaction stabilizes the pore
in the open position during the final transitions of activation. The
pore thus“pushes” less onto the voltage sensors so that they require
more energy to return to their resting state.

This effect is also one of the reasons for the shift of the volt-
age dependence during prolonged depolarizations (Fedida et al.,
1996; Olcese et al., 1997, 2001; Haddad and Blunck, 2011; Lacroix
et al., 2011). The voltage sensor no longer feels the pore pushing,
so that it follows a voltage dependence shifted to more negative
potentials. However, the structural implications are not restricted
to the pore region but also lead to conformational changes in
the voltage sensor (Bruening-Wright and Larsson, 2007; Villalba-
Galea et al., 2008; Haddad and Blunck, 2011). The conformational
change or “relaxation” of the voltage sensor has not been observed
in uncoupled Shaker mutants (Gagnon and Bezanilla, 2010; Had-
dad and Blunck, 2011), and the related slowing of deactivation

kinetics are not observed if pore opening is blocked (Batulan
et al., 2010; Lacroix et al., 2011). Thus, through the electro-
mechanical coupling, a conformational change is allosterically
induced in the voltage sensor domain. On the other hand, the
conformational changes are observed in the isolated voltage sen-
sor of the voltage-gated phosphatase CiVSP (Villalba-Galea et al.,
2008).

It is thought that the S4 adopts a 310 helical structure in rest-
ing state or during activation in order to better pair the positive
charges with the negatively charged counterparts in the S1–S3 and
relaxes in the activated state to an α-helical structure (Clayton
et al., 2008; Villalba-Galea et al., 2008; Catterall, 2010; Chakrapani
et al., 2010). This is a mechanism similar to open state stabiliza-
tion occurring in the pore described above (Batulan et al., 2010).
In both cases, the channel when entering the activated open state is
not immediately in its optimal coordination. The side chains have
to reorient themselves and adapt to their new environment, and
during this adjustment new links form stabilizing the open state
of both pore and voltage sensor.

MODEL FOR MOVEMENT OF THE S4–S5 LINKER
Presently, only a crystal structure for the presumably open inac-
tivated state of Kv channels is known (Long et al., 2005a, 2007).
Several models have been proposed on the closed state (see above),
which are constrained by biophysical data obtained from the extra-
cellular face of the channel. The movement of the lower S4 and
the S4–S5 linker is currently extrapolated in molecular dynamics
simulations (Khalili-Araghi et al., 2010; Vargas et al., 2011; Jensen
et al., 2012; Yarov-Yarovoy et al., 2012). Based on the open state
crystal structure and the results presented above, one can make
predictions about the mode of action of the S4–S5 linker and its
interaction with the surrounding environment. Figure 2B shows
the relative orientation and the interactions relevant to electro-
mechanical coupling in the Kv1.2/2.1 chimera (Long et al., 2007).
Starting from this conformation, the S4 will translate to a certain
extent downwards combined with a tilt and rotation and will pull
the S4–S5 linker with it. The slow component in the gating indi-
cates that the intersubunit interaction between the S4–S5 linker
and the neighboring S6T (Figures 2A,B, yellow, Batulan et al.,
2010; Payandeh et al., 2012) will break during this movement and
leave the S6T to follow the S4–S5 linker. Although the coupling
between S6T and S4–S5 linker exists in the open and closed state,
the “elastic” nature of it allows for a relative sliding or temporary
separation between both helices. During closing the S6 will be
straightened and the S4–S5 linker will push the S6T inwards as
suggested by Yarov-Yarovoy et al. (2012). The movement will tilt
the N-terminus of the S4–S5 linker inwards, which would mean
that it would move close to the S5. In order to keep the S4–S5
interaction (Figure 2C, Smith-Maxwell et al., 1998b; Ledwell and
Aldrich, 1999; Soler-Llavina et al., 2006) intact also in the closed
state while achieving a horizontal tilt in the S4–S5 linker, both S4
and S5 have to rotate during closure. Similar movements had been
suggested based on molecular dynamics simulations. However, in
order to be confident about the movement of the internal face of
the channel during gating, either a closed-state crystal structure or
dynamic structural data as recently presented (Faure et al., 2012)
are required.
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RELATION TO OTHER VOLTAGE-GATED POTASSIUM
CHANNELS
The above discussion evolved mainly around the electromechani-
cal coupling of the Shaker Kv channels. Some questions remain
however – first, in how far the mechanisms found in these
channels are conserved in other voltage-gated potassium chan-
nels; second, how are they modulated in order to accommodate
hyperpolarization-activated channels; third and finally, how does
the voltage sensor machinery interact with other activators such
as Ca2+ or cyclic nucleotides.

DELAYED RECTIFIER Kv CHANNELS
The sequences of the S4–S5 linker and the S6T (Figure 1E) do not
significantly vary between the different delayed rectifier potas-
sium channels. Accordingly, the close interaction between both
regions has been demonstrated for several members of these fam-
ilies such as Kv1.5 (KCNA5, Labro et al., 2008), Kv2 (KCNB,
Jara-Oseguera et al., 2011), Kv4 (KCND, Bhattacharji et al., 2006;
Barghaan and Bahring, 2009), KvLQT (KCNQ, Choveau et al.,
2011; Labro et al., 2011), and HERG (KCNH, see below, San-
guinetti and Xu, 1999; Tristani-Firouzi et al., 2002; Ferrer et al.,
2006; Van Slyke et al., 2010). In contrast to Shaker-related Kv
channels, Kv4 channels enter an inactivated state directly from
the closed state at low potentials (Jerng and Covarrubias, 1997;
Bahring et al., 2001; Bähring and Covarrubias, 2011). This so-
called closed-state inactivation is distinct from both N- and C-type
inactivation in Shaker-related Kv channels. It has been suggested
by Barghaan and Bahring (2009) to be caused by the loose inter-
action between the S4–S5 linker and the S6T. The S6T separates
from the S4–S5 linker during opening or in the open state lead-
ing to reclosure of the pore. In this case, the pore’s default state
would be closed as in the other Kv channels containing a PVP
motif. Accordingly, inactivation is prevented by the mutation of
the PVP motif to PVA (Bhattacharji et al., 2006). The loss in con-
tact between S4–S5 linker and S6T during inactivation has also
been suggested for HCN channels (see below) and would be in
accordance with the crystal structure of the inactivated state of
NaV-Ab (Payandeh et al., 2012). It is therefore likely that Kv4 and
NaV-Ab undergo the same type of inactivation where the cytosolic
pore gate closes due to loss of contact to the S6T (Figure 4B).

HYPERPOLARIZATION-ACTIVATED CYCLIC NUCLEOTIDE-GATED
CHANNELS
Hyperpolarization-activated cyclic nucleotide-gated (HCN) chan-
nels are expressed in pacemaker cells found in the heart and the
nervous system. HCN channels are activated at hyperpolarized,
rather than depolarized, potentials, and are selectively conducting
cationic inward currents known as I f in the heart (DiFrancesco,
1993) and I h in neurons (Pape et al., 1996). These currents con-
tribute to the slow depolarization of pacemaker cells, which is
important for changes in heart rate and maintenance of neural
oscillatory networks (Santoro and Tibbs, 1999). Although this
group shares significant sequence homology and channel archi-
tecture with Kv channels (Santoro et al., 1998; Shin et al., 2001;
Rothberg et al., 2002), they differ in that they contain a cytoplas-
mic cyclic nucleotide binding domain (CNBD) attached to the S6
C-terminus. Binding of cyclic nucleotide, primarily cyclic AMP,

to this domain shifts HCN channel activation to more positive
potentials (Gauss et al., 1998; Shin et al., 2001; Wainger et al.,
2001).

Despite the absence of any similarity to the S4–S5 linker and
the S6T region of Kv channels, HCN channel activation appears
coupled to the movement of the voltage sensor via annealing of
the S4–S5 linker to S6T. Alanine-scanning mutagenesis of the S4–
S5 linker identified three residues (E324, Y331, and R339)4 that
may be important in channel closing (Chen et al., 2001). Various
mutations in these positions increased the minimal open proba-
bility when expressed in oocytes, thus channels stay open even at
very large depolarizations. Later results suggested that one of these
S4–S5 linker amino acids, R339, interacts with a residue on the C-
terminal end of the S6, D443, forming a salt bridge, and that this
interaction may be modified by a nearby residue, R447 (Decher
et al., 2004). The findings indicated that, similar to Kv channels,
electromechanical coupling in HCN channels is mediated from
the S4–S5 linker to the S6T. However, despite the similarities in
the coupling mechanism, two properties of HCN channels distin-
guish them from Kv channels. First, the channel is closed rather
than opened by the movement of the S4–S5 linker in response to
depolarization. Second, the S6T is the covalent link to the CNBD,
which means that both interaction partners, S4–S5 linker and S6T,

are linked to an activating module, the voltage sensor and the
CNBD, respectively. S6T and the following C-linker enable the
gating by cyclic nucleotides in cyclic nucleotide-gated channels
(Wang et al., 2001; Zagotta et al., 2003).

Although the channel opens at hyperpolarized potentials, the
voltage sensor movement itself shows all the characteristics of
Shaker channels (Mannikko et al., 2002; Bruening-Wright et al.,
2007). The voltage dependence of opening can even be reversed
to open at depolarizing potentials by cross-bridging the distal C-
linker with the S4–S5 linker (Prole and Yellen, 2006). Yellen and
co-workers (Shin et al., 2001, 2004; Rothberg et al., 2002) therefore
proposed that during “desensitization” of the channel, i.e., closing
at depolarized potentials, the coupling between the voltage sen-
sor and the pore “slips” or gets separated. Therefore, no energy is
transferred any longer to the pore, and the pore closes. Despite
its similarity, the process is different than the closed-state inacti-
vation proposed for Kv4 channels (see above and Barghaan and
Bahring, 2009; Bähring and Covarrubias, 2011; Payandeh et al.,
2012). Kv4 channels first open and then inactivate with a tempo-
ral delay whereas the HCN channels are open and only close in
response to depolarization. In both cases, the pore’s default state
is closed, and the voltage sensor brings it into the open state. In
HCN channels, however, the resting state is already open, and the
gating movement of the S4–S5 linker tries to open it even further,
which leads to separation and closing of the pore (Figures 4B,C).

The second feature distinguishing HCN channels from most
other Kv channels, the cytosolic CNBD, is linked to S6T via the
C-linker. From the crystal structures of the C-linker and CNBD
of several CNG channels (Zagotta et al., 2003; Xu et al., 2010;
Lolicato et al., 2011; Brelidze et al., 2012), it is known that the
CNBDs form a tetrameric ring below the transmembrane pore

4Numbering according to human HCN2 Acc. number EDL31671.
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FIGURE 4 | Electromechanical coupling types. (A) Electromechanical
coupling in Shaker channels. Activation of the S4 (blue) applies strain
onto the link to the S6T (S6 orange), and finally leads to pore opening.
Inactivation occurs by N-type inactivation (ball and chain; bottom) or
C-type inactivation (selectivity filter; top). (B) Closed-state inactivation:
Closed-state inactivation (bottom) is caused by a loose coupling

between S4–S5 linker and S6T; upon decoupling, the pore enters its
default state (closed). (C) Coupling in hyperpolarization-activated
channels: Activation of the S4 leads to decoupling between S4–S5 linker
and S6T and closing of the pore. (D) Ligand-gated opening. The ligand
binding domains are linked to the S6T directly and apply their energy
directly to the S6.

that interacts via the C-linker onto the S4–S5 linker. This indicates
that both voltage and cAMP-binding act upon the same gate (Shin
et al., 2004), suggesting that cAMP-binding modulates the cou-
pling efficiency between S4–S5 linker and S6T. Binding of cAMP
to HCN2 channels leads to a shift of channel closing to more depo-
larized potentials. Also cleaving the CNBD leads to a shift to more
depolarized potentials (Wainger et al., 2001), indicating that the
CNBD facilitates hyperpolarization-activated closing of the chan-
nel and that cAMP binding inhibited the closing (Wainger et al.,
2001; Craven and Zagotta, 2006). Interpreting this in view of a
separation between S4–S5 linker and S6T, on the other hand, the
separation occurs at higher potentials indicating that the strain
between both modules is relieved by cAMP binding. Although the

exact mechanism is not known, cAMP binding stabilizes the pore
in its open position perhaps by “pulling” the S6 termini outwards
(Figure 4D). Stabilization of the open pore would also explain
the higher current induced by cAMP in HCN2 channels (Wainger
et al., 2001).

HERG CHANNELS
Human ether-a-go-go related gene (HERG, KCNH1, Kv11.1)
channels are expressed in heart, neurons, endocrine glands, and
smooth muscle (reviewed in Perrin et al., 2008; Cheng and Clay-
don, 2012). Although initially identified by screening a human
hippocampal cDNA library, HERG is actually important in reg-
ulating the heartbeat – in particular, the repolarization of the
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cardiac action potential as well as pacemaking behavior of the
nodes of the heart (Piper et al., 2005). Mutations in this gene
cause chromosome 7-associated long QT syndrome, a condition
which predisposes patients to cardiac arrhythmias (Curran et al.,
1995). Unlike most Kv channels, HERG are inward rectifiers, which
function to limit the outflow of potassium ions during an action
potential. However, compared to other inward rectifiers which
block potassium conductance via an intracellular polyamine block,
HERG channels prevent potassium outflow by rapid inactivation
(Schonherr and Heinemann, 1996; Smith et al., 1996; Spector et al.,
1996; Wang et al., 1997). Another distinguishing feature is that
these channels activate and deactivate slowly compared to other
Kv channels and that the inactivation process is voltage-dependent
(Spector et al., 1996; Wang et al., 1997). They are closely related to
the HCN channels, but despite the similarities, fundamental dif-
ferences exist in their coupling mechanism; first, in the role of the
CNBD, and second in the inactivation mechanism.

Previous evidence from Sanguinetti and Xu (1999) has shown
that movement of the voltage sensor is coupled to channel activa-
tion via interaction of the S4–S5 linker with S6T. As in the HCN
channels, this interaction seems to be mainly electrostatic; a single
charge-reversal mutation of a residue on the S4–S5 linker, D540K,
changed the channel’s properties, allowing reopening by hyperpo-
larization. Tristani-Firouzi et al. (2002) showed that this mutant
phenotype could be reversed by introducing a complementary
mutation at one specific amino acid, R665D, located at the S6
cytosolic end, which suggested that a D540K – R665 interaction
is required for hyperpolarization-induced channel activation and
that an electrostatic repulsion between the lysine and arginine is
likely to underlie this altered channel behavior. This premise was
further supported in the mutants D540R and D540K – R665K,
which like D540K were also activated at hyperpolarizing poten-
tials and have basic residues at both positions that exert a repulsive
force. Simple neutralization of D540 (D540A), however, did not
seem to be sufficient to efficiently uncouple the channel but still
had significant influence on gating kinetics (Ng et al., 2012).

These results alone, however, could not clarify whether in the
wildtype HERG channel the D540 and R665 residues form an
electrostatic interaction that stabilizes the closed state at hyperpo-
larized potentials (Tristani-Firouzi et al., 2002). Interestingly, the
addition of either I662A or L666A into the D540K mutant reduced
the hyperpolarization induced inward current and increased the
rate of deactivation, indicating that these two residues may mod-
ify the interaction between D540 and R665. Later work confirmed
the involvement of these residues in coupling the voltage sensor
movement with channel activation via the S4–S5 linker since a
disulfide bond formation locked the channel in the closed state
(Ferrer et al., 2006).

More recent work, alternatively, proposes that hydrophobic
interactions may play a role in the electromechanical coupling
between the S4–S5 linker and the S6 in HERG channels (Wynia-
Smith et al., 2008). Based on homology modeling, V659 was
found nestled within a hydrophobic pocket formed by S6, S5,
and the S4–S5 linker residues in the closed state. Various muta-
tions in this position disrupted channel closing, suggesting that
these hydrophobic residues may be implicated in coupling pore
and voltage sensor activation (Wynia-Smith et al., 2008). Residues

C-terminal to V659 are more likely involved in S6–S6 interactions.
In particular mutating the residues Q664, Y667, and S668 led to
a constitutive leak current suggesting that they are involved either
in closed-state stabilization or directly form the occluding gate at
the bundle crossing (Wynia-Smith et al., 2008).

The importance of the S4–S5 linker is also underlined by
the recent finding that other residues therein (S543, Y545, G546,
and A548) variably influence activation/deactivation kinetics and
steady state activation although the mechanism is not as well
understood (Wang et al., 1998; Van Slyke et al., 2010; Ng et al.,
2012). It seems clear that the S4–S5 linker is responsible for the
slow kinetics of the HERG channel (Van Slyke et al., 2010). Thus
far, coupling between S4–S5 linker and S6T is conserved in HERG
channels.

In contrast to HCN channel inactivation, however, HERG inac-
tivation is not mediated by a loose coupling of S4–S5 linker and
S6T but by conformational changes at the outer pore region (Smith
et al., 1996; Spector et al., 1996; Vaid et al., 2008; Kopfer et al.,
2012). The process is thus similar to C-type inactivation observed
in other Kv channels. In HERG channels, independent processes
for C-type inactivation and pore opening are required because
they open during deactivation but remain closed at hyperpolar-
ized potentials. In addition, HERG channels, although containing
a CNBD5 near the C-terminus (Warmke and Ganetzky, 1994),
are not sensitive to cyclic nucleotides (Sanguinetti et al., 1995),
which might be due to the low affinity (>51 µM) of cAMP to the
binding site (Brelidze et al., 2009); however, even at high concen-
trations (10 mM) no effect on the current was observed. Muskett
et al. (2011) proposed that instead the N-terminus, known to influ-
ence deactivation times, keeps the CNBD in the activated position,
thereby stabilizing the open pore. The underlying reason might
also be a lack in coupling between the CNBD and the coupling
region (S4–S5 linker/S6T).

The CNBD seems to play a role mainly for assembly and traf-
ficking of HERG (Akhavan et al., 2005). Thus in spite of the
close relation to HCN channels, the electromechanical coupling
mechanism of HERG resembles rather that of other Kv channels
(Figure 4A).

LARGE CONDUCTANCE CALCIUM-ACTIVATED POTASSIUM CHANNELS
(BKca)
Calcium and voltage-activated potassium channels (KCa) are cat-
egorized into three major groups[large (BK), intermediate (IK),
and small (SK) conductances] all of which are activated by both
membrane depolarization and increases in intracellular calcium.
KCa channels are comprised of α-subunit tetramers which assem-
ble with auxiliary β-subunits that function to regulate sensitivity to
calcium. In this review, we will concentrate on the BKCa channels,
as their structure-function relations have been most intensively
studied. BK channels are similar to Kv channels in that they contain
voltage sensing (S1–S4) and pore (S5–S6) transmembrane regions
but also differ because of the presence of additional domains: (i) a
transmembrane helix S0, which interacts with the β-subunit (Wall-
ner et al., 1996), (ii) a cytosolic domain made up of two regulator

5Also called cyclic nucleotide binding homology domain, CNBHD, in HERG
channels.
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of potassium conductance (RCK) domains (RCK1 and RCK2)
that contain high affinity calcium binding sites (Jiang et al., 2001),
and finally (iii) a magnesium binding site, located at the inter-
face between the cytosolic face of the voltage sensing domain and
RCK1 (reviewed in Yang et al., 2008; Latorre et al., 2010; and Lee
and Cui, 2010).

Although the gating mechanism is similar to other Kv chan-
nels (Diaz et al., 1998; Cui and Aldrich, 2000; Ma et al., 2006;
Savalli et al., 2006), differences to the delayed rectifier Kv chan-
nels have been reported (Li and Aldrich, 2004, 2006; Zhou et al.,
2011). The positive S4 residues do not as dominantly control the
voltage dependence; instead charged residues throughout the volt-
age sensor domain lead to more global conformational changes
(Ma et al., 2006; Savalli et al., 2006; Pantazis et al., 2009, 2010).
Also the S0 segment has been suggested to be a functional part
of the voltage sensor (Koval et al., 2007). Nevertheless, although
it has not yet been shown directly, the structural similarities
to the other Kv channels suggest that the coupling to the pore
domain is mediated by the S4–S5 linker as in the other voltage-
gated channels. Calcium dependence is modulated by mutations
in the S4–S5 linker (Sullivan et al., 1997). In contrast, it has been
shown that the intracellular RCK domain coordinates a magne-
sium ion not with the S4–S5 but the S0-S1 linker (Yang et al.,
2008).

The RCK domains are responsible for modulating the voltage-
dependent opening of BKCa by intracellular calcium (Jiang et al.,
2001). Each monomer contains both RCK domains – specifically,
a top ring consisting only of RCK1 and a bottom ring only con-
sisting of RCK2 are formed (Yuan et al., 2010). Binding of Ca2+ to
the RCK “gating ring” triggers a conformational change mainly in
RCK1. The N-terminal lobe moves away from the central axis
increasing the diameter by 12 Å. The N-terminus of the RCK
domain is linked to the S6 via a 17 amino acid linker, leaving
room to the possibility that the increased diameter of the gating
ring pulls on the S6 decreasing the energy for the voltage sensor to
open the pore. Implication of the S4–S5 linker in calcium depen-
dent gating has been suggested early on based on mutagenesis data
(Sullivan et al., 1997). Nevertheless, the interaction with the S0–S1
linker may also play a role (Yang et al., 2007, 2008). Coupling to
voltage sensor and ligand binding site thus seems to be conserved
also in BKCa channels. The distinct influence of the S0–S1 linker
(which does not exist in other Kv channels) might reflect the more
pronounced influence of the entire voltage sensor domain in BKCa

channels.
A similar mechanism for channel opening by the RCK

domains due to calcium binding has been proposed for open-
ing of small calcium-activated potassium channels (SKCa), where
Ca/calmodulin binds to the Cam-binding domain (Schumacher
et al., 2001). This chemomechanical coupling (Figure 4D) is
similar to CNG channels. The difference between electro- and

chemomechanical coupling is the link of the activator to the S4–S5
linker and the S6T, respectively.

CONCLUDING REMARKS
We reviewed the mechanism of electromechanical coupling in var-
ious potassium channels, and found that the transfer of energy
via annealing of the S4–S5 linker to the S6T seems to be uni-
versally conserved throughout voltage-gated potassium channels
(Figure 4). The manner of interaction (hydrophobic versus elec-
trostatic) and the tightness of the coupling varies. “Decoupling”
upon depolarization leads to hyperpolarization-activated chan-
nels (HCN) or to closed-state inactivation (Kv4, NavAB) according
to whether the channel is open or closed at hyperpolarized poten-
tials, respectively (Figures 4B,C). Another factor influencing the
coupling is the pore’s default state. In channels where decoupling
is required for channel closing, the pore has to close by default
whereas channels which do not have an external energy source,
such as the chemically activated KcsA channels, require the pore
to open by default.

Annealing between the S4–S5 linker and the S6T as part of
electromechanical coupling also seems to be conserved among
other voltage-gated ion channels and has been suggested for skele-
tal sodium channels (Muroi et al., 2010), a prokaryotic sodium
channel (Payandeh et al., 2011, 2012; Yarov-Yarovoy et al., 2012),
and voltage-gated calcium channels (Wall-Lacelle et al., 2011). It
does not seem to be restricted to voltage-gated channels; some
ligand-gated channels seem to follow a similar mechanism as
has been shown, for instance, for the proton-gated KcsA channel
(Thompson et al., 2008; Cuello et al., 2010a). Chemomechanical
coupling involving a cytosolic ligand binding domain, however, is
directly linked to the C-terminus of S6 (Schumacher et al., 2001;
Zagotta et al., 2003; Taraska and Zagotta, 2010).

A number of familial diseases have been assigned to mutations
located in the regions identified for electromechanical coupling
including episodic ataxia (Rajakulendran et al., 2007), epilepsy
(Escayg et al., 2000), long QT syndrome (Sanguinetti, 2010), and
congenital deafness (Baig et al., 2011). Mutations in this region
often do not eradicate channel function but rather modulate its
voltage dependence, which might underlie the etiology of these
non-fatal diseases. In this review, we saw that differences in the
region of electromechanical coupling tune the channel, rendering
it constitutively open, creating leaky channels or even reversing
their voltage-dependence.
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In voltage-gated potassium (Kv) channels membrane depolarization causes movement of a
voltage sensor domain.This conformational change of the protein is transmitted to the pore
domain and eventually leads to pore opening. However, the voltage sensor domain may
interact with two distinct gates in the pore domain: the activation gate (A-gate), involving
the cytoplasmic S6 bundle crossing, and the pore gate (P-gate), located externally in the
selectivity filter. How the voltage sensor moves and how tightly it interacts with these two
gates on its way to adopt a relaxed conformation when the membrane is depolarized may
critically determine the mode of Kv channel inactivation. In certain Kv channels, voltage
sensor movement leads to a tight interaction with the P-gate, which may cause confor-
mational changes that render the selectivity filter non-conductive (“P/C-type inactivation”).
Other Kv channels may preferably undergo inactivation from pre-open closed-states during
voltage sensor movement, because the voltage sensor temporarily uncouples from the
A-gate. For this behavior, known as “preferential” closed-state inactivation, we introduce
the term “A/C-type inactivation”. Mechanistically, P/C- and A/C-type inactivation represent
two forms of “voltage sensor inactivation.”

Keywords: Kv channels, P/C-type inactivation, closed-state inactivation, U-type inactivation

INTRODUCTION
Voltage-gated potassium (Kv) channels control excitability and
discharge behavior of nerve and muscle cells (Hille, 2001). Kv
channel activation may occur in response to strong membrane
depolarization, which occurs when action potentials are gener-
ated. In this case, the voltage-dependent activation of a potas-
sium conductance critically determines repolarization and after-
hyperpolarization (Hodgkin and Huxley, 1952). Alternatively, Kv
channels may be activated by subthreshold depolarization, and
the resultant potassium conductance may prevent or delay action
potential firing (Connor and Stevens, 1971). Notably, many Kv
channels undergo inactivation when the membrane is depolar-
ized, meaning that they adopt a non-conducting conformation,
which is different from the resting state, and from which the chan-
nels can only recover when the membrane is re- or hyperpolarized
(Hille, 2001). Whenever such inactivation occurs, the influence
of potassium flow on the membrane potential is only transient
and provided with refractoriness, which may be of physiologi-
cal relevance: For instance, the transient nature of a potassium
conductance in ventricular cardiomyocytes supports the spike-
and-dome morphology of the action potential (Greenstein et al.,
2000); in the nervous system brief inactivation of a subthresh-
old operating dendritic potassium conductance at postsynaptic
sites, which normally suppresses dendritic excitation, may lead to
local dendritic spike amplification (Hoffman et al., 1997; Magee
and Johnston, 1997); and the slow and incomplete recovery of a
presynaptic potassium conductance from inactivation may lead
to frequency-dependent spike broadening, thereby enhancing cal-
cium entry and transmitter release (Jackson et al., 1991). These
are only a few examples showing that Kv channel inactivation may
serve electrical signaling on the cellular level. Due to its critical role

in cell physiology, the kinetics, voltage dependence, and structure-
function relationships of Kv channel inactivation have been the
focus of intense research for decades.

Three main mechanisms have been identified so far that may
lead to the inactivation of Kv channels (Kurata and Fedida, 2006;
Bähring and Covarrubias, 2011). (1) When the cloning of Kv chan-
nel genes made detailed structure-function analyses possible, the
first inactivation mechanism to be identified was“N-type inactiva-
tion”; the name refers to the part of the channel protein involved:
A tethered N-terminal inactivation domain of the channel protein
plugs the open pore according to a ball-and-chain mechanism
(Hoshi et al., 1990); N-type inactivation is usually very fast (on
the time scale of few milliseconds). (2) Next, it was recognized
that more C-terminal portions of the channel protein also play
an important role in Kv channel inactivation. The fact that the
pore domain is involved in this mechanism led to the term “P/C-
type inactivation”: Conformational changes at the external pore
entrance near the selectivity filter (the P-gate) impair channel
conductivity (Hoshi et al., 1991; Yellen et al., 1994). Like N-type
inactivation, P/C-type inactivation has been classically viewed as
an open state inactivation mechanism, however, P/C-type inacti-
vation may also occur from closed-states (see below). (3) Finally,
some Kv channels preferably inactivate from closed-states and not
from the open state. Although the existence of such “preferential”
closed-state inactivation (CSI) was recognized early on, the struc-
tural determinants involved have remained a mystery for a long
time. It is now thought that temporary uncoupling of the voltage
sensor from the S6 activation gate (A-gate) underlies preferen-
tial CSI (Barghaan and Bähring, 2009); P/C-type inactivation; and
preferential CSI represent slower processes (usually on the time
scale of tens to hundreds of milliseconds).
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Fast N-type inactivation can be abolished by genetic or enzy-
matic removal of the N-terminal inactivation domain, and experi-
mental application of the isolated inactivation peptide can restore
inactivation (Hoshi et al., 1990; Zagotta et al., 1990). N-type
inactivation may also be conferred to non- or slowly inactivat-
ing channels by their association with auxiliary β-subunits which
for their part possess an N-terminal inactivation domain (Rettig
et al., 1994; Wallner et al., 1999; Jerng et al., 2009). By contrast,
the slower P/C-type inactivation and preferential CSI are more
intrinsic to the channel. P/C-type inactivation can be prevented
by external TEA, elevated external potassium concentrations and
by a threonine to valine mutation at the external pore entrance
(Choi et al., 1991; Lopez-Barneo et al., 1993). Preferential CSI is
critically influenced by mutations located on the internal side of
the pore; i.e., the S4–S5 linker and the S6 activation gate (Jerng
et al., 1999; Barghaan and Bähring, 2009). Notably, both P/C-type
inactivation and preferential CSI of Kv channels critically depend
on conformational changes of the voltage sensor domain (Kurata
and Fedida, 2006; Bähring and Covarrubias, 2011). Due to the fact
that the voltage sensor is instrumental in both mechanisms, P/C-
type inactivation and preferential CSI may be seen as two forms of
“voltage sensor inactivation”. Here we provide a brief overview of
work, that has demonstrated and mechanistically examined pref-
erential CSI and P/C-type inactivation in the Shaker-related Kv
channel subfamilies Kv1–Kv4.

FORMAL DESCRIPTION OF Kv CHANNEL INACTIVATION
A mechanistic understanding of ion channel function requires the
definition of different states which the protein complex may adopt.
The formal description is then usually followed by the assignment
of structural correlates based on experimental evidence. The basic
features of Kv channel gating, including voltage-dependent acti-
vation, pore opening and channel inactivation, may be formally
described by the simplified scheme shown in Figure 1A (Scheme
1). When the membrane is depolarized (ΔV) the channels go from
a resting state (CR), via an activated but still closed-state (C∗), to an
open state (O). The channels may inactivate either from C∗ (CSI)
to adopt a closed-inactivated state (IC) or from the open state to
reach one of two different but interconnected open-inactivated
states (IN or IP/C), representing the mechanisms of N-type and
P/C-type inactivation, respectively. N-type inactivation is thought
to favor entry into the P/C-type inactivated state (IN,P/C) due to
the prevention of ion flux and the resultant ion deprivation of the
pore (Baukrowitz and Yellen, 1995). Scheme 1 does not account
for the tetrameric arrangement which allows cooperativity of Kv
channel gating. Also, Scheme 1 assumes that P/C-type inactiva-
tion requires channel opening, which represents a classical view
but may not be appropriate. A more sophisticated kinetic scheme,
suitable for global kinetic modeling (Kaulin et al., 2008), is shown
in Figure 1B (Scheme 2). Here, during activation the channels
go from a resting state (CR), via several partially activated closed-
states (C1–C4) and an opening-permissive pre-open closed-state
(C5), to an open state (O). The channels can inactivate from the
partially activated and pre-open closed-states to adopt either one
of the states AR – A5 (these transitions represent preferential CSI),
or the channels may adopt one of the inactivated states PR – P6

(these transitions represent P/C-type inactivation). Translated into

FIGURE 1 | Formal description of Kv channel gating. (A) Scheme 1:
Simplified gating scheme which represents a classical view of inactivation
from open and closed-states (CR, resting state; C*, activated but still
closed-state; O, open state; IN, N-type inactivated state; IP/C, P/C-type
inactivated state; IN,P/C, N-type and P/C-type inactivated state; IC,
closed-inactivated state). The voltage-sensitive transition is indicated (ΔV).
(B) Scheme 2: Extended gating scheme adopted from Kaulin et al. (2008),
which accounts for the activation pathway of a tetrameric channel
accompanied by two inactivation pathways based on different mechanisms
(C, closed-states; A, inactivated states involving the A-gate; P, inactivated
states involving the P-gate; suffix R means “resting,” suffixes 1–4 represent
number of subunits in this state, suffix 5 denotes states which precede a
concerted opening step; O, open state). The voltage-sensitive transitions
are indicated (ΔV). Collectively, A-states represent preferential closed-state
inactivation (CSI) or “A/C-type inactivation”; P-states represent P/C-type
inactivation, P1–P5 from closed-states, P6 from the open state.

structural terms (see also Figure 2), the majority of transitions
from left to right in Scheme 2 are associated with conformational
changes of the voltage sensor (ΔV, Figure 1B). When the voltage
sensor has adopted an activated conformation in all four sub-
units (states C1–C4) the channel goes to an opening-permissive
conformation (C5) from which it can undergo a concerted open-
ing step (O). However, voltage sensor movement may also induce
different forms of inactivation, as it either leads to an uncou-
pling from the A-gate (A-states) or to a tight interaction with the
P-gate, thereby causing conformational changes in the selectiv-
ity filter which reduce conductivity (P-states). These structural
determinants will be discussed in more detail. Notably, Scheme
2 allows P/C-type inactivation from both open and closed-states
(see below). Similar to previously suggested models accounting
for parallel pathways of P/C-type inactivation and preferential
CSI (Klemic et al., 2001; Kurata et al., 2005), Scheme 2 does not
account for N-type inactivation (Figure 1B), because it was origi-
nally developed for channels in which this form of inactivation
plays a negligible role (Kaulin et al., 2008). Also, in the more
detailed discussion of preferential CSI and P/C-type inactivation
as two forms of voltage sensor inactivation below, we shall leave
N-type inactivation unconsidered. We will first discuss indications
and the mechanistic basis of preferential CSI in Kv channels, and
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FIGURE 2 | Models of voltage-dependent activation and voltage sensor

inactivation in Kv channels. Cartoons illustrate putative conformations a
single Kv channel α-subunit may adopt in a subtype-specific manner when the
membrane encounters prolonged depolarization. (A) Resting state; the
voltage sensor is in its resting position (down) and the channel is closed
(S1–S6, transmembrane segments; P-gate, pore gate with selectivity filter;
A-gate, activation gate represented by the distal S6 segment, which is
involved in the bundle crossing in the tetramer). (B) Open conducting state;
the voltage sensor is activated (up) and the channel is open (green arrow

denotes putative opening motion of the A-gate). (C) Open but non-conducting
state; the voltage sensor has adopted a relaxed conformation (blue) which
tightly interacts with the P-gate rendering the selectivity filter non-conducting
(red). (D) Closed-inactivated state with the A-gate uncoupled (red); the
voltage sensor has adopted a relaxed conformation (blue), and the A-gate is
closed (A/C-type inactivation). (E) Closed-inactivated state with the P-gate in
its non-conductive conformation (red); the voltage sensor has adopted a
relaxed conformation (blue), the A-gate is still coupled to the voltage sensor
but the channel has not opened (P/C-type inactivation of a closed channel).

then consider P/C-type inactivation as an alternative reflection of
voltage sensor inactivation based on differences in the crosstalk
between voltage sensor domain and pore domain.

INDICATIONS OF PREFERENTIAL CSI IN Kv CHANNELS
The first indication of a cumulative form of inactivation in Kv
channels, which may involve pre-open closed-states, came from
recordings done on molluscan neurons (Aldrich, 1981). In this
study Aldrich noticed that, after a voltage pulse, the maximum cur-
rent obtained with a second pulse was less than the current at the
end of the first pulse. This finding indicated that, instead of recov-
ery from inactivation, even more inactivation must have occurred
during the interpulse interval at a negative voltage. Accordingly,
Kv channels which preferentially inactivate from closed rather than
open states show faster and stronger inactivation in response to a
series of test pulses rather than to one long pulse. Furthermore, at
steady-state Kv channels with preferential CSI show pronounced
inactivation at intermediate voltages and less inactivation at more
positive voltages where the open probability is increased. Such
behavior produces U-shaped inactivation curves, which led to
the term “U-type inactivation,” with no reference to the struc-
tures involved. Kv2.1 (Klemic et al., 1998) and Kv3.1 channels
(Klemic et al., 2001) undergo strong cumulative inactivation with

repeated brief voltage pulses, and the inactivation curves of these
channels exhibit a U-type profile, indicative of preferential CSI.
U-type features of steady-state inactivation curves as an indica-
tion of preferential CSI have also been observed for N-terminally
truncated Shaker channels (ShΔ; Klemic et al., 2001) and a natu-
rally occurring Kv1.5 N-terminal deletion mutant (Kv1.5ΔN209;
Klemic et al., 2001; Kurata et al., 2001; Kurata et al., 2002; Kurata
et al., 2005).

Computer modeling of non-Shaker A-type potassium currents
in neurons from Drosophila (Solc and Aldrich, 1990) and of the
transient outward current (I to) in ferret ventricular myocytes
(Campbell et al., 1993) suggested that inactivation coupled to
the voltage-dependent activation pathway of the underlying chan-
nels is necessary to reproduce the experimentally observed gating
behavior (Ic-state in Scheme 1, A-states in Scheme 2, Figure 1).
Moreover, it was observed that prepulse inactivation of the ferret
I to occurred at voltages where no opening was detectable (Camp-
bell et al., 1993). The pioneering study by Campbell and coworkers
and the fact that I to is mainly mediated by members of the Kv4 sub-
family of Kv channels (Dixon et al., 1996), led to a focusing on Kv4
channels to learn more about the mechanism of preferential CSI.
It is also important in this context that P/C-type mechanisms play
a negligible role in Kv4 channel inactivation, as external TEA does
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not influence (Jerng and Covarrubias, 1997) and high external
potassium concentrations accelerate macroscopic current decay
(Jerng and Covarrubias, 1997; Kirichok et al., 1998; Bähring et al.,
2001; Shahidullah and Covarrubias, 2003; Kaulin et al., 2008).
Notably, the homologous position where a threonine to valine
mutation eliminates P/C-type inactivation in ShakerB channels
(T449V; Lopez-Barneo et al., 1993), is already occupied by valine
in Kv4 channels.

Just like native I to, recombinant Kv4 channels in heterolo-
gous expression systems show the typical discrepancy between
the voltage dependencies of macroscopic inactivation and acti-
vation, resulting in almost no overlap of the corresponding curves
and a minimal conductance window (Jerng et al., 1999; Bähring
et al., 2001; Patel et al., 2004; Dougherty et al., 2008; Kaulin et al.,
2008; Barghaan and Bähring, 2009). This is a strong indication of
preferential CSI as an intrinsic property of Kv4 channels. Notably,
however, the inactivation curves of Kv4 channels do not show U-
type features. But this is due to the fact that, even at strongly
depolarized membrane voltages, which favor channel opening,
occupancy of the open state is only transient in Kv4 channels and
they rather tend to close and accumulate in closed-inactivated
states (Jerng et al., 1999; Bähring et al., 2001; Barghaan et al., 2008;
Kaulin et al., 2008). Thus, these channels exhibit preferential CSI
at all relevant voltages. This assertion is based on the finding that
the closing step plays a critical role in Kv4 channel inactivation.
Experimentally this has been tested by the use of different perme-
ant ions (high and identical concentrations of one ion species on
either side of the membrane): Rubidium ions, which have a longer
residency time in the pore than potassium ions not only slow Kv4
deactivation tail currents following brief activation pulses but also
macroscopic inactivation during prolonged pulses (Bähring et al.,
2001; Shahidullah and Covarrubias, 2003; Barghaan et al., 2008).
Also, point mutations, which cause a slowing of deactivation tail
current decay, at the same time slow macroscopic inactivation
in Kv4 channels (Jerng et al., 1999). Any open state inactiva-
tion mechanism would be favored and macroscopic current decay
accelerated when channel closing is delayed. Also, recovery from
open-inactivated states is usually accompanied by re-opening tail
currents before the channels close. The complete absence of such
re-opening tail currents when the membrane potential is repo-
larized after a prolonged voltage pulse sufficiently depolarized to
open Kv4 channels (Bähring et al., 2001), also reflects their final
accumulation in closed-inactivated states at all relevant voltages.

MECHANISM OF CSI IN Kv4 CHANNELS
Recent studies have now shed light on what might happen mecha-
nistically during CSI in Kv4 channels. In one study, mutational and
thermodynamic analyses of putative coupling domains between
the voltage sensor and the A-gate were correlated with CSI kinet-
ics and steady-state inactivation in Kv4.2 channels (Barghaan
and Bähring, 2009); in another study a detailed electrophysio-
logical analysis of gating charge movement was performed and
the results correlated with Kv4.2 channel inactivation (Dougherty
et al., 2008).

Previous findings had already given a hint on the structural cor-
relates that might be responsible for the finding that Kv channels
can stay closed despite voltage sensor movement. For instance, in

N-terminally truncated and L382I point-mutated ShakerB chan-
nels enhanced CSI had been observed relative to wild-type (Ayer
and Sigworth, 1997). The L382I mutation lies at the S4 end of
the S4–S5 linker. Notably, the S4–S5 linker is critically involved
in the coupling of the voltage sensor to the A-gate in Kv channels
(Lu et al., 2002; Yifrach and MacKinnon, 2002; Long et al., 2005).
A physical model of CSI has been suggested (Shin et al., 2004;
Barghaan and Bähring, 2009), in which S4–S5 linker residues may
fail to make tight contact with their S6 counterparts. Barghaan
and Bähring (2009) directly tested this hypothesis by applying
scanning mutagenesis and double-mutant cycle analysis to the
Kv4.2 S4–S5 linker and the distal S6 segment. Such double-mutant
cycle analysis has previously identified pairs of amino acids within
these two domains, which, by direct coupling, mediate the voltage-
dependent opening of the A-gate in ShakerB channels (Yifrach and
MacKinnon, 2002). In corresponding Kv4.2 single- and double-
mutants, these sites were tested for their involvement in CSI
by applying prepulse inactivation protocols. The results of these
experiments suggested that pairs of amino acids, one in the S4–S5
linker and the other one in the distal S6 segment, not only interact
with each other to open the A-gate, but are dynamic interaction
partners in Kv4 channel CSI (Barghaan and Bähring, 2009). It
was concluded that Kv4 channel CSI is based on the temporary
uncoupling of the voltage sensor from the A-gate.

In voltage-dependent ion channels the movement of gating
charge can be influenced by inactivation, as first characterized for
voltage-dependent sodium channels (Armstrong and Bezanilla,
1977). In the absence of inactivation gating charges located in
S4 may freely move across the membrane electric field (see
Figures 2A,B), which can be detected as outward and inward
gating currents (Armstrong and Bezanilla, 1973). However, if the
return of the voltage sensor to its resting conformation is impeded
and slowed (“gating charge immobilization”) the detection of gat-
ing currents may be constricted or impossible (“loss of gating
charge”). This may be the case if the voltage sensor adopts a stable
(“relaxed”) conformation in response to a prolonged depolariza-
tion (see Figures 2C–E). In Kv channels gating charge immobiliza-
tion has been shown previously for both N-type (Bezanilla et al.,
1991; Perozo et al., 1992; Roux et al., 1998) and P/C-type inacti-
vation (Fedida et al., 1996; Olcese et al., 1997). Dougherty et al.
(2008) tested whether gating charge immobilization also occurs
in Kv4.2 channels known to preferentially undergo CSI. If the
dynamic uncoupling model of CSI is correct and conformational
changes of the voltage sensor represent the proximate cause of Kv4
channel CSI, electrophysiological manifestations of inactivation
and gating charge immobilization should share the same volt-
age dependence and kinetics. The experiments by Dougherty et al.
(2008) revealed profound gating charge immobilization over a nar-
row range of negative membrane potentials where CSI is expected
to occur. Moreover, the kinetics of the loss of gating charge at
positive and recovery of gating charge at negative voltages were
identical to the kinetics of ionic current decay and macroscopic
recovery from inactivation, respectively. These results showed that
the loss of gating charge and the onset of inactivation reflect the
same molecular mechanism, and they strongly suggested that the
voltage sensor is directly involved in the mechanism of Kv4 channel
CSI. The results also explained why CSI is critically influenced
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by neutralizing positive charges (Skerritt and Campbell, 2007,
2009) or introducing non-native positive charges (Skerritt and
Campbell, 2008) in the Kv4.3 S4 segment.

Obviously, CSI in Kv4 channels corresponds to the failure of
the voltage sensors to actively open the A-gate. It is not known
to date whether uncoupling allows the voltage sensor to adopt its
relaxed conformation,or whether this slow conformational change
of the voltage sensor actually causes uncoupling. Optical record-
ing techniques, including voltage-clamp fluorimetry, may help to
elucidate structural rearrangements during Kv4 channel CSI not
accessible by electrophysiological measurements, thereby clarify-
ing the cause-and-effect relationships of voltage sensor relaxation
and A-gate uncoupling.

P/C- AND A/C-TYPE INACTIVATION: TWO VARIATIONS OF
VOLTAGE SENSOR – PORE DOMAIN CROSSTALK
P/C-type inactivation involves conformational changes at the P-
gate (Pardo et al., 1992; De Biasi et al., 1993; Lopez-Barneo
et al., 1993; Kurata and Fedida, 2006) including the selectivity
filter (Ogielska et al., 1995; Panyi et al., 1995; Liu et al., 1996;
Kiss and Korn, 1998; Yellen, 1998; Zhou et al., 2001; Kurata and
Fedida, 2006; Ahern et al., 2009). Electrostatic interactions involv-
ing H-bonds between the pore helix and the selectivity filter have
been shown to promote these conformational changes (Cordero-
Morales et al., 2006, 2007). Notably, gating charge immobilization
(see above) has also been observed for P/C-type inactivation
(Olcese et al., 1997; Loots and Isacoff, 1998; Larsson and Elinder,
2000; Wang and Fedida, 2001), suggesting that the voltage sensor
may also adopt a stable relaxed conformation during prolonged
depolarizations (Olcese et al., 1997). These older observations for
P/C-type inactivation are highly similar to the more recent findings
for Kv4.2 (Dougherty et al., 2008), a channel in which P/C-type
inactivation is known to play a minor role (Kaulin et al., 2008).

Based on the results discussed above, a picture is beginning
to evolve where the crosstalk between the voltage sensor domain
and the pore domain, which is essential for Kv channel activation,
also represents the structural framework for different manifesta-
tions of Kv channel inactivation. The voltage sensor domain has
been shown to be able to directly communicate with two distinct
gates in the pore domain: the P-gate in the selectivity filter and
the A-gate involving the S6 bundle crossing (Figure 2A; Loots
and Isacoff, 2000; Elinder et al., 2001; Lu et al., 2002; Lainé et al.,
2003; Webster et al., 2004; Soler-Llavina et al., 2006; Barghaan and
Bähring, 2009). When the membrane is depolarized the voltage
sensor domain may adopt at least two distinct sets of conforma-
tions: First, it moves quickly and makes tight contact with the
A-gate to open it (Figure 2B). Then, if the depolarization is sus-
tained, the voltage sensor slowly adopts a more stable (relaxed)
conformation (Figures 2C,D). The nature of the relaxed confor-
mation depends on Kv channel subtype: In some Kv channels the
voltage sensor may encounter favorable strong interactions with
the P-gate stabilizing it in its non-conducting conformation (Loots
and Isacoff, 2000; Elinder et al., 2001; Figure 2C). This mechanism
corresponds to P/C-type inactivation as discussed above. Other
Kv channels may have P-gates that are not permissive to inactiva-
tion, and thus, no inactivation (other than N-type, if a respective
inactivation domain is present) will occur (Figure 2B). However,

in some Kv channels with non-inactivating P-gates the voltage sen-
sor domain may interact poorly with the A-gate. In these channels
the voltage sensor also starts to move quickly, reaching for the A-
gate, but the contact may fail or be short-lived due to a “slippery”
A-gate. Nevertheless, the voltage sensor of these channels slowly
drifts toward a relaxed conformation (Figure 2D). This corre-
sponds to the preferential CSI mechanism discussed above for Kv4
channels. It may also apply to Kv channels with prominent U-type
features of inactivation, like Kv2.1 and Kv3.1.

Although P/C-type inactivation is classically viewed as an open
channel inactivation mechanism (see Figures 1A and 2C), recent
work has shown that the P-gate may also undergo inactivation
when the channel is still closed. Claydon et al. (2007, 2008)
have performed electrophysiological measurements combined
with voltage-clamp fluorimetry to examine whether ShakerIR
(N-type inactivation removed) channels may undergo P/C-type
inactivation also from closed-states. Acidic pH, which promotes
rearrangements at the P-gate, and the Shaker ILT triple-mutant
(Smith-Maxwell et al., 1998), which segregates channel open-
ing from voltage-dependent activation by shifting the respective
curves apart, were exploited in this study. Conformational changes
were inferred by fluorescence changes reported by fluorophores
placed on the extracellular S3–S4 loop and an external pore site.
The observed signals strongly indicated that the conformational
changes involved in P/C-type inactivation also occur when the
channels are far from opening (see Figures 1B and 2E). Thus, we
encounter a mechanism of CSI, which is of the P/C-type and totally
different from the one discussed above for Kv4 channels. Accord-
ingly,we introduce the term“A/C-type inactivation”to describe the
mechanism of preferential CSI found in Kv4 channels, with a direct
reference to the structures involved: A/C-type inactivation is non-
N-type (i.e., C-type) and involves uncoupling of the voltage sensor
from the A-gate. Currently there is no experimental evidence for
the simultaneous occurrence of A/C- and P/C-type inactivation in
one channel. Notably, however, an elegant study by Kurata et al.
(2005) has shown previously that P/C-type and U-type inacti-
vation can co-exist in Kv1.5 channels. It is currently unknown
whether an A/C-type or a P/C-type mechanism is responsible for
these U-type features.

“INTOXICATION” OF VOLTAGE SENSOR INACTIVATION
What tools do we have, other than, or in addition to, electrophysi-
ological recordings and voltage-clamp fluorimetry combined with
mutational analysis, to study voltage sensor inactivation? Target-
ing the structures involved with pharmacological tools may be a
promising strategy. Intriguingly, gating modifier toxins isolated
from tarantula spiders have been shown to act especially on Kv
channels known to exhibit preferential CSI (A/C-type inactiva-
tion) including Kv2.1 and Kv4 channels (Swartz and MacKinnon,
1995; Sanguinetti et al., 1997; Diochot et al., 1999; Escoubas
et al., 2002; Ebbinghaus et al., 2004). The action of Hanatoxin
on Kv2.1/drk1 channels has been mechanistically studied in great
detail by Swartz and coworkers: The toxin directly interacts with
the voltage sensor, even when it is in the resting (down) confor-
mation; it stabilizes the resting conformation of the voltage sen-
sor, thereby accelerating channel closure and shifting the voltage
dependence of activation to more positive potentials (Swartz and
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MacKinnon, 1997a,b; Lee et al., 2003). Based on these findings,
it would be of considerable interest to know what the tarantula
toxins do to voltage sensor inactivation? As to that, it has been
found that the toxins more specific for Kv4 channels, including
Heteropoda toxins, cause a slowing of macroscopic inactivation,
an acceleration of recovery from inactivation and a shift of steady-
state inactivation curves to more positive potentials (Sanguinetti
et al., 1997; Diochot et al., 1999; Escoubas et al., 2002; Ebbinghaus
et al., 2004; DeSimone et al., 2009, 2011). These findings are in
accordance with a prevention of the relaxed conformation of the
voltage sensor because it is stabilized in its resting conformation.
Notably, the bacterial KvAP channel, the crystal structure of which
has been solved (Lee et al., 2005), also shows clear indications of
preferential CSI (Schmidt et al., 2009). As proposed earlier for
HCN and Kv4 channels (Shin et al., 2004; Dougherty et al., 2008;
Kaulin et al., 2008; Barghaan and Bähring, 2009), an A/C-type
inactivation mechanism has been considered in the case of KvAP
(Schmidt et al., 2009). Like Kv2.1 and Kv4 channels, KvAP can be
modulated by a voltage sensor toxin (VSTx1) via a membrane-
access mechanism and direct binding to the voltage sensor (Lee
and MacKinnon, 2004; Ruta and MacKinnon, 2004). However,
VSTx1 favors the inactivated state of KvAP, probably by binding
to the activated and/or relaxed (up) conformation of the voltage
sensor. Thus, although gating modifier toxins appear to be valu-
able tools for further investigations of voltage sensor inactivation,

the questions to be answered first are: Do gating modifier tox-
ins differ in their mode of action, or does the effect of gating
modifier toxins critically depend on Kv channel subtype, or both?
Doubtlessly, crystallization of a Kv channel in the absence and
presence of a ligand that influences the likelihood of an A/C- or
P/C-type inactivated state would significantly advance structural
analysis of voltage sensor inactivation.

CONCLUDING REMARKS
The purpose of this review was to focus on intrinsic mechanisms
of inactivation in Kv channels that involve conformational changes
of the voltage sensor (i.e., voltage sensor inactivation). In particu-
lar, we pointed out that subtype-specific variations in the crosstalk
between voltage sensor domain and pore domain play a decisive
role for the mode of Kv channel inactivation. Furthermore, in
order to up-date current nomenclature of inactivation mecha-
nisms in a useful manner, we introduced the term “A/C-type inac-
tivation.” Based on the finding that P/C-type inactivation can also
occur from closed-states, the term “CSI” for a dynamic coupling
between voltage sensor and A-gate seems no longer appropriate.
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The activation of voltage-dependent ion channels is initiated by potential-induced conforma-
tional rearrangements in the voltage-sensor domains that propagates to the pore domain
(PD) and finally opens the ion conduction pathway. In potassium channels voltage-sensors
are covalently linked to the pore via S4–S5 linkers at the cytoplasmic site of the PD.
Transformation of membrane electric energy into the mechanical work required for the
opening or closing of the channel pore is achieved through an electromechanical coupling
mechanism, which involves local interaction between residues in S4–S5 linker and pore-
forming alpha helices. In this review we discuss present knowledge and open questions
related to the electromechanical coupling mechanism in most intensively studied voltage-
gated Shaker potassium channel and compare structure-functional aspects of coupling
with those observed in distantly related ion channels. We focus particularly on the role of
electromechanical coupling in modulation of the constitutive conductance of ion channels.

Keywords: ion channels, voltage-sensors, electromechanical coupling

INTRODUCTION
Voltage-dependent ion channels are important components of
excitable biological membranes responsible for initiation, prop-
agation, and shaping of action potentials (Hille, 2001). In non-
excitable cells they are in charge of electrolyte transport into and
out of cells. Numerous gene mutations of ion channels are impli-
cated in human inherited diseases, pathologies of which are often
associated with impaired voltage control of channels (Ashcroft,
1999). Discovery of new therapeutic agents targeting ion chan-
nels requires a solid knowledge of structure-function correlation
of these complex membrane proteins.

In recent decades the molecular mechanisms of permeation,
selectivity and conductance in many ion channels have been
revealed with unprecedented precision by combination of elec-
trophysiological, biochemical, and crystallographic methods. In
this respect, potassium (K) channels are the best understood ion
channels, which are integral membrane proteins typically formed
by the association of four identical subunits (Doyle et al., 1998).
The Pore Domain (PD) of K channels represents a tetramer of two
membrane-spanning alpha helixes that are connected with each
other via a P-loop, which is responsible for potassium selectivity.
The PD contains a channel gate, which controls ion permeation
(Holmgren et al., 1998; del Camino and Yellen, 2001; Swartz,
2004; Webster et al., 2004; del Camino et al., 2005). The struc-
tural correlate of the gate is a bundle of overcrossing alpha helixes
at the cytoplasmatic entryway of the channel pore (Holmgren
et al., 1998). These alpha helices correspond to the M2 helix of
the non-voltage-gated (Doyle et al., 1998) and to the S6 helix of
voltage-gated potassium (Kv) channels. To close the gate, the pore
constricts and forms a hydrophobic seal by side-chains of converg-
ing S6 pore helices (Doyle et al., 1998; Holmgren et al., 1998; del

Camino andYellen,2001; Hackos et al., 2002). Opening and closing
of Kv channel gate is under the stringent control of the membrane
electric potential (Islas and Sigworth, 1999). In Kv channels the
pore is covalently linked to four specialized membrane-embedded
peripheral functional modules, Voltage Sensing Domains (VSDs)
that are comprised of S1–S4 membrane-spanning segments. VSDs
are capable of sensing changes in membrane potential and respond
with conformational changes that propagate to the PD (Bezanilla,
2000; Jiang et al., 2003; Catterall, 2010). Available crystal struc-
tures along with functional data suggest that VSDs are semi-
independent functional units (Long et al., 2005a, 2007; Alabi et al.,
2007). In recent years, a significant progress has been made toward
the elucidation of the molecular architecture and functional prin-
ciples of these specialized domains (Bezanilla, 2008; Catterall,
2010; Tao et al., 2010). VSDs are connected to the PD by a linker,
known as S4–S5 linker at the cytoplasmic side of the membrane.
The VSD-PD assembly represents an exquisite molecular electro-
mechanical coupling device, which converts potential energy of
the membrane electric field into the mechanical work needed to
control the selective permeation of potassium ions. Several func-
tional studies indicate that concordance between the S4–S5 linker
and distal S6 region of the PD is important for transmission of
conformational changes from VSDs to PD (Chen et al., 2001; Lu
et al., 2001, 2002; Decher et al., 2004; Long et al., 2005b; Soler-
Llavina et al., 2006; Labro et al., 2008; Lee et al., 2009; Choveau
et al., 2011). How the conformational changes originating in VSDs
are transferred to the PD and how they influence the functional
state of the channel gate remains an unresolved issue.

In this review we summarize current knowledge and open
questions concerning to the molecular and structural aspects of
electromechanical coupling. The Shaker Kv channel is the most
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intensively investigated voltage-gated channel in terms of electro-
mechanical coupling. Here, we highlight similarities and key dif-
ferences of electromechanical coupling process in Shaker and in
some distantly related ion channels.

CURRENT VIEW OF ELECTROMECHANICAL COUPLING
It is well established that voltage-sensors are semi-independent
membrane-embedded modules (Alabi et al., 2007; Long et al.,
2007) that undergo conformational changes upon alterations of
membrane potential (Bezanilla, 2000, 2008; Villalba-Galea et al.,
2008). The details of conformational changes that actually take
place in VSDs are a subject of much debate (Campos et al.,
2007; Borjesson and Elinder, 2008; Broomand and Elinder, 2008;
Villalba-Galea et al., 2008; Tao et al., 2010; Vargas et al., 2011). It
is not completely understood how and to which extent positive
charges of S4 helix move upon a change in membrane poten-
tial (Campos et al., 2007; Bezanilla, 2008). It is also unclear how
homogeneous is the electric field that membrane-embedded VSDs
experience (Bezanilla, 2008; Catterall, 2010).

Transmission of conformational changes from each voltage-
sensors to the pore was thought to occur primarily through S4–S5
linker, since the latter directly connects dynamic S4 segment of the
VSDs to S5 segment of the PD. A decade ago Lu et al. (2002)
first demonstrated that interaction between S4–S5 linker and
distal S6 segment of the PD is also essential for coupling. The
molecular and structural aspects of this phenomenon remained
obscure until crystal structures of Shaker-related channels were
resolved with remarkable resolution (Long et al., 2005a,b, 2007).
Two non-covalent interaction interfaces between VSDs and PD
were observed in crystal structures of Shaker-related channels. An
extensive interface was observed at the cytoplasmatic side of the
membrane involving side-chains of S4–S5 linker and side-chains
of the distal S6 segment (Long et al., 2005b, 2007). The second,
comparably small interface was found at the extracellular side
of the pore formed by interaction of side-chains of S1 segment
of VSDs with side-chains of S5 in the pore (Long et al., 2005a,
2007; Lee et al., 2009). It has been suggested that latter interface
plays a role in effective translocation of charged S4 helix during
membrane voltage changes (Lee et al., 2009). An essential role for
transmission of conformational changes from VSDs to the chan-
nel gate was given to the interactions between S4–S5 linker and
distal S6 (Labro et al., 2005; Long et al., 2005b).

S4–S5 linkers in Shaker-related channels adopt an amphipathic
alpha helical conformation (Long et al., 2005a, 2007) both in crys-
tals and in solution (Ohlenschlager et al., 2002). The functional
mutagenesis data suggest that changes in the amphipathic con-
figuration of S4–S5 helix disturb the electromechanical coupling
process (Labro et al., 2008). In the activated Kv channel, the S4–
S5 helix runs parallel to the intracellular side of the lipid bilayer
(Long et al., 2005b, 2007) with its hydrophobic side facing the lipid
membrane. The hydrophilic face of S4–S5 linker is exposed to the
cytoplasm (Long et al., 2007). Currently, it is unknown whether
the hydrophilic side is involved in specific interactions with other
parts of the ion channel. The interaction between S6 helix with
its “receptor” site on the S4–S5 linker requires the pore helices
to bend or kink (Long et al., 2005b). Most likely, this is associ-
ated with the occurrence of a conserved PXP motif and a “gating

hinge” glycine in S6 helix (Ding et al., 2005; Long et al., 2005b).
The molecular interactions between the side-chains of S4–S5 helix
and side-chains of the distal S6 segment (Long et al., 2005b) appar-
ently play a key role for transmission of conformational changes
during channel gating. It is likely that interaction between S4–S5
linker and distal S6 takes place also at the closed state of the chan-
nel. Molecular dynamic simulations studies predict the movement
pattern of S4–S5 linker as well as its interaction with S6 during the
voltage gating process of Shaker-related channels (Yarov-Yarovoy
et al., 2006; Jensen et al., 2012). Summarizing experimental and
theoretical studies Blunck and Batulan discuss two alternative sce-
narios where S4–S5 linker functions (1) as a spring and (2) as a
bolt (see current review issue).

In spite of available nice models, the essential questions need
to be addressed experimentally in order to understand the electro-
mechanical coupling mechanism in detail. For example, which
channel states are predominantly influenced by interaction of S4–
S5 linker and S6? Are these interactions the only determinants of
electromechanical coupling or other factors (interactions) play a
significant role (see for example Lee et al., 2009; Batulan et al.,
2010)? Do similar molecular and structural principles govern
electromechanical coupling in ion channels distantly related to
Shaker? Of note is that mutagenesis experiments have shown that
the interactions between S4–S5 linker and the distal S6 play a key
role in electromechanical coupling also in hERG- (Ferrer et al.,
2006), KCNQ1- (Choveau et al., 2011), HCN- (Chen et al., 2001),
and KAT1-channels (Ferrer et al., 2006; Grabe et al., 2007). In
Kv4 channels coupling strength determines the inactivation prop-
erties of channels (Barghaan and Bahring, 2009; Bahring et al.,
2012). Nevertheless, electrophysiological analysis of S4–S5 linker
mutants revealed some essential differences between Shaker and
more distantly related channels that we will describe below. Eluci-
dation of these differences will help us to further our knowledge
about the electromechanical coupling process and design new
comprehensive studies in future.

UNCOUPLING VOLTAGE-SENSORS FROM THE PORE IN
SHAKER
In voltage-dependent ion channels the effectiveness of converting
electrical energy into mechanical work that influences the state of
the channel gate is dependent on the strength of electromechan-
ical coupling. If the coupling is strong, the gate will be under the
tight control of VSDs. If the electromechanical coupling between
VSDs and the PD is markedly weaker or absent, the conforma-
tional changes in VSDs will no longer be able to influence the
opening or the closing of channel gate. Mutations or chimeric
replacements localized in S4–S5 linker and/or S6 region signifi-
cantly affect the gating properties of voltage-gated ion channels
(Sullivan et al., 1997; Lu et al., 2001, 2002; Tristani-Firouzi et al.,
2002; Ferrer et al., 2006; Labro et al., 2008; Barghaan and Bahring,
2009; Haddad and Blunck, 2011). Moreover, a fractional voltage-
dependent and voltage-independent conductance was observed in
some mutants, indicating that modulation of the coupling strength
can markedly influence also the stability of the resting-closed state
of channels. In Figure 1 we have highlighted the localization of
mutations having a drastic influence on the functional properties
of channels.
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FIGURE 1 | Sequence alignment of relevant Kv channels in the S4–S5
linker and in S6 segment. Diagram above the sequences represents
secondary structure elements corresponding to the recent crystal structure of
Kv1.2–Kv2.1 chimeric channel in lipid-like environment (Long et al., 2007).
Residues indicated by red letters show localization of the mutations involved
in constitutive conductance of corresponding channels. Residues shown with
blue letters and blue frames indicate position of mutations, which render
Shaker-KcsA chimeras (carrying distal S6 starting from I477, as well as S4–S5

linker from Shaker, but the rest of the pore from KcaA) non-functional (Lu
et al., 2002). Red bar indicates the position of PXP motive of Kv channels;
black bar indicates localization of the gate. Asterisk shows gating hinge
glycine. Sequence identification numbers are as follows: KcsA, GI
612269090; Shaker, GI 288442; rat Kv1.2, GI 24418849; human Kv2.1, GI
4826784; human Kv3.1, GI 163792201; human Kv4.1, GI 27436981; human
KCNQ1, GI 32479527; mouse HCN2, GI 6680189; hERG, GI 4156239; rat BK,
GI 13929184.

The first comprehensive mutagenesis studies, focusing on the
molecular aspects of the electromechanical coupling were started
by Lu et al. (2001, 2002). The results indicated that two large seg-
ments, one corresponding to the S4–S5 linker and the other to
the distal part of S6, should be preserved in Shaker in order to
maintain full voltage control over Shaker channel gating (Lu et al.,
2002). Mismatches between S4–S5 linker and distal S6 by replace-
ment of corresponding segments of Shaker by KcsA resulted in
channels with a partial constitutive conductance. Single channel
analysis revealed that the constitutive conductance in these chan-
nels reflects spontaneous fluctuations of the channel between open
and closed states (Lu et al., 2002) at resting voltage-sensor condi-
tions. In wild type Shaker channels spontaneous channel openings
at hyperpolarized potentials are rare events with an estimated
open probability of 10−9 (Islas and Sigworth, 1999). Results indi-
cated that the constitutive conductance in Shaker-KcsA chimeras
can be explained by a weakening of coupling between VSDs and
PD. Hydrophilic substitutions at residue Pro475 in Shaker also
caused a constitutive conductance, in spite of the fact that P475
is located within the conduction pathway of the channel (Hackos
et al., 2002; Sukhareva et al., 2003). Thus, it has been proposed
that coupling strength plays a significant role for constitutive
conductance in P475 hydrophilic mutants too (Sukhareva et al.,
2003).

Haddad and Blunck (2011) recently proposed an alternative
explanation of uncoupling in Shaker studying the mode shift of
gating charge translocation in VSDs (Haddad and Blunck, 2011).
They suggest that a marked reduction in coupling strength, or
complete uncoupling, will result in permanently closed Shaker
channels. This proposal was based on thorough electrophysiolog-
ical analysis of S4 segment translocation and voltage-dependent
conductance of two Shaker mutations I384N and F484G (Had-
dad and Blunck, 2011). The choice of the mutations was based on
recent crystal structures of Kv channels (Long et al., 2005b, 2007).
One mutation was localized at S4–S5 linker (I384N) and the other

within distal S6 (F484G). Uncoupling in these two mutants was
characterized by a significant leftward shift in the gating charge
(Q) – voltage (V) relation (QV curve) accompanied with right-
ward shift in conductance (G) – voltage (V) relationship (GV
curve). A shift of QV curve to more negative potentials indicates
that less energy is required for translocation of VSDs from a rest-
ing to an activated position in mutant. I384N and F484G Shaker
channels were expressed robustly on plasma membrane but only
a small fraction of channels could be opened even by extreme
depolarization pulses (Haddad and Blunck, 2011). This indicates
that the channel gate remained mostly closed although voltage-
sensors could be easily translocated from the resting state to an
activated state. Conversely, I384A Shaker mutation considerably
detained the voltage-sensor movement judged by a large positive
shift in the QV curve. Taking into consideration that the GV rela-
tion is almost unchanged in I384A, authors suggested that mutant
channels display a stronger coupling than wild type (Haddad and
Blunck, 2011). In summary, it was suggested that at the resting
state the Shaker pore applies a mechanical load onto VSDs. The
uncoupling mutations I384N and F484G take this mechanical load
off, thereby facilitating the translocation of gating charges, but
arresting the channel pore in a closed state. Strengthening of cou-
pling between VSDs and the pore in the I348A mutant constrains
S4 segment translocation but facilitates channel opening. Simi-
lar considerations were made in earlier studies regarding to the
gating current kinetics of F484 Shaker mutants (Ding and Horn,
2003).

At first glance, abovementioned two explanations for uncou-
pling in Shaker seem somewhat contradictory. The first states that
uncoupling in Shaker promotes the formation of channels with
constitutively open pore, whereas the second hypothesis proposes
that Shaker channels with uncoupled voltage-sensors are perma-
nently closed. Analysis of voltage-sensor movement and plasma
membrane expression of constitutively conducting Shaker-KcsA
channels may shed a light on this ambiguity.
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ELECTROMECHANICAL COUPLING IN CHANNELS DISTANTLY
RELATED TO SHAKER
Principles of electromechanical coupling were elucidated on the
basis of functional and structural studies carried out predomi-
nantly on Shaker or related potassium channels. To substantiate
the generality of these principles, the electromechanical coupling
was investigated also in channels distantly related to Shaker, e.g.,
KCNQ1, HERG, and HCN2 channels (Sanguinetti and Xu, 1999;
Chen et al., 2001; Tristani-Firouzi et al., 2002; Decher et al., 2004;
Macri and Accili, 2004; Ferrer et al., 2006; Prole and Yellen, 2006;
Boulet et al., 2007; Labro et al., 2008, 2011; Choveau et al., 2011).
The low sequence homology of these channels with Shaker makes
it difficult to correlate the mutational data with currently available
structural models of K channels (Long et al., 2005a, 2007; Jensen
et al., 2012). In spite of low sequence homology, it is remarkable
that gating properties of KCNQ1, HERG, and HCN2 channels
change similarly when mutating the corresponding S4–S5 linker
and distal S6 regions (Figure 1). Electrophysiological analysis
of KCNQ1, HERG, and HCN2 channels carrying mutations or
chimeric replacements in S4–S5 linker and S6 showed three main
phenotypes: (1) GV relations exhibit significant shifts to both
positive and negative potentials; (2) some mutants were non-
functional in heterologous expression systems; (3) a significant
number of point mutants gave rise to constitutively conducting
channels. Constitutive conductance in Shaker was observed only
upon substitution of P475 pore residue with amino acids having
hydrophilic side-chains, which we will discuss below in detail. At
this point, we will briefly summarize the main findings of studies
related to the electromechanical coupling in KCNQ1, HERG, and
HCN2 channels.

Exchange of the entire S6 segment of hERG potassium channel
with its counterpart from bovine ether-a-go-go (bEAG) resulted
in hERG/bEAG chimeric channel with a partial constitutive con-
ductance (Ficker et al., 1998). In order to restore complete voltage-
gated features of the chimeric channel, it was necessary to recon-
stitute the distal S6 hERG sequence (SAIIQRL) in the hERG/bEAG
chimera. Furthermore, transfer of bEAG S4–S5 linker to the hERG
disrupted the complete hERG channel closure (Ferrer et al., 2006).
Substitution of distal S6 region with corresponding bEAG segment
in this chimera fully restored the channel closure at hyperpolar-
ized potentials (Ferrer et al., 2006). Further mutational analysis
showed that an exchange of five amino acids (colored red in
Figure 1) sufficed to restore fully voltage-gated properties. These
results accentuate the concordance between S4–S5 linker and S6
sequences for complete closure of hERG channel at hyperpolarized
potentials (Ferrer et al., 2006). Data are also in agreement with an
earlier suggestion that S4–S5 linker and distal S6 in HCN2 chan-
nel are in close proximity at hyperpolarized membrane potentials
(Tristani-Firouzi et al., 2002). This proposal was based on elec-
trophysiological analysis of channels carrying mutations at D540
(S4–S5 linker) and R665 (S6) residues.

Recent scanning mutagenesis of KCNQ1 channel revealed that
S4–S5 linker and distal S6 are the most sensitive regions for muta-
tional gating perturbations (Ma et al., 2011). A significant number
of mutants in these regions drastically affected KCNQ1 channel
function by shifting GV relations toward positive and, respectively,
negative directions. Boulet et al. (2007) and Choveau et al. (2011)

obtained similar results for KCNQ1 channel. Moreover, analy-
sis of double-mutant, constructed by combination of two point
mutants, one located on S4–S5 linker (V254A), the other on S6
(L353A), confirmed the hypothesis that S4–S5 linker and S6 inter-
act with each other to ensure the voltage-dependent gating of
KCNQ1 (Choveau et al., 2011). This interaction, however, appears
to be state-dependent, i.e., it only takes place in the closed state of
the channel (Choveau et al., 2011).

Electromechanical coupling is well investigated also in
hyperpolarization-activated cyclic nucleotide gated cation (HCN)
channels. HCN channels are particularly interesting from this
point of view, since they have an inverse voltage-dependent gat-
ing mode, i.e., hyperpolarization activates, whereas depolarization
deactivates HCN channels (Brown et al., 1979; Gauss et al., 1998;
Biel et al., 2009). Alanine scanning mutagenesis of the S4–S5 linker
region in HCN2 revealed several amino acid residues, mutation of
which gave rise to a channel with partial constitutive conductance
(Chen et al., 2001). Mutations causing a constitutively open HCN2
channel were also identified in its distal S6 region (Decher et al.,
2004). Based on the functional analysis of double mutants, it has
been proposed that electrostatic interaction between side-chains
of S4–S5 linker and distal S6 mediate electromechanical coupling
in HCN2 channels (Decher et al., 2004). The coupling, however,
is thought to be completely disrupted at depolarized potentials
which leads to the closure of channel gate also known as voltage
desensitization (Shin et al., 2004).

EVALUATING THE SIMILARITIES AND DIFFERENCES
A significant number of mutations in S4–S5 linker and distal S6
markedly alter the gating properties of Shaker and related channels
(Isacoff et al., 1991; McCormack et al., 1991; Schoppa et al., 1992;
Li-Smerin et al., 2000; Hackos et al., 2002; Yifrach and MacK-
innon, 2002; Ding and Horn, 2003; Soler-Llavina et al., 2006).
Similar observations have been made upon mutations of the corre-
sponding regions of KCNQ1, hERG, and HCN2 channels (Donger
et al., 1997; Chen et al., 2000; Decher et al., 2004; Ferrer et al.,
2006; Boulet et al., 2007; Ma et al., 2011). Yet, there are notewor-
thy differences. Examination of available mutational data revealed
that point mutations rarely cause a constitutive conductance in
Shaker (Yifrach and MacKinnon, 2002; Soler-Llavina et al., 2006).
By contrast, analysis of KCNQ1 and HCN2 channels carrying com-
parable point mutations in their S4–S5 linker and distal S6 regions
showed that quite a significant number of mutant KCNQ1 and
HCN2 channels demonstrate a large constitutively open compo-
nent (Chen et al., 2001; Decher et al., 2004; Ma et al., 2011). These
data indicate that KCNQ1, HCN2, and hERG channels are more
susceptible to constitutive conductance than the Shaker channel.

Two different mechanisms are discussed in literature as possible
cause of partial or complete constitutive conductance in voltage-
gated ion channels. A leak of the ions through the channel pore due
to incomplete closure of the gate at resting voltage-sensor condi-
tions is one possible mechanism. Single channel measurements of
mutant Shaker channels (Islas and Sigworth,1999; Sukhareva et al.,
2003) as well as BK channel (Horrigan and Aldrich, 2002) indi-
cated that the pore is able to completely prevent the ion flow. This
suggests that the constitutively open component of conductance
is due to spontaneous fluctuations of channel between the open
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and the closed states in resting voltage-sensor conditions (Horri-
gan and Aldrich, 2002; Sukhareva et al., 2003; Niu et al., 2004).
Thus, the resting sate of KCNQ1 as well as HCN2 channels allows
significant spontaneous transitions to the open state independent
of changes in membrane voltage (Decher et al., 2004; Ma et al.,
2011). Significant number of point mutations in S4–S5 linker and
distal S6 in these two channels even more destabilized the resting-
closed state, in exceptional cases leading to constitutively open
phenotype.

Evaluating the energetics of pore opening by a double-mutant
cycle analysis, it has been proposed that the Shaker pore is intrin-
sically closed, i.e., the closed state is energetically favored in virtual
absence of VSDs (Yifrach and MacKinnon, 2002). Analysis of
Shaker mutants with respect to gating charge movement (Ding
and Horn, 2003) and mode shift in VSDs translocation (Haddad
and Blunck, 2011) were in agreement with this conclusion. Con-
sidering VSDs and PD as two separate elements of the VSD-PD
bimodular system, in current issue Blunck and Batulan describe
the electromechanical coupling from thermodynamic point of
view. Analysis suggests that strong electromechanical coupling
will require less energy for opening of the channel pore with a
given probability. It follows, that complete uncoupling of the gate
from VSDs will lead to permanently closed channels, since energy
provided by VSDs will no longer reach to the PD.

If channel possesses an intrinsically open pore, uncoupling
would lead to constitutively open channels. In these channels,
VSDs must exert a mechanical work to close the pore. This hypoth-
esis reasons that various degrees of constitutive conductance in
KCNQ1, HCN2, and hERG mutants are caused by alteration in
coupling strength. In extreme cases, when coupling between VSDs
and PD is lost, channels open constitutively as observed in some
mutant KCNQ1 and HCN2 channels (Chen et al., 2000; Ma et al.,
2011). Nevertheless, Shaker hydrophobic mutations at P475 posi-
tion (Hackos et al., 2002; Sukhareva et al., 2003) and Shaker-KcsA
chimeras (Lu et al., 2001, 2002) also show various degrees of con-
stitutive conductance. How can these results be reconciled with
our hypothesis?

P475 position in Shaker corresponds to the second proline of
the PXP motif of K channel pores. The PXP motif may provide
flexibility to the inner S6 helixes in most of Kv channels (del
Camino et al., 2000) and allow the bending of S6 helixes at the
cytoplasmic side of the pore (del Camino and Yellen, 2001). Stud-
ies investigating the constitutive conductance in Shaker suggested
that hydrophilic substitutions at P475 position change the electro-
mechanical coupling between VSDs and the gate (Hackos et al.,
2002; Sukhareva et al., 2003). P475 is localized in the pore of the
Shaker channel, quite far away from the putative coupling inter-
face proposed by MacKinnon and colleagues (Long et al., 2005b).
Recent crystal structures indicate that the bending of the S6 helices
makes the interaction between S4–S5 linker helix and distal S6
region topologically possible (Long et al., 2005b, 2007). Thus,
one possible explanation is, that the hydrophilic P475 mutations
change the electromechanical coupling strength by influencing the
bending properties of pore helixes. Since other P475 substitutions,
which also influence the flexibility of S6 helices, do not cause a
constitutive conductance (Li-Smerin et al., 2000; Sukhareva et al.,
2003; Soler-Llavina et al., 2006), bending of S6 seems insufficient

to explain the data. Significant changes in voltage gating properties
observed in P457 hydrophilic mutants hint toward a more complex
picture of mutational influence (Sukhareva et al., 2003). Weaken-
ing the strength of electromechanical coupling accompanied by
alteration in intrinsic pore properties it the likely cause of partial
constitutive conductance phenotype in Shaker P475 hydrophilic
mutants.

We reexamined the results of Shaker-KcsA chimeric replace-
ments studied by Lu et al. (2002) in the light of the structural data
that became available after the work was published (Long et al.,
2005a, 2007). According to our analysis the mutational manipu-
lations causing a partial constitutive conductance in Shaker-KcsA
and Kv2.1-KcsA chimeras (Lu et al., 2002) are located in proximal
S5 (SMRELGL sequence in Shaker) and in distal S6 (PVPVIVSN
sequence in Shaker ; Figure 2). Careful assessment also indicates
that mutations restricted to S4–S5 linker are not able to produce
constitutively open channels. Apparently, changes outside of the
S4–S5 linker are required to generate constitutively open Shaker
channels.

The distal S6 segments of KscA and Shaker channels differ sig-
nificantly in sequence as well as in structural organization (Doyle
et al., 1998; Long et al., 2007). Therefore, it is possible that chimeric
replacements of Shaker S6 segment with the corresponding KcsA
sequence (Lu et al., 2002) markedly influence the intrinsic prop-
erties of the Shaker pore. Thus, we propose that Shaker-KcsA
chimeras and P475 hydrophilic substitutions affect two impor-
tant features in Shaker : (1) coupling strength between VSDs and
the PD is decreased and (2) intrinsic properties of pore are altered.

It follows that the pores of wild type KCNQ1 and HCN2 chan-
nels are likely to be thermodynamically more stable at their open
state in the absence of the voltage-sensors, i.e., intrinsically more
stable at the opened state. Two important features observed in
these channels corroborate this notion. (1) Wild type KCNQ1 and
HCN2 channels demonstrate a significant constitutive conduc-
tance at resting voltage-sensor conditions (Decher et al., 2004; Ma
et al., 2011). (2) A large number of S4–S5 linker mutants signifi-
cantly alter the constitutively open component in these channels
(Chen et al., 2001; Decher et al., 2004; Boulet et al., 2007; Choveau
et al., 2011). The reverse voltage-gated mode of HCN2 channel
makes the comparison of HCN2 with KCNQ1 fairly difficult. Let
us first briefly describe the reverse voltage gating of the HCN2
channel. It has been hypothesized that depolarization of HCN
channels uncouples the channel pore from VSDs, which leads to
the channel closure (Shin et al., 2004). According to this hypothe-
sis, at hyperpolarized potentials the coupling between S4–S5 linker
with S6 reestablishes itself resulting in stabilized open state. This
assumes, that mutations disabling the association of VSDs with the
PD at hyperpolarized potentials will drive the HCN channels into
permanently desensitized state, i.e., channels will be closed at all
voltages. Mutagenesis of S4–S5 linker and the end of S6 segment
of HCN2 channels, however, indicated that the vast majority of
mutants were functional (Chen et al., 2001; Decher et al., 2004).
Moreover, large number of mutants exhibited constitutively open
component. S4–S5 linker mutants Y331 and R339 demonstrated a
complete constitutive conductance (Chen et al., 2001). Therefore,
Sanguinetti and colleagues suggested that a significant reduction
of the coupling strength in HCN2 is a likely reason for partial
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FIGURE 2 | Localization of mutations susceptible for constitutive
conductance in Shaker -KcsA chimeric channels according to recent Kv
crystals. (A) Three groups of KcsA-Shaker chimeras that demonstrated partial
or almost complete constitutive activation are shown separately. Secondary
structure succession pattern on the top of sequence alignments corresponds
to the recent crystal structure of the Kv1.2–Kv2.1 chimera (Long et al., 2007).

Red-framed residues indicate the extension of the chimeric link (one residue
at a time) causing constitutive conductance. (B) Localization of residues
susceptible for constitutive conductance mapped on crystal structure of
Kv1.2–Kv2.1. The side-chains of these residues are represented as red sticks.
Only one subunit is shown for simplicity. (C) Top view of same structure
shown in (B).

or complete constitutive conductance of mutant channels (Chen
et al., 2001; Decher et al., 2004). Thus, the mechanism of HCN2
gating is apparently more complex than it is originally thought.
A systematic analysis of the voltage-sensor movement in mutant
channels by measuring the gating current or fluorescence proper-
ties of labeled residues can help us to reveal more about the role of
coupling in HCN2 channel gating in future. Nevertheless, since a
large number of mutant HCN2 channels are characterized in the
literature, we were interested whether the fraction of constitutive
conductance is dependent on voltage-gated properties of HCN2
channel as we previously revealed for KCNQ1.

CONSTITUTIVE CONDUCTANCE IN KCNQ1 AND HCN2 IS
LINKED TO VOLTAGE-DEPENDENT CLOSED-OPEN
EQUILIBRIUM OF THE PORE
Large-scale mutagenesis of S4–S5 linker and PD residues of
KCNQ1 revealed a strong correlation between the fraction

of constitutive conductance (Gmin) and the midpoint of the
voltage-dependent conductance (V 1/2; Ma et al., 2011). The
V 1/2–Gmin correlation in KCNQ1 could be well described
by an Eq. 1, which is based on a simple allosteric gating
scheme (Scheme 1) involving a voltage-dependent and a voltage-
independent closed to open transition as shown below (Ma et al.,
2011).

Kv·exp(ZFV /RT ) component describes the voltage-dependent
equilibrium constant. Z, F, and R have their usual meanings, T is
the absolute temperature; K a is equilibrium constant of voltage-
independent transitions; b is an allosteric factor. The mathematical
relationship between constitutively open component – Gmin and
the midpoint of potential-sensitive fraction – V 1/2 is given by
equation:

Gmin =
1+ Kv · e

ZF
RT ·V1/2

(b − 1) · Kv · e
ZF
RT ·V1/2

(1)
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SCHEME 1 |The four-state allosteric gating scheme, illustrating the
voltage-dependent (horizontal) and voltage-independent (vertical)
channel transitions. C and C1 signify the closed-states of the channel, O
and O1 the open states, correspondingly.

We were interested whether the Gmin–V 1/2 correlation
observed with KCNQ1 mutants might be seen also for HCN2
mutants. The estimation method for constitutive conductance
component in HCN2 mutants was the same as we previously
described for KCNQ1 (Ma et al., 2011). Analyzing mutagene-
sis data of HCN2 channel (Chen et al., 2001; Decher et al.,
2004) we observed that many mutations in HCN2 induce large
shifts in GV relationship. Next we plotted Gmin versus V 1/2 for
HCN2 channel. The resulting Gmin–V 1/2 correlation was well
described quantitatively by the allosteric gating model devel-
oped for KCNQ1 (Figure 3). The analysis indicates that KCNQ1
and HCN2 channels share a common feature – the equilibrium
between voltage-dependent and voltage-independent transitions
can be characterized by parameter b.

Unfortunately, the quantity of available mutational data for
hERG channel was insufficient for a V 1/2–Gmin correlation analy-
sis. It is, however, noteworthy that hERG-bEAG chimeras with
negatively shifted V 1/2 parameter also demonstrate an increase
in Gmin (Ferrer et al., 2006). In contrast, Shaker mutants remain
tightly closed at hyperpolarized potentials (Yifrach and MacK-
innon, 2002; Soler-Llavina et al., 2006; Ma et al., 2011) in
spite of large shifts in their GV curve toward more negative
potentials. Exceptions are P475 mutations that we discussed
above.

A small constitutively conducting component was observed
in single channel recordings of wild type HCN2 and BK chan-
nels (Gauss et al., 1998; Chen et al., 2001; Ma et al., 2011). The
constitutive conduction in these channels reflects spontaneous
fluctuations between open and closed states, which are observ-
able even at the absence of their respective ligands (Proenza
and Yellen, 2006; Yang et al., 2010). Earlier reports of con-
stitutive association of the Ca2+-binding protein calmodulin
(CaM) with the C-terminus of KCNQ1 (Yus-Najera et al., 2002;
Ghosh et al., 2006; Shamgar et al., 2006; Ciampa et al., 2011)
prompted us to consider intracellular Ca2+ as a putative lig-
and for KCNQ1-CaM complex. Our preliminary data indicate
that Ca2+ could act as an allosteric effector for KCNQ1 chan-
nel. The data are analogous to what has been observed for
HCN2 (Proenza and Yellen, 2006; Biel et al., 2009; Kusch et al.,
2010) and BK channels (Horrigan and Aldrich, 2002; Biel et al.,
2009; Lee and Cui, 2010). In this context, it is of note that a
recent analysis of VSD-movement of KCNQ1 suggested that the

channel gating follows to the allosteric mechanism (Osteen et al.,
2012).

Taken together, our analysis suggests that depending on chan-
nel type, the electromechanical coupling strength differentially
influences the gating properties of ion channels. Particularly, if
the channel pore prefers the closed state in absence of VSDs, as in
case of Shaker, uncoupling would lead a tightly closed pore. Con-
versely, if the open state of channel pore is intrinsically more stable,
uncoupling would lead to channels with partial or complete consti-
tutively conductance. This seems to be the case for voltage-gated
channels that possess C-terminal ligand-binding domains, e.g.,
KCNQ1, HCN2, and BK channels. From this point of view ligand-
binding domains could be seen as “additional” gating machineries
attached to the C-terminal part of S6 in HCN2, BK, and KCNQ1
channels that significantly influence the intrinsic pore properties.
Consistent with this idea is the observation that the frequency of
spontaneous openings in BK channels at resting state are depen-
dent on the length of C-linker connecting S6 segment to RCK
domains (Niu et al., 2004). Interestingly, the recent analysis of BK
channel pore by cysteine modification experiments revealed that
the inner BK channel pore at rest is significantly larger than the one
in Shaker (Zhou et al., 2011). On the other hand modulation of
channel gating by ligand-binding is likely to occur only if coupling
between VSDs and the gate is not as dominant as in Shaker. Weaker
coupling strength would enables fine-tuning of voltage-activated
ion channels by their corresponding ligands.

FUTURE PERSPECTIVES
Finding answers to the following two conceptually important
questions will significantly broaden our understanding about
electromechanical coupling in voltage-gated ion channels.

1) What molecular forces determine the stability of the closed
state in Shaker and in other potassium channels? An impor-
tant step toward answering this question is the determination
of closed Kv channel structures at defined membrane poten-
tial. Ideally, one may investigate channel structure in a distinct
membranous environment at different membrane potentials in
order to follow the activation process in situ. This seems partic-
ularly important in the light of recent observations suggesting
that in some Kv channels interaction of S4–S5 linker with the
distal S6 is dependent on channel state (Grabe et al., 2007;
Barghaan and Bahring, 2009; Choveau et al., 2011). It is note-
worthy that currently available crystal structures of Kv channels
were obtained in a non-membranous environment, i.e., in the
absence of an electric field (Long et al., 2005a, 2007). Though
it is unclear what kind of channel state is generated under the
conditions of crystallization, it can be argued that the condi-
tions drive VSDs into a state described as closed-relaxed state
(Villalba-Galea et al., 2008; Jensen et al., 2012). However, fur-
ther structural and functional studies are required to correlate
functional channel state with appropriate structure.

2) Which state is the thermodynamically preferred state of the
pore in the absence of voltage-sensors in Shaker and in distantly
related ion channels? Finding a clear-cut answer to this ques-
tion is important for understanding the nature of constitutive
conductance of ion channels.
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FIGURE 3 | Gmin–V 1/2 relationship in KCNQ1 and HCN2 channels.
(A) V 1/2–Gmin correlation according to mutation-induced gating
perturbations analysis of KCNQ1 (Ma et al., 2011) (B) V 1/2–Gmin correlation
for HCN2 channel calculated from published studies (Chen et al., 2001;
Decher et al., 2004). Mutant channels showing Gmin values larger than 0.7

are omitted (see restriction Gmin <1; Ma et al., 2011). Dashed lines
correspond to a theoretical calculation based on a simple allosteric gating
scheme proposed earlier (Ma et al., 2011). Parameters are as follows:
HCN2 Kv=1.2×10−3; Z=2.27; b=13.6, KCNQ1 Kv=4.2×10−2;
Z =2.37; b=1.59×103.

Extending the scanning mutagenesis studies to the single chan-
nel level will allow a more profound evaluation of coupling
properties. Single channel recordings will provide us with valu-
able information on single channel conductance, duration of
closed and opened states, maximal open probability and open
probability at hyperpolarized potentials. Ideally, single channel
measurements can be combined with structural studies (Sonnleit-
ner et al., 2002). Applying novel techniques, such as solid-state
NMR spectroscopy on Kv channels will certainly provide answers
as well as raise new questions about the molecular mechanisms

underling the electromechanical coupling and about its role in
shaping voltage-gated properties of ion channels.
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Kv channels form voltage-dependent potassium selective pores in the outer cell membrane
and are composed out of four α-subunits, each having six membrane-spanning α-helices
(S1–S6). The α-subunits tetramerize such that the S5–S6 pore domains co-assemble into a
centrally located K+ pore which is surrounded by four operational voltage-sensing domains
(VSD) that are each formed by the S1–S4 segments. Consequently, each subunit is capa-
ble of responding to changes in membrane potential and dictates whether the pore should
be conductive or not. K+ permeation through the pore can be sealed off by two separate
gates in series: (a) at the inner S6 bundle crossing (BC gate) and (b) at the level of the
selectivity filter (SF gate) located at the extracellular entrance of the pore. Within the last
years a general consensus emerged that a direct communication between the S4S5-linker
and the bottom part of S6 (S6c) constitutes the coupling with the VSD thus making the BC
gate the main voltage-controllable activation gate. While the BC gate listens to the VSD,
the SF changes its conformation depending on the status of the BC gate.Through the eyes
of an entering K+ ion, the operation of the BC gate apparatus can be compared with the
iris-like motion of the diaphragm from a camera whereby its diameter widens. Two main
gating motions have been proposed to create this BC gate widening: (1) tilting of the helix
whereby the S6 converts from a straight α-helix to a tilted one or (2) swiveling of the S6c
whereby the S6 remains bent. Such motions require a flexible hinge that decouples the pre-
and post-hinge segment. Roughly at the middle of the S6 there exists a highly conserved
glycine residue and a tandem proline motif that seem to fulfill the role of a gating hinge
which allows for tilting/swiveling/rotations of the post-hinge S6 segment. In this review we
delineate our current view on the operation of the BC gate for controlling K+ permeation
in Kv channels.

Keywords: bundle crossing gate, glycine and PXP hinge point, pore opening and closure, selectivity filter, shaker
potassium channel, voltage-dependent gating

INTRODUCTION
Potassium (K) channels form transmembrane permeation path-
ways (pores) with a high selectivity for K+ over other monova-
lent ions like Na+. In vivo, these channels are responsible for
repolarizing the membrane potential back to its resting condi-
tion following an action potential, to set the resting membrane
potential of the cell and to determine the action potential firing
rate (Hille, 2001). The biophysical properties and abundance of
these channels shape the time course of the action potential, and
constitute a critical determining factor of cellular excitability. To
serve their in vivo role, the flow of K+ needs to be strictly con-
trolled and channels need to be able to actively open or close
their pore in response to varying stimuli such as changes in pH or
Ca2+/ligand concentration. In the case of voltage-gated potassium
(Kv) channels, which are the predominant K channels shaping the
action potential duration, this stimulus is a change in membrane
potential.

A typical Kv channel is composed of four individual α-subunits
(MacKinnon, 1991), each containing six membrane spanning
helices (S1–S6) organized to form a central K+ pore with the S5

and S6 segments (Figures 1A,B; Doyle et al., 1998; Long et al.,
2005). The S4 segment is positively charged and assembles with
the S1–S3 segments into a voltage-sensing domain (VSD) that
detects changes in membrane potential. Since each subunit has
its own VSD, a functional channel consists out of one centrally
located K+ pore that is surrounded by four operational VSDs.
Membrane re- or depolarization creates a force on the VSD caus-
ing its movement. This molecular rearrangement is transmitted via
an electromechanical coupling to the channel’s activation gate(s)
that seals off the K+ pore. K+ permeation can be sealed off by two
separate gates in series: (a) at the inner S6 bundle crossing (BC;
Liu et al., 1997; del Camino and Yellen, 2001) and (b) at the level
of the selectivity filter (SF; Liu et al., 1996; Loots and Isacoff, 1998;
Cuello et al., 2010b). An in depth review on the operation of the
VSD and electromechanical coupling has been given by others in
this research topic of Frontiers in Pharmacology (Blunck and Bat-
ulan, 2012; Delemotte et al., 2012; Vardanyan and Pongs, 2012).
Here we delineate the current view on the operation of the chan-
nel’s activation gate for which most of our understanding comes
from studies in the prototypical Shaker Kv channel. Therefore the
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FIGURE 1 |Topology of K channels. (A) Cartoon of the six
transmembrane segment (S1–S6) one P-loop (6Tm-1P) topology of a Kv
channel α-subunit with both amino (NH2) and carboxyl (COOH) terminus
located intracellular. The S1–S4 segments form the VSD (represented in
gray) and the S5-P-loop-S6 region assembles with three other pore
domains into the K+ permeation pathway. (B) Top view (from the
extracellular side) of the 3D structure of the Kv1.2 channel (protein data
bank accession code 2A79; Long et al., 2005). To illustrate the fourfold
symmetrical assembly of the α-subunits into a functional channel, one
α-subunit is represented in red. In the other subunits the pore region
(S5-P-loop-S6) is colored blue and the VSD (S1–S4) is represented in gray.
Note that the pore regions form a centrally located K+ pore that is
surrounded by four independent VSDs. (C) Side view of the pore module
of the 2Tm-1P K channel KcsA that was crystallized in the closed state
(protein data bank accession code 1BL8; Doyle et al., 1998). The first
transmembrane segment M1 (which resembles S5 in Kv channels) locates
at the periphery and faces the lipid bilayer whereas the second
transmembrane segment M2 (corresponding to S6) forms the inner pore
helix. The front and back α-subunit are omitted to illustrate the layout of the
K+ permeation pathway that – from the intracellular to the extracellular

side – can be divided in three recognizable sections; (1) a water filled inner
tunnel, (2) a wider 12 Å in diameter water filled cavity, and (3) a narrower
outer tunnel that forms the ion selectivity filter (SF) that dictates K+

selectivity. Both the inner tunnel and the central cavity are formed by the
inner pore helices that cross the membrane under an angle of ∼25˚
making the resemblance with an inverted teepee (Doyle et al., 1998). The
K+ pathway contains two energy barriers for K+ that function as a gate: (1)
at the bundle crossing (BC) of the M2/S6 helices (BC gate) that forms a
barrier for hydrated K+ and (2) the SF that allows passage of K+ ions which
have shed their hydration shell. (D) Sequence alignment of the inner pore
helix of the pore module (S6 and M2 segment, respectively), and the
P-loop that forms the channels SF which contains the TVGYGD signature
sequence (highlighted in brown) for a K+ selective channel (Heginbotham
et al., 1994). Highlighted in red is the highly conserved glycine residue in
the middle of the inner pore helix. The PXP motif present in Kv channels is
highlighted in yellow. Note that in the “silent” Kv channels (KvS, with the
Kv6.2 member represented) the second proline of the PXP motif is
lacking. The residues proposed to seal off the K+ pore in Shaker (gate
residues V478 and F484) are highlighted in blue and the residues at the
level of the BC in KcsA are highlighted in purple.
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detailed findings and residue numbering are from Shaker unless
mentioned otherwise.

LOCATION OF THE BUNDLE CROSSING GATE
The first evidence for the presence of a voltage-controllable gate
that seals off K+ permeation at the intracellular entrance of the
channel pore came from blocking experiments in giant squid
axons using quaternary ammonium (QA) derivatives such as
tetraethylammonium (TEA). These seminal studies showed that
intracellularly applied QA derivatives blocked the K+ current
only after opening of the channels (Armstrong, 1966, 1971; Arm-
strong and Hille, 1972). Furthermore, when the QA derivatives
were bound and induced current block, they impeded the closure
of the intracellular gate during membrane repolarization mak-
ing the resemblance with a foot in the door mechanism. About
20 years later the first Shaker Kv channel was cloned (Papazian
et al., 1987; Timpe et al., 1988), and the drug blocking experiments
were repeated yielding similar results (K+ permeation through
these Shaker channels behaved like the K+ currents in giant squid
axons) strengthening the hypothesis of a gate at the intracellu-
lar entrance of the K+ pore (Choi et al., 1993). With a growing
number of cloned Kv channels and improved molecular biology
techniques, structure-function mutagenesis studies indicated that
residues within the S6 transmembrane segment affected the bind-
ing affinity for these QA derivatives (Hartmann et al., 1991; Yellen
et al., 1991; Choi et al., 1993; Shieh and Kirsch, 1994; Taglialatela
et al., 1994). These results provided the first evidence for the S6
segment being involved in lining the K+ permeation pathway and
housing the intracellularly located activation gate.

The location of this intracellular S6 activation gate was deter-
mined by investigating the chemical modification rate of intro-
duced cysteine residues by organic derivates (MTS reagents) and
Cd2+ (Liu et al., 1997). Comparison of the state-dependent acces-
sibility of several S6 residues (closed vs. open) revealed that the
residues above I477 were only modified by MTS reagents or
Cd2+ – and thus accessible – when the channel gate was open.
Residues below I477 were always accessible and no difference was
observed between a closed or open gate conformation. The fact
that modification of all tested residues was prevented by larger
QA derivatives indicated that these residues effectively line the K+

permeation pathway. From the different residues tested, V474C
showed the highest difference in modification rate between the
closed and open conformation (Liu et al., 1997; del Camino
and Yellen, 2001). Although Cd2+ binding to V474C and chan-
nel block occurred irreversibly, the unblock could be monitored
using reducing reagents (e.g., DTT) and appeared to be highly
voltage-dependent suggesting that residue V474 is located above
the gate residue(s) that seal off the K+ pore. The observation that
the Cd2+ block did not affect the voltage-dependent gating kinet-
ics of the channel led the authors to propose, based on testing
different gating schemes, that the position of the cysteine does not
change much between the closed and open gate conformation.
This supported the hypothesis that the voltage-dependent acces-
sibility to this residue was not because it lies buried within the
channel protein in the closed state but because it effectively lines
the K+ permeation pathway and access to it is controlled by the
intracellular S6 activation gate below this level (Liu et al., 1997;
Webster et al., 2004).

Since the access of Cd2+, that is smaller in size than K+, was well
controlled by this intracellular S6 activation gate it was conceiv-
able that also K+ would be retained. However, Cd2+ is a divalent
and has a stronger hydration shell than K+ making it not a perfect
substitute. Repeating the accessibility studies with the monova-
lent silver Ag+ ion (that serves as a better substitute for K+ than
Cd2+; Lue and Miller, 1995) showed a 700-fold difference in the
modification rate of V474C between the closed and open channel
conformation. These data showed that the K+ flow can be sealed
off at the level of his intracellular S6 activation gate (del Camino
and Yellen, 2001). However, since also the access of much bigger
QA derivatives is controlled, this intracellular S6 activation gate is
most likely not involved in determining K+ selectivity and its sole
role would be to control the K+ flow.

THE INTRACELLULAR CHANNEL GATE WORKS AS A
HYDROPHOBIC SEAL
The studies detailed above strongly supported the notion for the
presence of an activation gate for K+ ions in the bottom part of
the S6 segment (around or below residue I477) at the intracellu-
lar entrance of the channel pore (Liu et al., 1997). In an extensive
mutagenesis scan of the S6 to pinpoint the gate residue, all residues
were mutated to either a tryptophan or alanine (Hackos et al.,
2002). Tryptophan was used to increase side-chain volume sub-
stantially as to narrow the gate and promote the closed state. On the
contrary, an alanine would reduce side-chain volume and might
increase the gate radius which would promote channel opening.
The scan revealed residues V478 and F484 as strong candidates to
be the effective gate residue(s) (Figure 1D; Hackos et al., 2002). In
agreement, substituting P475 by a charged aspartate (that results
in charge-charge repulsion and thus promotes gate widening)
resulted in a constitutive conducting K+ pore (Sukhareva et al.,
2003). Mutating F484 to a cysteine reduced not only the open
probability but also the single-channel conductance supporting
that this residue forms an energy barrier for electrodiffusion of
K+ ions (Ding and Horn, 2002). The fact that both candidates for
being the gate residue(s) were not charged or strongly polarized,
favored the idea that the nature of the gate relied on creating a
hydrophobic barrier for K+ ions instead of an electrostatic field
effect (del Camino and Yellen, 2001). Accordingly, the channel
gate could be trapped in the closed conformation by a tryptophan
substitution for residue V478 that resulted in the formation of a
hydrophobic seal, strengthening the idea that the gate residue(s)
form(s) a steric hindrance for K+ permeation (Kitaguchi et al.,
2004). Energy calculations indicated that with a strong constric-
tion and small pore radii (<2 Å) the energy barrier for K+ to
pass indeed originates from Van der Waals interactions (i.e., a
hydrophobic seal; Tai et al., 2009).

The elucidation of the 3D crystal structure of the two trans-
membrane one pore (2Tm-1P) K channel KcsA, a prokaryotic K
channel that is not gated by voltage, provided the first detailed
picture of a channel pore and greatly advanced our understanding
of ion permeation (Doyle et al., 1998). The two transmembrane
segments (M1 and M2) of KcsA correspond to the S5 and S6 seg-
ments of the Shaker Kv channel and could even substitute them
(Lu et al., 2001). The initial suggestion that the KcsA structure
represents a well conserved outline of a K+ pore found in many
types of K channels has been confirmed by the crystallization of
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other K channels (Jiang et al., 2002a; Tao et al., 2009) includ-
ing the voltage-gated bacterial KvAP channel (Jiang et al., 2003)
and more recently the Shaker-related Kv1.2 channel (Long et al.,
2005, 2007). The pore, formed by either the M1–M2 or S5–S6
segments and the P-loop between them, shows a fourfold symme-
try whereby the individual α-subunits arrange themselves around
the ion-conducting pathway that can be divided in three regions.
From the intracellular to the extracellular side, the pathway starts
with (1) a water filled tunnel which opens into (2) a wider water
filled cavity. Both these regions are delineated by the four inner
hydrophobic pore helices (the M2 or S6 segments) that cross the
membrane under an angle of ∼25˚ (Figure 1C). At the end of the
cavity starts (3) a second narrower outer tunnel that is formed by
the P-loops and forms the channel’s SF that dictates K+ selectivity.

Since the M2 helices in KcsA traverse the plasma membrane
under an angle of ∼25˚ and cross each other at the intracellular
entrance of the pore, the resemblance was made with the sup-
porting rods of an inverted teepee (Doyle et al., 1998). At the BC
point of the four helices the channel pore is constricted such that
it would be impossible for K+ to pass, indicating that the ini-
tial KcsA structure represented the closed conformation. Based
on sequence alignment (Figure 1D), the residues that appeared in
Shaker to be accessible only in the open channel conformation are
indeed located above this BC point. Therefore, this BC of the M2
(S6) helices most likely forms the intracellular activation or BC
gate. As previously suggested, this BC gate controls the K+ flow
but does not dictate K+ selectivity which is limited to the SF.

Later, another 2Tm-1P prokaryotic K channel (KirBac1.1) was
crystallized in the closed state showing a similar pore architecture
as KcsA (Kuo et al., 2003): the M2 helices formed a BC gate and
a central cavity that could house hydrated K+ ions lowering the
energetic cost for putting a charged ion in the middle of the lipid
bilayer (Doyle et al., 1998; Roux and MacKinnon, 1999). Both
structures suggested that closure of the BC gate does not involve
a large scale collapse of the permeation pore but is limited to a
pore constriction at the level of the BC point. This is further evi-
denced by the observation that QA derivatives could be trapped
behind the intracellular activation (BC) gate upon channel clo-
sure in the Shaker pore mutant I470C (Holmgren et al., 1997).
This indicated that in the I470C mutant there is sufficient room
behind the BC gate to house QA derivatives up to a diameter of
8–10 Å. Bigger derivatives do not fit completely and by sticking
out they function as a foot in the door keeping the BC gate open
upon membrane repolarization that normally promotes channel
closure. In the hERG (Kv11.1) Kv channel the space behind the BC
gate is even larger than in Shaker as also bigger components could
be trapped (Mitcheson et al., 2000). Consequently, the BC gate acts
as a trap door mechanism for QA derivatives and small blockers
such that they are retained within the central cavity behind the
closed BC gate (Holmgren et al., 1997; Liu et al., 1997). The crys-
tallization of KcsA in the presence of tetrabutylammonium and
subsequent structure determination showed that QA derivates can
indeed occupy the central cavity when the channel is closed (Zhou
et al., 2001).

Such a trap door mechanism for BC gate operation strengthens
the concept that channel closure does not involve mayor rearrange-
ments of the permeation pathway, i.e., a full collapse of the central

cavity. However, recent MD simulation studies pointed to the role
of hydrophobic changes and dewetting (water leaving) of the pore
and cavity for controlling the K+ flow in Kv channels (Jensen et al.,
2010, 2012). Previous simulations on simple nanopores showed
that a hydrophobic pore with a diameter of 6 Å forms already a
considerable energy barrier for water and consequently hydrated
K+ ions. This indicates that the BC gate does not need to physically
occlude completely to a diameter smaller than the size of a K+ ion
(2.66 Å diameter) in order to be functionally closed and shut off
the K+ flow (Beckstein et al., 2003, 2004). In the recently proposed
hydrophobic gating mechanism for Kv channels, BC gate closure
is preceded by dewetting the pore which is sufficient to terminate
the K+ flow. Conversely, BC gate opening proceeds after rehy-
dration of the pore. These dewetting and rehydration processes
involve effective rearrangements of the pore and a partial col-
lapse of the central cavity (Jensen et al., 2010, 2012). Therefore,
the hypothesis that the cavity is structurally different between the
closed and the open channel state is quite conceivable but a full col-
lapse seems unlikely as it would be inconsistent with the trapping
of QA derivatives and other drugs behind the BC gate.

BC GATE MOVEMENT IS UNDER CONTROL OF THE VSD
The BC gate appears to comprise the V478 and/or F484 residues
that seal off the permeation pathway by forming a hydrophobic
constriction (Figure 1D). The observation that (a) accessibility
of an introduced cysteine at residue position 474, located above
this hydrophobic seal, followed the voltage-dependence of channel
opening and (b) mutations in the BC gate region affected the VSD
movement (Ding and Horn, 2003) strongly indicated that the BC
gate communicates directly with the VSD and forms the channel’s
main voltage-controllable activation gate.

The conductance for K+ in the closed state was estimated to
be about 100,000 times lower than that of the open state showing
tight closure of the ion pore (Soler-Llavina et al., 2003). It has been
well established that the channel traverses multiple closed states
before reaching the “activated-not-open” state followed by a final
transition that results in BC gate opening (Bezanilla et al., 1994;
Zagotta et al., 1994; Schoppa and Sigworth, 1998; Zandany et al.,
2008). Most of these states reflect different VSD conformations but
also the status of the BC gate is different between the activated and
the open state (del Camino et al., 2005). This raises the question
whether conformational changes of the BC gate in the pre-open
states are sufficient to allow ion permeation and result in different
conducting states. Due to its fourfold symmetry each channel has
four S6 gate regions that each communicate with their own VSD
(Labro et al., 2005). For Shaker it is generally assumed that the four
S6 gate regions operate in a cooperative manner and that BC gate
opening occurs in a concerted step (Zandany et al., 2008) when all
four VSDs have reached their activated state. However, this does
not need to be a universal rule and pre-open BC gate movements
might be sufficient to allow passage of K+ ions in certain K chan-
nels. In the case of the Kv2.1 channel (previously named drk1),
that has a higher single-channel conductance than Shaker, sub-
conductance levels for K+ have indeed been observed in the early
steps of channel opening and during channel closure (Chapman
et al., 1997; Chapman and VanDongen, 2005). This suggests that,
at least for Kv2.1, the movement of one S6 helix is sufficient to
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have partial pore opening which results in subconductance lev-
els. Accordingly, occupancy of the first subconductance state was
linked to the movement of the first of the four VSDs (Chapman
and VanDongen, 2005).

Possibly, these independent S6 movements can only be
observed directly as subconductance states in K+ channels with a
relative high single-channel conductance: in channels with lower
single-channel conductance the amplitude of the subconductance
states would be too low and hidden within the noise. Alternatively,
a tight packing of the S6 helices at the BC imposes a high coop-
erativity in the movement of the S6 helices and BC gate making
the subconductance states too short lived to be detected (Gagnon
and Bezanilla, 2010). In Shaker the BC gate constriction (S6 bun-
dle packing) in the closed state is probably very tight and BC gate
opening occurs in a concerted step that could be isolated by intro-
duction of the ILT mutations in the channel’s gating machinery
(Ledwell and Aldrich, 1999). Using a mutant Shaker construct that
displays an increased single-channel conductance and an open
state stabilization, subconductance levels were observed during
both channel activation and deactivation supporting that sub-
conductance states also exist in Shaker but are too short lived
or too small to be detected directly (Zheng and Sigworth, 1997,
1998). When the channel opens, the BC gate widens and the S6
BC becomes less packed. Using hidden Markov model analysis
subconductance states could indeed be resolved during deacti-
vation of Wild-Type Shaker channels (Zheng et al., 2001). Since
these subconductance states reflect the behavior of individual sub-
units, this predicts that ionic current deactivation should follow
VSD return. Detailed studies on the movement of the VSD of
Shaker indeed revealed such a correlation and full BC gate clo-
sure (shutting off the K+ flow) occurred only when the last VSD
had returned to its rested state (Bezanilla et al., 1991). Although
these data suggest the presence of subconductance levels, shutting
down the K+ flow is most likely not a gradual process that devel-
ops with each subunit moving as the largest decay in ionic current
deactivation (more than 3/4 of the total amplitude) precedes full
gating charge return (Varga et al., 2002). Recent MD modeling
studies showed that closure of the S6 gate region from one sub-
unit is sufficient to prevent almost any hydrated K+ from passing
the BC gate indicating that the VSD return of one subunit causes
the largest drop in K+ flow through the pore (Jensen et al., 2010,
2012).

THE BC DIAMETER AS POTENTIAL BASIS FOR SINGLE-
CHANNEL CONDUCTANCE AND SUBCONDUCTANCE LEVELS
The underlying structural basis for these subconductance levels in
Kv2.1 channels has not been unequivocally determined but most
likely they find their origin in individual S6 movements. However,
since K+ conduction in the closed state is about 100,000 times
lower than in the open one (Soler-Llavina et al., 2003) but Ag+

and Cd2+ modification of residue V474C displays only a 700-
fold difference between both states (del Camino and Yellen, 2001),
one may question whether the BC gate is solely responsible for
controlling the K+ flow. Within the mechanism of hydrophobic
pore gating (discussed above) these contradicting data could be
reconciled if K+ flow is halted by dewetting the pore which does
not require a fully closed BC gate (Jensen et al., 2012). On the
other hand, it has been shown that the subconductance levels in

the T442S Shaker chimera have a different ion selectivity suggest-
ing that also the SF is involved (Zheng and Sigworth, 1997). Since
S6 undergoes overall structural changes upon BC gate opening
that are transmitted upward along the S6 helix and can trigger
the closure of the SF during the process of C-type inactivation
(Cuello et al., 2010a,b), it is possible that the conformation of
the SF also differs when the BC gate is open or closed. In this
speculative scenario the SF would have three main conforma-
tions; (1) the SF is in an intermediate conducting state when the
BC gate is closed but converts to (2) a higher conducting state
upon BC gate opening and finally (3) collapses during C-type
inactivation (Figure 2A). The observed changes in ion selectiv-
ity are in support of this scenario that implies the presence of
two activation gates. Fluorescence lifetime spectroscopy in KcsA
channels showed indeed a discrepancy between BC gate opening
and actual K+ conduction pointing to a role of the SF as a sec-
ond gate (Blunck et al., 2006). Interestingly, in several 2Tm-1P K
channels (Claydon et al., 2003; Clarke et al., 2010) and in 6Tm-
1P cyclic nucleotide gated and Ca2+ gated eukaryotic K channels,
K+ permeation seems to be fully controlled at the level of the SF
(Sun et al., 1996; Flynn and Zagotta, 2001; Contreras et al., 2008;
Thompson and Begenisich, 2012). Although in Kv channels K+

permeation appears to be mainly controlled by the BC gate, there
is strong evidence for a direct communication between the BC
gate and the SF (Panyi and Deutsch, 2006; Cuello et al., 2010a,b).
Since in most Kv channels full BC gate opening develops dur-
ing a final concerted step, intra-subunit pre-open S6 movements
might already result in rearrangements of both the central cav-
ity and the SF. It has been shown that the conformation of the
BC gate (and consequently S6) in the pre-open state differs from
the closed and the open one (del Camino et al., 2005). Further-
more, MD simulations show that subtle motions in the side chains
of S6 residues can alter the behavior of the subunits and affect
larger scale rearrangements (Denning and Woolf, 2010). Such a
mechanism of pre-open S6 movements can form the basis for
closed state inactivation in certain types of Kv channels (Barghaan
and Bahring, 2009; Bahring and Covarrubias, 2011; Bahring et al.,
2012) and might explain the modulating role of individual Kv
α-subunits in a heterotetrameric configuration as in Kv6.4/Kv2.1
channels (Bocksteins et al., 2012).

Although the exact gate movements remain largely undefined,
they must involve movement of the S6 helices relative to each
other because a metal bridge between V476C and H486 in adja-
cent subunits can lock the BC gate in the open state (Holmgren
et al., 1998). This strongly suggests that the opening and closure
of the BC gate involves larger scale movements of the bottom
part of the S6 (S6c) segment. This brings us to the question, does
the diameter of BC gate opening determines the single-channel
conductance? Residue substitutions in the BC gate vicinity indeed
affected the single-channel conductance of Kv channels supporting
that the BC gate forms an energy barrier that can affect the K+ flow
rate (Lopez et al., 1994; Shieh and Kirsch, 1994; Ding and Horn,
2002). Substituting the S6 in Shaker by Kv3.1 sequence, which has
a higher single-channel conductance, indeed resulted in a Shaker
chimera that displayed an increased single-channel conductance
compared to WT channels (Lopez et al., 1994; Taglialatela et al.,
1994). Within this chimera the sequence of the SF was conserved
and exchanging the SF region between Shaker and Kv3.1 had
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FIGURE 2 | Overview of the gating mechanisms for pore opening in K
channels. (A) Cartoon representation of a gating mechanism involving the
sequential opening of two gates: the BC and SF gate. Assuming that the SF
is in an intermediate conducting state in the closed channel conformation,
the channel has both its SF and BC gate closed. Upon membrane
depolarization (or other stimulus that triggers channel opening) the BC gate
opens but the SF remains in its intermediate conducting state. This BC gate
opening subsequently triggers the SF to open and results in full channel
opening. Upon prolonged depolarization (or other stimulus) the SF collapses
and the channel enters the inactivated state. (B) KcsA/MthK gating
mechanism that involves conversion of a straight inner M2 pore helix
(closed conformation) into a conformation whereby the M2 helix splays
open at the level of a conserved glycine residue (G99 in KcsA). On top the
3D crystal structures of KcsA on the left (closed state) and MthK on the
right (open conformation, protein data bank accession code 1LNQ; Doyle
et al., 1998; Jiang et al., 2002a). Note the different conformation of the M2
helix that tilts at the level of a glycine residue in the middle of the helix
(indicated in red). Below a cartoon representation of the proposed gating
mechanism whereby the glycine forms a hinge point (indicated in red) and

opening of the BC gate requires tilting of the post-hinge M2 segment. (C)
Proposed gating mechanism for Shaker -type Kv channels. On the right the
3D crystal structure of the Kv1.2 channel in the open conformation and on
the left a model for the closed state built by Pathak et al. (2007). Note that
the inner S6 pore helix remains bent in both closed and open conformation
resulting in the “bent-open S6 model” for channel gating. The glycine
counterpart that forms the hinge in KcsA/MthK is G466 (indicated in red).
However, the bend in S6 is not at this glycine residue but at the conserved
PXP motif (colored yellow) located seven residues further downstream.
Below a cartoon representation of the proposed gating mechanism whereby
G466 is indicated with a red dot. In contrast to the mechanism in (B), most
of the reorientations in S6 occur in the vicinity of the PXP motif. (D)
Illustration for the location of the stimulus sensor in KcsA/MthK vs. Kv
channels. Left: the 3D structure of KcsA with the pH sensor (Ca2+ sensor in
case of MthK) indicated with a purple sphere that locates in the C-terminus
underneath the inner M2 pore helix. Right: the Kv1.2 structure with the VSD
indicated with a purple bar situated besides/adjacent to the K+ pore. The
different location of the stimulus sensor that controls the status of the BC
gate may explain their different gating mechanism proposed in (B,C).
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indeed no impact on the single-channel conductance (Taglialatela
et al., 1994). Accordingly, the different types of K channels crys-
tallized to date display a very similar SF structure although they
have quite different single-channel conductances. Therefore, the
SF is most likely not involved in tuning the conductance to this
extent, but its configuration is mainly conserved and optimized
to highly discriminate K+ over Na+ at a 1000:1 ratio and at
the same time allowing K+ flow at a high rate (∼107 ions s−1;
Morais-Cabral et al., 2001). Although more experimental support
is needed, it appears that the BC gate not only seals off the pore
when closed but also controls the K+ flow rate when open (i.e.,
the single-channel conductance). Consequently, an alternative and
more speculative explanation for the presence of subconductance
levels is the existence of intermediate conducting BC gate con-
formations that originate from non-concerted S6 movements of
individual subunits. Indeed, recent studies on the gating mecha-
nism of Kv7.1 (KCNQ1) channels showed that BC gate opening
in this type of Kv channels does not require that all four VSDs
have moved to their activated state (Ma et al., 2011; Osteen et al.,
2012). Although Kv7.1 may be an isolated case, such gating mech-
anism yields several “intermediate” open states of the BC gate that
originate from individual VSD movements.

Although the SF may function as a second gate in series to the
BC gate and may undergo conformational changes during acti-
vation, most likely the BC gate remains the main activation gate
in Kv channels that is under tight control of the VSD. Over the
past years a general consensus arose that in most Kv channels
the electromechanical coupling that links the BC gate region with
the VSD originates from a molecular communication between
the S4S5-linker (S4S5L) and S6c (see Blunck and Batulan, 2012;
Vardanyan and Pongs, 2012 in this research topic of Frontiers in
Pharmacology). Subsequently, these S6c movements that lead to
BC gate opening are also transmitted along the entire six helix up
to the level of the SF that can respond by changing its conforma-
tion. The induced conformational change might destabilize the
SF and trigger C-type inactivation that results in a full collapse
of the SF when all the K+ ions have left the SF (Baukrowitz and
Yellen, 1996; Ogielska and Aldrich, 1999). Consequently, altering
the K+ concentration in the extracellular or intracellular milieu
(affecting the K+ flow through the channel pore) affects the speed
of C-type inactivation (Lopez-Barneo et al., 1993; Baukrowitz and
Yellen, 1995). Interestingly, these K+-dependent effects on SF gat-
ing and C-type inactivation in general are reflected in the speed
of BC gate opening and closure (Starkus et al., 1997; Ader et al.,
2009). This indicates that the communication between both gates
is mutual and that molecular motions within the SF (i.e., during
C-type inactivation) may modulate the behavior of the BC gate
which is controlled by the VSD.

MOVEMENTS OF THE BC GATE IN THE TRANSITION FROM
CLOSED TO OPEN
The observation that the BC gate could be locked open by the
formation of an inter-subunit Cd2+ bridge between an intro-
duced cysteine at position V476 (located above the BC) and H483
(located below it) indicated that BC gate opening required move-
ments around the BC point (Holmgren et al., 1998). Electron
paramagnetic resonance (EPR) studies of spin-labeled introduced

cysteine residues in the vicinity of the BC region in KcsA showed
translations and counterclockwise rotations of the M2 helices dur-
ing BC gate opening. From these distance measurements a gating
mechanism was proposed whereby the M2 helices tilt away from
the central pore axis and the BC forms an apparatus that from a
top view opens and closes like the diaphragm of a camera (Perozo
et al., 1999; Liu et al., 2001).

In 2002 the prokaryotic 2Tm-1P Ca2+-activated K channel
MthK was the first K channel to be crystallized in the open confor-
mation. This structure showed indeed a tilted M2 helix that splays
open below the level of a highly conserved glycine residue (G466
in Shaker ; Jiang et al., 2002a). Comparing this “bent open” MthK
structure with KcsA supported a gating mechanism whereby the
M2 helices convert from an almost straight α-helical closed con-
formation to a bent-open one (Jiang et al., 2002b; Figure 2B).
Mass tagging experiments in KcsA support this gating model as
substantial movements of the intracellular half of the M2 helix
were observed during BC gate opening (Kelly and Gross, 2003).
An open KcsA model based on the MthK structure suggested that
the bottom part of the M2 segment tilts away from the central
axis such that the BC point widens up to a 12 Å pore diameter
allowing large drug molecules to access the central cavity (Jiang
et al., 2002b). Resolving the open state structure of both KcsA
(Cuello et al., 2010a,b) and the KirBac3.1 (Bavro et al., 2012) chan-
nel showed indeed the bending of the M2 helix whereby the BC
widens to a diameter of about 10 Å, which is somewhat smaller
than the pore widening in MthK (Liu et al., 2001; Uysal et al.,
2011).

While this M2 tilting away from the central pore axis is a very
elegant gating mechanism, the question remained whether the BC
gate in Kv channels operates in a similar way. The first question is
whether the original KcsA and KirBac1.1 structures resemble the
closed state of the BC gate in Shaker. The finding that the modi-
fication of cysteine residues within S6c is protected by application
of pore blockers strongly dispelled this idea and suggested that the
S6 helix in Shaker remains partly bent even in the closed state (del
Camino et al., 2000). Second, Cd2+ bridging studies of accessible
cysteine residues provided distance constraints and suggested that
the S6c after the BC point remains closer together in the open
conformation than in MthK (Webster et al., 2004). This view was
confirmed with the 3D crystal structure of the Kv1.2 channel in
the open state, but the BC constriction still widens up to 12 Å
in diameter which easily allows access of QA derivatives (8–12 Å
in diameter; Long et al., 2005). These results resulted to a bent
S6 model of the BC gate in Shaker for both the open and closed
conformation excluding a mechanism whereby the S6c switched
between a straight α-helix and a bent-open situation (del Camino
et al., 2000; Webster et al., 2004). Furthermore, this bending of
S6 does not occur at G466 but at a conserved PXP motif (P473-
X-P475) located further down in S6 (Figure 1; del Camino et al.,
2000; Long et al., 2005).

Thus while in all K channels investigated to date, an increase in
diameter at the level of the BC explains channel opening, the mol-
ecular rearrangements appear different. Whereas BC gate opening
in the 2Tm-1P channels appears to involve conversion of the M2
helix from a straight to a bent conformation, the S6 helix in Kv
channels remains kinked at the level of a conserved PXP motif
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resulting in a bent-open S6 conformation in both the open and
closed state (Figures 2B,C). One notable exception might be the
Kv11.1 (hERG) channel that similar as the 2TM-1P channels lacks
these proline residues in S6c making its BC gate structure and
gating mechanism different (Cheng and Claydon, 2012). Never-
theless, in both mechanisms of BC gate opening the molecular
movements at the S6c are most likely detected by the SF gate.
Crystallographic studies of the KcsA channel indicated that the
central located S6 residue F103 (which is the counterpart of I470
in Shaker) forms a key residue in the molecular coupling between
the BC gate and the SF (Cuello et al., 2010a,b). However, KcsA
belongs to the 2TM-1P K channels and although the commu-
nication appears to traverse mainly along the S6 segment, the
molecular coupling between BC gate and SF may be more compli-
cated in Kv channels with a 6Tm-1P topology. Indeed, investigating
the communication between BC gate and C-type inactivation at
the SF in the Kv11.1 channel showed that in addition to the S6 seg-
ment also other channel regions are involved (Wang et al., 2011).
Although these findings do not necessarily apply to all types of Kv
channels, they highlight that the coupling between BC gate and SF
might be more complex.

OPERATION OF THE BC GATE: REQUIREMENT OF A HINGE
REGION
Within either gating mechanism, the opening and closure of the
BC gate requires a flexible hinge that decouples the pre- and post-
hinge portion of the M2 or S6 helix, respectively. In the context
of their propensity to break an α-helix, both glycine and proline
residues are the obvious candidates to destabilize the helix and to
form a hinge that allows tilting or swiveling motions (Tieleman
et al., 2001; Bright and Sansom, 2003). The open pore struc-
ture of the prokaryotic channels KcsA (Cuello et al., 2010a,b),
KirBac3.1 (Bavro et al., 2012), MthK (Jiang et al., 2002a), and
KvAP (Jiang et al., 2003) showed that the bending point of the
inner pore helix is at a highly conserved glycine residue in the
middle of the helix (Guda et al., 2007). Extrapolating this to
Shaker (and other Kv channels) suggested that glycine residue 466
(Figure 1D) located about eight residues above the BC region
would act as the gating hinge (Jiang et al., 2002a,b, 2003; Yifrach
and MacKinnon, 2002; Magidovich and Yifrach, 2004). Substi-
tuting G466 in Shaker by an α-helix promoting alanine residue
indeed resulted in non-functional channels that could be rescued
by introducing a glycine one position upstream (at residue 465).
This highlights the requirement of a glycine in the middle of the S6
segment for voltage-dependent gating in Kv channels (Ding et al.,
2005).

Besides this conserved glycine, Shaker and other Kv channels
contain a tandem proline (PXP) motif seven residues more down-
stream (Figure 1D) that kinks the S6 helix and creates the bent S6
model. In contrast to KcsA, the KirBac1.1 channel has a glycine
residue (G143) at the equivalent position of the second proline
residue of the PXP motif and it was proposed to form a pivoting
point for gating while the centrally conserved G134 (equivalent
of G466 in Shaker) might be more important for protein pack-
ing (Kuo et al., 2003). However, MD simulations showed that
the M2 helix displays bending motions at both glycine positions
(Domene et al., 2005; Grottesi et al., 2005). In the Shaker-type

Kv1.5 channel, functional data underscored the need of S6-helix
destabilizing proline residues for voltage-dependent channel gat-
ing (Labro et al., 2003) and also in other Kv channels alanine
substitutions for the prolines of the PXP motif were not well
tolerated (Hackos et al., 2002; Yifrach and MacKinnon, 2002; Har-
ris et al., 2003; Bhattacharji et al., 2006; Seebohm et al., 2006).
Furthermore, exchanging the pore module of Shaker by its KcsA
counterpart that contained the glycine but not the PXP motif
resulted in electrically silent channels (Caprini et al., 2001) but a
voltage-dependent chimera was obtained when the PXP sequence
was re-introduced (Lu et al., 2002; Caprini et al., 2005). These
data underscored the importance of this PXP motif for voltage-
dependent channel gating which was further supported by the 3D
crystal structure of Kv1.2 showing that the S6 helix indeed bends
open at this PXP motif (Long et al., 2005). Interestingly, the so-
called “silent” Kv channels (that are unable to form functional
homotetrameric Kv channels) all lack the second proline of the
PXP motif (Figure 1D; Bocksteins and Snyders, 2012).

Does this PXP motif forms a rigid kink or does it function
as a flexible hinge? The observation that mutations of this motif
affect the channel’s gating kinetics (Hackos et al., 2002; Labro et al.,
2003) and that substituting the PXPV sequence in Kv1.5 by AXPP
resulted in channels that switched between a fast and a slow activa-
tion mode, strongly support the notion that this region reorients
during BC gate opening and closure (Labro et al., 2008). In addi-
tion to these functional studies, several MD simulations showed
an increased flexibility of the S6 helix in the vicinity of the PXP
motif and support the formation of a gating hinge at this level
(Mashl and Jakobsson, 2008; Imbrici et al., 2009; Denning and
Woolf, 2010). These simulations also strengthen the difference in
the mechanism of BC gate opening in channels that only pos-
sess the central glycine (KcsA/MthK) and the PXP containing Kv
channels (Choe and Grabe, 2009).

Metal-bridging studies of the V474C mutant (which is the cen-
tral residue of the PXP motif) showed that the position of the
side chain does not change much with opening suggesting that
the residue remains quite stationary during gating (Webster et al.,
2004). Although speculative, this suggests that the largest part of
the machinery that moves for opening or closing the BC gate is
around or downstream of this valine residue. Thus in Shaker-type
channels the PXP motif would form the main gating hinge or
at least creates a second one in addition to the conserved glycine
(G466 in Shaker) that is flexible in channels like KcsA, MthK, KvAP,
and GIRK4 (Jiang et al., 2002a,b, 2003; Jin et al., 2002). In KCNQ1
(Kv7.1) channels the central glycine is missing and the PAG motif
(homologous to the Shaker PXP motif, Figure 1D) is most impor-
tant for channel gating (Seebohm et al., 2006). In contrast, its
closest relative KCNQ2 does possess the central glycine and muta-
tion to an alanine is not tolerated making firm conclusions based
on sequence similarities difficult (Seebohm et al., 2006). Studies
in Kir3.4 showed that pivoting does not occur at the glycine itself
but one residue upstream (Rosenhouse-Dantsker and Logothetis,
2006). Although glycine and proline are the residues that have the
highest intrinsic propensity for destabilizing an α-helix, the effec-
tive degree of destabilization and helix rigidity is determined by the
overall residue composition of the helix (Rosenhouse-Dantsker
and Logothetis, 2006).
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In contrast to the other Kv channels, the hERG channel does
not contain a PXP motif in the S6C suggesting that its closed
state resembles more the straight α-helix KcsA conformation than
the bent-open Kv model. However, besides the centrally located
glycine, hERG contains also a glycine at the level of the PXP motif
(Figure 1D). Remarkably, both glycine residues are not impor-
tant for voltage-dependent channel gating which led to the idea
that the S6 helix of hERG is indeed more rigid than that of other
Kv channels (Hardman et al., 2007). Such a difference in rigidity
might result in a different mechanistic operation of the BC gate
(Cheng and Claydon, 2012). Depending on the preferred confor-
mation of the BC gate, the work performed by the VSD is either
to open the gate or to close it. It is quite possible that the pre-
ferred (lowest energy) conformational state of the BC gate differs
between the different types of Kv channels. For Shaker it has been
proposed that the BC gate prefers the closed conformation because
mutations more often promote the open state than the closed one
indicating that the latter is harder to affect and thus represents
the intrinsic lower state (Yifrach and MacKinnon, 2002). How-
ever, some caution is needed because if the mutation distorts the
coupling with the VSD then the opposite is true which might be
the scenario in the hERG and KCNQ1 channels (Tristani-Firouzi
et al., 2002; Ferrer et al., 2006; Choveau et al., 2011; Labro et al.,
2011). Furthermore, the work performed by the VSD might also
be dual since both the open and closed conformations of the BC
gate represent an energetic minimum. Indeed, it has been shown
that BC gate opening stabilizes the VSD in the open conformation
(Batulan et al., 2010). Consequently, the VSD needs to pull the BC
gate open, but once the gate is fully open the VSD needs to push
actively to close it again (Jensen et al., 2012).

In conclusion, K channels contain two gates in series: (1) the
BC gate located at the intracellular BC of the inner pore helix (M2
or S6) and (2) the SF gate at the extracellular end of the pore
(Figure 1C). Consequently, upon membrane depolarization the
K+ pore traverses a sequence of events that most likely includes

the following conformations (excluding closed state inactivation):
(1) BC-closed/SF-intermediate, (2) BC-open/SF-intermediate, (3)
BC-open/SF-open, and (4) BC-open/SF-inactivated (Figure 2). In
Kv channels, and most likely also the other types of K channels,
the BC gate is the main activation gate that is under control of
various environmental stimuli such as the membrane potential.
From the point of view of the K+ ion, the BC gate apparatus
displays an iris-like motion at the level where the inner helices
cross similar to the opening or closure of the diaphragm from
a camera. Two main gating mechanisms have been proposed, in
case of the 2TM-1P K channels KcsA and MthK the inner M2
pore helix tilts away from the central K+ permeation pathway and
converts from an almost straight α-helix conformation (BC gate
closed) to a bent one (BC gate open; Figure 2B). In Kv chan-
nels the inner S6 pore helix remains bent in both the open and
the closed state (bent-open S6 model) displaying most likely more
swiveling motions (Figure 2C). The difference between inner pore
(BC gate) movements may find its origin in their mechanism of
channel opening/closure: BC gate opening in KcsA or MthK relies
on pH or Ca2+ sensing that involves structural changes in the C-
terminally located pH/Ca2+ sensing domain (Jiang et al., 2002a;
Thompson et al., 2008; Uysal et al., 2009, 2011); in contrast, the
BC gate in Kv channels is under direct control of the VSD that is
located next to it (Long et al., 2005), and the S6C probably needs to
remain bent to maintain contact with the VSD in the closed state
(Figure 2D). However, while the VSD directly controls the status
of the BC gate, it is not the sole modulator for the overall channel
status and conformational changes in NH2- and COOH-terminal
domains can modulate the gating kinetics (Barros et al., 2012).
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The basic architecture of the voltage-dependent K+ channels (Kv channels) corresponds to
a transmembrane protein core in which the permeation pore, the voltage-sensing compo-
nents and the gating machinery (cytoplasmic facing gate and sensor–gate coupler) reside.
Usually, large protein tails are attached to this core, hanging toward the inside of the cell.
These cytoplasmic regions are essential for normal channel function and, due to their acces-
sibility to the cytoplasmic environment, constitute obvious targets for cell-physiological
control of channel behavior. Here we review the present knowledge about the molecular
organization of these intracellular channel regions and their role in both setting and con-
trolling Kv voltage-dependent gating properties.This includes the influence that they exert
on Kv rapid/N-type inactivation and on activation/deactivation gating of Shaker -like and
eag-type Kv channels. Some illustrative examples about the relevance of these cytoplas-
mic domains determining the possibilities for modulation of Kv channel gating by cellular
components are also considered.

Keywords: potassium channel, voltage-dependent gating, cytoplasmic domains, structure–function relationships,

inactivation gating, activation/deactivation gating

Ion channels are integral membrane proteins allowing for the
passive passage of specific inorganic ions across cell membranes,
propelled by their electrochemical gradients. Voltage-dependent
or voltage-gated channels are proteins in which some parts of
the molecule change their conformation in response to alterations
of the electric field within the membrane (i.e., the transmem-
brane voltage), shifting the conformational equilibrium back and
forth from closed to open (and inactivated) states (Figure 1; for
an overview see Hille, 1992; Coetze et al., 1999; Swartz, 2004,
2008; Yu et al., 2005; Ashcroft, 2006; Bezanilla, 2008). Inacti-
vation is a process by which an open channel enters a stable
non-conducting state after a maintained depolarizing change in
membrane potential.

Voltage-dependent potassium channels (Kv channels; Gutman
et al., 2005) belong to a family of proteins (Figure 2) characterized
by the presence of a pore-forming subunit with a six transmem-
brane segment (S1–S6) topology in which the last two segments,
linked by a pore loop, constitute the ion-permeation pore. The
voltage-sensing domain is formed by the S1–S4 segments, in which
S4 contains a high density of positively charged residues and
is the main transmembrane voltage-sensing component (Yellen,
1998, 2002; Swartz, 2004, 2008; Yu et al., 2005; Ashcroft, 2006;
Bezanilla, 2008). Aside from the possible presence of accessory
subunits (see below), in the Kv channels four pore subunits form
a tetrameric structure surrounding a central conduction path-
way (Figure 2). This oligomeric organization is also shared by
other members of the family (not all of them activated by voltage)
including cyclic nucleotide-activated channels, hyperpolarization-
activated cation channels, Ca2+-activated K+ channels, and TRP
channels. Voltage-gated Ca2+ and Na+ channels share this over-
all organization, but instead contain four similar repeats with six

transmembrane segments in a single polypeptide, mimicking the
Kv tetramers (Yellen, 1998, 2002; Swartz, 2004, 2008; Yu et al., 2005;
Ashcroft, 2006; Bezanilla, 2008).

At least three functional elements are found in the Kv chan-
nels: an ion conduction pore in which the ionic selectivity resides,
a voltage sensor that detects changes in the electric transmem-
brane field, subsequently coupling its conformational states to the
operation of the gate(s) (i.e., to channel gating), and one or more
gates that open and close in response to voltage. Three possible
gates have been recognized in Kv channels (Yellen, 1998, 2002):
(i) an activation gate located at the cytoplasmic face of the per-
meation pore at the end of the S6 transmembrane helix, (ii) a
pore or selectivity filter gate at the level of the selectivity filter
itself, and (iii) an inactivation gate capable of plugging the pore
from the cytoplasmic face. The first two gating mechanisms are
linked to conformational rearrangements of the voltage sensors,
providing the activation and C-type inactivation properties to the
Kv channels, and the third mechanism confers the rapid/N-type
inactivation behavior (Figure 1).

Selectivity filters, voltage sensors, and most gating elements of
the Kv channels are located within the transmembranal portion
of the channel core, except for the cytoplasmic gates themselves
and the sensor–gate coupler(s) (e.g., the S4–S5 linker) that are
located at the cytoplasmic channel surface and therefore can also
be considered cytoplasmic (Figure 2). Whereas this basic archi-
tecture pertains to the whole voltage-dependent cation channel
superfamily, additional elements exist in the form of intracellu-
lar domains and/or accessory subunits, able to strongly influence
the gating properties (Minor, 2001; Varshney and Mathew, 2003;
Roosild et al., 2004) and thus regulate channel functionality, either
directly or in response to exogenous modulators. The contribution
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FIGURE 1 | Schematic cartoon of the conformational states and

voltage-driven gating modifications of Kv channels. The drawings at the
bottom represent two α-subunits and a symbolic cytoplasmic gate, with
one diffusible ball-and-chain structure attached to their cytoplasmic face.
N-type inactivation as a consequence of plugging of the pore after opening
the cytoplasmic activation gate, and C-type inactivation by collapsing of the
selectivity filter gate, are represented on the right.

of additional accessory β-subunits to channel behavior (reviewed
in Li et al., 2006; Bett and Rasmusson, 2008; Pongs and Schwarz,
2010; Vacher and Trimmer, 2011) will not be considered here. In
order to review the current knowledge about the participation
of cytoplasmic structures in the gating behavior of Kv channels,
we will consider first the structural organization of these channel
domains. Then, using well studied examples (e.g., Shaker-like and
eag channels), we will focus on the role of cytoplasmic regions
in determining channel gating properties. Recent data about the
interactions between the N- and C-terminal cytoplasmic regions
and/or between them and components of the gating machinery
in the channel core (e.g., the S4–S5 linker or the gate) will also be
considered. Finally, we will review some cases illustrating the mod-
ulation of gating properties through signal transduction elements
such as calmodulin or protein kinases and/or phosphatases.

STRUCTURAL ORGANIZATION OF THE Kv CHANNEL
CYTOPLASMIC DOMAINS
The tridimensional structure of the transmembrane core of some
Kv channels has been solved at high resolution (Jian et al., 2003;
Long et al., 2005a, 2007). Given the overall identity and primary
structure conservation of these protein segments, it is reason-
able to assume that all of the Kv family members would share
a common arrangement in these regions. However, solving the
high-resolution structure of a complete Kv channel still remains
a major challenge and the tridimensional structure and/or com-
plete architecture of the cytoplasmic domains of the Kv channels
are unknown. In fact, these regions show far more divergence than
the rest of the molecule does, even among closely related chan-
nels. Nevertheless, specific regions of these domains have been
structurally characterized using a “divide and conquer” approach

FIGURE 2 | (A) Overview of the Kv channels subfamilies. (B) Schematic
representation of the tetrameric organization of a Kv channel. A structural
folding model of one of the four α subunits is shown on the right. Note that
in contrast to the considerable homogeneity in the transmembranal core
and the loops linking the transmembrane helices, large variations in the
relative size and positioning of the amino and carboxy terminals are found in
the different Kv channels. For more explanations, see text.

(Gaudet, 2009), thus providing partial information to be joined
together and integrated with biochemical and electrophysiologi-
cal data to yield a better picture of the channel organization on a
domain by domain basis (Biggin et al., 2000). This approach has
led to the proposal of two general assemblies for the Kv channel
cytoplasmic components (Figure 3; Yellen, 2002): (a) The pattern
typically exhibited by the Kv1–Kv4 cluster (Yu et al., 2005; Pischal-
nikova and Sokolova, 2009), in which, hanging centrally below the
transmembranal core there is an N-terminal T1 “tetramerization
domain” that determines, among other functional characteristics,
the specificity of subunit assembly. (b) The pattern shared by the
Kv7 and Kv10–Kv12 channels, characterized by the absence of a
T1 domain and the presence of a C-terminal domain located cen-
trally below the transmembrane channel core. Interestingly, this
second overall organization also pertains to other relatives from
the voltage-gated ion channel superfamily (Gutman et al., 2005;
Yu et al., 2005), including those gated coordinately by voltage and
ligand binding [such as the hyperpolarization-activated and cyclic
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FIGURE 3 | Basic patterns of Kv channel cytoplasmic domains

structural organization. (A) General organization of the Kv1–Kv4 channels
group with the T1 “tetramerization domains” hanging centrally below the
transmembranal core and attached to it through four linkers continued from
the first transmembrane helices. In this case the C-terminal structures
probably track to the periphery surrounding T1 and extending to its bottom.
(B) General cytoplasmic architecture of the Kv7 and Kv10–Kv12 channels
characterized by a carboxy terminus (i.e., the C-linker/CNBD region of the
Kv10–Kv12 channels or the A–D helical regions of the Kv7 channels)
forming a compact tetrameric structure in a central position immediately
below the cytoplasmic pore opening. In this case the amino terminus
probably surrounds the C-terminus and extends to its bottom establishing
extensive contacts with its top and side surfaces. Note that in both models
the initial amino terminal structures (ball-like and eag/PAS domains for
Kv1–Kv4 and Kv10–Kv12, respectively) are likely to interact with the gate
surroundings in the transmembrane core. S4 segment is also depicted as a
reference. See text for details.

nucleotide-gated (HCN) and BK/KCa1 channels] and those gated
exclusively by intracellular ligands [cyclic nucleotide-gated (CNG)
and SK/KCa2]. Besides these “cytoplasmic cores,” a panoply of
protein domains and motifs (Figure 4) can be present in the cyto-
plasmic regions that, in addition to some accessory subunits, add
diversification in structure, function, and regulation to the differ-
ent channel subfamilies and even to different members of the same
subfamily.

Examples of cytoplasmic domains for which the tridimensional
structure has been solved, include the cited T1 domain (Kreusch

et al., 1998; Bixby et al., 1999; Gulbis et al., 2000; Minor et al., 2000;
Scannevin et al., 2004; Long et al., 2005a; Pioletti et al., 2006), the
distal N-terminus inactivation structures from Kv3.4, ShakerB, and
Kv1.4 (Antz et al., 1997; Schott et al., 1998; Wissmann et al., 2003),
the N-terminal PAS domain and its initial distal segments from
Kv11.1 (Morais-Cabral et al., 1998; Li et al., 2010; Muskett et al.,
2011; Ng et al., 2011), and the C-terminal coiled-coil segment from
Kv7.4 and Kv7.1 (Howard et al., 2007; Wiener et al., 2008). It is also
interesting to note the current availability of high-resolution tridi-
mensional structures for the C-terminal C-linker/cNBD regions
of the Kv-related HCN and CNG channels (Zagotta et al., 2003;
Schünke et al., 2011), providing a valuable reference for homolo-
gous regions present in some Kv channels such as those of the eag
family.

Additionally, several regions putatively involved in different
aspects of channel behavior other than gating (e.g., oligomeriza-
tion and assembly, trafficking, surface expression, protein–protein
interactions,modulation,or drug–channel interactions) have been
recognized in the Kv cytoplasmic channel regions (Figure 4; Hop-
kins et al., 1994; Xu et al., 1995; Ponce et al., 1997; Kupershmidt
et al., 1998; Schulteis et al., 1998; Bentley et al., 1999; Cukovic
et al., 2001; Yang et al., 2001; Leung et al., 2003; Kunjilwar et al.,
2004; Callsen et al., 2005; Choi et al., 2005; Xu et al., 2010; Zheng
et al., 2010), that in many cases have not been associated to a
known tridimensional structure. Finally, the availability of low-
resolution images for some voltage-dependent K+ channels yields
interesting possibilities to fit with partial X-ray data, and provides
significant new insights into the overall architecture of the channel
molecule (Sokolova et al., 2001, 2003; Orlova et al., 2003; Parcej
and Eckhardt-Strelau, 2003; Kim et al., 2004; Adair et al., 2008;
Pischalnikova and Sokolova, 2009; Wang and Sigworth, 2009).

ROLE OF CYTOPLASMIC DOMAINS IN INACTIVATION GATING
A pioneering indication that some cytoplasmic region(s) could
participate in the control of gating behavior was provided by
analyzing the process of inactivation. Thus, the specific abolition
of voltage-dependent Na+ current inactivation by intracellular
treatment with proteolytic enzymes (Armstrong et al., 1973) sub-
sequently led to the proposal of a “ball-and-chain” mechanism
as the determinant of this inactivation process (Armstrong and
Bezanilla, 1977). However, a better molecular explanation of this
mechanism, in which a cytoplasmic blocking particle tethered to
the channel protein (the“ball,”see Figures 1 and 4) binds rapidly to
the pore and plugs it after the activation gate opens, was obtained
in 1990 by studying the fast/N-type-inactivation of the Kv-type
Shaker K+ channel of Drosophila. Thus, deletion of the first ≈20
amino acids of the amino terminus eliminated rapid inactiva-
tion (Hoshi et al., 1990), whereas a soluble peptide containing
that sequence restored inactivation in a concentration-dependent
manner (Zagotta et al., 1990). It was subsequently observed that
the soluble peptide (or N-terminal inactivation domain) competes
with intracellularly applied channel blockers (e.g., quaternary
amines, Choi et al., 1991), that it is expelled to the cytoplasm
by potassium flow from the extracellular side of the membrane
(Demo and Yellen, 1991), and that the inactivation process traps
the channel in an open-inactivated state that prevents it from clos-
ing, making the recovery of inactivation typically via the open state
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FIGURE 4 | Schematic view of different structural and/or functional

domains recognized at the cytoplasmic ends of Kv channels. In the amino
terminus these include the ball-like structure responsible for fast N-type
inactivation, the eag/PAS domain of the eag-like channels, the NIP domain
that protects Kv1.6 channels against rapid inactivation, the secondary
inactivation domain reported for Kv1.4 channels, the double SH3 binding
domain of Kv1.5, and the T1 tetramerization domain (also called NAB) of the

Kv1–Kv4 channels. In the carboxy terminus the domains shown correspond to
the C-linker and cNBD encountered in the eag-like channels, the localization
domain and the C-terminal activation (CTA) domain of Kv2.1 and the
post-synaptic density protein (PSD-95)-binding domain of some Kv1 channels.
A more detailed view of the Kv7 channels carboxy terminus organization is
shown schematically in Figure 6. For more explanations, see text. Note that
not all the depicted domains pertain to the same Kv channel.

(Demo and Yellen, 1991; Ruppersberg et al., 1991). Moreover, the
inactivation domain was shown to interact with a binding site in
the pore cavity, which overlaps with the binding site for quaternary
amine blockers (Zhou et al., 2001; Gonzalez et al., 2011).

Some aspects of the ball-and-chain inactivation mechanism are
worthy of further consideration, since the structural arrangements
of the “chain” are not as clear as those of the “ball.” Thus, short-
ening the length of the Shaker chain accelerated inactivation rates
(Hoshi et al., 1990) as if this region were acting as a flexible linker
to tether the ball to the channel. However, some Kv1.4 deletions
that reduce the length of the “chain” not only do not increase the
rate of inactivation, but actually slow inactivation as if the specific
structure of this region could affect the movement and/or orien-
tation of the inactivating particle (Rasmusson et al., 1998). It has
also been suggested that rather than being a simple tether, this
“chain” region may act in concert with other cytoplasmic struc-
tures to orientate and constrain the movement of the inactivation
particle (Isacoff et al., 1991; Jern and Covarrubias, 1997; Sankara-
narayanan et al., 2005; Baker et al., 2006). In this sense, it has been
proposed that interactions of the Kv1.1 T1 domain with the more
distal N-terminal structures play an important role in defining
the strength of the ball-triggered N-type inactivation (Baker et al.,
2006) and it has also been recognized that ball interaction(s) with
the T1 domain and the S4–S5 linker seem to be crucial for proper
development of the fast/N-type inactivation (Isacoff et al., 1991;
Holmgren et al., 1996; Baker et al., 2006). Thus, in contrast with the
well defined position of the ball plugging the conduction pathway

inside the pore to inactivate the channel, the resting position of
the chain segments and their dynamic rearrangements during the
closed to open and inactive transitions are not well known. There
is indirect evidence supporting the interpretation that these struc-
tures might wrap around the scaffold provided by the T1 tetramer
hanging below the channel core (Figure 3A), so that upon depo-
larization they would snake through the windows lined by the
S1–T1 linkers to reach a pocket on the upper T1 domain surface
and subsequently the channel cavity below the selectivity filter
(Gulbis et al., 2000; Kobertz et al., 2000; Zhou et al., 2001; Baker
et al., 2006). However, it has also been proposed that the ball-and-
chain combination is confined to the space between the T1 domain
and the transmembrane portion of the channel (Varhsney et al.,
2004).

In addition to the ball, a second inactivating domain with the
ability to endow the channel with rapid inactivation has been iden-
tified in a more proximal part of the N-terminus of some Kv chan-
nels (e.g., Kv1.4; Kondoh et al., 1997; Höllerer-Beitz et al., 1999;
Wissmann et al., 2003), and an N-type inactivation-prevention
(NIP) domain (Figure 4) has been mapped close to the Kv1.6
N-terminal end (Roeper et al., 1998). As an alternative to the
ball and length-dependent chain mechanism, a fast inactivation
mechanism has been proposed for Kv1.4, based on electrostatic
interactions between oppositely charged N-terminal segments and
between the positively charged inactivation ball and acidic residues
of the T1–S1 linker, that shorten the distance between the inac-
tivating particle and its binding site, helping to orientate the ball
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and causing the channel to inactivate more efficiently (Fan et al.,
2012).

It is important to mention that even though a similar archi-
tecture is maintained around the gating machinery, the functional
effects of the cytoplasmic domains can vary among channels even
belonging to the same subfamily. This is the case of the fast inac-
tivating A-type Kv4 channels, in which the existence of a N-type
inactivation mechanism and a ball-like inactivating peptide at the
N-terminus have been recognized (Gebauer et al., 2004), although
it seems to play a minor role since the Kv4 most prominent inacti-
vation is based in a temporary loss of coupling between the voltage
sensor and the cytoplasmic gate (Barghaan et al., 2008; Barghaan
and Bähring, 2009). Remarkably, the development of Kv4 inacti-
vation is determined by the presence of amphipathic N-terminal
sequences and a positively charged domain at the C-terminus, that
may interact with each other (Jern and Covarrubias, 1997; Hatano
et al., 2004).

As indicated above (see Figure 1), collapsing of the selectiv-
ity filter during depolarization steps can lead to a second type of
inactivation named “C-type inactivation” (or “selectivity filter gat-
ing”; Wang et al., 2011). Recent data from some prototypical K+
channels (e.g., KcsA and Kir) have provided a structural basis for
allosteric coupling between activation at the level of the internal
membrane surface and this type of inactivation at the channel
selectivity filter, and about the influence exerted on them by intra-
cellular domains (Uysal et al., 2011; Clarke et al., 2010; Cuello
et al., 2010; Zhou and Jan, 2010). This yields some new ideas
about how the structural modifications in the cytosolic domains
can be allosterically transmitted to the intracellular gate and even
to more distant gating elements in the channel core. It is impor-
tant to note that selectivity filter gating not only pertains to KcsA
and Kir voltage-independent K+ channels containing exclusively
a pore domain (Norton and Gulbis, 2010), but also to a wide range
of Kv channels, to other highly selective K+ channels such as SK
and BKCa, and to non-selective cation channels (e.g., CNG chan-
nels) related to the Kv family (Bruening-Wright et al., 2007; Cox
and Hoshi, 2011; Wang et al., 2011) in which the gating motions
around the S6 bundle cross and hence the coupled selectivity filter
rearrangements, can also be influenced by conformational changes
in the cytoplasmic domains.

IMPLICATION OF CYTOPLASMIC DOMAINS IN
ACTIVATION/DEACTIVATION GATING OF T1-CONTAINING Kv
CHANNELS
The Kv channel’s activation gate is located at the intracellular end
of the pore at the C-terminus of the S6 transmembrane segment
(Armstrong, 1971; Holmgren et al., 1997, 1998; Liu et al., 1997;
Perozo et al., 1999; del Camino et al., 2000; del Camino and Yellen,
2001; Hackos et al., 2002; Webster et al., 2004; Wynia-Smith et al.,
2008). Although other contacts and interactions between differ-
ent domains could be involved (Ding and Horn, 2003; Li et al.,
2008; Labro et al., 2011), coupling of the voltage sensor movement
to operation of the gate mainly involves the S4–S5 linker which
seems to act as a structural link, influencing gate dynamics via
physical interaction(s) with the intracellular end of S6 and/or the
cytoplasmic “C-linker” region (Figure 4) following it (Lu et al.,
2002; Tristani-Firouzi et al., 2002; Ding and Horn, 2003; Long

et al., 2005b; Ferrer et al., 2006; Boulet et al., 2007; Labro et al.,
2008, 2011; Nishizawa and Nishizawa, 2009; Choveau et al., 2011).
Interestingly, a similar coupling via S4–S5 linker interaction with
the cytoplasmic end of S6 has been proposed for HCN and KAT1
channels (Chen et al., 2001; Decher et al., 2004; Prole and Yellen,
2006), that show an overall structure very similar to that of Kv
channels, but in which opening is triggered by membrane hyper-
polarization rather than depolarization (Männikkö et al., 2002;
Latorre et al., 2003; Vemana et al., 2004; Grabe et al., 2007). This
opposite polarity of gating is perhaps achieved by a different bind-
ing of the S4–S5 linker to the extreme of S6 only in the open state
whereas in the Kv channels this interaction takes place in the closed
state (Choveau et al., 2011).

Since the gate and the sensor–gate coupler (i.e., the S4–S5
linker) locate at the cytoplasmic channel surface, these structures
become accessible targets for modulation from the cytoplasmic
milieu, providing attractive means of channel activity regulation
not only by amino- and /or carboxy-located channel domains
but also by soluble products of signal transduction cascades. One
example of channel gating modulation by cytoplasmic domains is
that of Kv2.1. Early work with Kv2.1 indicated that the activation
gating could be strongly affected by the cytoplasmic amino and
carboxyl termini (VanDongen et al., 1990), and the influence of the
channel amino terminus in voltage-dependent gating and modu-
lation has been subsequently confirmed (Pascual et al., 1997). It
has been demonstrated that interactions between the N- and C-
terminal regions of Kv2.1 lacking auxiliary β subunits determine its
activation properties, trafficking, and phosphorylation-dependent
modulation (Ju et al., 2003; Scholle et al., 2004; Mohapatra et al.,
2008), in a way that resembles the interaction between the α and
the auxiliary β subunits in other Kv channels (Mohapatra et al.,
2008). Another case is that of Kv1.2, in which an interaction
between the C-terminus and the S4–S5 linker of a neighbor-
ing subunit which is able to regulate channel activation has also
been suggested (Zhao et al., 2009). It has also been reported that
the polar T1 surfaces of the mammalian Kv1.2 and the Aplysia
Kv1.1 channels play a key role in the conformational changes
that lead to channel opening (Cushman et al., 2000; Minor et al.,
2000). More recently, use of fluorescence resonance energy trans-
fer (FRET) microscopy combined with voltage-clamp recording
has allowed the detection of conformational rearrangements in
the relative orientation of Kv1.2 N- and C-termini upon depolar-
ization (Kobrinsky et al., 2006; Lvov et al., 2009), a mechanism
that could be related to gating regulation and that may also per-
tain to other Kv channels. Interestingly, similar gating-related
motions of the N- and C-termini have been detected in Kv7.1
and the CNGA1 channel using an equivalent approach (Taraska
and Zagotta, 2007; Haitin et al., 2009), although both channels
belong to the subgroup characterized by the absence of the T1
domain (see above). Finally, in the case of Kv4 channels, it has
been demonstrated that the T1–T1 interface is functionally active
and dynamic during gating (Wang et al., 2005) and, based on
work with Kv4.1 channels, it has been concluded that the complex
voltage-dependent gating rearrangements of eukaryotic Kv chan-
nels are not limited to the membrane-spanning core, but must
include the intracellular T1–T1 interface (Wang and Covarrubias,
2006).
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CYTOPLASMIC DOMAINS AND ACTIVATION/DEACTIVATION
GATING OF eag-TYPE Kv CHANNELS
An interesting contribution to the topic of gating control by cyto-
plasmic domains is provided by members of the eag family, that
comprises the Kv10–Kv12 subfamilies (Warmke and Ganetzky,
1994). Overall sequence similarity between eag - and Shaker-type
Kv1–Kv4 channels is quite low except for the pore region, but
a much higher degree of homology is found between eag -type
channels and CNG, HCN, and inwardly rectifying plant K+ chan-
nels (Anderson et al., 1992; Sentenac et al., 1992; Warmke and
Ganetzky, 1994; Yu et al., 2005).

Kv10 (ether-á-go-go or eag ) channels are involved in setting the
membrane potential in several cell types and appear to be related
to processes like cell-cycle, proliferation, and tumor progression
(Felipe et al., 2006; Arcangeli et al., 2009; Wulff et al., 2009; Asher
et al., 2010). Several studies have demonstrated the involvement of
cytoplasmic domains in the control of eag channel gating. Thus, it
has been observed that the most distal region and the PAS domain
at the N-terminus of the eag channels are involved in determining
gating kinetics (Terlau et al., 1997; Stevens et al., 2009; Wray, 2009),
and that alterations in eag gating following truncation of the ini-
tial portion of the N-terminus can be compensated by mutation of
the voltage sensor S4 segment (Terlau et al., 1997). It has also been
shown that the voltage dependence of eag currents is not deter-
mined solely by the membrane-spanning domains (Lörinczi et al.,
2009), and that the N- and C-terminal regions could be involved
in controlling a gating step after movement of the voltage sensor,
as well as in regulating biophysical properties of the channel (Li
et al., 2011). Also, voltage-dependent gating characteristics of plant
KAT1 channels seem to be influenced by the N- and C-termini of
the protein (Marten and Hoshi, 1997, 1998).

The relationship between cytoplasmic structures and gating
properties has been exhaustively investigated in the Kv11.1 (human
ether-á-go-go-related gene or hERG) channel, a remarkable entity
both from the pathophysiological and the biophysical points of
view. hERG mediates the cardiac delayed rectifier potassium cur-
rent I Kr (Sanguinetti et al., 1995; Trudeau et al., 1995) and muta-
tions in the hERG gene and drug inhibition of hERG channels
underlie inherited and acquired type 2 long-QT syndrome (San-
guinetti et al., 1995; Viskin, 1999; Keating and Sanguinetti, 2001;
Redfern et al., 2002; Thomas et al., 2003; Finlayson et al., 2004;
Roden and Viswanathan, 2005; Goldenberg and Moss, 2008). On
the other hand, hERG channels play a key role in setting the elec-
trical behavior of a variety of non-cardiac cell types (Barros et al.,
1994, 1997; Bauer et al., 1999; Schäfer et al., 1999; Cherubini et al.,
2000; Emmi et al., 2000; Overholt et al., 2000; Rosati et al., 2000;
Arcangeli et al., 2009). These physiological roles of hERG derive
from its unusual gating properties, characterized by slow activa-
tion kinetics and a very fast inactivation on depolarization. Thus,
hERG currents increase during repolarization due to a fast recov-
ery from inactivation followed by a much slower deactivation for
which the channels remain open for longer periods of time at neg-
ative voltages, giving rise to the typical hERG tail currents. In the
case of the heart, this contributes to the repolarization of the car-
diac action potential and to the prevention of arrhythmias induced
by early after-depolarizations or ectopic beats (Smith et al., 1996;
Lu et al., 2001).

As for other voltage-gated potassium channels, voltage sensors
and gating elements have been mapped to the transmembrane core
of hERG (Smith and Yellen, 2002; Liu et al., 2003; Piper et al., 2003;
Subbiah et al., 2004, 2005; Zhang et al., 2004, 2005; Saenen et al.,
2006). In the case of hERG a volume larger than the core region
hangs toward the cytoplasm since the cytoplasmic regions account
for around 80% of the channel protein (Figure 5), but details about
the structural architecture of these extensive regions are still lack-
ing (Miranda et al., 2008). What has been clearly demonstrated is
that the distinctive gating properties of hERG are strongly influ-
enced by some cytoplasmic protein domains. Thus, the conserved
eag N-terminal domain at the beginning of the hERG N-terminus
and the exclusive proximal domain following it up to the S1 seg-
ment (Figure 5) were identified as important determinants of
the remarkably slow deactivation and activation gating kinetics,
respectively (Schönherr and Heinemann, 1996; Spector et al., 1996;
Morais-Cabral et al., 1998;Wang et al., 1998; Chen et al., 1999;Vilo-
ria et al., 2000; Aydar and Palmer, 2001; Alonso-Ron et al., 2008;
Gustina and Trudeau, 2009; Ng et al., 2011). In these studies, it has
been repeatedly demonstrated that the N-terminal eag domain
determines the slow hERG deactivation, since channels with par-
ticular deletions of the amino terminus, or with point mutations
in the eag domain, show rapid deactivation kinetics. The fact
that short deletions at the beginning of the N-terminus mimic the
effect of more extensive amino terminal removal, points to the
initial segment of the eag domain (residues 1–26) as the essential
regulator of hERG deactivation gating (Wang et al., 1998, 2000; Ng
et al., 2011).

Functional reconstitution of mutant channels with a recom-
binant eag N-terminal fragment, combined with TIRF–FRET
spectroscopy, have recently been used to provide some additional
insights into the regulation of hERG deactivation (Gustina and
Trudeau, 2009; Fernández-Trillo et al., 2011). Thus, it has been
recognized that normal slow deactivation gating involves an inter-
action between the initial N-terminal flexible segment (Figure 5B;
Li et al., 2010; Muskett et al., 2011; Ng et al., 2011) and the gating
machinery, likely at the level of the S4–S5 linker (Fernández-Trillo
et al., 2011). Indeed, it has been shown that physical proximity
exists between that unstructured and flexible segment of the hERG
amino terminus and the N-terminal portion of the S4–S5 linker
(De la Peña et al., 2011), further supporting this interpretation. In
this context, the PAS sub-domain from the hERG eag domain and
the amphipathic α-helix (residues 13–23) could act as a scaffold
and a spacer helping to correctly orientate the initial flexible tail
of the amino end (residues 2–9) toward the S4–S5 linker to mod-
ulate hERG gating (De la Peña et al., 2011; Fernández-Trillo et al.,
2011; Ng et al., 2011). Additionally, the extensive contacts of these
structures with the top and side surfaces of the C-linker/cNBD
domains, that hang centrally below the pore domain in this type
of channel (Figures 3B and 5B), could help to allosterically mod-
ulate the operation of the cytoplasmic gate at the C-terminus of
the S6 segment, which is directly attached to the C-linker (Muskett
et al., 2011; Gustina and Trudeau, 2011). In fact, the involvement of
some residues of the C-linker/cNBD regions of the hERG carboxy
terminus in the control of deactivation gating through their inter-
action with the N-terminal-most region has also been proposed
(Al-Owais et al., 2009; Kolbe et al., 2010; Muskett et al., 2011).
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FIGURE 5 | Structural organization of the hERG K+ channel. (A) Schematic
linear diagram of the hERG channel protein. The regions corresponding to the
eag/PAS (residues 1–135) and the proximal domains up to the first
transmembrane helix are shown as striped and solid red bars, respectively.
The transmembranal core region containing the six transmembrane helices
and the carboxy terminus are shown colored in gray and blue, respectively.
TCC indicates the proposed location of a tetramerization coiled-coil at the
C-terminus. The size of every domain is represented on a horizontal scale
proportional to the total length of the protein. (B) Schematic representation of

a hERG channel α-subunit showing the proposed relative positioning of the
PAS region in the amino terminus (dotted line), and the flexible tail of the
amino end (initial solid red line segment) and the amphipathic α-helix
separating them (red rectangle) pointing toward the S4–S5 linker on the
cytoplasmic surface of the channel core. The proximity between the initial
regions of the N-terminus and the C-linker/cNBD domains that are directly
linked to the cytoplasmic gate at the bottom of helix S6 is also used to
illustrate the possible existence of additional interactions between these
channel structures. For more explanations, see text.

On the other hand, it has also been demonstrated that the
hERG proximal domain (Figure 5) plays an important role in the
activation channel properties and their modulation by hormones
(Viloria et al., 2000; Gómez-Varela et al., 2002, 2003; Alonso-Ron
et al., 2008, 2009). A small cluster of basic residues within this
proximal domain close to the S1 segment has been subsequently
recognized as a determinant of the hERG activation behavior
through an electrostatic influence on the gating machinery (Sae-
nen et al., 2006). However, although the modulation of hERG
activation gating by a G protein-coupled hormone receptor is
impaired after deletion of the proximal domain, it is observed
in the absence of the cluster of basic residues (Gómez-Varela et al.,
2003;Alonso-Ron et al.,2009). Interestingly,kinetic measurements
of hERG activation under steady-state conditions, indicated that
the initial region of the eag domain also affects the activation
behavior (Alonso-Ron et al., 2008), suggesting that an interac-
tion of this region with the channel core may also be involved in
the modifications of gating caused by the deletion of the proximal
domain (Viloria et al., 2000; Alonso-Ron et al., 2008). Nevertheless,
the exact regions of the gating machinery at which the regulatory
effects on activation are exerted remain to be established, although

the bottom part of S4, the S4–S5 linker, the C-terminal portion of
S6 and the C-linker/cNBD regions have been considered as pos-
sible candidates (Viloria et al., 2000; Tristani-Firouzi et al., 2002;
Saenen et al., 2006; Alonso-Ron et al., 2008; De la Peña et al., 2011;
Gustina and Trudeau, 2011).

Therefore, the long cytoplasmic domains of hERG exert impor-
tant contributions to its unusual gating properties, supporting
the interpretation that physical interactions between cytoplasmic
domains and/or between them and the transmembrane channel
core may also constitute an essential component of the gating
machinery in other Kv channels.

ROLE OF CYTOPLASMIC Kv DOMAINS IN MODULATION OF
CHANNEL GATING BY SIGNAL TRANSDUCTION ELEMENTS
Due to their accessibility to inner cell components, the cytoplasmic
domains of Kv channels are obvious targets for cell-physiological
control of channel function. Some illustrative cases are the reg-
ulation of Kv1.1 inactivation by concurrent direct binding of
syntaxin and G protein βγ subunits (Michaelevski et al., 2002),
the inhibition of human Kv10.1 channels by Ca/calmodulin bind-
ing to the N- and C-terminal structures (Ziechner et al., 2006),
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the dependence of Kv11.1 rERG hormonal modulation on the
presence of the N-terminal splicing variant erg1b (Kirchberger
et al., 2006), and the modulation of Kv2.1 gating by binding of
the SNARE complex components to the cytoplasmic channel tails
(He et al., 2006). Also, two paradigmatic examples, the calmodulin
modulation of Kv7 channels via their C-terminus, and the wide-
spread regulation of channel function by protein phosphorylation,
are considered next.

Kv7 (KCNQ) channels are a subfamily of Kv channels of great
physiological importance in the kidney, gastro-intestinal tract,
brain, and heart. In fact, there are several mutations in human
Kv7 genes that lead to cardiac and neurological disorders such as
long-QT syndrome and neonatal epilepsy (reviewed in Ashcroft,
2006; Haitin and Attali, 2008; Maljevic et al., 2010). Kv7 channels
exhibit, as a distinctive feature, a C-terminus much longer than
that of other Kv channels, which is critical for Kv7 assembly and
trafficking, and also gating (reviewed in Haitin and Attali, 2008),
and thus some Kv7 associated channelopathies involve mutations
or alterations in this domain (Wen and Levitan, 2002; Haitin and
Attali, 2008; Zheng et al., 2010). The Kv7 C-terminus contains sev-
eral structural motifs including coiled-coils, calmodulin-binding
structures, and basic amino acid clusters (Figure 6). Also, calmod-
ulin interacts with the C-terminus of Kv7.1–Kv7.5 (Yus-Nájera
et al., 2002; Haitin and Attali, 2008), an association that has also
been demonstrated by TIRF/FRET techniques to take place in liv-
ing mammalian cells (Bal et al., 2008). Although calmodulin can
be constitutively tethered to Kv7 channels both in the absence
or presence of Ca2+ (Wen and Levitan, 2002; Shahidullah et al.,
2005), these interactions are likely to have Ca2+-dependent and
Ca2+-independent components (Bal et al., 2008; Alaimo et al.,
2009). Thus, it has been proposed that the calmodulin-binding
module at the Kv7 C-terminus is endowed with a dual regulatory
function: a Ca2+ sensor function that affects gating, and a sec-
ond role in folding and trafficking mediated by a binding site with
high affinity for calmodulin (Haitin and Attali, 2008). Interest-
ingly, the calmodulin-binding module at the Kv7 C-termini seems
to physically and functionally overlap with a phosphatidylinosi-
tol 4,5-bisphosphate (PIP2)-binding site, allowing a more com-
plex and sophisticated modulation of channel properties (Haitin
and Attali, 2008; Hernandez et al., 2008; Bal et al., 2010). Thus,
in Kv7.2/Kv7.3 heteromers that mediate the neuronal “M cur-
rent,” channel activity is enhanced by PIP2 and suppressed by
Ca2+/calmodulin (Gamper and Shapiro, 2003, 2007; Zhang et al.,
2003; Gamper et al., 2005; Suh and Hille, 2005; Hernandez et al.,
2008). In contrast, both PIP2 and Ca2+/calmodulin seem to acti-
vate Kv7.1 channels mediating the cardiac I Ks current (Loussouarn
et al., 2003; Shamgar et al., 2006). Remarkably, disruption of
Ca2+/calmodulin binding to Kv7.2 is associated with neonatal
epilepsy (Etxeberria et al., 2007; Haitin and Attali, 2008), and
mutations impairing PIP2 or calmodulin binding to Kv7.1 lead
to certain forms of cardiac long-QT syndrome (Park et al., 2005;
Ghosh et al., 2006; Shamgar et al., 2006).

Phosphorylation constitutes the most common covalent post-
translational modification in eukaryotes (Cohen, 2001) and it can
be an important modulatory mechanism for ion channel function,
since the presence of phosphorylation targets for one or more
kinases potentially allows for sensitive, dynamic, and reversible

tuning of the structural and functional status of the protein (Lev-
itan, 1994; Jonas and Kaczmarek, 1996; Park et al., 2008; Cerda
and Trimmer, 2010). The exposure of the cytoplasmic domains
to the internal cell environment makes them suitable molecu-
lar targets for phosphorylation-mediated modulation of channel
activity. They can also act as sites of interaction with modulatory
partners able to recruit targeting proteins such as phosphatases
and kinases leading to the phosphorylation-dependent regulation
of gating (Kass et al., 2003). Among those motifs, a C-terminally
located leucine zipper is involved in recruiting, via an adaptor pro-
tein, a signaling complex including protein kinase A (PKA) and
protein phosphatase 1, that are required for β-adrenergic receptor
modulation of cardiac Kv7.1 (Marx et al., 2002). Indeed, several
phosphorylated residues located in the N- and C-termini have
been recognized as targets for regulation of Kv gating proper-
ties. Thus, the C-terminal Kv2.1 cytoplasmic domain can act as
an autonomous domain sufficient to transfer Kv2.1-like cluster-
ing, voltage-dependent activation, and cholinergic modulation to
diverse Kv channels (Mohapatra and Trimmer, 2006), and direct
phosphorylation of its distal end alters channel voltage-dependent
activation (Murakoshi et al., 1997). Interestingly, differential phos-
phorylation at a specific subset of sites, instead of the utilization
of cell-specific phosphorylation sites, can explain differences in
gating properties of Kv2.1 in different cell types under basal con-
ditions, and in the same cell type under basal versus stimulated
conditions (Park et al., 2007). Some other cases of gating reg-
ulation by phosphorylation of cytoplasmic domains have been
less studied but are also illustrative: (i) Tyrosine kinase-dependent
suppression of Kv1.2 by phosphorylation of an N-terminal residue
has been observed, and antagonization of this effect by recruiting
a protein tyrosine phosphatase to the N- and C-termini of the
channel has also been shown (Huang et al., 1993; Tsai et al., 1999).
(ii) Inactivation gating parameters of Shaker and Kv3.4 channels
have been reported to be modulated by PKA-dependent phospho-
rylation of the C-terminus and protein kinase C (PKC)-dependent
phosphorylation of the N-terminal inactivation particle, respec-
tively (Covarrubias et al., 1994; Drain et al., 1994; Beck et al., 1998;
Antz et al., 1999). (iii) It is known that some N- and C-terminal
Kv4.2 residues can be phosphorylated by PKA and MAPK, respec-
tively, and that some cross-talk between these phosphorylation loci
can exist (Adams et al., 2000; Anderson et al., 2000; Schrader et al.,
2009), but the functional consequences of such an interaction still
remain obscure. (iv) Ca/calmodulin-dependent protein kinase II
phosphorylates C-terminally located sites of Drosophila eag chan-
nels and modulates their function (Whang et al., 2002). (v) It has
been shown that phosphorylation of the S4–S5 linker of neuronal
KCNQ (Kv7) channels inhibits them (Surti et al., 2005). (vi) The
state of phosphorylation of the Kv1.1 C-terminus regulates the
extent of inactivation conferred by the Kvβ1.1 subunit through a
mechanism related to the interaction of the αβ channel complex
with the microfilaments via a PSD-like protein (Jing et al., 1997).
All these data constitute overwhelming evidence that phospho-
rylation of cytoplasmic domains is a widespread mechanism of
reversible gating modulation in Kv channels.

A promising addition to the study of channel modulation by
phosphorylation is the use of phosphoproteomic approaches to
identify the channel target residues of the phosphorylation events
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FIGURE 6 | Schematic representation of the carboxy-terminal tail

structures and/or interaction sites present in Kv7 channels. The four
helical regions (helices A–D) conserved in all family members are shown
as cylinders. Formation of coiled-coil assemblies at the level of helices C
and D is indicated. The proposed location of the conserved interaction
sites with calmodulin (CaM) and phosphatidylinositol 4,5-bisphosphate

(PIP2), with A-kinase anchoring protein 79/150 (AKAP79/150) in Kv7.2,
with the auxiliary β subunit KCNE1 in Kv7.1, with AKAP-Yotiao in Kv7.1,
with ankyrin-G in Kv7.2–Kv7.3 and with ubiquitin-protein ligase Nedd4-2 in
Kv7.1 and Kv7.2–Kv7.3, are also shown. Phosphorylation sites by Src
kinase in helix A and by protein kinase C in helix B are indicated by an
encircled P.

(reviewed in Cerda and Trimmer, 2010; Cerda et al., 2010; Baek
et al., 2011). This method has allowed identification of N- and
C-terminal phosphosites on α subunits of Kv1.1–Kv1.6, Kv2.1–
Kv2.2, Kv3.1–Kv3.4, Kv4.1–Kv4.3, and Kv7.2–Kv7.5, although the
functional significance of most of these phosphosites has not yet
been determined. This aspect is quite relevant, since even though
a phosphorylation mechanism may be involved in channel regu-
lation, it is possible that the phosphate modification does not take
place in the channel protein itself (Vacher and Trimmer, 2011).
On the other hand, an agonist-dependent change in the basal
phosphorylation level of the channel molecule may not cause a
concomitant modification of the gating or other channel prop-
erties. An illustrative case of some of these concerns is provided
by the hormonal modulation of the Kv11.1 (ERG) channel gat-
ing. Thus, early studies about the mechanism of ERG channels
inhibition by thyrotropin-releasing hormone in adenohypophysial
cells, pointed to a phosphorylation event as determinant of the
hormonal induced response (Delgado et al., 1992; Barros et al.,
1993, 1998). Further work demonstrated that the cytoplasmic
N-terminal proximal domain was required for hormonal modula-
tion of hERG gating (Gómez-Varela et al., 2003). Subsequently, it
has been proposed that the PKC-dependent modulation of hERG
is exerted either independently of direct phosphorylation of the
channel protein itself in Xenopus oocytes (Thomas et al., 2003,
2004), or via a direct phosphorylation of the pore forming hERG

subunits in mammalian cells (Cockerill et al., 2007). In this sense,
the possibility that the cell types differentially supply molecular
components of the signaling pathways involved in the channel
modulation (Miranda et al., 2005), should also be considered.
Interestingly, a direct phosphorylation of the hERG cytoplasmic
domains by PKA is involved in the regulation triggered by activa-
tion of β-adrenergic receptors (Thomas et al., 1999; Cui et al., 2000,
2001; Kiehn, 2000; Kagan et al., 2002; Karle et al., 2002), and some
signaling cross-talk between PKC and PKA cannot be excluded.

In summary, either by directly affecting the gating machin-
ery or by influencing it in response to cellular modulators, Kv
cytoplasmic regions constitute important regulators of voltage-
dependent channel gating. Unfortunately, the striking advances
characterizing the tridimensional structures of some channel core
constituents have not been paralleled by similar success regarding
the architecture of the cytoplasmic regions. Whereas physical inter-
actions between the cytoplasmic domains and/or between them
and the transmembranal channel core clearly constitute essen-
tial components of the gating machinery, details about dynamic
conformational rearrangements in these regions during chan-
nel functionality remain mostly unknown. Combining structural
studies with other fluorimetric, spectroscopic, and biophysical
functional approaches could provide a better understanding of
the dynamic steps connecting the discrete conformations resolved
in the crystallographic structures.
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The mechanisms by which voltage-gated channels sense changes in membrane voltage
and energetically couple this with opening of the ion conducting pore has been the source
of significant interest. In voltage-gated potassium (Kv) channels, much of our knowledge
in this area comes from Shaker -type channels, for which voltage-dependent gating is quite
rapid. In these channels, activation and deactivation are associated with rapid reconfig-
uration of the voltage-sensing domain unit that is electromechanically coupled, via the
S4–S5 linker helix, to the rate-limiting opening of an intracellular pore gate. However, fast
voltage-dependent gating kinetics are not typical of all Kv channels, such as Kv11.1 (human
ether-à-go-go related gene, hERG), which activates and deactivates very slowly. Compared
to Shaker channels, our understanding of the mechanisms underlying slow hERG gating
is much poorer. Here, we present a comparative review of the structure–function relation-
ships underlying activation and deactivation gating in Shaker and hERG channels, with a
focus on the roles of the voltage-sensing domain and the S4–S5 linker that couples voltage
sensor movements to the pore. Measurements of gating current kinetics and fluorimet-
ric analysis of voltage sensor movement are consistent with models suggesting that the
hERG activation pathway contains a voltage independent step, which limits voltage sensor
transitions. Constraints upon hERG voltage sensor movement may result from loose pack-
ing of the S4 helices and additional intra-voltage sensor counter-charge interactions. More
recent data suggest that key amino acid differences in the hERG voltage-sensing unit and
S4–S5 linker, relative to fast activating Shaker -type Kv channels, may also contribute to the
increased stability of the resting state of the voltage sensor.

Keywords: hERG, gating, voltage sensor, gating charge transfer center, potassium channel, S4-S5 linker, Shaker

INTRODUCTION
OVERVIEW
The finely tuned voltage-dependence of ion channels has long
been a topic of interest for ion channel biophysicists. For voltage-
gated K+ (Kv) channels, much of the knowledge gathered to date
on voltage-dependent gating has focused on structure–function
relationships in the archetypal Shaker channel and other closely
related members of the Kv1 family. However, the fast voltage-
dependent activation (opening) and deactivation (closing) gating
kinetics of Shaker are not typical of all Kv channels. For exam-
ple, Kv11.1 (human ether-à-go-go related gene, hERG) channels
activate and deactivate very slowly. hERG channels underlie the
cardiac delayed rectifier current, I Kr, and their unique voltage-
dependent gating properties are critical to normal repolarization
during the cardiac action potential. This highlights the impor-
tance of understanding the processes involved in hERG function.
However, compared to Shaker-like channels, the processes regu-
lating the gating of hERG channels are much less clear. This review
focuses on the molecular determinants of the unique voltage-
dependent activation and deactivation kinetics of hERG channels.
To begin, the rest of this section provides a brief review of gen-
eral Kv channel structure and function and an introduction to
the differences between hERG and Shaker gating kinetics. The
following sections will then focus on the roles of the S4 voltage
sensor and S4–S5 linker in the slow gating of hERG channels. As
part of this discussion potentially important structural differences

between hERG and Shaker channels within these regions will be
highlighted.

BASIC Kv CHANNEL ARCHITECTURE
In their simplest form, Kv channels consist of a tetrameric assembly
of identical α-subunits around a central pore. Each α-subunit has
six α-helical transmembrane segments, S1–S6, and cytoplasmic N-
and C-terminal domains (Figure 1A). The voltage-sensing domain
of each α-subunit is comprised of segments S1–S4. Importantly,
the S4 segment has the distinction of containing four to eight
basic residues (Arg or Lys), spaced apart by pairs of hydrophobic
residues, that allow it to act as the primary voltage sensor. The
S1–S3 segments, which possess a number of negatively charged
residues (Papazian et al., 1987), complete the voltage-sensing
domain and are thought to help stabilize the positively charged
S4 segment in the lipid bilayer and to define the pathway for its
movement through the electric field (reviewed in Börjesson and
Elinder, 2008; Chanda and Bezanilla, 2008; Catterall, 2010).

The pore domain of an α-subunit is formed by the S5 and S6
segments, which are joined by a re-entrant pore helix and loop
(P-loop). The X-ray crystal structures of selected bacterial and
eukaryotic Kv channels have been solved (Jiang et al., 2003; Long
et al., 2005a, 2007; Chen et al., 2010) and show that the pore
domains are arranged with four-fold symmetry around the ion
conduction pathway, while the voltage-sensing domains lie at the
periphery (Figure 1B; Long et al., 2005a; Chen et al., 2010).The
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FIGURE 1 | Kv channel structure. (A) Cartoon representation of the
membrane topology of a Kv channel α-subunit. Key charged residues
within the voltage-sensing domain are highlighted. Negative charges
highlighted in black are highly conserved, whereas those in gray are
conserved only in the eag channel family. (B) Ribbon representation of
the Kv channel tetrameric assembly based on the Kv1.2 crystal structure

(Long et al., 2005a). Each subunit has been highlighted a different color
for clarity. The model shows a view from the top of the channel looking
down along the permeation pathway (at center). (C) Alignments of
primary S1–S4 sequences in Shaker, Kv1.2, and hERG channels. Key
charged residues are highlighted with the same color scheme as in
panel A.

crystal structures of bacterial KcsA and MthK channels (Doyle
et al., 1998; Jiang et al., 2002a,b) suggested that the convergence
of the bottom of the M2 helices (analogous to S6 in eukaryotic Kv
channels) at a“bundle crossing”forms an activation gate to control
access between the pore and the cytoplasm. A conserved glycine
residue has been proposed to serve as the “hinge” that allows the
activation gate to open and close (Jiang et al., 2002a). Eukary-
otic channels typically also have a PxP motif that lies distal to the
glycine hinge, which is thought to introduce a sharp bend in the S6
helix that may contribute to opening and closing of the activation
gate (del Camino et al., 2000; del Camino and Yellen, 2001) and/or
coupling of the pore to the voltage-sensing domain (Lu et al., 2002;
Long et al., 2005b). Although the X-ray crystal structures present
only a static view and cannot alone show the dynamics of Kv chan-
nel gating, they have provided the structural framework necessary
to describe the processes underlying Kv channel gating in response
to changes in membrane voltage.

THE ELECTROMECHANICAL BASIS OF VOLTAGE-DEPENDENT Kv
CHANNEL GATING
The culmination of Kv channel activation in response to depolar-
ization is the opening of the intracellular gate allowing passage

of K+ ions through the channel pore. Subsequent membrane
repolarization causes channel deactivation and the closure of the
activation gate. It is instructive to consider the electromechanical
processes of activation and deactivation in two parts, where (i) the
change in membrane potential is first “sensed” by the channel and
then (ii) translated into opening or closing of the activation gate.

Prior to any structural information, Hodgkin and Huxley
(1952) proposed that voltage-dependent K+ and Na+channels
possessed four charged particles that resided in the membrane
electric field and served as voltage sensors, moving between acti-
vated and deactivated positions in response to changes in voltage.
Membrane depolarization increased the probability that all four
voltage sensors would be in the activated position, which was
necessary for channel opening. When any of the sensors were
in a deactivated position, the channel would be in one of sev-
eral possible closed states. Evidence in support of this model was
provided some 22 years later by measurements of the movement
of gating charges across the membrane electric field, showing a
capacitive gating current associated with channel activation (e.g.,
Armstrong and Bezanilla, 1974; Gilly and Armstrong, 1980). The
S4 transmembrane segment was proposed to serve as the voltage
sensor when it was found that Kv channel α-subunits and Nav
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channel domains contain a conserved sequence of repeating pos-
itively charged residues (Noda et al., 1984; Papazian et al., 1987).
While the role of S4 as the primary voltage sensor for Nav and Kv
channels is now widely accepted, the dynamics of sensor move-
ment through the electric field, which trigger opening and closing
of channel, remain to be precisely defined.

Three general models of voltage-dependent S4 movement have
been proposed: (i) the helical-screw or sliding helix model, where
S4 rotates along its axis while being translated across the mem-
brane to move gating charges across the electric field (Durell
et al., 1998; Keynes and Elinder, 1999); (ii) the transporter-like
model, where a mostly rotational movement of S4 (and perhaps a
rearrangement of the membrane) essentially flips S4 charges from
one side of the membrane to the other (Papazian and Bezanilla,
1997), and; (iii) the paddle model, initially based on the crystal
structure of KvAP, in which a voltage sensor paddle comprised of
S4 and the C-terminal half of S3 form a rigid structure that moves
through the membrane and in close proximity to S1 and S2 (Jiang
et al., 2003). While there has been significant debate over which
model is most accurate, in recent years the models show some
consensus. These models suggest that the series of gating charges
is moved 6–15 Å across the membrane by S4 rotation and trans-
lation. A more detailed discussion concerning models of voltage
sensor movement can be found in several recent reviews (Bör-
jesson and Elinder, 2008; Chanda and Bezanilla, 2008; Catterall,
2010).

Movement of the voltage-sensing unit in response to changes
in membrane potential is translated into the concerted opening
or closing of the activation gate within the pore domain. Solution
of the high resolution Kv1.2 crystal structure shows that within
the same α-subunit the voltage-sensing domain lies away from
the pore domain (Figure 1B), such that the top of S4 is actu-
ally in closer proximity with the pore domain of a neighboring
subunit (Long et al., 2005a; Chen et al., 2010). On the cytoplas-
mic face of the channel the α-helical S4–S5 linker appears to lie
across the distal S6 helix below the PxP motif within the same
subunit, suggestive of a possible coupling mechanism between
the two domains. Such structural observations are consistent with
functional studies showing that specific interactions between the

S4–S5 linker and the lower S6 segment are critical for voltage-
dependent gating (e.g., Chen et al., 2001; Ding and Horn, 2002,
2003; Lu et al., 2002; Tristani-Firouzi et al., 2002; Labro et al., 2008;
Nishizawa and Nishizawa, 2009). In the light of this evidence, it
is proposed that the outward movement of S4 upon depolariza-
tion may create tension in the S4–S5 linker, which would allow
the C-terminal end of S6 to pivot away from the central axis of
the pore to open the activation gate. Conversely, repolarization
and inward movement of S4 would tend to push the S4–S5 linker
radially inward and exert a force on the internal end of S6 so that
the activation gate closes.

hERG CHANNELS HAVE UNIQUELY SLOW ACTIVATION AND
DEACTIVATION KINETICS
Compared to most other Kv channels, hERG channel gating kinet-
ics are unusually slow (Figure 2). While archetypal Shaker chan-
nels activate with time constants of a few milliseconds, hERG
channels activate and deactivate over hundreds of milliseconds
(Sanguinetti and Tristani-Firouzi, 2006). Voltage-clamp fluorime-
try (VCF) and gating current data have been purported to show
that hERG slow activation and deactivation are due, at least in
part, to rate-limiting voltage sensor movement (Smith and Yellen,
2002; Piper et al., 2003). In stark contrast, S4 movement in Shaker
and other Kv channels is very rapid (e.g., Bezanilla et al., 1994;
Zagotta et al., 1994b; Mannuzzu et al., 1996; Cha and Bezanilla,
1997; Loots and Isacoff, 1998; Kanevsky and Aldrich, 1999) and
the rate-limiting step for channel opening and closing lies further
along the activation pathway and most likely involves the final
concerted opening (or closing) of the activation gate (Ledwell and
Aldrich, 1999; Bezanilla, 2000; Fedida and Hesketh, 2001). The
comparatively slower voltage sensor movement in hERG chan-
nels points to additional barriers or constraints to outward S4
movement that must be overcome before hERG channels can
open.

In addition to putative slow S4 movement, there may be other
mechanisms underlying slow hERG activation and deactivation
gating. For example, we have shown that electromechanical cou-
pling between the voltage-sensing domain and the pore domain
by the S4–S5 linker helix is less efficient in hERG when compared

FIGURE 2 | Comparison of gating and kinetics in Shaker and hERG

channels. Cartoon representation of ionic current, gating current and
fluorescence reports for Shaker (fast-inactivation removed) and hERG
channels in response to a depolarizing step from -80 to 0 mV, followed by a
repolarizing step to -60 mV. Fluorescence traces represent reports from

fluorophores attached at the outer end of S4, to Shaker A359C or hERG
L520C. Note the different timescales and step durations for the fast-activating
Shaker and slow-activating hERG channels. Schematics were generated
based on data from primary sources cited in the text (see Does Slow S4
Voltage Sensor Movement Underlie Slow hERG Gating Kinetics?”).
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to Shaker channels (e.g., Van Slyke et al., 2010) and this could
contribute to slow responses to changes in membrane potential.
hERG deactivation also appears to be more complex than that of
Shaker channels, in that additional modulation of deactivation
may come from the interaction of an N-terminal Per-Arnt-Sim
(PAS) domain with other regions of the channel, perhaps the S4–
S5 linker and/or the C-terminus (Morais Cabral et al., 1998; Wang
et al., 1998; Gustina and Trudeau, 2009, 2011; Fernández-Trillo
et al., 2011).

Following activation, and with continued depolarization, many
Kv channels undergo an additional gating process of inactiva-
tion where they enter into a non-conducting inactivated state that
is distinct from the closed state occupied at negative potentials.
Typically, inactivation is voltage-independent and relatively slow
compared to channel activation, such that significant outward cur-
rent may be observed before inactivation is observed as a decay
in current (reviewed in Kurata and Fedida, 2006). hERG inac-
tivation is unique in that both its onset and recovery (1–10 ms
timecourses) are much faster than the kinetics for activation and
deactivation (Wang et al., 1997). This is important for its physio-
logical role conducting repolarizing current during the late phase
of the cardiac action potential (Sanguinetti and Tristani-Firouzi,
2006). In further contrast to inactivation in channels such as
Shaker, hERG inactivation also appears to depend directly on the
membrane potential and the S4 segment has been proposed to
serve as the voltage sensor for both the inactivation and activation
processes (Piper et al., 2003). A thorough discussion of the voltage-
dependent features of hERG (and other Kv channel) inactivation
is beyond the scope of this review, and will not be discussed in
further detail here.

In sum, compared to other members of the K+ channel super-
family, hERG channels exhibit uniquely slow activation and deac-
tivation kinetics. The remainder of this review turns attention to
the structure–function relationships underlying these slow gating
kinetics, with particular focus on the interactions involving the
charged S4 voltage sensor and the S4–S5 linker helix that couples
the voltage-sensing domain to the pore. A comparison between
these structures in hERG and Shaker channels will be presented,
along with a discussion of the extent to which differences in the
amino acid sequences of these regions account for the differences
in the voltage-dependent gating kinetics of these two channel
types. Finally, the question of whether a gating charge transfer
center like that recently described for Shaker channels is present
in hERG channels is addressed.

REGULATION OF VOLTAGE SENSOR MOVEMENT IN hERG
AND SHAKER CHANNELS
IDENTITY AND LOCATION OF CHARGE-CARRYING RESIDUES IN THE
VOLTAGE-SENSING DOMAIN
As we do not yet have X-ray crystal structures for hERG or Shaker
channels, much of the structural information for these and other
Kv channels derives from comparisons of the primary sequences
and alignment with the Kv1.2 X-ray crystal structures (Long et al.,
2005a; Chen et al., 2010). Based on the high sequence homology
between Kv1.2 and Shaker channels, as well as the Kv1.2 crystal
structure, the S4 helix in Shaker contains six basic residues (R1-
R4, K5, R6; Figure 1), consistent with earlier predictions (Papazian

et al., 1987). Early mutagenesis studies (Liman et al., 1991; Papaz-
ian et al., 1991) had shown that neutralization of R1–K5 resulted
in a reduced voltage-dependence of activation, which suggested
that they, and consequently the S4 segment, were involved in volt-
age sensing. Direct measurements of gating charge from gating
current experiments in Shaker have shown that channel open-
ing is associated with the movement of ∼12–13 e0 charges across
the electric field (Schoppa et al., 1992; Aggarwal and Mackinnon,
1996; Noceti et al., 1996; Seoh et al., 1996). Gating current mea-
surements from charge neutralization mutants confirmed that the
gating charge associated with activation was indeed carried by
the S4 charges, with the largest contributions made from the four
outermost arginine residues (R1–R4) and perhaps a smaller con-
tribution from K5 (Aggarwal and Mackinnon, 1996; Seoh et al.,
1996). The potential contributions to the gating charge of three
negatively charged residues in S2 (E283, E293) and S3 (D316) that
are highly conserved among Kv channels (Figure 1A,C) have sim-
ilarly been assessed; with a significant contribution coming from
E293 in S2 and a much smaller contribution from D316 (Seoh
et al., 1996).

In addition to these charge neutralization studies, other stud-
ies were conducted to determine the extent of S4 transloca-
tion across the membrane. Some used the substituted cysteine
accessibility method, which involves mutating a specific residue
to a cysteine and determining its state-dependent accessibil-
ity to externally or internally applied cysteine-reactive com-
pounds such as methanethiosulfonate (MTS) reagents or p-
chloromercuribenzenesulfonate (pCMBS). After accounting for
methodological differences, the results of these studies (Larsson
et al., 1996; Yusaf et al., 1996; Baker et al., 1998; Wang et al., 1999)
suggested that the S4 charged residues reside in an intracellularly
accessible water-filled crevice at negative resting potentials and
that depolarization results in the first two (R1, R2) and perhaps
the third (R3) positively charged residues moving to an externally
accessible position. In a different approach, Starace et al. (1997),
Starace and Bezanilla (2001), Starace and Bezanilla (2004) substi-
tuted the S4 charges with histidine residues and determined their
accessibility by examining the state-dependent titration of gating
charge by intra- and extracellular pH. The results of these stud-
ies also suggested that at resting potentials, the Shaker S4 charges
reside in a narrow, intracellularly accessible water-filled crevice and
membrane depolarization results in the translocation of R1-R3,
and most likely R4, but not K5 or R6, across the membrane to an
extracellularly accessible crevice (Starace et al., 1997; Starace and
Bezanilla, 2001). Compared to the substituted cysteine accessibil-
ity method, the potentially charge-conserving nature of histidine
substitutions may contribute to a more native conformation of
the voltage-sensing domain, as it has been reported that cysteine
substitutions can affect the S4 topology such that the membrane
spanning portion is reduced (Wang et al., 1999). Intriguingly, his-
tidine substitution at R1 or R4 resulted in the formation of a
proton pore at hyperpolarized and depolarized potentials, respec-
tively (Starace and Bezanilla, 2001, 2004). This suggests that the
substituted histidine residue at position 1 and 4 bridges a very
narrow gap between the external and internal crevices in the rest-
ing and activated states, respectively (Starace and Bezanilla, 2001,
2004). Compared to the substituted cysteine accessibility method,
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the ability of the histidine scanning mutagenesis to show translo-
cation of R3 and R4 likely arises from the small size and improved
mobility of protons relative to MTS and pCMBS. To sum, activa-
tion of Shaker channels results in the translocation of R1-R3 and
probably R4 across the membrane, consistent with the conclusion
from gating current measurements showing that much of the gat-
ing charge is carried by these four residues (reviewed in detail in
Bezanilla, 2000; Catterall, 2010).

The primary sequence homology of hERG channels with Shaker
and Kv1.2 channels is considerably poorer than that observed
within the Kv1 channel family (Figure 1C). There has been lit-
tle consensus on how the sequences of hERG and Shaker channels
should be aligned and, thus, how to define exactly where the trans-
membrane segment borders (i.e., extracellular and intracellular
limits) are in hERG channels. Within the voltage-sensing domain
of hERG, the S4 segment has, depending on the alignment used,
up to seven basic residues (K1, R2–R5, K6, R7), although the
repeating sequence of a positive residue at every third position
separated by two hydrophobic residues capitulates after the fifth
arginine residue (Figure 1C). The amount of gating charge moved
with hERG activation has been estimated to be ∼6 e0 using lim-
iting slope analysis of the voltage-dependence of channel open
probability (Po); even after correction to 8 e0 by factoring in
the underestimation of total charge by the limiting slope method
(Zhang et al., 2004), this is still less than the ∼12 e0 observed for
Shaker. Cysteine substitution of only the three outermost hERG S4
positive charges (K1, R2, R3) resulted in significant decreases in the
total gating charge, which suggests that they transfer most of the
charge moved during activation (Zhang et al., 2004), compared
to the first four charges in Shaker (see above). Similar to E293
in Shaker, hERG D466 in S2 also appears to have a role in gat-
ing charge transfer (Zhang et al., 2004). The contributions of the
other two conserved negative residues in S2 (D456) and S3 (D501),
as well as three additional non-conserved negative charges in the
voltage-sensing domain (Liu et al., 2003) to gating charge have
not been assessed. To account for the ∼1 e0 per subunit difference
in gating charge between hERG and Shaker, Zhang et al. (2004)
aligned the first positive charge in hERG (K1; i.e., K525) with the
second positively charged residue in Shaker (R2; i.e., R365) and
rKv1.2 (R297). This was supported by the finding that hERG K1
but not R2 was accessible to externally applied MTSET (Subbiah
et al., 2004; Zhang et al., 2004), which the authors interpreted to be
consistent with similar experiments showing inaccessibility of the
equivalent Shaker R3 residue to external MTSET (Larsson et al.,
1996; Baker et al., 1998). A recent study using ROSETTA model-
ing and molecular dynamics to generate a hERG structural model
based on the available Kv1.2, KvAP, and Kv1.2–Kv2.1 chimera X-
ray crystal structures is also supportive of this hERG K1:Shaker R2
alignment (Subbotina et al., 2010).

The S4 alignment for hERGK1 and Shaker R2 presented by
Zhang et al. (2004) had been proposed before, based on the results
of alignment software (Liu et al., 2003; Subbiah et al., 2004), and
has since been used by others to interpret their findings (Subbiah
et al., 2005; Zhang et al., 2005; Es-Salah-Lamoureux et al., 2010). As
alluded to above, however, an alternative alignment where hERG
K1 aligns with Shaker R1 has also frequently been used (Wang
et al., 1997; Smith and Yellen, 2002; Silverman et al., 2003; Piper

et al., 2005; Elliott et al., 2009), based primarily on computer-
generated alignments of the hERG and Shaker sequences. Support
for this second alignment comes from a recent report that a stretch
of hERG S4 residues (523–529) encompassing the two outer-
most positive charges (K525, R528) becomes accessible to external
pCMBS with depolarization (Elliott et al., 2009). The region of
external pCMBS accessible Shaker S4 residues (I360–L366) also
includes the first two charged residues (R362, R365; Yusaf et al.,
1996), which suggests that the extent of S4 movement is very sim-
ilar in both hERG and Shaker channels. These results, along with
the finding that both hERG L523 and Shaker I360 correspond to
the interface between the extracellular solution and the cell mem-
brane at rest (Wang et al., 1999; Elliott et al., 2009), support an
alignment of hERG K1 with Shaker R1. Furthermore, compari-
son of the shifts in the voltage-dependence of activation caused
by cysteine substitution along the hERG and Shaker S4 segments
also agrees with a hERG K1:Shaker R1 alignment (Elliott et al.,
2009). The disagreement of these results obtained with pCMBS
with those showing that hERG R528C was inaccessible to MTSET
(Zhang et al., 2004) were reconciled by demonstrating that MTSET
can react with externally accessible cysteines in hERG and Shaker
without producing an appreciable effect on channel function and
may therefore give a less reliable report on cysteine accessibility
(Wang et al., 1999; Elliott et al., 2009). A consequence of a hERG
K1:Shaker R1 alignment is that the reasons for the 4 e0 difference
in gating charge between the two channels remains unclear.

DOES SLOW S4 VOLTAGE SENSOR MOVEMENT UNDERLIE SLOW hERG
GATING KINETICS?
In the previous section, we have discussed the structure of the
voltage-sensing domain and showed that the locations of the
charge-carrying residues in the hERG voltage-sensing domain are
similar to those for Shaker and Kv1.2 channels. Furthermore,
the extent of S4 translocation across the membrane with depo-
larization appears to be comparable in each of these channels.
Thus, gross structural differences between the voltage-sensing
domains are unlikely to be the underlying reason for the much
slower activation and deactivation kinetics of hERG compared
to Shaker channels. We now turn attention toward the rate at
which the S4 voltage sensor moves in response to changes in
membrane potential. VCF measurements on hERG S4 movement
were first performed a decade ago when three consecutive residues
(E518, E519, and L520) in the extracellular S3–S4 linker were
individually mutated to cysteines and labeled with a fluorescent
probe (tetramethylrhodamine-5-maleimide, TMRM); changes in
the fluorescent report from these positions were correlated with
the voltage- and time-dependence of the ionic current to provide a
“picture” of S4 movement (Smith and Yellen, 2002). Fluorophores
attached to E518 and E519 showed both fast and slow voltage-
dependent changes in fluorescence, while L520 gave a single slow
report (Figure 2). The slow fluorescence report from all three
positions correlated well with the voltage-dependent and tempo-
ral properties of ionic current activation and deactivation and
responded in parallel to maneuvers that altered the kinetics of
channel deactivation. In Shaker channels, fluorescent reports from
similar positions indicated that S4 movement occurs prior to and
at lower potentials than channel opening (Mannuzzu et al., 1996;

www.frontiersin.org May 2012 | Volume 3 | Article 83 | 131

http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive


Cheng and Claydon hERG channel gating

Cha and Bezanilla, 1997; Loots and Isacoff, 1998). The overlap
of the voltage- and time-dependence of the hERG slow fluo-
rescence and ionic current signals suggested that S4 movement
reported by the probe is slow and likely the rate-limiting step in
the activation process (Smith and Yellen, 2002). Although the fast
fluorescence report from probes at E518 and E519 had kinetics
and a voltage-dependence that were well correlated with those of
channel inactivation, manipulations that affected inactivation did
not alter the fast fluorescence (Smith and Yellen, 2002) suggest-
ing that the fast fluorescence component is unlikely to represent a
direct report on inactivation gating dynamics.

Shortly after Smith and Yellen’s (2002) VCF measurements, the
first hERG gating currents were recorded and showed that the
kinetics of the movement of the majority of gating charge were
remarkably slower (τ ≈ 50 ms) than that reported for other Kv
channels, such as Shaker (Figure 2). Thus, these electrical mea-
surements supported the conclusion from the fluorescence mea-
surements that slow S4 movement underlies hERG gating kinetics.
hERG gating currents are unique among those of Kv channels in
that they have two components: (i) an initial very rapid transient
(τ ≈ 0.5 ms) and (ii) a slowly decaying component (τ ≈ 50 ms)
that carries the majority of the gating charge (Figure 2; Piper
et al., 2003). In contrast to the VCF data, which suggested that S4
movement occurred with a similar voltage-dependence to channel
activation, the voltage-dependence of total gating charge (Q–V )
movement was left-shifted relative to the conductance–voltage
(G–V ) relationship. This is more in line with Q–V and G–V
relationships previously described for Shaker channels (Bezanilla,
2000) and would appear to indicate that the majority of hERG gat-
ing charge movement precedes channel opening. Interestingly, the
Q–V for the fast component was right-shifted compared to the G–
V and very similar to the fluorescence–voltage relationship for the
fast fluorescence component reports from E518 and E519 (Smith
and Yellen, 2002). Also consistent with the reported fluorescence
data, the fast gating charge component did not correlate well with
hERG inactivation properties (other than its kinetics), indicating
that the fast gating charge movement did not reflect charge move-
ment associated with hERG inactivation. Instead, based on the
observation that the fast gating charge component contributed to
the majority of charge moved at potentials below the activation
threshold, Piper et al. (2003) concluded that the fast gating charge
transient corresponded to transitions between closed states early
in the activation pathway. In sum, the results of early VCF and gat-
ing current experiments in hERG channels suggested that gating
charge and S4 movement occurs prior to channel opening, but that
it is slow and therefore contributes to the slow activation process
characteristic of hERG.

The view that the slow fluorescence reports from E518C,E519C,
and L520C is correlated to S4 movement during activation has
recently been questioned. It had previously been reported that
labeling of wild-type (WT) hERG with TMRM did not result in
any voltage-dependent changes in fluorescence, which was inter-
preted to indicate that native cysteine residues did not contribute
to the fluorescence observed from the mutant channels (Smith
and Yellen, 2002; Van Slyke et al., 2010). Es-Salah-Lamoureux
et al. (2010) found that TMRM binding to two native cysteine
residues in the S1–S2 linker resulted in fluorescence reports that

modified the report from E519C in the S3–S4 linker. When the
native cysteine residues were substituted with valine, the fluores-
cence report from E519C was augmented and the fast fluorescence
report had a voltage-dependence (F–V ) that was left-shifted from
the G–V relationship and consistent with the voltage-dependence
of total gating charge in hERG movement (Piper et al., 2003).
The authors proposed that the fast fluorescence component from
E519C reports on rapid S4 movement while the slow component
reports on subsequent rearrangements associated with pore open-
ing and closing. Instead, it may be that the fast fluorescence change
from E519C reports on the early rapid gating charge movements
reported by Piper et al. (2003). Further investigation is required
to determine precisely which reconfigurations of the channel the
VCF measurements from the hERG S3-S4 linker are reporting on.

hERG ACTIVATION MAY INVOLVE A RATE-LIMITING STEP THAT IS
VOLTAGE-INDEPENDENT
In addition to the results of VCF and gating current experiments
that suggest the rate of hERG activation is limited by slow S4
movement, analysis of macroscopic ionic currents and kinetic sim-
ulations have led to predictions that the hERG activation pathway
involves a voltage-independent, rate-limiting step. Characteriza-
tion of the voltage-dependence of the activation time constant
(τact) showed that hERG channels activate in a sigmoidal fashion
(Trudeau et al., 1995; Liu et al., 1996; Wang et al., 1997), which
suggests that the activation pathway is a multi-step process, sim-
ilar to other Kv channels, such as Shaker (Zagotta et al., 1994a;
Fedida and Hesketh, 2001). Detailed analysis of the late phase of
activation (sometimes measured as the last 50% of the activation
time course) suggested that τact nears saturation at strongly depo-
larized potentials (15 ms at +160 mV), which is indicative of a
voltage-independent step that becomes rate-limiting at positive
potentials (Liu et al., 1996; Wang et al., 1997; Subbiah et al., 2004).
The strong voltage-dependence of the deactivation rate implies
that the final closed to open (and open to closed) transition
must be voltage-dependent, thereby requiring that the voltage-
independent transition precede the final opening transition (Liu
et al., 1996; Wang et al., 1997). Thus, the final linear kinetic model
(Figure 3A) for hERG gating proposed by Wang et al. (1997) has
three closed states preceding the final open state with a voltage-
independent transition between the second and third closed states,
immediately before the final opening step. Several other gating
schemes have also been proposed, with the major variations having
only two closed states (Oehmen et al., 2002) or with the addition
of a direct transition from the final closed state to the inactivated
state (i.e., channel opening is not required for inactivation; Clancy
and Rudy, 2001; Mazhari et al., 2001). All of these models retain a
voltage-independent transition prior to the final opening step. A
recent comparison of the above kinetic models found that the sim-
ple linear model first proposed by Wang et al. (1997) is best able
to reproduce the qualitative and quantitative behavior of hERG
channels under voltage-clamp and action potential simulations
(Bett et al., 2011).

The model for hERG gating proposed by Wang et al. (1997) is
limited in that it does not correlate transitions in the model with
changes in individual α-subunits, in contrast to gating schemes
such as the Zagotta Hoshi Aldrich (ZHA; Zagotta et al., 1994a)
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FIGURE 3 | Proposed schemes to describe hERG channel gating.

(A) the three closed state model proposed by Wang et al. (1997). Kf and Kb
represent voltage independent transitions that are rate limiting for opening
at strongly depolarized potentials. (B) The modified gating scheme
proposed by Piper et al. (2003) to account for the biphasic nature of hERG
gating currents and multiple sequential voltage-dependent transitions of the
voltage sensor.

and Schoppa and Sigworth (S–S; Schoppa and Sigworth, 1998a)
models for Shaker channel gating that were based on combined
gating current, macroscopic ionic current and single channel cur-
rent data. For example, the S–S model suggests that each subunit
independently proceeds through three voltage-dependent gating
steps, followed by two concerted transitions to a final closed state
and then to the open state (Schoppa and Sigworth, 1998a; Fedida
and Hesketh, 2001). Following the first records of hERG gating
currents, Piper et al. (2003) proposed an updated Markov model
that incorporated the Wang et al. (1997) hERG model as well as
the ZHA and S–S Shaker models (Figure 3B). This model takes
into account the biphasic nature of the hERG gating currents and,
similar to the ZHA and S–S models, assumes that each subunit
independently undergoes two sequential, voltage-dependent tran-
sitions before the channel proceeds in a concerted fashion through
two sequential closed states from where the channel may then
open. Also like the S–S model, the early independent transitions
were thought to correspond to movement of gating charge and
were rate-limiting at lower membrane potentials. The voltage-
independent transition between the last two closed states that
is rate-limiting at strongly depolarized potentials is maintained,
although the rate of the reverse transition is several-fold higher
than in the original Wang et al. model. The expanded model pre-
sented by Piper et al. (2003) is reasonably able to simulate ionic and
gating currents of WT and inactivation-deficient mutant hERG
channels under voltage-clamp conditions, although its ability to
accurately predict currents under action potential simulation has
not been assessed.

S4 MOVEMENT AND GATING ARE REGULATED BY INTRA-SUBUNIT
INTERACTIONS
The sections above have focused primarily on the location and
motion of positively charged residues in the S4 segment of the
voltage-sensing domain. We now turn attention toward the poten-
tial interactions between the S4 segment and the three other trans-
membrane segments that make up the voltage-sensing domain
(i.e., S1, S2, and S3), which may contribute to the regulation of
voltage-dependent S4 movement.

Early charge neutralization studies of the S4 segment in Shaker
channels, showed that two S4 mutants, K5Q (K374Q) and R6Q

(R377Q), did not produce functional channels (Papazian et al.,
1991). Expression and function of K5Q, and to a lesser extent
R6Q, could be rescued when paired with the neutralization of
highly conserved negative charges at the intracellular ends of S2
(E293Q) or S3 (D316N), which suggests that interactions between
these charged residues are important for protein folding and mat-
uration (Papazian et al., 1995). Using a similar charge reversal
approach (i.e., K5E, E293K, D316K), Tiwari-Woodruff et al. (1997,
2000) suggested that specific interactions occur between K5, E293,
and D316 in the same subunit and that these interactions may be
electrostatic in nature (but see below). Potential electrostatic inter-
actions were also shown between E283 at the extracellular end of
S2 and R3 and R4 in S4 (Tiwari-Woodruff et al., 1997, 2000).
As E283 did not exhibit state-dependent accessibility to external
MTS reagents (Wang et al., 1999; Tiwari-Woodruff et al., 2000),
it likely does not move relative to the electric field during chan-
nel activation. Thus, this latter result suggests that E283 interacts
sequentially with the charge-carrying R3 and R4 residues as they
move through the electric field (Tiwari-Woodruff et al., 2000).
The stabilization of partially activated and/or open states of the
channel by interactions of E283 with R3 and R4 is further sup-
ported by the observation that disrupting these interactions, by
mutation of E283, caused a depolarizing shift in the G–V rela-
tionship (Papazian et al., 1995). In sum, the above findings, in
combination with previous data on gating charge movement and
accessibility are consistent with the hypothesis that R3 and R4
interact with E283 near the extracellular surface of the channel
during activation, while interactions at the intracellular face of
the channel between E293, K5, and D316 tend to stabilize the
closed state. More recently, experiments with neutral unnatural
amino acid homologs for E283, E293, and D316 have suggested
that, while the interactions involving E283 are indeed electrosta-
tic in nature, E293 and D316 do not participate in electrostatic
interactions with S4 and are instead important in maintaining
the water-filled crevice at the base of the voltage-sensing domain
(Pless et al., 2011). Mutation of E293, D316, and/or K5 may thus
change the local dielectric within the water-filled vestibule, which
could result in an altered electric field and the observed effects
of these mutations on voltage-dependent Shaker gating. Determi-
nation of the X-ray crystal structures for Kv1.2, the Kv1.2–Kv2.1
paddle chimera and KvAP in the activated conformation confirm
the close proximities of E283 to R4 and of K5 to E293 and D316
(Jiang et al., 2003; Long et al., 2005a, 2007; Chen et al., 2010).

Compared to the interactions occurring in the voltage-sensing
domain in the activated conformation, for which there is high
resolution structural information, the nature of the interactions
occurring in the resting closed state are less clear. The ability of
R1 and R4 Shaker mutants to conduct protons or monovalent
cations through the voltage-sensing domain at hyperpolarized and
depolarized potentials, respectively (Starace and Bezanilla, 2004;
Tombola et al., 2005), suggests that these residues occupy simi-
lar positions in the resting and activated states. Mutation of E283
modulated these “gating pore” currents, suggesting that, like R4,
R1 approaches E283 during gating (Tombola et al., 2005). Disul-
fide bond formation between R1C and I241C in S1 or I287C in S2
in the closed state (Campos et al., 2007) also supports close prox-
imity of R1 and E283 in the resting state. Several structural models
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of Shaker, Kv1.2 and KvAP channels in the resting state have been
developed using these experimental data to constrain the position
of R1 close to E283 (Yarov-Yarovoy et al., 2006; Campos et al., 2007;
Pathak et al., 2007; Nishizawa and Nishizawa, 2008; Schow et al.,
2010; Vargas et al., 2011). Using molecular dynamics simulations
to calculate the gating charge transferred when the Kv1.2 S4 seg-
ment moves from a resting position, where R1 and E283 interact,
to an activated conformation, where R4 and E283 interact, resulted
in a value of ∼12–12.7 e0 (Khalili-Araghi et al., 2010), which is in
good agreement with experimental findings (Bezanilla, 2000).

In contrast to the data discussed above, other experimental evi-
dence suggests that Shaker R1 does not interact with E283 at rest
and is instead located in a “gating charge transfer center” formed
by F290 further down in the S2 segment, in the intracellularly
accessible water-filled crevice defined by E293 in S2 and D316 in
S3 (Figure 4A; Tao et al., 2010; Lin et al., 2011). In the Kv1.2 and
Kv1.2–Kv2.1 chimera crystal structures the highly conserved F233
residue (analogous to Shaker F290) forms part of the 10 Å thick
hydrophobic layer in the voltage-sensing domain that focuses the
transmembrane electric field and also separates the intracellular
and extracellularly accessible water-filled crevices in the voltage-
sensing domain. Based on this, F233 has been described as a
“hydrophobic plug” and “Phe gap” (Long et al., 2007; Chen et al.,
2010). The crystal structures, which depict S4 in its activated con-
formation, show that F233 separates K5 (i.e., Shaker K374) from
the extracellular crevice and it was proposed that the S4 charges
move across the electric field by sequentially flipping past the
phenylalanine residue, such that R1 occupies this position at rest,
consistent with a translocation of the S4 segment of 10 Å (Long

et al., 2007; Chen et al., 2010; Tao et al., 2010). It was recently
shown that the F290W mutation in Shaker increased the affinity
of the gating charge transfer center for lysine residues, presum-
ably due to an induced cation–π relationship (Tao et al., 2010;
Pless et al., 2011). In support of a resting R1–F290 interaction,
the charge-conserving R1K mutation (in the F290W background)
resulted in a right-shifted G-V relationship indicative of a sta-
bilized resting conformation and increased interaction between
the substituted K1 charge and the tryptophan residue at 290 (Tao
et al., 2010). A recent assessment of the ability of I287H and R1H
in Shaker to form a binding site for extracellular Zn2+ has also
shown that, at −80 mV, only a fraction of channels have voltage
sensors where I287H and R1H are in close enough proximity to
bind Zn2+ and this proportion decreases with changes in poten-
tial in either direction (Lin et al., 2011). This is consistent with
voltage-dependent translocation of S4 that moves R1 further away
from I287, and supports the idea of an inward movement of R1
away from I287 and, thus, E283 upon hyperpolarization. I287H
can form a Zn2+ binding site when paired with A359H in the
S3–S4 linker and Zn2+ binding to this site stabilizes the resting
state (Lin et al., 2011). These findings lend strong support to
the hypothesis that R1 does not interact with E283 in the fully
closed state, but is instead located further toward the intracellular
space, perhaps in the vicinity of the gating charge transfer cen-
ter. It is possible to reconcile these data with previous studies if
one considers that interactions with the gating charge transfer
center do not preclude R1 from approaching I287 and inter-
acting with E283 during transitions through partially activated
states.

FIGURE 4 | Structural models of the voltage-sensing domain and pore

domain. (A) ribbon representation of the voltage-sensing domain (S1, black;
S2, red; S3, yellow; S4, blue) in an open conformation based on the
Kv1.2–Kv2.1 chimera crystal structure (Long et al., 2007). Side chains found in
the proposed gating charge transfer center (D316, E283, and F290) and along
S4 (R1, R2, R3, R4, K5) are colored according to atom type: C, yellow; N, blue;
O, red; phenylalanine, green. For clarity, the S1–S2 linker has been omitted.

(B) Ribbon representation of the open pore domain (S5, gray; S6, blue) and
S4–S5 linker (red), based on the Kv1.2–Kv2.1 chimera crystal structure,
showing the close apposition of the S4–S5 linker and distal S6 helices. Proline
residues that form the highly conserved PxP motif in the distal S6 helix and
allow electromechanical coupling via the S4–S5 linker are highlighted in
yellow. Only two subunits of the tetramer are shown (two subunits have been
removed for clarity).
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As discussed above, the S4 segment of hERG contains a lysine
residue at the extracellular (K1; K525) and intracellular extremes
(K6; K538), while Shaker-type channels have an arginine at the
top of S4 (Figure 1C). The presence of both K1and K6 have been
reported to stabilize the closed state of hERG: mutations at these
positions caused a hyperpolarizing shift of the G–V relationship
and accelerated activation (Liu et al., 2003; Subbiah et al., 2004,
2005; Zhang et al., 2004, 2005; Piper et al., 2005; Subbotina et al.,
2010). Given that substitution of K1 or K6 with neutral (Q, C,
W, or A) and/or charged (D or E) residues caused destabiliza-
tion of the closed state, the lysine interactions are unlikely to be
electrostatic in nature. The stabilization of the hERG closed state
by K6 at the bottom of S4 is in stark contrast to the proposed
role played by K5 at the bottom of the Shaker S4 in stabilizing
the open state (see above, Tao et al., 2010; Lacroix and Bezanilla,
2011; Pless et al., 2011). Importantly, K6 is one of two consec-
utive positively charged residues at the bottom of the hERG S4
(R5 or R537 being the other) and either could potentially act as
the analogous residue to Shaker K5. Although not yet formally
assessed, the proximity of these two consecutive basic residues
may contribute to the differential effects of substituting K6 in
hERG, compared to K5 in Shaker. In contrast to the closed-state
stabilization of K1 and K6, neutralization or charge reversal of
the hERG S4 arginines (R2, R3, R4, R5) generally caused a mod-
erate depolarizing shift of the G–V relationship (Subbiah et al.,
2004, 2005; Zhang et al., 2004, 2005; Piper et al., 2005). Intrigu-
ingly, the arginine mutants often also affected the time constants
for channel activation and deactivation (Subbiah et al., 2004,
2005; Zhang et al., 2005). Together, these results suggest that
the arginines in the middle of S4 may be involved in interac-
tions that stabilize the open state or, alternatively, in facilitating
transitions leading to the open state. Overall, R2 and R3 were
shown to have the largest effects on both the voltage-dependence
and rate of channel opening (Subbiah et al., 2004, 2005; Piper
et al., 2008). As the analogous residues in Kv1.2 have been sug-
gested to form salt-bridges within the activated conformation of
the voltage-sensing domain seen in the Kv1.2 crystal structure
(Long et al., 2005a), these observations have been considered to
suggest that interactions involving R2 and R3 are particularly
important in stabilizing partially activated states and the slow
activation of hERG (Piper et al., 2005; Subbiah et al., 2005).
Similar parallels can also be drawn with the roles of Shaker R3
and R4 in stabilization of partially activated conformations (see
above).

As with Shaker channels, the potential interaction partners for
the S4 basic residues in hERG channels have been studied, albeit
less extensively. The voltage-sensing domains of hERG and other
eag family members possess three conserved negative charges in
S2 (D456, D466) and S3 (D501), as well as three additional acidic
residues not conserved across other Kv channel families: D411
(S1), D460 (S2) and D509 (S3), and an extra lysine at the base
of S1 (K407; Figure 1A,C). It is conceivable that the presence
of these non-conserved negative charges in hERG may result in
additional electrostatic interactions with S4 basic residues and per-
haps contribute to the uniquely slow gating of hERG channels.
Using double mutant cycle analysis and charge reversal muta-
tions, Zhang et al. (2005) found evidence for interactions between

K1 and D456 (equivalent to the proposed R1–E283 interaction
in Shaker) and between K6 and D411 at the base of S1, both
of which were proposed to stabilize the closed state and con-
tribute to slow hERG activation. The latter interaction would be
absent in Shaker channels, which do not possess a D411 equiv-
alent in S1. The same study showed that D456 also interacts
with R2 during partially activated states and that this interaction
facilitates activation. The same approach was used more recently
with charge neutralization mutants to show that R3 is energeti-
cally coupled during activation to all of the acidic residues in the
voltage-sensing domain (Piper et al., 2008), although note that
a R3–D411 interaction is inconsistent with the results of Zhang
et al. (2005), which specifically showed that R3 did not inter-
act with D411. The sum of these findings is a picture of hERG
activation that involves a voltage sensor that is stabilized at the
top and bottom by interactions involving K525 and K538, respec-
tively. Depolarization would provide sufficient energy to break
these interactions and new interactions of R528 and R531 with
D456 would form as the S4 segment is extruded. Based on find-
ings in closely related eag channels, R534 also likely interacts with
D456 in the activated state (Silverman et al., 2003), consistent
with the salt-bridges observed between the analogous residues in
the Kv1.2 crystal structure (Long et al., 2005a). Support for an
R534–D546 interaction is also provided by the observation that
Mg2+ binding to the pocket of negative charges in hERG formed
by D456 and the non-conserved D460 and D501 residues accel-
erated deactivation, presumably by disrupting the ability of R534
to interact with D456 and, thus, destabilizing the activated state
(Lin and Papazian, 2007). Thus, the sequential coupling of the S4
arginines to D456 at the top of S2 during hERG activation is very
similar to the model for Shaker channel activation proposed by
Papazian and colleagues (see above). This is in good agreement
with the observation that the extent of Shaker and hERG S4 extru-
sion appears to be quite similar (as discussed above, Elliott et al.,
2009).

IS THE GATING CHARGE TRANSFER CENTER DESCRIBED FOR SHAKER
CONSERVED IN hERG?
Recently there has been considerable renewed interest in the reg-
ulation of the movement of S4 charges across the electric field in
response to changes in voltage. In large part, interest has focused
on the potential role of a highly conserved phenylalanine residue
in S2 (F290) that forms part of a hydrophobic plug at the base
of the voltage-sensing domain (Chen et al., 2010). As mentioned
above, it was recently suggested that F290 acts as a gating charge
transfer center in Shaker channels (Tao et al., 2010). Introduction
of a tryptophan residue at position 290 resulted in preferential
interaction of the gating charge transfer center with lysine (over
arginine residues), such that the closed or open conformations
of the voltage sensor could be stabilized depending on whether
a lysine occupied the first or fifth charged position in S4, respec-
tively (Tao et al., 2010). Although a cation–π interaction between
lysines and the native phenylalanine residue was ruled out (Tao
et al., 2010; Lacroix and Bezanilla, 2011), the increased affin-
ity for lysine caused by the F290W mutation is likely due to a
preferential cation–π interaction with the indole ring of the sub-
stituted tryptophan residue (Pless et al., 2011). Currently, there

www.frontiersin.org May 2012 | Volume 3 | Article 83 | 135

http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive


Cheng and Claydon hERG channel gating

is still debate over whether F290 regulates the movement of each
individual S4 gating charge across the electric field in WT Shaker
(Tao et al., 2010) or if this interaction is limited to only the
fourth arginine (R4; Lacroix and Bezanilla, 2011). Nevertheless,
it seems clear that in the F290W mutant, the open state of the
channel is stabilized and activation is rapid with an arginine at
the top of S4 and a lysine at the bottom (i.e., R1, K5; Tao et al.,
2010).

To date, there is little published information regarding the
importance of the gating charge transfer center in voltage-gated
ion channels other than Shaker. The phenylalanine residue in S2
thought to form the gating charge transfer center in Shaker (F290)
is conserved in hERG channels (F463; see Figure 1C). We have
examined the effects of charge-conserving mutations in the S4
segments of hERG channels to address the question of whether
a gating charge transfer center also regulates S4 movement and
channel activation in hERG channels. In Shaker, switching the
position of the arginine at the top of S4 and the lysine at the bot-
tom (i.e., R1K–K5R) in the F290W background caused a dramatic
slowing of channel activation, deactivation, and gating charge
movement, consistent with the stabilization of the closed state
by the presence of a lysine at the top, but not the bottom, of S4
(Tao et al., 2010). Intriguingly, WT hERG channels, which present
slow activation, deactivation, and gating charge movement, have
a lysine (K1) as the outermost S4 charge and the arginine residue
immediately adjacent to K6, R5, aligns better with the repeating
sequence of S4 charges (i.e., KxxRxxRxxR537K538) and, thus, with
Shaker K5 (see Figure 1C). We have asked whether the different
nature of the charged residues at the ends of the S4 helix (i.e.,
lysine vs. arginine) contribute to the unique voltage-dependent
gating properties of hERG channels. We found that the charge-
conserving K1R mutation in hERG causes a large left-shift of
the G–V relationship (Cheng et al., 2012), consistent with pre-
vious reports that hERG K1 is important in stabilization of the
closed state of the channel (Zhang et al., 2004, 2005; Subbiah
et al., 2005). This finding is also in agreement with the obser-
vation in Shaker channels that a lysine at the outer end of the
S4 segment imparts greater resting-state stability than an argi-
nine residue (Tao et al., 2010) and is therefore supportive of a
gating charge transfer center mechanism. Investigating interac-
tions at the bottom of S4, we found that both R5K and K6R
mutations exhibited a right-shifted voltage-dependence of acti-
vation (Cheng et al., 2012). These data suggest that a lysine at
position 5 (i.e., R5K) destabilizes the open state, but at position
6 a lysine stabilizes the open state. Although the latter is in line
with the finding in Shaker that a lysine residue at the bottom
of S4 stabilizes the open state, the finding that a lysine at posi-
tion 5 destabilizes the open state is in contrast to the results in
Shaker (Tao et al., 2010). These data raise the question as to which
residue, R5 or K6, occupies the gating charge transfer center in the
activated state. Furthermore, it is apparent that the putative inter-
actions between the proposed gating charge transfer center and
the charged residues at the base of S4 in hERG appear to be more
complex than those described in Shaker channels. The different
identities (i.e., lysine or arginine) of the charged residues at the
extreme ends of the S4 segments in hERG and Shaker channels
and their resulting interactions with the putative gating charge

transfer center may contribute to the characteristically slow gating
of hERG channels.

ROLE OF THE S4–S5 LINKER IN hERG AND SHAKER CHANNEL
GATING
THE S4–S5 LINKER COUPLES THE VOLTAGE-SENSING AND PORE
DOMAINS
As mentioned above, the S4–S5 linker plays a pivotal role in Kv
channel gating. This short connecting linker lies at the internal
lipid interface and couples translation of the S4 voltage sensor
segment to opening and closing of the intracellular pore gate.
Crystal structure representations of the Kv1.2 channel open state
show that the S4–S5 linker lies in close apposition to the dis-
tal S6 segment of the same subunit (Figure 4B) and have led
to the proposal that the S4–S5 linker electromechanically cou-
ples voltage sensing with channel opening (Long et al., 2005a;
Chen et al., 2010). This critical role of the S4–S5 linker in Kv
channels is also supported by functional evidence. Chimeric con-
structs of Shaker and KcsA channels demonstrated that voltage
dependent gating requires the distal S4–S5 linker of Shaker from
L385 to L399 (Lu et al., 2002). Replacement of the Shaker S4–S5
linker, along with a portion of the distal S6 helix, with the cor-
responding sequence from the voltage insensitive KcsA channel
specifically abolished voltage dependent gating in Shaker chan-
nels. A similar chimeric approach using voltage-gated Kv1.5 and
Kv2.1 channels showed that voltage-dependent gating required
specific contacts between the S4 and S5 linker with the dis-
tal S6 helix, which allow for mechanical translation of volt-
age sensor movement to the S6 pore gate (Labro et al., 2008).
More recently, gating current and VCF measurements of voltage
sensor dynamics in Shaker channels showed that direct cou-
pling between R394, E395, and L398 in the S4–S5 linker and
Y485 in the distal S6 segment stabilizes the open state of chan-
nels (Batulan et al., 2010). A similar coupling role for the S4–
S5 linker has been reported in hERG channels. Charge rever-
sal of D540 in the S4–S5 linker destabilized the closed state
of hERG causing channels to re-open upon hyperpolarization
(Sanguinetti and Xu, 1999). Alanine substitution of R665, but
not other neighboring residues, in the distal S6 segment pre-
vented re-opening in D540K channels, suggesting that electro-
static repulsion between D540K and R665 causes re-opening
of the intracellular activation gate at hyperpolarized potentials
(Tristani-Firouzi et al., 2002). Subsequent studies showed that
cross-linking of cysteine residues engineered at D540 in the
S4–S5 linker and L666 in the distal S6 segment stabilized the
closed conformation of the hERG activation gate (Ferrer et al.,
2006). Interestingly, cross-linking of these residues also immobi-
lized a portion of voltage sensor gating charge, consistent with a
role of the S4–S5 linker in electromechanical coupling in hERG
channels.

Outward movement of the S4 helices is translated, via the S4–
S5 linkers, into a pivoted bending of the lower portion of the S6
helices that opens the aperture of an intracellular gate to permit
ion permeation. Comparison of channel structures crystallized in
the open state, such as Kv1.2, KvAP, and MthK (Jiang et al., 2002b,
2003; Long et al., 2005a; Chen et al., 2010), with those in the closed
state, such as KcsA, (Doyle et al., 1998) suggest that the intracellular
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gate in Kv channels is formed by the convergence of the S6 helices
near a highly conserved PxP motif that introduces a kink in the
α-helical structure to allow for electromechanical coupling with
the S4–S5 linker (Figure 4B). Upon depolarization, movement of
the S4–S5 linker is predicted to cause radial displacement of the
lower S6 helices in a manner that is dependent on the flexibil-
ity of a conserved “glycine hinge” higher up in S6. This model of
activation is supported by substituted cysteine accessibility stud-
ies showing that residues below the activation gate are accessible
to chemical modification by MTS reagents in both closed and
open states, while residues above are only accessible in the open
state (Liu et al., 1997). Furthermore, sites above the activation gate
were protected from MTS modification by binding of pore block-
ers, such as tetrabutylammonium (TBA), tetraethylammonium
(TEA), and the N-terminal inactivation particle (Liu et al., 1997;
del Camino et al., 2000). A scanning mutagenesis study pinpointed
V478 and F481 as sites that occlude ion permeation in the closed
state (Hackos et al., 2002), the former of which has been described
as a hydrophobic seal that prevents K+ access to the inner cavity of
the channel (Kitaguchi et al., 2004). This putative hydrophobic seal
in Shaker lies approximately one helical turn below the PVP motif-
induced kink in S6 and two turns above the S4–S5 linker contact
point in S6 (Y485) described by Batulan et al. (2010). Based on
these structural and functional data, a mechanism by which S4–S5
linker coupling of voltage sensor movement displaces the distal
S6 helices to dilate an intracellular pore aperture around V478
(in Shaker) presents a compelling model to describe Kv channel
activation gating.

A MISSING PxP MOTIF IN hERG MAY CONTRIBUTE TO ITS UNIQUE
GATING
Interestingly, hERG channels lack the well conserved PxP motif in
S6. This has raised questions as to the location of the intracellular
gate in hERG channels and how it is coupled to S4 movement.
Introduction of the PVP motif into hERG channels (substituting
the I655F656G657 triplet) apparently locked channels in the open
state (Fernandez et al., 2004). This suggests that the structure of the
hERG activation gate and its coupling to the voltage-sensing unit
is different from that in Kv channels such as Shaker. Robertson
and co-workers performed a cysteine scan of the distal portion
of S6 in hERG in an attempt to determine the structural ele-
ments that define the intracellular pore gate (Wynia-Smith et al.,
2008). Cysteine substitution at Q664,Y667, and S668 induced slow
deactivation and constitutive channel opening at negative poten-
tials. Mapping these sites onto models of the open and closed
states of the channel (based on Kv1.2 and MlotiK1 crystal struc-
tures, respectively) suggested that they form a gating ring that
occludes the permeation pathway in the closed state. Interestingly,
this occlusion site is positioned in the vicinity of the S4–S5 linker
contact point in S6 (L666) described by Ferrer et al. (2006) and
approximately two helical turns below the location of the gate
(V478) in Shaker channels. This suggests that the position of the
pore gate in hERG channels may be different from that described
in Shaker. If this is the case, the mechanism by which S4–S5 linker
interactions with S6 drive opening and closing of the gate is an
important issue that will require further investigation in order to
fully understand hERG’s unusual gating characteristics.

CRITICAL STRUCTURAL FEATURES OF THE hERG AND SHAKER S4–S5
LINKERS
Analysis of the Kv1.2 channel structure in the open configuration
shows that the S4–S5 linker spans residues S311-A323 and forms
three turns of an amphipathic helix (Long et al., 2005a). Sim-
ilar findings were reported from NMR structures of the Shaker
channel S4–S5 linker isolated and incorporated into lipid micelles
(Ohlenschlager et al., 2002). The amphipathic nature of the helix
is consistent with a position approximately parallel to the plane of
the membrane, and suggests that the short helix lies at the inter-
face of the internal phospholipid layer. NMR structures have also
been reported for the S4–S5 linker of hERG channels (Gayen et al.,
2012; Ng et al., 2012). These structures of isolated S4–S5 linker
peptide fragments formed in the presence of dodecylphospho-
choline (DPC) phospholipid demonstrate that the linker forms a
310-helix from S543 to Y545 (Gayen et al., 2012) or an amphipathic
α-helix from L539 to L550 (Ng et al., 2012). The structural dis-
crepancy may simply result from determination of structures using
peptide fragments of different length; the S4–S5 linker fragment
used by Gayen et al. was shorter (L539–A548) than that used by
Ng et al. (L532–F551). Indeed, residues 539–541 appear to adopt
a near helical configuration in the structure presented by Gayen et
al. However, as Ng et al. discuss, this discrepancy may also reflect
the dynamic nature of the S4–S5 linker structure. Both studies
are somewhat limited in this regard, in that the linker structure
is analyzed in an isolated peptide removed from both S4 and S5,
which tether the linker at either end, and also from steric interac-
tions with the S6 helices. Despite this limitation, these structures
represent the best available structural representations of the S4–S5
linker in hERG channels to date.

In Shaker channels a highly conserved leucine heptad repeat
runs from the distal S4 to the proximal S5, spanning the S4–S5
linker. Leucine zippers are important structural motifs that func-
tion as dimerization domains for protein–protein and protein–
DNA interactions. The role of the putative leucine zipper motif
in Shaker channels is unclear, but disruption of the hydropho-
bic domain sequence was shown to destabilize the open state of
the channel (McCormack et al., 1991). In particular, mutation of
the 2nd leucine residue (L382V) within the heptad repeat shifted
activation gating of Shaker channels by ∼+70 mV and reduced
the voltage-sensitivity. Gating current analysis in this “V2” mutant
showed no change in the amount of charge during activation, but
found that the on-gating charge movement became separated into
two components. In the V2 mutant, most of the charge moved
at negative potentials with a voltage dependence similar to that
in WT channels, but a small component of charge moved only at
more strongly depolarized potentials that correlates with the volt-
age dependence of opening of the mutant channels (Schoppa et al.,
1992). Subsequent kinetic analysis supported the generation of a
model in which the V2 mutation destabilized the open state of the
channel by disrupting late cooperative gating transitions without
greatly altering voltage sensor transitions earlier in the activation
pathway (Schoppa and Sigworth, 1998a,b). Consistent with this
idea, 4-aminopyridine, a drug shown to specifically inhibit late
gating transitions associated with final concerted channel open-
ing rearrangements, was shown to act on the same component
of charge movement altered by the V2 mutation (McCormack
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et al., 1994). Taken together, these data suggest a critical role of
the hydrophobic leucine heptad repeat residues within the S4–S5
linker in coupling voltage sensor transitions to the opening of the
intracellular pore gate.

Alignment of the S4, S4–S5, and S5 linker regions in Shaker and
hERG suggests that an isoleucine/leucine heptad repeat may exist
in hERG as in Shaker, but that the repeat is naturally disrupted
by the presence of a glycine (G546) at the 2nd leucine position.
Given that substitution of the 2nd heptad leucine in Shaker (by
the V2 mutation) destabilized the open state of the channel, we
have proposed that the presence of a glycine at position 546 may
contribute to the slow gating kinetics that are peculiar to the hERG
channel (Van Slyke et al., 2010). We showed that restoration of the
leucine heptad (by the mutation G546L) destabilized the closed
state relative to the open state and accelerated channel activation
kinetics. VCF measurements suggested that this was due to faster
voltage sensor movement, from which it was inferred that the
S4–S5 linker glycine residue may constrain voltage sensor transi-
tions. Interestingly, when G546 was substituted by a number of
other different amino acids, the effects on gating were very sim-
ilar to those of the G546L mutation suggesting that the native
glycine residue contributed an additional energy barrier to activa-
tion of 1.9–4.3 kcal/mol (the energy equivalent to 1–2 H-bonds).
These data suggested that the helical content of the S4–S5 linker
is critical to the relative stability of the open and closed states
in hERG channels, rather than the presence of a leucine heptad
repeat. A “stiffer” helix produced by substitutions of G546 with
helix-forming residues, or perhaps by interaction of cytoplasmic
domains, biases the channel toward the open state, destabilizing
the closed state.

Resolvable helical NMR structures of the S4–S5 linker in Shaker
and hERG channels could only be detected in the presence of DPC
(Ohlenschlager et al., 2002; Gayen et al., 2012; Ng et al., 2012).
It is therefore important to consider whether the functional con-
sequences of S4–S5 linker mutations, such as those of G546, are
due to altered interactions between the side-chain at the position
of interest and the surrounding lipid environment. Interestingly,
although the S4–S5 linker is an amphipathic helix, both NMR
structures of the S4–S5 linker of hERG channels place Y542 and
G546 on the same face of the helix (Gayen et al., 2012; Ng et al.,
2012). Both of these sites have been implicated in interactions
of the S4–S5 linker with the N-terminus. Y542C was shown to
cross-link with V3C in the N-terminal domain (de la Peña et al.,
2011) and N -ethylmaleimide-labeled G546C prevented access of
the N-terminus to its interaction site (Wang et al., 1998). This func-
tional evidence suggests that although these residues align along
the hydrophobic surface of the helix in the NMR structures, this
face may be exposed to solvent in the full-length channel. Further
evidence against lipid interaction altering effects of G546 muta-
tions is that the G546A mutation (which does not significantly
alter the side chain structure nor, therefore, lipid interactions)
had just as dramatic an effect on gating as the introduction of
bulky hydrophobic residues that would be expected to alter lipid
interactions dramatically. In its native configuration within the
channel, the extent to which the S4–S5 linker interacts with the
surrounding lipid remains to be determined. The short S4–S5
linker, tethered at either end by S4 and S5 and crossing over

and interacting with S6 clearly resides, at least partially, within
a proteinaceous environment forming multiple protein–protein
interactions. Furthermore, the presence of internally accessible
canaliculi that have been proposed to project along the internal
length of S4 (Bezanilla, 2000), confer additional complexity when
considering the manner in which the channel protein interacts
with its lipid environment at this critical location. A recent LRET
study of the structural dynamics of the S4–S5 linker in response
to voltage sensor gating in KvAP channels showed that the linker
is highly dynamic, experiencing both translational and rotational
motions (Faure et al., 2012). Such dynamics are consistent with
the linker’s role in electromechanical coupling, and will need to be
taken into account when evaluating its involvement in potential
protein–lipid interactions.

CYTOPLASMIC DOMAINS MAY INTERACT WITH THE S4–S5 LINKER TO
MODULATE GATING
Deletion of the majority of the N-terminus, from residues 2-
354 or 2-373, dramatically accelerated hERG channel deactivation
(Schonherr and Heinemann, 1996; Spector et al., 1996). Subse-
quent studies showed that residues 2–16 were responsible for
regulating the rate of deactivation (Wang et al., 1998) and that slow
deactivation could be restored in N-terminal deleted channels by
the application of an N-terminal peptide corresponding to this
sequence (Wang et al., 2000) or to residues 1–135 (Morais Cabral
et al., 1998). These data demonstrated that the distal N-terminus
stabilizes the open state of the hERG channel. A high resolution
crystal structure of the N-terminus of hERG from residue 26–
135 was solved by Morais Cabral et al. (1998). Onto this, the
authors mapped the functional effects of individual mutations,
which demonstrated that residues F29 and Y43 had a particularly
large effect on deactivation gating and showed that these residues
were located within a hydrophobic patch that may form a com-
plex interaction surface. Recently, the NMR structure of the distal
N-terminus was reported (Li et al., 2010; Muskett et al., 2011; Ng
et al., 2011). This structure contains residues 1–135 and therefore
includes the first 25 amino acids missing from the previous crystal
structure. Driven by the NMR structure of the distal portion of
the N-terminus, along with mutational analysis, Vandenberg and
co-workers have suggested that residues R5 and G6 are essential
for slow deactivation of hERG gating and that the remainder of
the N-terminus contributes to deactivation gating by orienting the
distal N-terminal tail in such a manner as to promote interaction
with the core of the channel (Ng et al., 2011).

Interestingly, deletion of regions of the proximal N-terminus
(residues 138–373) have the opposite effect to distal deletions,
shifting the voltage dependence of activation in the hyperpolar-
izing direction (Viloria et al., 2000; Gómez-Varela et al., 2002)
and accelerating the time course of activation (Alonso-Ron et al.,
2008), suggesting that this region is important in stabilizing the
closed state of the channel. This is supported by the observa-
tion that a cluster of charged residues (three positive and one
negative between residues 362 and 372) in the proximal N-
terminus strongly stabilized the closed state of the channel (Saenen
et al., 2006). Thus, it is clear that the N-terminus plays a key role in
dictating the unusual activation and deactivation gating of hERG
channels.
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hERG channel deactivation is also modified by deletions of
the C-terminus. Deactivation was markedly accelerated following
deletion of the distal 236 residues of the C-terminus and was not
further accelerated by deletion of the N-terminal 2-354 residues
(Aydar and Palmer, 2001). These data suggest that the C- and N-
termini act in concert to modify deactivation behavior of hERG
channels. Subsequent studies support such a functional interac-
tion. A strategy of introducing positively charged lysine residues
within the C-terminus was used to discover putative functional
interaction sites (Al-Owais et al., 2009). This study showed that a
number of lysine substitutions within the cyclic nucleotide binding
homology domain (cNBHD) accelerated deactivation gating. The
authors mapped these sites onto a homology model of the cNBHD
and described a banded pattern of distribution suggesting a broad
interaction surface similar to that identified in the N-terminus
(Morais Cabral et al., 1998). Recently, the NMR structure of the
N-terminal 1–26 residues of hERG channels was mapped onto a
structural model of the cNBHD (Muskett et al., 2011). This study
highlighted the presence of several negatively charged patches on
the surface of the cNBHD that align well with the docked N-
terminal structure, which presents positive charges along one face
of an amphipathic helix formed by residues 13–23. Charge reversal
of a number of these negative acidic residues accelerated deacti-
vation suggesting that charge–charge interactions occur with the
N-terminus and a model was generated predicting electrostatic
interactions of R4, R5, and H7 in the N-terminus with D843, E847,
and D850 in the cNBHD. Consistent with a functional interaction
between N- and C-termini, application of an N-terminal pep-
tide could not restore slow deactivation in N-terminally truncated
channels that lacked the cNBHD (Gustina and Trudeau, 2011).
Taken together, these data suggest that the N- and C-termini of
hERG channels interact to modify deactivation behavior. Addi-
tional discussion of this topic may also be found in a companion
review by Barros et al. (2012).

In Shaker channels mutations within the S4–S5 linker alter
interactions with an N-terminal domain that binds within and
occludes the intracellular pore conferring rapid N-type inacti-
vation (Isacoff et al., 1991; Holmgren et al., 1996; del Camino
et al., 2000). A mutagenic scan of the S4–S5 linker revealed five
sites (L385, T388, S392, E395, and L396) that, when mutated,
altered N-type inactivation of Shaker channels (Isacoff et al.,
1991) and a subsequent study showed that chemical modifica-
tion of A391C altered binding of a soluble N-terminal inactivation
domain peptide (Holmgren et al., 1996). These data suggest that
the N-terminal inactivation domain comes into close proximity
with the S4–S5 linker in Shaker channels. Similarly, numerous
reports have suggested that the hERG N-terminus impacts gating
transitions via interactions with the S4–S5 linker. Modification of
a cysteine residue substituted at G546 in the S4–S5 linker with
N-ethylmaleimide interfered with the action of the N-terminus,
suggesting that a bulky adjunct attached to the S4–S5 linker
impedes binding of the N-terminus (Wang et al., 1998). Using
VCF, we have shown that truncation of the N-terminus (Δ2-354)
accelerated the fluorescence report of S4 return (Van Slyke et al.,
2010), suggesting that the N-terminus directly modifies voltage
sensor configurations. Further support for a functional interac-
tion between the S4–S5 linker and the N-terminus comes from a

study showing that a cysteine residue introduced at Y542 in the S4–
S5 linker prevented the restoration of slow deactivation induced by
the application of a 1–135 peptide fragment in N-terminal trun-
cated channels (Fernández-Trillo et al., 2011). Moreover, Y542C
could cross-link with a cysteine substituted at residue V3 in the
N-terminus (de la Peña et al., 2011). This interaction occurred
preferentially in the closed state and could be reversed under
reducing conditions. This provides strong evidence that the dis-
tal N-terminus is within close proximity of the S4–S5 linker, at
least in closed channels, and builds upon previous reports from
the same research group that a number of S4–S5 linker mutations
seem to mimic the acceleration of deactivation observed in N-
terminal mutant constructs (Alonso-Ron et al., 2008). Structural
evidence also points to a direct interaction of the N-terminus with
the S4–S5 linker. Li et al. (2010) presented the NMR structure
of amino acids 1–135 of the N-terminus of hERG and reported
chemical shifts of several residues within the N-terminal region
after the addition of an S4–S5 linker peptide that included residues
R541–V549. Such perturbations were interpreted to indicate a
direct interaction between the S4–S5 linker and N-terminus pep-
tides, and residues 86–94 were predicted to be key candidates for
binding. This interaction site is different from other N-terminal
interaction sites shown from functional studies, which describe
key roles for F29 and Y43 (Morais Cabral et al., 1998), V3 (de la
Peña et al., 2011), and R5 and G6 (Ng et al., 2011). This suggests
that multiple contact points may govern the functional interaction
between the N-terminus and the S4–S5 linker. Alternatively, since
the S4–S5 linker is integral to the dynamics of electromechanical
coupling, S4–S5 linker interactions with the N-terminus may be
state-dependent and this may account for some of the differences
observed. Additional functional studies by Ng et al. (2012) identi-
fied a complex pattern of gating modifying behaviors in channels
in which S4–S5 linker residues were mutated. This was interpreted
to suggest that the S4–S5 linker not only couples voltage sensor
movement to pore opening in hERG channels, but also takes part
in complex interactions as the channel transitions between closed
and open states. In particular, S543, Y545, G546, and A548 were
identified as key residues participating in interactions with other
channel domains. This observation is consistent with previous
studies that identified G546 as a critical site for hERG gating that
is within proximity with the N-terminal domain (Wang et al., 1998;
Van Slyke et al., 2010). It is conceivable that these contact points
(S543,Y545, G546, and A548) mediate multi-site interactions with
a complex formed by the N- and C-termini that modulate the open
state stability of hERG channels. Our VCF data suggest that this
may occur via alterations to the relative stability of resting/active
voltage sensor configurations (Van Slyke et al., 2010). Further-
more, our evidence that flexibility of the S4–S5 linker may be a
key determinant of rate-limiting voltage sensor gating could sug-
gest that such cytoplasmic domain interactions with the S4–S5
linker may alter gating by altering the flexibility of linker. Taken
together, this series of structural and functional evidence provides
strong support for a model in which the N- and perhaps also
the C-terminus modifies transitions between the open and closed
states by direct interactions with the S4–S5 linker that may modify
the stability of the activated configuration of the hERG channel
voltage sensor.
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SUMMARY
Despite significant attention, the mechanistic basis of the physi-
ologically and pharmacologically important slow activation and
deactivation processes in hERG channels remain unclear. Here, we
have taken a comparative approach to evaluate possible mecha-
nisms responsible by discussing the role of sequence divergence in
hERG and the archetypal Kv channel, Shaker. Structurally speak-
ing, the available data suggest that the voltage-sensing domain in
hERG channels is not significantly different from that in Shaker.
Functionally speaking, the intra-voltage-sensing domain charge–
charge interactions also seem quite similar in hERG and Shaker
channels. This leads the search for the mechanistic basis under-
lying hERG’s unique gating processes elsewhere. Recent evidence
suggests that a gating charge transfer center may exist within the
voltage sensor domain of hERG, as in Shaker channels, and that
key differences in the nature of the charges at the inner and outer
margins of the S4 segment are important in regulating gating

differences between these two channels. In addition, sequence
divergence at the level of the S4–S5 linker also contributes to the
slow gating in hERG channels. Data suggest that S4–S5 linker flexi-
bility changes may be a key determinant of hERG gating, enabling
integration of cytoplasmic domain interactions with the stabil-
ity of the voltage sensor domain in resting and activated states.
Although many questions remain concerning the intriguingly
unique gating characteristics of hERG channels, these new obser-
vations provide a tantalizing view of how Kv channel functional
diversity may have evolved via subtle alterations in the primary
sequence.
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Polyunsaturated fatty acids (PUFAs) have been reported to exhibit antiarrhythmic proper-
ties, which are attributed to their capability to modulate ion channels. This PUFAs ability
has been reported to be due to their effects on the gating properties of ion channels. In
the present review, we will focus on the role of PUFAs on the gating of two Kv channels,
Kv1.5 and Kv11.1. Kv1.5 channels are blocked by n−3 PUFAs of marine [docosahexaenoic
acid (DHA) and eicosapentaenoic acid] and plant origin (alpha-linolenic acid, ALA) at physi-
ological concentrations.The blockade of Kv1.5 channels by PUFAs steeply increased in the
range of membrane potentials coinciding with those of Kv1.5 channel activation, suggest-
ing that PUFAs-channel binding may derive a significant fraction of its voltage sensitivity
through the coupling to channel gating. A similar shift in the activation voltage was noted
for the effects of n–6 arachidonic acid (AA) and DHA on Kv1.1, Kv1.2, and Kv11.1 channels.
PUFAs-Kv1.5 channel interaction is time-dependent, producing a fast decay of the current
upon depolarization. Thus, Kv1.5 channel opening is a prerequisite for the PUFA-channel
interaction. Similar to the Kv1.5 channels, the blockade of Kv11.1 channels by AA and DHA
steeply increased in the range of membrane potentials that coincided with the range of
Kv11.1 channel activation, suggesting that the PUFAs-Kv channel interactions are also cou-
pled to channel gating. Furthermore, AA regulates the inactivation process in other Kv
channels, introducing a fast voltage-dependent inactivation in non-inactivating Kv channels.
These results have been explained within the framework that AA closes voltage-dependent
potassium channels by inducing conformational changes in the selectivity filter, suggesting
that Kv channel gating is lipid dependent.

Keywords: n−3 PUFAs, Kv1.5, Kv11.1, gating, voltage-sensor

INTRODUCTION
The polyunsaturated fatty acids (PUFAs) present in nature belong
to two main classes: the n−6 class and n−3 class. Both n−3 and
n−6 PUFAs are essential nutrients that must be acquired from diet
and are required for normal development and cellular function. In
addition, mammals cannot convert n−6 into n−3 PUFAs. Certain
vegetables can be a source for n−3 PUFAs, such as α-linolenic acid
(ALA; 18:3 n−3), whereas other n−3 PUFAs, including eicosapen-
taenoic acid (EPA; 20:5 n−3) and docosahexaenoic acid (DHA;
22:6 n−3), can be obtained from marine sources (Holman, 1998).
ALA is found in some vegetable oils (i.e., flaxseed, canola, and
soybean) and walnuts, whereas marine n−3 PUFAs are found in
fish and seafood. ALA is the precursor of EPA and DHA, but
the conversion is limited and inefficient in organisms (Brenna,
2002). After ingestion, n−3 PUFAs are widely distributed to the
cells and have effects on the membrane composition and func-
tion, eicosanoid synthesis, signaling, and the regulation of gene
expression (Jump, 2002). A high dietary intake of n−3 PUFAs
has also been linked to favorable physiological alterations, includ-
ing reductions in the triglyceride levels, antithrombotic effects,
enhanced immune function, and antiarrhythmic actions, which
together may contribute to a lower risk of cardiovascular disease
(Calder, 2004).

The dramatic increase in the n−6/n−3 ratio in the diet of
the Western population after the industrial revolution has con-
tributed to the rise in cardiovascular disease (Sinclair, 1953, 1956;
De Caterina et al., 2003; Leaf et al., 2003). Moreover, there is a
growing body of evidence that dietary n−3 PUFAs have an impor-
tant role in the prevention of coronary heart disease by decreasing
the risk of sudden cardiac death and, in particular, in preventing
fatal ventricular arrhythmias (Burr et al., 1989; de Lorgeril et al.,
1994; Singh et al., 1997; GISSI-Prevenzione Investigators, 1999;
Albert et al., 2002; Leaf et al., 2003; Tanaka et al., 2008; Tavazzi
et al., 2008). Finally, n−3 and n−6 PUFAs are metabolized to
lipoxins, resolvins, and maresins (Serhan et al., 2008; Bannenberg
and Serhan, 2010). These EPA- and DHA-derived lipid media-
tors (collectively termed Specific Pro-resolving Mediators; SPMs)
are active, as anti-inflammatory agents, at very low concentra-
tions (picomolar to nanomolar range), and are degraded locally
by specific inactivating enzymes, characteristic for the bioactivity
of autacoids. These SPMs can also slow the progression of diabetic
onset, cardiovascular disease, and aging-associated pathologies
through the regulation of innate and adaptive immune responses.
The antiarrhythmic properties of n−3 PUFAs have been attrib-
uted to their ability to modulate the ion channels involved in the
genesis and/or maintenance of cardiac action potentials. PUFAs
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inhibit the I Na, I Kur, I TO, IKr, and I Ca voltage-gated ion chan-
nels and increase I Ks (Honoré et al., 1994; Xiao et al., 1995, 1997;
Doolan et al., 2002; Jude et al., 2003; Guizy et al., 2005, 2008; Verk-
erk et al., 2006; Dujardin et al., 2008), all of which are critical for
biological signaling and regulating ion flux on a millisecond time
scale.

In addition to their effects on the magnitude of the ionic
currents, it has been demonstrated that membrane lipids can con-
vert the Kv A-type channels into delayed rectifiers and vice versa.
Within this framework, phosphoinositides (PIPs) remove the N-
type inactivation, whereas AA converts the Kv delayed rectifiers
into A-type rectifier channels (Oliver et al., 2004). Moreover, PIP2

modulates ion channel gating and the interaction between the
Kv channels and β subunits (Loussouarn et al., 2003; Decher
et al., 2008; Rodriguez et al., 2010; David et al., 2012). In the
present review, we will focus on the effects of PUFAs on the gat-
ing of Kv1.5 and Kv11.1, the cloned counterparts of I Kur and I Kr,
respectively.

EFFECTS OF n−3 PUFAs ON THE GATING OF Kv1.5 CHANNELS
Kv1.5 channels consist of four subunits, each containing six trans-
membrane segments (S1–S6). The voltage sensor of the channel
is formed by the S1–S4 segments, and the segments S5 and S6,
together with the P-loop form the ion conduction pathway. In
the human heart, these subunits are expressed mainly in the atria
(Roberds and Tamkun, 1991; Tamkun et al., 1991; Fedida et al.,
1993). To sense changes in the membrane voltage, each ion channel
is equipped with four voltage-sensor domains (S1–S4) connected
to a central ion-conducting pore domain. It has been described
that the bilayer-forming lipids interact with the S3 and S4 helices
more strongly than with the S1 and S2 segments. Indeed, there are
several reports indicating an important role of the lipid bilayer in
the channel voltage-sensor (Butterwick and MacKinnon, 2010).

Regarding the pathophysiological roles of these channels, I Kur

and I TO comprise the main human atrial repolarizing current.
Moreover, I Kur has not been recorded in the human ventricle.
During chronic atrial fibrillation, there is an electrical remodeling
that comprises shortening of the action potential duration and a
lack of adaptation of the action potential duration to an acceler-
ated heartbeat (Dobrev and Ravens, 2003; Wettwer et al., 2004).
Because the Kv1.5 channels are mostly expressed in the atria, they
have been proposed as pharmacological targets for antiarrhythmic
drugs that are effective on supraventricular arrhythmias, such as
atrial fibrillation (Varro et al., 2004; Wettwer, 2007; Dobrev et al.,
2012). In fact, it has been proposed that the blockade of I TO and/or
I Kur prolongs the atrial action potential at the plateau but not at
the terminal phase of repolarization, leading to rotor termination
(Pandit et al., 2005; Decher et al., 2006; Dobrev and Nattel, 2010).

The first study dealing with the effects of PUFAs on Kv1.5 chan-
nels was performed by Honoré et al. (1994) who analyzed two
different PUFAs, AA and DHA. These authors reported the AA-
and DHA-induced time-dependent blockade of these channels,
the existence of an external binding site for n−3 PUFAs and also a
change in the gating of Kv1.5 channels that appeared as a negative
shift in the activation curve.

The effects of ALA were qualitatively similar to those previ-
ously reported for DHA and AA (Honoré et al., 1994; Guizy et al.,

2008). This study also showed that ALA both decreases the mag-
nitude of the Kv1.5 current in a time-dependent manner and also
modifies the gating of the channel (Figure 1). In fact, ALA shifts
the activation curve toward negative membrane potentials, and an
acceleration of the activation kinetics was observed in the range
of the activation of the channels, a result that was likely due to
the negative voltage shift (Guizy et al., 2008). A similar shift in
the activation voltage was reported for the effects of AA and DHA
on the Kv1.1 (Gubitosi-Klug and Gross, 1996), Kv1.2, and Kv11.1
channels (Poling et al., 1995; Guizy et al., 2005). Similar to what
was previously described for AA and DHA, the blocking effects
of ALA on the Kv1.5 channels only appeared when the PUFA was
added from the external side of the membrane. In contrast, when
it was applied from the inner side of the cell membrane, the mag-
nitude of the current was not modified, but a hyperpolarizing
shift of the activation curve and a slower deactivation time course
of the current were observed (Figure 1). This finding indicated
that the blocking effects produced by ALA on the Kv1.5 chan-
nels were due to the interaction with an external domain of the
channel or, alternatively, an external domain of another mole-
cule interacting with the ion channel. However, ALA modified
the gating of the channel when it was applied from both sides
of the membrane. Block of the Kv1.5 channels induced by ALA
increased in the range of the membrane potentials that coincided
with those of Kv1.5 channel activation, suggesting that the ALA-
Kv1.5 interaction is voltage-dependent and likely coupled to the
channel gating.

The flanking S5 and S6 segments are considered to contribute
to the presumably wider intracellular mouth of the ion channel
(Aiyar et al., 1994; Lopez et al., 1994) and contain binding sites
for quaternary ammonium open-channel blockers and similarly
acting drugs, such as quinidine or bupivacaine (Choi et al., 1993;
Valenzuela et al., 1995, 1996; Yeola et al., 1996; Arias et al., 2007),
and the Kvβ1.3 regulatory subunit (Decher et al., 2008; David
et al., 2012). Block of Kv1.5 channels by n−3 and n−6 PUFAs
resembles the effects of open-channel blockers and Kvβ1.3 regu-
latory subunits (Snyders et al., 1992; Valenzuela et al., 1995; Yeola
et al., 1996; Franqueza et al., 1997; Gonzalez et al., 2002b; Decher
et al., 2005, 2008; Arias et al., 2007; David et al., 2012). How-
ever, although these open-channel blockers interact with the inner
part of the ion pore (Yeola et al., 1996; Franqueza et al., 1997;
Decher et al., 2004), the PUFAs blockade appeared to be the con-
sequence of their interaction with an external binding site in the
channel. This issue concerning to the action mechanisms by which
PUFAs modify ion channel activity has been a matter of debate. In
fact, there are several pieces of evidence suggesting direct effects
on ion channels (Xiao et al., 2000, 2001), whereas others reports
claim that the effects of PUFAs represent the consequence of their
effects on the physical properties of the lipid bilayer (Girshman
et al., 1997; Bruno et al., 2007; Lundbaek, 2008). In fact, the n−3
and n−6 PUFAs are amphiphilic substances that may modulate
the ion channel function by one of the following mechanisms:
(a) changing the biophysical characteristics of the lipid bilayer;
(b) modifying the hydrophobic interactions between the channel
protein and the lipid bilayer, or (c) interacting specifically with an
amino acid involved in the gating or the permeation of the chan-
nel (Oliver et al., 2004; Boland and Drzewiecki, 2008; Lundbaek,
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FIGURE 1 | (A) Original traces of Kv1.5 channels obtained after applying
the pulse protocol shown in the upper part of the figure in the absence
(Control) and in the presence of 10 and 50 µM α-linolenic acid (ALA). (B)
Current-voltage (IV) relationship of Kv1.5 in the absence and in the
presence of 2.5 µM ALA. The plot also shows the mean relative current

(IALA/IControl) at each membrane potential. (C) Kv1.5 activation curves
obtained in the absence and in the presence of 2.5 µM ALA. The dotted
line shows the activation curve obtained in the presence of ALA
normalized to the matching control values. The data were obtained from
Guizy et al. (2008).

2008; Meves, 2008). Recently, Decher et al. (2010) performed a
study to elucidate the mechanism by which PUFAs modify the
Kv1.x gating and the effects of AA and DHA on “edited” Kv1.x
channels. Kv1.1 belongs to the increasing number of proteins
having an amino acid sequence that is altered by RNA editing
(Hoopengardner et al., 2003). In the “edited” Kv1.1 channels, an
isoleucine facing the inner cavity of the pore is replaced by valine
(I400V). This study shows that the effects of AA or other PUFAs
(such as DHA) were strongly reduced in the “edited” Kv1.1 chan-
nels and also that, in heteromeric channels, the presence of only
one “edited” Kv1.1 subunit was sufficient to decrease the affin-
ity of PUFAs (Decher et al., 2010). This study concludes that the
endogenous lipids AA and DHA produce an open-channel block
of Kv channels, mimicking an increase in the rate of inactiva-
tion. These lipid effects are direct and can be antagonized by RNA
editing of the Kv1.1 channels. However, the existence of “edited”
Kv1.5 channels has not been demonstrated in the heart, brain,
or other tissues. It is known that the isoleucine at position 400
is highly conserved in the Kv1.x channels and is located at the
middle of the S6 helix, forming part of the wall of the central
cavity of the ion channel (Long et al., 2005, 2007). In Kv1.5, the
equivalent I400V position corresponds to I508, and the blocking
effects of AA were also decreased in Kv1.5 I508A mutant chan-
nels. When the Kv1.1 channels were co-expressed with Kvβ1.1, the
fractional block of the steady-state current by AA was strongly
reduced (Decher et al., 2010). These data are consistent with the
idea that Kvβ1.1 and AA compete for the same or overlapping
binding sites located in the inner pore cavity, similar to the mode
of action of quinidine and bupivacaine on Kvβ1.3 (Arias et al.,
2007). Thus, the molecular mechanism of inactivation by AA

might be analogous to the N-type inactivation by the Kvβ1 sub-
units (Decher et al., 2010). These results strongly suggest that, in
contrast to the external binding site proposed by other authors
(Honoré et al., 1994; Guizy et al., 2008), PUFAs seem to bind
to an internal binding site that overlaps with the Kvβ1.3 and
bupivacaine-binding site (Arias et al., 2007; Decher et al., 2008,
2010).

Why do PUFAs induce Kv1.5 block from the external side of
the cell membrane? A possible explanation might be that when
externally applied, PUFAs rapidly cross the lipid bilayer and bind
to their internal receptor in the ion channel (Decher et al., 2010).
Moreover, is it possible that no blocking effects are observed when
PUFAs are applied from the internal side of the membrane. We may
explain this unexpected behavior on the basis that, under these
experimental conditions, PUFAs diffuse through the cell mem-
brane into the bath faster than from the pipette to the membrane,
as has been reported for other agents (DeCoursey, 1995; Brock
et al., 2001; Macias et al., 2010).

EFFECTS OF PUFAs ON THE GATING OF Kv11.1 CHANNELS
Kv11.1 channels are encoded by the human ether-à-go-go-related
gene (KCNH2), and the ionic current generated after their activa-
tion is responsible for the rapid delayed rectifier potassium current
(I Kr) in the heart and several other cell types. These channels are
homotetramers of a protein formed by six membrane-spanning
domains with intracellular N- and C-termini. I Kr is characterized
by a rapid activation at −30 mV and a strong inward rectification
at positive potentials, which is due to the rapid voltage-dependent
C-type inactivation. Inward rectification results from the fact that
channel inactivation develops faster than channel activation at
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positive potentials and limits the amount of time that channels
exist in the open state (Smith et al., 1996; Spector et al., 1996).

The KCNH2 gene has been identified as the locus of mutations
associated with type 2 long QT syndrome (LQTS2; Splawski et al.,
2000; Roden et al., 2002; Kass and Moss, 2003). LQTS is a complex
disease characterized by a marked QT interval prolongation and
polymorphic ventricular tachycardia called torsades de pointes
(TdP),causing syncope, seizures,and sudden death (Splawski et al.,
2000; Roden et al., 2002; Kass and Moss, 2003; Shimizu, 2005).
More than 290 mutations in the KCNH2 gene have been described,
including frameshifts, insertions, deletions, and missense and non-
sense mutations (Splawski et al., 2000; Roden et al., 2002; Kass and
Moss, 2003; Shimizu, 2005). Mutant Kv11.1 channels producing
LQTS2 generate reduced outward potassium currents that can be
due to (a) the generation of non-functional channels, (b) altered
channel gating, and/or (c) abnormal protein membrane trafficking
(Thomas et al., 2003; Shimizu, 2005).

There is only one study in which the effects of acute PUFAs were
studied in Kv11.1 channels (Guizy et al., 2005), reporting that the
effects of AA and DHA block the Kv11.1 channels in a manner
consistent with an open-channel block mechanism. The blockade
induced by both of these PUFAs steeply increased in the range
of the membrane potentials coinciding with the range of Kv11.1
channel activation, suggesting (similar to that reported for the
Kv1.5 channels) that their binding may derive a significant fraction
of its voltage sensitivity by coupling to the channel gating. Unfor-
tunately, at strong depolarizing voltages, the open and inactivated
conformations of the Kv11.1 channels are in rapid equilibrium,
making it difficult to unequivocally identify the state(s) with which
these two PUFAs interact.

Although AA induced a similar inhibition of the Kv11.1 current
when measured at the end of depolarizing pulses and at the
maximum tail currents, DHA inhibited this current to a higher
extent when measured at the maximum tail current, suggesting an
open-channel interaction mechanism (Figure 2). During depo-
larization, the Kv11.1 channels inactivate faster than they activate,
and, thus, the amplitude of the current is reduced. Upon repo-
larization, the closed channels recover from inactivation with a
very fast kinetics, resulting in tail currents with higher amplitudes
than the maximum activated current (Smith et al., 1996; Spector
et al., 1996). Experiments in which the transition from the closed
to the inactivated state was removed demonstrated that both AA
and DHA bind to the open state of the Kv11.1 channels in a time-
and use-dependent manner, as previously described for cocaine
and bupivacaine-type local anesthetics (Zhang et al., 2001; Gon-
zalez et al., 2002a). In agreement with these results, the blockade
of Kv11.1 channels induced by AA and DHA measured after the
recovery from fast inactivation was similar (for AA) or higher (for
DHA) than that measured after a long depolarizing pulse in which
most of the Kv11.1 channels were in the inactivated state (Snyders
and Chaudhary, 1996; Spector et al., 1996; Guizy et al., 2005).

The time-dependent interaction with the ion channel was also
evident in the deactivation process of the Kv11.1 channels that was
accelerated in the presence of both AA and DHA. However,AA and
DHA did not modify the onset kinetics of the inactivation process
or the recovery process (Guizy et al., 2005). The faster deactivation
induced by both of the PUFAs, together with their lack of effect

on the recovery kinetics, are consistent with an open-channel
block mechanism, as has been proposed for propafenone (Arias
et al., 2003). Therefore, the time-, use-, and voltage-dependent
interaction with Kv11.1 channels suggest that both AA and DHA
preferentially bind to the open state of these channels and that
DHA exhibits a higher affinity for this state of the channel (Guizy
et al., 2005).

It was also reported that AA and DHA produced a positive
shift of the inactivation curve, which was interpreted to be the
consequence of PUFAs binding to a closed state of the chan-
nel. This interaction is likely to influence the apparent steady-
state inactivation and maybe the activation process (Guizy et al.,
2005). All of these results suggest that AA and DHA prefer-
entially block the open state of Kv11.1 channels but also that
they interact with a closed state, thus producing changes in the
channel gating (Figure 2). However, the similar degree of AA-
induced inhibition of the current at the end of long depolarizing
pulses (when most channels are inactivated), at the maximum
tail current or at the maximum peak current after the recovery
of C-type inactivation cannot permit us to rule out an interac-
tion between AA and the inactivated state of the Kv11.1 channels.
Similarly, AA has also been reported to inhibit Kv11.1, Kv11.2,
and Kv11.3 currents recorded from clonal somatomammotrophic
GH3/B6 cells (Schledermann et al., 2001). These results show a
decrease of the current and a marked acceleration of the deac-
tivation. All of these results that involve a shift of the activa-
tion and inactivation curves, together with a modification of
the deactivation kinetics, may suggest changes in the channel
gating.

As stated above, it has been described that AA regulates the
inactivation process in other potassium channels, introducing
a fast voltage-dependent inactivation into non-inactivating Kv
channels (Oliver et al., 2004). These results are in agreement with
those reported by Guizy et al. (2005). Oliver et al. (2004) explain
these results by proposing that AA inserts into the cell membrane
from either side, interacts with the channel protein and allosteri-
cally induces a rapid closure of the open Kv channel pore through
conformational modifications in the selectivity filter.

EFFECTS OF PUFAs ON Kv4 AND Kv7.1+KCNE1 CHANNELS
As stated above, PUFAs are also able to modulate other cardiac
ion channels present in the heart. Focusing on the outward K+

currents, it has been reported that DHA and AA block I TO,
whereas DHA increases I Ks (Singleton et al., 1999; Doolan et al.,
2002; Boland et al., 2009; Xu et al., 2010). These studies show
that both AA and DHA decrease the magnitude of Kv4.3 and
also that AA shifts the activation curve, but not the inactiva-
tion curve, in the presence of KChiP1b but not in the absence
of this accessory subunit. However, DHA shifts the activation
curve both in the absence and in the presence of KChiP1b (Boland
et al., 2009). In contrast, it has been reported that DHA increases
I Ks when Kv7.1+KCNE1 was transfected into Xenopus oocytes
(Doolan et al., 2002). Taking all of the effects of DHA on all of
the outward potassium currents together, we can expect small
changes in the duration of the cardiac action potential, as the
blocking effects on I Kr, I Kur, I TO can be counteracted by the effects
on I Ks.
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FIGURE 2 | (A) Original traces of Kv11.1 channels obtained after applying the
pulse protocol shown in the upper part of the figure in the absence (Control)
and in the presence of arachidonic acid (AA) and docohexaenoic acid (DHA) at
10 µM. This panel also shows the activation curves of the Kv11.1 channels in
the absence and in the presence of AA and DHA. (B) Apparent voltage

dependence of channel availability. The pulse protocol used to obtain each
data point is shown at the top. Original traces obtained after applying such a
pulse protocol in the absence and in the presence of 10 µM AA and DHA.
Corrected data for the deactivation together with the Boltzmann fit. The data
were obtained from Guizy et al. (2005).

CONCLUDING REMARKS
PUFAs have diverse effects on cardiac ion currents. All of the
reports in which PUFA effects have been studied on Kv channels
demonstrate that these molecules modify the channel gating, indi-
cating that the gating of Kv channels can be modified by lipids. This
is not a surprising result, as it has been previously described that
the S3 and S4 helices of the voltage-sensor domain of KvAP chan-
nels exhibit specific interactions with phospholipids. Conversely,
the S1 and S2 helices might present a generic hydrophobic surface
that is more equally satisfied by detergents and long-chain lipids
(Bond and Sansom, 2007; Butterwick and MacKinnon, 2010). It
has also been described that a diet rich in PUFAs is able to modify
the lipid bilayer composition. The effects of PUFAs can be different
and even opposite when they are acutely or chronically applied. In
fact, n−3 PUFAs decrease Kv1.5 channels under both experimen-
tal conditions (Guizy et al., 2008). However, PUFAs decreased the
magnitude of the Kv11.1 current after an acute exposure, whereas
they did not modify this potassium current recorded in myocytes
obtained from animal fed with a diet rich in n−3 PUFAs (Verkerk

et al., 2006; Den Ruijter et al., 2012). These apparent discrepant
results may be explained by two different effects of PUFAs on ion
channels: a direct effect on the ion channel and another produced
after changing the membrane biophysical properties. Both mech-
anisms can modify the gating of the ion channel; however, the
effects on the ion current magnitude will likely derive from direct
PUFA-channel interactions. Further lipidomic and electrophysio-
logical studies using mutant Kv11.1 channels are necessary for a
better understanding of the effects of PUFAs on the gating of Kv
channels.
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Over the past 16 years, there has been an impressive number of ion channels shown to be
sensitive to the major phosphoinositide in the plasma membrane, phosphatidylinositol 4,5-
bisphosphate (PIP2). Among them are voltage-gated channels, which are crucial for both
neuronal and cardiac excitability. Voltage-gated calcium (Cav) channels were shown to be
regulated bidirectionally by PIP2. On one hand, PIP2 stabilized their activity by reducing cur-
rent rundown but on the other hand it produced a voltage-dependent inhibition by shifting
the activation curve to more positive voltages. For voltage-gated potassium (Kv) channels
PIP2 was first shown to prevent N-type inactivation regardless of whether the fast inacti-
vation gate was part of the pore-forming α subunit or of an accessory β subunit. Careful
examination of the effects of PIP2 on the activation mechanism of Kv1.2 has shown a sim-
ilar bidirectional regulation as in the Cav channels. The two effects could be distinguished
kinetically, in terms of their sensitivities to PIP2 and by distinct molecular determinants.
The rightward shift of the Kv1.2 voltage dependence implicated basic residues in the S4–
S5 linker and was consistent with stabilization of the inactive state of the voltage sensor.
A third type of a voltage-gated ion channel modulated by PIP2 is the hyperpolarization-
activated cyclic nucleotide-gated (HCN) channel. PIP2 has been shown to enhance the
opening of HCN channels by shifting their voltage-dependent activation toward depolarized
potentials.The sea urchin HCN channel, SpIH, showed again a PIP2-mediated bidirectional
effect but in reverse order than the depolarization-activated Cav and Kv channels: a voltage-
dependent potentiation, like the mammalian HCN channels, but also an inhibition of the
cGMP-induced current activation. Just like the Kv1.2 channels, distinct molecular determi-
nants underlied the PIP2 dual effects on SpIH, with the proximal C-terminus implicated in
the inhibitory effect. The dual regulation of these very different ion channels, all of which
are voltage-dependent, points to conserved mechanisms of regulation of these channels
by PIP2.

Keywords: PIP2, voltage sensor, voltage-gated channels, gating, S4–S5 linker

INTRODUCTION
Voltage-gated ion channels regulate the flow of different ions
across the membrane in response to changes in membrane poten-
tial. These channels are composed of four subunits (or four
linked domains) symmetrically arranged around a central ion-
conducting pore. Voltage-gated ion channels open in response to
depolarization or hyperpolarization. The change in membrane
potential induces a conformational change in the voltage sensor
domain located in the periphery of the ion channel; this confor-
mational change is coupled to the ion-conducting pore, and leads
to channel opening (Long et al., 2005; Bezanilla, 2008; Borjesson
and Elinder, 2008).

Voltage-gated ion channels can be modulated by numerous fac-
tors including free fatty acids (Xiao et al., 2005; Borjesson et al.,
2008; Xu et al., 2008a), toxins (Catterall et al., 2007; Swartz, 2007),
metal ions (Elinder and Arhem, 2003), glycosylation (Fozzard and
Kyle, 2002; Watanabe et al., 2003, 2007), palmitoylation (Gubitosi-
Klug et al., 2005; Jindal et al., 2008), phosphorylation (Davis et al.,
2001; Mohapatra and Trimmer, 2006; Mohapatra et al., 2007; Li
et al., 2008), and phospholipids (Ramu et al., 2006; Schmidt et al.,
2006; Xu et al., 2008b). Modulation by phospholipids includes

phosphatidylinositol 4,5-bisphosphate (PIP2), the lipid compo-
nent of the inner membrane leaflet that modulates the activity of
most ion channels and transporters tested (Suh and Hille, 2005,
2008; Logothetis et al., 2010).

PIP2 plays an important role as an intermediate molecule
in multiple receptor signaling pathways. PIP2 hydrolysis by
PLC produces 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG;
Berridge, 1984). IP3 mobilizes Ca2+ from the endoplasmic retic-
ulum, while DAG activates PKC. However, PIP2 itself acts as a sig-
naling molecule through direct interactions with target proteins.
Our review focuses on the effects of PIP2 on voltage-dependent
ion channels, particularly those showing bidirectional regulation.

VOLTAGE-GATED CALCIUM CHANNELS
Voltage-gated calcium (Cav) channels mediate calcium influx in
response to membrane depolarization and regulate intracellular
processes such as contraction, secretion, neurotransmission, and
gene expression in many different cell types. There are five types of
Cav channels: the high voltage-activated L- (Cav1), P/Q- (Cav2.1),
N- (Cav2.2), and R- (Cav2.3), and the low voltage-activated T-
(Cav3; Catterall, 2011). Cav channels are complexes of α1, α2, β, γ,
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and δ subunits. It is in the α1 subunit that the conduction pore and
voltage sensor apparatus are located. The α1 subunit is composed
of four homologous domains (I–IV), with six transmembrane seg-
ments (S1–S6) in each. Similar to Kv and voltage-gated sodium
(Nav) channels, the S1–S4 segments serve as the “voltage sensor”
and the S5–S6 segments form the “pore domain” (Catterall et al.,
2005).

Voltage-gated Ca2+ channels of the Cav2 subfamily (N- and
P/Q-type) are regulated by G protein coupled receptors via two dis-
tinct pathways in sympathetic neurons (Ikeda and Dunlap, 1999).
The first is the faster pathway, voltage-dependent, and membrane
delimited, induced by direct interaction of the G protein βγ sub-
unit with the channel protein (Herlitze et al., 1996; Ikeda, 1996;
Dolphin, 2003). The second is the slower pathway that is voltage-
independent. It uses signals that stimulate the Gq/11 type of G
proteins to activate phospholipase C (PLC), which hydrolyzes PIP2

into inositol triphosphate (IP3) and diacylglycerol (DAG; Bern-
heim et al., 1991; Brown et al., 1997). This slower pathway was
later attributed to depletion of PIP2 by the activation of PLC (Wu
et al., 2002; Gamper et al., 2004). The faster pathway has also
been related to PIP2. Rousset et al. (2004) reported that decreas-
ing PIP2 levels suppressed the constitutive inhibition of Cav2.1
channels by endogenous Gβγ subunits. These authors proposed
that stabilization of the Gβγ sensitive state of Cav2.1 channels may
require direct interaction with PIP2. However, additional stud-
ies are needed to firmly establish the importance of PIP2 in this
pathway.

The first study on Cav channel modulation by PIP2 reported
that this phosphoinositide induces two opposing modulatory
effects on Cav2.1 channels (Wu et al., 2002). Rundown of Cav2.1
channels in inside-out patches of Xenopus oocytes was greatly
slowed and even reversed by the application of exogenous PIP2

or Mg-ATP to the patch. Conversely, the application of PIP2-
antibody accelerated rundown, suggesting that PIP2 stabilizes the
activity of Cav2.1 channels and its depletion induces rundown.
PIP2 also exerted a voltage-dependent inhibitory effect by shifting
the voltage dependence of activation toward depolarized poten-
tials. This effect was antagonized by activation of protein kinase
A (PKA; Wu et al., 2002). Modulation of Cav2.1 channels by PIP2

has also been reported to occur in neostriatal projection neurons.
Stimulation of muscarinic M1 receptors inhibited Cav2.1 channels
in these neurons, an effect that could be abolished by inhibition
of PLC. Consistent with these results, intracellular application
of PIP2 inhibited all muscarinic modulation of Cav2.1 channels
(Perez-Burgos et al., 2010).

In subsequent studies, Cav2.2 modulation by PIP2 was also
reported (Gamper et al., 2004). In inside-out Xenopus oocytes
patches expressing Cav2.2 channels, PIP2 significantly slowed or
reversed the rundown of these channels. In native Cav2.2 channels
from sympathetic neurons, the current inhibition by muscarinic
M1 receptor activation was diminished by intracellular applica-
tion of diC8-PIP2, and the current recovery was abolished when
PIP2 synthesis was blocked. Interestingly, activation of bradykinin
receptors, which also activate PLC and induce PIP2 hydrolysis,
failed to inhibit Cav2.2 currents in the same neurons in which
muscarinic M1 receptor activation was effective, an effect attrib-
uted to a probable concurrent Ca2+-mediated stimulation of PIP2

synthesis (Gamper et al., 2004). In a different study with the same
type of neurons, bradykinin-induced voltage-independent inhi-
bition of Ca2+ channels was reported and this effect could be
abolished by inhibiting PLC, but it was not altered by inhibiting
its downstream effectors (Lechner et al., 2005). The discrepancies
with the previous study (i.e., Gamper et al., 2004) were attributed
by the authors to differences in experimental conditions, such as
the use of different cell culture media, differences in the buffering
of intracellular Ca2+ concentrations, differences in intracellular
Mg2+, and differences in the voltage protocols used.

Another hypothesis for the slow Gq/11 mediated inhibition
of L-, N-, and P/Q calcium channels involves arachidonic acid
(AA). Gq/11 coupled receptor stimulation can acutely activate PLA2

with the subsequent production of AA, which is proposed as the
main signal mediating Cav channels inhibition (Roberts-Crowley
et al., 2009). Thus, the same receptors that induce PIP2 depletion
can cause concurrent release of AA and modulate Cav channels
according to the AA hypothesis.

A recent elegant study used two strategies to deplete PIP2

without the production of the PLC downstream products (Suh
et al., 2010). PIP2 was depleted by rapamycin-induced translo-
cation of an inositol lipid 5-phosphatase and a voltage-sensitive
5-phosphatase (VSP). These systems convert PI(4,5)P2 to PI(4)P
in the plasma membrane of intact cells, without activation of
G protein-coupled receptors. Both systems suppressed Cav1.2,
Cav1.3, Cav2.1, and Cav2.2 channels. Irreversible depletion of
endogenous PIP2 by rapamycin-induced translocation of INP54p
5-phosphatase to the plasma membrane irreversibly inhibited
whole-cell Cav currents. On the other hand, reversible depletion
of PIP2 by the activation of the zebrafish voltage-sensitive phos-
phatase Danio rerio (Dr-VSP) reversibly inhibited Cav channels in
whole-cell recordings, suggesting that PIP2 is a cofactor required
for channel activity. These results with intact cells (whole-cell
experiments) did not completely recapitulate the effects reported
in inside-out patches with Cav2.1 and Cav2.2 channels (Wu et al.,
2002; Gamper et al., 2004). While in excised patches currents ran
down almost completely, in intact cells PIP2 depletion inhibited
Cav2.1 currents by 29% and Cav2.2 by 55%. In addition, the
inhibitory actions of PIP2 were not observed. These differences
as suggested by the authors could potentially reflect preservation
in the whole-cell recordings of phosphorylation in some channels
or cytoplasmic factors that make channels less PIP2 sensitive or
preserving PIP2 synthesis that prevents full PIP2 depletion (Suh
et al., 2010).

Recently, it was demonstrated that the β subunits of voltage-
gated Ca2+ channels also influence regulation by PIP2 (Suh et al.,
2012). Cav channels co-expressed with the β3 subunit could be
partially inhibited by activating a voltage-sensitive lipid phos-
phatase to deplete PIP2 (Suh et al., 2010). However, when these
channels were co-expressed with the β2a subunit, the inhibition
was smaller (Suh et al., 2012). The palmitoylation of two cysteine
residues in the N terminus of the β2a subunit was responsible
for this decrease in inhibition of Cav channel activity. When the
palmitoylation sites were mutated, the β2a subunit behaved more
like a β3 subunit. Furthermore, addition of a lipidation motif to β3
subunits reduced the inhibitory effects of Cav channels, similar to
the palmitoylated β2a subunit (Suh et al., 2012). Thus, Cav channel
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regulation by PIP2 is dependent on both the α and β subunits. Pre-
viously, a similar pattern of β subunit effects on arachidonic acid
modulation of Cav channels was reported (Heneghan et al., 2009;
Mitra-Ganguli et al., 2009).

VOLTAGE-GATED POTASSIUM CHANNELS
Voltage-gated potassium (Kv) channels are involved in diverse
physiological processes, including action potential repolarization,
secretion of hormones and neurotransmitters, contraction of
skeletal muscle, and others. Kv channels are homotetrameric, with
each subunit containing the S1–S4 voltage sensor domain and the
S5–S6 central pore domain (Yellen, 2002). As with Cav channels,
the movement of the voltage sensor domain in response to mem-
brane depolarization initiates conformational changes that lead
to the pore opening. After channel opening, Kv channels undergo
a time-dependent loss of conductivity by a mechanism termed
inactivation. Two distinct mechanisms of inactivation have been
described, N-type (or “ball and chain”) inactivation, in which the
N-terminal domain of certain α or β subunits of Kv channels
plugs the open channel pore from the cytoplasmic side (Hoshi
et al., 1991), and C-type inactivation, which appears to result from
constriction of the selectivity filter (Yellen, 1998).

Only a few studies have demonstrated PIP2 involvement in the
regulation of voltage-dependent K+ channels. PIP2 shows remark-
able effects on the N-type inactivation of certain voltage-gated K+

channels, specifically, Kv1.4 and Kv3.4 (in which the “ball domain”
is located in the N terminus of the α pore-forming subunit)
and Kv1.1 co-expressed with the “ball domain”-containing Kvβ1.1
accessory subunit (Oliver et al., 2004). Application of exogenous
PIP2 to the intracellular side of the membrane expressing these
channels removed the rapid N-type inactivation, regardless of
whether the “ball domain” resided at the N terminus of the chan-
nel α or β subunit. It was proposed that PIP2 insertion into
the plasma membrane immobilized the positively charged “ball
domain” through its negatively charged head-group and thereby
prevented it from accessing the open pore. In this study a cluster of
positive residues formed by Arg13 and Lys14 in the “ball domain”
of Kv3.4 were proposed as the place where the electrostatic inter-
action between the PIP2 and “ball domain” occurs (Oliver et al.,
2004). Later, these findings were repeated for Kv1.5 channels co-
expressed with the Kvβ1.3 accessory subunit. PIP2 eliminated the
Kvβ1.3 induced inactivation of Kv1.5 channels by immobilization
of its “ball domain” as reported previously. An Arginine residue
(Agr5) in the N terminus of Kvβ1.3 subunit was identified as a
critical residue for PIP2 binding to the channel (Decher et al.,
2008). Thus, changes in intracellular PIP2 levels might be impor-
tant for the inactivation of Kv channels and this would profoundly
alter electrical signaling.

Shab channels, a prototypical member of the Kv2 channels
subfamily (Wei et al., 1990) are also modulated by PIP2. It was
shown that standard light stimulation of Drosophila photore-
ceptors increased Shab currents (Krause et al., 2008). After light
stimulation, the voltage dependence of activation of Shab chan-
nels was shifted to hyperpolarized potentials about 10 mV, with a
small decrease on the current amplitude at depolarized potentials.
The mechanism proposed for this modulation of Shab channels
involves the activation of PLCβ4 and the resulting hydrolysis of

PIP2. Interestingly, a point mutation (R435Q) in the N terminus
of the Shab channel abolished the PIP2 hydrolysis effect. The same
results were obtained expressing recombinant Shab channels in
Drosophila S2 cells and recording currents in inside-out patches.
Within a few minutes of patch excision the threshold for activation
was left-shifted about 10 mV, an effect that was almost completely
reversed by application of diC8-PIP2 to the patch. These results
led Krause et al. (2008) to suggest that PIP2 may interact directly
with the Shab channel and modulate its activity.

Kv1.3 is another voltage-gated K+ channel reported to be mod-
ulated by PIP2. The Kv1.3 channel is important in the activation
and function of effector memory T cells (Gilhar et al., 2011).
Recently, it was reported that PIP2 applied through patch pipettes
in whole-cell recordings significantly reduced Kv1.3 currents in
Jurkat T cells and this regulation may be significant for the main-
tenance of T lymphocyte activation in immune responses (Mat-
sushita et al., 2009). However, the mechanisms of this modulation
need to be further explored.

Contrary to previous reports on Kv channel modulation by
PIP2, Kruse et al. (2012) recently tested a long list of Kv chan-
nels and found most of them insensitive to PIP2; this list includes
Kv1.1/Kvβ1.1, Kv1.3, Kv1.4, Kv1.5/Kvβ1.3, Kv2.1, Kv3.4, Kv4.2, and
Kv4.3 (with different KChIPs). To test the effect of PIP2 on Kv chan-
nels this group used three different strategies to deplete PIP2 in
intact cells, activation of the G protein-coupled muscarinic recep-
tor M1,a zebrafish voltage-sensitive lipid 5-phosphatase (Dr-VSP),
or an engineered fusion protein carrying both lipid 4-phosphatase
and 5-phosphatase activity (pseudojanin). Kruse and colleagues
offer some explanations for the discrepancy between previous
experiments and their results, principally relying on the differ-
ent strategies used to modulate the PIP2 concentrations in the
membrane. While previous groups applied exogenous PIP2 to
inside-out excised patches risking to increase PIP2 concentration
to supramaximal levels, this group transiently depleted PIP2 in
the membrane of intact cells maintaining all the constituents of
the cell near normal conditions (Hilgemann, 2012; Kruse et al.,
2012).

Recently, we also examined the effects of PIP2 depletion on the
voltage-dependent Kv1.2 channel using different approaches not
only in inside-out patches but also in intact cells, using the voltage-
sensitive phosphatase Ci-VSP. We obtained similar results to the
Cav channels, namely a bidirectional regulation, where PIP2 deple-
tion left-shifted the voltage dependence of activation, increasing
current at the same time it decreased the open probability causing
an overall decrease in the current level (Figure 1C; Rodriguez-
Menchaca et al., 2012). These two effects were kinetically distinct
and exhibited distinct molecular determinants and sensitivities to
PIP2. The effect on the voltage dependence of activation proceeded
through interactions of the S4–S5 linker that links the voltage sen-
sor to the channel pore with PIP2 (Figure 1A). Gating current
measurements revealed that PIP2 constrains the movement of the
sensor via specific interactions of basic residues with PIP2 in the
closed state. In summary, using a similar strategy as Kruse et al.
(2012) to transiently deplete PIP2 in intact cells namely a voltage-
sensitive phosphatase, we obtained contrasting results showing a
dual effect on Kv1.2 and Shaker channels after PIP2 depletion. In
contrast, Kruse et al. did not observe any effect on the current
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FIGURE 1 | (A) Schematic depicting PIP2 interacting with S4–S5
linker (green) in the Kv1.2 channel, with linker shown in cartoon
representation. (B) Schematic depicting PIP2 interacting with A′ helix
of C-linker (red) in the SpIH channel, adapted from Flynn and Zagotta

(2011). (C) Hypothetical Po-V curve of Kv1.2 showing depolarizing
shift and increase in Po after PIP2 (blue line). (D) Hypothetical Po-V
curve of SpIH showing depolarizing shift and decrease in Po after
PIP2.

amplitude of several Kv channels after PIP2 depletion and did not
test for changes in voltage dependency.

Consistent with our results, Abderemane-Ali et al. (2012) also
reported a dual effect of PIP2 on Shaker potassium channels; PIP2

exerts a gain-of-function effect on the maximal current ampli-
tude and a positive shift in the voltage dependence of activation,
through an effect on the voltage sensor movement.

HYPERPOLARIZATION-ACTIVATED HCN CHANNELS
Hyperpolarization-activated Cyclic nucleotide-gated (HCN)
channels unlike most voltage-gated channels open only in response
to membrane hyperpolarization (Gauss et al., 1998; Ludwig et al.,
1998; Santoro et al., 1998). The S1–S4 domain constitutes the volt-
age sensor again but with HCN channels the S4 segment moves
inward upon membrane hyperpolarization (Mannikko et al., 2002;
Bell et al., 2004). The coupling mechanism between this inward
movement of the S4 and the opening of the gate, which is pre-
sumably located near the intracellular end of S6, is not clear. The
cytoplasmic domain of HCN channels possesses a canonical cyclic
nucleotide binding domain (CNBD). The CNBD is connected to
the S6 segment through a 90-aa sequence called the C-linker (CL).
Direct binding of cAMP or cGMP (cNMP) to the CNBD facilitates
channel opening. At the macroscopic current level, the cNMP-
dependent gating right shifts the voltage dependence of activation
and increases the current amplitude (Robinson and Siegelbaum,
2003; Craven and Zagotta, 2006; Biel et al., 2009). The CL plays
a dominant role in the coupling of cNMP binding to the channel
opening.

Hyperpolarization-activated cyclic nucleotide-gated channel
activity is also under the control of PIP2. PIP2 right shifts the
hyperpolarization-dependent HCN channel activation, making

the channel easier to open (Pian et al., 2006; Zolles et al., 2006;
Flynn and Zagotta, 2011; Ying et al., 2011). This effect is remark-
able – about 20 mV for mammalian HCN channels (HCN1, 2, and
4) and independent from the regulation by cAMP and cGMP.
Direct evidence supporting these conclusions came from the
experiments on inside-out membrane patches. Applying either
native PIP2 or the soluble diC8-PIP2 produced a depolarizing shift
in HCN channel activation (Pian et al., 2006; Zolles et al., 2006;
Flynn and Zagotta, 2011). The right shift in the I–V relationship
could be reproduced separately under conditions of saturating
concentrations of cAMP, in mutant channels that do not bind
to cNMP, or in the HCN ∆C channels, in which the CL-CNBD
has been deleted. Therefore, the interaction between PIP2 and
the transmembrane domains with their connecting loops of HCN
channels are likely to be responsible for the voltage-dependent
effect rather than the CL and CNBD, which are essential for cAMP-
dependent gating. It has been suggested that most likely, PIP2

exerts its effect on voltage dependence by stabilizing the activated
state of the voltage sensor, which could be through either a gen-
eralized effect on the local electrostatic environment by PIP2 or a
specific interaction between the negatively charged head-group of
PIP2 with positively charged residues in the S4 or its surroundings
(Flynn and Zagotta, 2011).

SpIH, a HCN channel cloned from Sea Urchin, can be fully acti-
vated by cAMP but only partially by cGMP (Flynn et al., 2007).
Unlike the mammalian HCN channels, SpIH shows a bidirectional
regulation by PIP2 (Flynn and Zagotta, 2011). Like mammalian
HCN channels it shows a right shift of the voltage dependence of
activation (∼10 mV) in the presence or PIP2, albeit half the mag-
nitude of that in the mammalian channels (Figure 1D). Unlike the
mammalian HCN channels, SpIH inactivates quickly in response
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to a hyperpolarizing voltage step (Gauss et al., 1998). Binding of
cAMP or cGMP relieves this voltage-dependent inactivation and
markedly increases the macroscopic current amplitude. Indepen-
dent from the positive effect on the voltage-dependent activation,
PIP2 seems to have an inhibitory effect on the cGMP-induced cur-
rent (Figure 1D). This inhibitory effect is clearly related with the
efficacy of the agonists. The maximal current under saturating
concentration of cGMP is only about half of that of cAMP. Con-
sistently, PIP2 strongly inhibits the cGMP-dependent current but
has a minimal effect on the cAMP-induced current.

Noticeably, as reported more than a decade ago, PIP2 has a
strong inhibitory effect on CNG channels, which is homologous to
HCN channel and the cNMP binding is obligatory for its opening
(Womack et al., 2000; Kaupp and Seifert, 2002). Several studies
have produced atomic resolution structures of the HCN cyto-
plasmic C-terminal domains including that from SpIH channel
(Zagotta et al., 2003; Flynn et al., 2007; Xu et al., 2010). Mutagen-
esis studies of the SpIH channel have identified several positively
charged residues in the CL that contribute to the inhibitory effect
by PIP2 (Figure 1B). It has been suggested that through these spe-
cific electrostatic interactions, PIP2 inhibits the channel opening
by stabilizing the conformation of the CL that underlies the closed
channel state in the absence of agonists (Flynn and Zagotta, 2011).

CONCLUDING REMARKS
The bidirectional effects of PIP2 in three very differ-
ent voltage-sensitive channels is quite remarkable. In the

depolarization-activated Cav2.1 (Wu et al., 2002) and Kv1.2
(Rodriguez-Menchaca et al., 2012) studies, PIP2 right-shifted the
voltage dependence of activation (inhibitory) while it prevented
rundown by stabilizing the open probability of the channel (stim-
ulatory). In the hyperpolarization-activated HCN channel from
the sea urchin (SpIH) PIP2 right-shifted the voltage dependence
of activation (stimulatory), while it inhibited the cGMP-induced
activation (inhibitory). In Kv1.2, PIP2 stabilized the inactive state
of the voltage sensor by binding basic residues in the S4–S5 linker
and the N terminus that could only coordinate PIP2 in the closed
state of the channel. In the SpIH HCN channel it was CL basic
residues that accounted for the non-voltage-dependent effects of
PIP2. In both cases these molecular determinants affected only
one or the other of the dual effects of PIP2. These results from
these very different channels (Cav, Kv, and HCN) suggest that the
mechanism by which PIP2 regulates channels sensitive to voltage
may be conserved.

What might be the physiological significance of the dual regu-
lation of certain voltage-gated ion channels that we have high-
lighted in this review? We speculate that in channels that are
dependent on voltage but also to other modulatory intracel-
lular signals, a balance needs to be achieved to regulate gat-
ing in a coordinated manner. PIP2 and the S4–S5 linker are
both perfectly positioned at the interface of the membrane to
the cytosol to integrate cytosolic signals (e.g., cyclic nucleotides,
Ca2+, etc.) with the movement of the transmembrane voltage
sensor.
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Voltage-sensing domains (VSDs) of Kv channels control ionic conductance through coupling
of the movement of charged residues in the S4 segment to conformational changes at the
cytoplasmic region of the pore domain, that allow K+ ions to flow. Conformational transi-
tions within the VSD are induced by changes in the applied voltage across the membrane
field. However, several other factors not directly linked to the voltage-dependent move-
ment of charged residues within the voltage sensor impact the dynamics of the voltage
sensor, such as inactivation, ionic conductance, intracellular ion identity, and block of the
channel by intracellular ligands. The effect of intracellular ions on voltage sensor dynamics
is of importance in the interpretation of gating current measurements and the physiology
of pore/voltage sensor coupling. There is a significant amount of variability in the reported
kinetics of voltage sensor deactivation kinetics of Kv channels attributed to different mech-
anisms such as open state stabilization, immobilization, and relaxation processes of the
voltage sensor. Here we separate these factors and focus on the causal role that intracellu-
lar ions can play in allosterically modulating the dynamics of Kv voltage sensor deactivation
kinetics. These considerations are of critical importance in understanding the molecular
determinants of the complete channel gating cycle from activation to deactivation.

Keywords: ion channel, potassium channel, gating current, immobilization, inactivation

INTRODUCTION
Voltage-gated potassium channels (Kv) sense membrane voltage
and underlie the repolarization of electrically excitable cells (Hille,
2001). This task is achieved by the division of the function of
the channels into voltage-sensing domain (VSD) and ion con-
ducting pore domain as shown in Figure 1A (Long et al., 2005b).
Charged residues in the S4 transmembrane segment of the VSD
move in response to changes in the membrane electrical field and
this motion is translated through a coupling mechanism involving
S4–S5 linker contacts with the bottom of S6-lined pore domain to
open or close the intracellular gate of ionic conductance (Lee et al.,
2009). The tight coupling between the two domains allows move-
ments in one domain to be translated rapidly into movements in
the other thus creating highly sensitive voltage-gated channels.

Once K+ conductance has been activated the process must be
reversed once the membrane is restored back to resting poten-
tials so that excitable cell membranes do not become permanently
hyperpolarized and unable to generate action potentials again.
This is accomplished by deactivation and inactivation mecha-
nisms, both of which serve to shut down channel conductance.
Deactivation specifically refers to the voltage-dependent closure
of the pore intracellular gate, whereas inactivation can occur
under the conditions of continued depolarization and typically
involves conformational changes in other regions of the channel.
Inactivation can be broadly classed kinetically into fast inac-
tivation, conferred by inactivation peptides either attached to
the N-terminus of the channel protein or an accessory sub-
unit that can enter the open channel at the intracellular gate
and block conductance or slow inactivation which is caused by

conformational rearrangements in the outer pore and selectivity
filter region of the channel. Both inactivation and pore gating have
effects on voltage sensor dynamics. Because there are several mech-
anisms that can impact on voltage sensor deactivation kinetics, the
objective of this review is to present a clear description of these
different factors which can overlap in their functional effects, and
expand on the mechanism by which intracellular ions can influ-
ence these kinetics and thus the physiology of voltage sensing in
Kv channels.

BASIS FOR VOLTAGE SENSING IN Kv CHANNELS
Kv channels are tetrameric transmembrane proteins with each sub-
unit consisting of six transmembrane segments (S1–S6). The VSD
of each subunit comprises of S1–S4, with the key determinant
of voltage sensing being a series of positively charged arginine
residues that line S4 (Figure 1A). The VSD is coupled to the pore
domain, shown in Figure 1B, which comprises S5–S6 of each sub-
unit, and comes together to form a S6-lined conduit for K+ ions to
flow across the membrane (Long et al., 2005a). At the extracellular
end of the pore, selectivity for K+ ions is conferred by a highly
conserved structural element in the pore, the selectivity filter, that
allows efficient dehydration and stabilization of dehydrated K+

ions over Na+ ions as the ions transport across the membrane
(Heginbotham et al., 1994). On the cytosolic side of the selectiv-
ity filter a water filled central cavity is found where hydrated ions
can reside before entering the filter (Zhou et al., 2001). Figure 1B
highlights the locations of two ions (purple) occupying two of four
possible binding sites in the SF and an ion residing in the inner
cavity (blue) of the Kv1.2 channel crystal structure, which is in the
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PD
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S5S6
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Inner cavity 

Bundle crossing 

A B

FIGURE 1 | Overview of Kv channel structure. (A) A top down view of
the Kv1.2 open state channel tetramer (PDB: 2A79) with the
voltage-sensing domains (S1–S4) in color. The charge carrying S4 segment
of the voltage sensor domain is highlighted magenta and the pore domain
S5–S6 segments are gray. (B) Side view of two pore forming subunits of
the Kv1.2 illustrating the selectivity filter containing two K+ ions of a
possible four in positions 2 and 4 shown in blue and a K+ ion residing in the
intracellular cavity in magenta.

open state (Long et al., 2005b). In the closed state of the chan-
nel this cavity is isolated from the bulk cytosol by a constriction
formed by a narrow bundle crossing of the pore-lining S6 helices
(Figure 1B), which does not allow hydrated ions to permeate (Liu
et al., 1997). Opening of this gate is initiated by depolarization
of the membrane. This drives the positively charged S4 segment
outward and induces a conformational shift at the bottom of the
S6 segments to dilate the bundle crossing. Hydrated ions can then
diffuse freely into the cavity and through the selectivity filter (Lu
et al., 2002; Long et al., 2005b).

Much progress in understanding voltage gating has relied upon
the fact that voltage sensor movement can be examined sepa-
rately from pore opening and closing by recording the transient
currents (gating currents), that are associated with the charged
residues in the S4 segment moving within the applied field (for
review, see Bezanilla, 2000). Kv channel gating currents are of
the order of 1% or less of the magnitude of ionic currents, and
therefore can only be resolved when recorded from channels in
the absence of larger contaminating ionic currents (Armstrong
and Bezanilla, 1974). Experimentally, ionic conductance can be
eliminated by the removal of permeant ions from the recording
solutions (Zagotta et al., 1994b), block of conductance (Bezanilla
et al., 1991; Schoppa et al., 1992), or mutation of channels to render
them non-conductive (Perozo et al., 1993; Wang et al., 1999).

MECHANISMS OF VOLTAGE SENSOR IMMOBILIZATION
Early studies of gating currents revealed that intracellular applied
quaternary ammonium (QA) ions severely slow the recovery of
ionic and gating currents by preventing pore gate closure (Arm-
strong, 1971; Choi et al., 1993; Melishchuk and Armstrong, 2001).
This phenomenon was also observed to result from the fast inac-
tivation process in Na+ channels and was referred to as “charge
immobilization” (Armstrong and Bezanilla, 1977). Because all the
charge that has been moved by depolarization eventually returns if
given an adequate recovery period the term immobilization really
refers to a slowing of gating charge return.

For the purposes of the review we have used an established
model of ShakerIR gating to simulate typical ionic and gating
currents from a channel to illustrate typical immobilized gating
charge. Figure 2 illustrates currents simulated using an established
model of shaker gating (Zagotta et al., 1994a). Figure 2A shows

a simplified shaker gating scheme in which voltage sensors in the
each four subunits undergo transitions between resting and acti-
vated states upon depolarization, followed by a sequential opening
step that represents the pore opening. The transitions between
resting and active carry the majority of gating charge. In Figure 2B
the simulated ionic currents show a rapid increase in the open
probability of the channel at depolarizing potentials more positive
than −40 mV. The gating currents correlating to the same gating
model are displayed in Figure 2C and show a mild immobilization
of gating charge return, which is a typical feature of Shaker gating
currents. The immobilization is seen in the return of gating charge
(OFF gating currents) that display a rapid return after depolariza-
tions to potentials where the channel has not opened (<−40 mV)
followed by a slowing of the gating charge return after open-
ings to potentials with significant channel probability of opening
(>−20 mV). This slowing of OFF gating currents observed exper-
imentally can be clearly linked to the channel opening process as
it occurs only after the channel has opened.

In early studies with cloned Shaker channels it was found that
the N-terminus fast inactivating peptide caused slowing of gating
charge return when opened channels were bound with the inac-
tivation peptide (Bezanilla et al., 1991). As the binding site for
internal QA ions and the Shaker inactivation peptide has been
identified as residing deep in the inner cavity region of the chan-
nel pore these observations demonstrate that occupancy of this site
can cause voltage sensor immobilization through the prevention of
pore closure (Choi et al., 1993; Gonzalez et al., 2011). To illustrate a
more severe immobilization, such as that observed when intracel-
lular QA ions or N-terminus inactivation peptides are present, an
extra blocked state O:B was added to the open state of the model
shown in Figure 2A. The gating currents from this model in the
presence of a blocking particle (B) are shown in Figure 2D. The
OFF gating currents show a severe slowing of charge return after
depolarization to potentials that open the channel significantly,
which equates to a strong immobilization due to the occupancy
of the open pore by B preventing the first open to closed transi-
tion and the subsequent voltage sensor return to its resting state.
In this case the degree of immobilization will be dependent upon
the affinity of the blocker for the pore of the channel where high
affinity blockers would induce a stronger immobilization. This
type of immobilization is not limited to channels such as Shaker
that posses N-terminus inactivation peptides as Kv channels often
associate with β-subunits that can confer inactivation properties
to the channel. For example, Kv1.2 associates with the Kvβ1.2 sub-
unit which confers N-type inactivation and has also been shown
to slow voltage sensor return (Peters et al., 2009).

The slow return of gating charges is structurally mediated
through the coupling of the pore to the voltage sensor S4 through
inter-subunit interactions between the S4–S5 linker of one subunit
and the inner end of the S6 from a neighboring subunit (Batulan
et al., 2010). This observation indicates that an open pore can slow
voltage sensor return from the activated state as a result of the tight
coupling between the two domains.

A summary of the mechanism by which pore occupancy by
QA ions or N-terminus peptides can occupy the pore is shown
in Figure 2E. Depolarization that is sufficiently positive to open
the channel are usually associated with an mild immobilization of
the voltage sensors in the open state and has been postulated to
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A C

B

E

D

FIGURE 2 | Gating currents demonstrating immobilization. (A) A model of
Shaker gating used to simulate currents (Zagotta et al., 1994a). The transitions
from R to A carry the majority of gating charge and the channel opens once all
four subunits have transitioned to A. The extra state O:B represents the an
intracellular blocking particle as discussed in the text. Ionic (B) and gating (C)
currents generated from the model in response to 12 ms depolarization from a
holding potential of −100 mV with the program Ionchannellab (De
Santiago-Castillo et al., 2010). (D) Gating currents display severe immobilization
when the model is run in the presence of an intracellular blocker [B] according
to the scheme shown in (A). (E) Cartoon representation of the mechanism by

which the N-terminus inactivation peptide or QA ions can cause an
immobilization of gating charges. The S1–S3 segments of the VSD is colored
blue, S4 shown in purple (resting) or red (activated), and the pore domain S5–S6
grey. At resting negative membrane potentials the pore is closed at the bundle
crossing and the S4 charge carrying segments of the VSD are in a resting state.
Upon depolarization the S4 segments move outwards into the activated
position before the pore opens at the intracellular gate. Once the pore is
opened the N-terminus inactivation peptide or QA ions can enter the cavity. The
pore is unable to close when these particles in the cavity and has the effect of
slowing the voltage sensors return from the activated state.

reflect an intrinsic stability of the pore in the open confirmation
but could also result from the occupancy of the pore by the partic-
ular ions used in the internal solution. This effect is very dramatic
in the presence of intracellular blockers or fast inactivation pep-
tides which can occupy the inner pore cavity with a high affinity
and stabilize the open state thus limiting the rate of return of the
voltage sensors and associated gating charge.

INACTIVATION AND IMMOBILIZATION
In the absence of fast inactivation peptides or QA ions, immobi-
lization of charge is still observed in Kv channels. This indicates
that there are mechanisms other than pore block that underlie the
process of immobilization. Gating currents have been recorded
in the presence of K+ ions from mutant Shaker channels that
have been rendered non-conducting by a mutation W434F in the

pore helix that causes the collapse of the selectivity filter (Per-
ozo et al., 1993). These experiments were conducted using the
non-conducting channel that also contained an N-terminus dele-
tion of residues 6–46 that removes any fast inactivation process
(named inactivation removed, ShakerIR), which causes voltage
sensor immobilization (Bezanilla et al., 1991), yet gating currents
from the ShakerIR-W434F recorded with K+ internal solutions
still displayed a slowing of gating current return after depolariza-
tion to potentials at which the channels open (Perozo et al., 1993).
In addition, wild-type (WT) channels recorded with solutions
using ion replacement to deplete conductive intracellular ions
with non-permeant cationic molecules such as NMG+ (Zagotta
et al., 1994b) or Tris+ (Varga et al., 2002) also display a slowing
of voltage sensor return after depolarization to potentials where
channels open. These studies clearly implicate the open pore as
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a critical determinant in the slowing of charge return, however it
is not the only determinant. In experiments with Kv1.5 channels
using NMG+ to replace K+ and Na+ and reveal gating currents
it was demonstrated that long depolarizations that persist past
the full activation time course of the channels induced a greater
slowing of the charge return upon repolarization than shorter
pulses (Fedida et al., 1996). This indicated that an immobiliza-
tion process was occurring that was not only mediated by the pore
opening. To further examine this effect the authors used the drug
4AP, which stabilizes the closed pore conformation. 4AP was found
to remove the development of immobilization, along with the slow
inactivation properties of the channel, suggesting that the immobi-
lization of the gating charge was linked to slow inactivation (Fedida
et al., 1996). This pointed to inactivation processes directly medi-
ating an immobilization of the voltage sensors in Kv1.5. Similarly,
in the Shaker channel lacking fast inactivation (ShakerIR) pro-
longed depolarization was found to immobilize the voltage sensor
(Olcese et al., 1997). The immobilization in these experiments
was reflected by a left shift of the voltage dependence of charge
return compared with charge activation which indicated that more
energy was required to return the voltage sensor to its resting
configuration (Olcese et al., 1997). Interestingly, immobilization
occurred in ShakerIR channels recorded in cut-open oocyte con-
figuration where the conducting ions were replaced with NMG+ as
well as in the non-conducting mutant channels ShakerIR-W434F
recorded in the presence of intracellular K+ ions, suggesting the
effect was not just related to open pore occupancy by the intra-
cellular ions. Furthermore, the time course of the development of
charge immobilization in the ShakerIR-W434F channel correlated
with the time course of inactivation of ShakerIR channels (Olcese
et al., 1997). These experiments implied an important distinction
between inactivated states – that the W434F channel represents a
pore inactivated state (P-type), thought to be due to a localized
collapse of the selectivity filter, that can still undergo further con-
formational rearrangements that stabilize the voltage sensor on
the same time scale as slow inactivation. This observation indi-
cated that the W434F mutation, whilst collapsing the selectivity
filter and preventing conductance, had not prevented other con-
formational rearrangements that involved the voltage sensor and
correlated with slow inactivation. Despite these correlations the
study could not conclude whether the P-type inactivation was
causally linked with the conformational changes that immobi-
lized the voltage sensors. A separate study investigated ShakerIR
gating using voltage-clamp fluorometry, in which an environmen-
tally sensitive fluorophore was attached to an engineered cysteine
residue at the top of the S4 or the pore region to track conforma-
tional rearrangements of the two regions (Loots and Isacoff, 1998).
It was found that the fluorescent probes in both regions tracked
the onset and recovery of slow inactivation which suggested that
pore inactivation alters the interaction between the two domains.
Specifically, the study found two conformational rearrangements
during ShakerIR channel inactivation – the first shuts the chan-
nel at the selectivity filter and represents the transition into the
inactivated state found in the W434F P-type inactivated channel
whereas the second rearrangement involves changes around S4
having the effect of stabilizing the inactivated state and making it
more difficult for the voltage sensor to return to its resting position
(Loots and Isacoff, 1998).

INTRACELLULAR ION EFFECTS ON IMMOBILIZATION
The experimental conditions required for the resolution of gating
currents (mutations, block, and permeant ion depletion) create a
significant hurdle when attempting to interpret the relevance of
these measurements to physiological gating, in which conducting
channels permeate small ions unimpeded. A significant advance
came with the development of methodology using the patch clamp
technique that enabled precise control of intracellular ionic con-
centrations and enabled Kv1.5 gating currents to be recorded in the
presence of permeating ions Cs+ and K+ (Chen et al., 1997). OFF
gating currents at −100 mV were recorded in the presence of a
low concentration of internal K+ or the poorly permeant Cs+ ion
which avoided contamination of the gating currents by large ionic
conductance. These experiments uncovered that the rate of gating
charge return was accelerated by the presence of permeant ions in
these channels when compared with recordings in the absence of
permeant ions using NMG+ as a replacement cation (Chen et al.,
1997). This implied that the very presence of permeating ions can
influence the voltage sensor dynamics and led to the proposition
of an allosteric modulatory site where permeant ions may interact
to slow entry into a state from which gating charge is slow to return
or to impair the entry into a slow inactivated state. Following this
study the authors utilized a non-conducting Kv1.5-W472F mutant
channel and found that replacing extracellular and intracellular
NMG+ with small group 1 intracellular cations also had the effect
of relieving the charge immobilization, with intracellular effects
being 10-fold more prominent (Wang et al., 1999). The differ-
ences in rates of charge recovery were apparent after depolarization
more positive than −20 mV consistent with voltages at which the
channel open probability rapidly increases. These studies implied
that the effect was strongly dependent upon an intracellular site
that was accessible when the channel opens and was hypothesized
to regulate entry of the channel into the slow inactivated state
which caused immobilization of charge. These two studies com-
bined indicated that the role of ions was not intrinsically linked to
their fluxing through the channel as the non-conducting mutant
Kv1.5-W472F could also be modulated by varying intracellular
ionic composition, but did not precisely locate the ion interaction
sites involved.

Insight into the location of the intracellular interaction site for
ions to modulate charge return came from studies on ShakerIR
channels in which the size of the internal cavity was increased by
a mutation at isoleucine 470 (Melishchuk and Armstrong, 2001).
This residue is located approximately mid way along the S6 helix
lining the intracellular cavity. Mutation from isoleucine to cys-
teine had the effect of accelerating charge return of gating currents
recorded with intracellular Cs+ or NMG+. This observation led
the authors to propose that the limiting step in charge return was
pore closure, which in turn was rate limited by the exit rate of
ions from inner cavity binding sites. In this case, because the study
utilized short (15 ms) depolarizations, the charge immobilization
was considered separately from any conformational changes in
the tertiary structure of the protein that occurs over the time
course of slow inactivation processes which are typically of a much
longer time constant. This model proposed by Melishchuk and
Armstrong (2001) was consistent with and further supported the
classical“occupancy hypothesis” that was based on the observation
that increasing the external concentration of permeant ions such
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as K+, Cs+, and Rb+ ions slows the deactivation kinetics of Kv
channels as the pore is prevented from closing when occupied
(Swenson and Armstrong, 1981; Matteson and Swenson, 1986).

An insightful study using a variety of different permeant
and non-permeant ions that compared ShakerIR conducting and
ShakerIR-W4343F non-conducting channels attempted to clarify
the mechanistic differences in immobilization in these channels
(Varga et al., 2002). The study first sought to examine the relation-
ship between ionic deactivation and gating charge return in the
WT channel. To achieve this without masking the gating currents
the experiments were recorded with low concentrations of perme-
ant ions on either side of the membrane (mM) 1 K+, 1 Rb+, or a
higher concentration of the poorly permeant Cs+ (115 mM). The
gating currents under these conditions displayed ionic deactiva-
tion kinetics that were faster than charge recovery. This indicated
that ion occupancy at these concentrations did not rate limit the
voltage sensor return. However, because low concentrations of the
highly permeant ions K+ and Rb+ had to be used to avoid con-
tamination of the charge recovery measurements (this was not
necessary for Cs+ due to its lower permeability allowing it to be
used at 115 mM) the result was not directly informative of more
physiological conditions. To enable the comparisons to be made
with high internal concentrations (115 mM) of K+ and Rb+ the
experiments were conducted using the non-conducting W434F
channel. These recordings using W434F displayed a slower rate
of charge recovery than the WT channel with low concentrations
of K+ and Rb+. This indicated a potential concentration depen-
dent effect, where higher concentrations of ions had the effect of
slowing charge recovery, consistent with occupancy slowing pore
closure. Further insight came as a byproduct of the interesting
observation that “non-conducting” W434F channels can in fact
conduct K+ in specific ionic conditions. When the extracellular
solution was set at 115 mM K+ and the internal contained 115 mM
Tris+, a K+ conductance was observed. This K+ conductance had
the effect of slowing charge return more than when W434F was
recorded in the absence of any permeating ions. This suggested
that increasing the occupancy of the inner cavity with permeating
K+ ions lowered the rate of pore closure, also supporting the occu-
pancy hypothesis. Taken together, these results suggested that gate
closure was not rate-limiting for voltage sensor return in the WT
channel in the presence of low concentrations of permeant ions,
and that the gate could close before the voltage sensors returned
to resting. Conversely, in high concentrations of intracellular per-
meant ions occupancy of the cavity was rate-limiting pore closure
in the W434F channel.

A further observation from this study was that a slow compo-
nent of charge return was also present in almost all conditions,
and was dependent upon the ion species present. The authors
postulated that this slowing of gating charge return was caused
by the presence of varying degrees of inactivation accumulating
over the depolarizing pulses used to evoke gating currents. Because
inactivation is associated with conformational processes that slow
charge return (Olcese et al., 1997; Loots and Isacoff, 1998), the
varied effects with different ion species is likely to be partly due
to the different occupancy of a site that slows entry into the inac-
tivated states consistent with previous studies on immobilization
that develops after the channel pore is open (Fedida et al., 1999;
Wang et al., 1999).

From the studies discussed up to this point it is apparent that
occupancy of the cavity is a critical factor in regulating voltage
sensor immobilization. The main factors determining the dwell
time of an ion in a binding site at a constant membrane potential
are the interactions of the ion with the binding site and the poten-
tial electrostatic interaction with other ions nearby. Experiments
using the divalent ion Ba2+ have been used to probe some of the
electrostatic effects of ion–ion interactions. A key feature of Ba2+

ions in these studies is the deep binding site they occupy in the
SF of K+ channels, adjacent to the inner cavity site highlighted
in Figure 1B (Neyton and Miller, 1988; Jiang and MacKinnon,
2000). The application of external Ba2+ was shown to acceler-
ate charge return in ShakerIR-WT and -W434F, specifically after
depolarizations to potentials where the channel opens, leading
to the hypothesis that Ba2+ binding was destabilizing the open
state of the channel (Hurst et al., 1997). This effect could well
be mediated through a repulsive effect of the Ba2+ ions in the
deep SF site with the positively charged K+ ions residing in inner
cavity sites. Some experimental support for this hypothesis also
came from the detailed study by Varga et al. It was hypothe-
sized that external Ba2+ ions would have effects on ions in the
cavity from the deep site and influence the occupancy and thus
exit rate of intracellular ions in the cavity. To test this hypothe-
sis they applied external Ba2+ and observed an accelerated charge
return in the W434F channel, which was faster when K+ ions
were in the cavity than with internal Na+ ions, and had little
effect with Tris+ internal (Varga et al., 2002). These data indi-
cated that K+ ions interacted strongly and repulsively with Ba2+

but that the Na+ and Tris+ ions were sufficiently different in size
and physico-chemical structure that they did not occupy a site
that was directly affected by Ba2+ binding in the filter. The impli-
cation of this experiment was that K+ occupancy of the inner
cavity binding site could be destabilized by the Ba2+ ion binding
presumably at a deep site in the SF (correlated with the lower
blue sphere in Figure 1B), close enough to exert a significant
electrostatic destabilization. This is however likely a simplified
picture as it is likely that there is more than one binding site
for ions within the intracellular cavity and that these sites can
exert influence on each other (Thompson and Begenisich, 2001,
2003).

When discussing the intracellular ion binding sites it should
be noted that these sites will be occupied by hydrated K+ ions
as the cavity also contains water molecules. Because a hydrated
K+ ion has a diameter of around 5 Å, with a hydration energy
of −85 kcal/mol (Hille, 2001), it is likely that the steric bulk of
the hydration sphere of the ion significantly contributes to an
energetic barrier to channel pore closure. Generally the effects of
ions in the cavity described have been considered to be steric, and
the bulk of hydrated K+ ions support this kind of hypothesis,
as does the observation that large ions such as QA ions immo-
bilize charge more severely than small ions. In addition, recent
high level studies using all atom molecular dynamics simulations
to simulate a complete gating cycles indicated that the open cav-
ity dewetted before the pore collapses due to the hydrophobic
nature of the cavity (Jensen et al., 2010, 2012). Hydrated ions must
therefore exit before the pore can dewet fully before shutting, sup-
porting the hypothesis that ionic occupancy in the cavity slows
pore closure.
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VOLTAGE SENSOR RELAXATION – A THIRD MECHANISM OF
CHARGE IMMOBILIZATION?
Stabilization of the voltage sensor in the activated state after depo-
larization has also been observed in non-inactivating channels
such as HCN channels (Bruening-Wright and Larsson, 2007),
and the voltage-sensing phosphatase, ciVSP which has no pore
(Villalba-Galea et al., 2008). Slowing of charge return in a voltage
sensor without a pore is clearly a different process that cannot be
dependent upon pore inactivation or ionic occupancy and sug-
gests that the voltage sensor might possess an intrinsic property
to “relax,” representing the adoption of a distinct stable conforma-
tional state (Villalba-Galea et al., 2008, 2009). This process has also
been proposed to occur in ShakerIR channels during prolonged
depolarizing pulses as tracked by the entry into a state from which
charge return is slow (Lacroix et al., 2011). Although relaxation
may represent an intrinsic property of the voltage sensor, it is cur-
rently difficult to separate the observed slowing of charge return
from those related to inactivation discussed above, that also show
ion dependence (Shirokov, 2011). It follows that if voltage sensor
relaxation is independent of pore-related inactivation processes
then it should have little dependence on ionic conditions. Future
studies that advance the structural information available for these
states will ultimately allow the clear separation of inactivation and
relaxation. Because relaxation of voltage sensors occurs over a
much longer time scale than the slowing of charge return that can
be observed developing with channel opening kinetics it is cer-
tainly not likely to impact directly on the rapid immobilization of
charge caused by ions occupying the inner cavity.

CONCLUSION
The studies reviewed here have shown that charge immobiliza-
tion can be caused by a combination of ion occupancy of the
pore and conformational rearrangements associated with inac-
tivation or relaxation, which can be broadly classed as intrinsic
(related to protein tertiary structural rearrangements) and extrin-
sic (caused by external factors such as ion block of pore closure or
inactivation) factors.

The various pathways affected by intracellular ions have been
summarized by the simplified state scheme shown in Figure 3. The
scheme assigns the majority of the charge carrying transitions of
all the four subunits voltage sensors to the transition between R
(resting) and A (activated). Depolarization causes the voltage sen-
sors to shift from R to A, a transition which accounts for the gating
charge measured on activation. After activation the pore domain
opens sequentially and must shut before the reverse transition
from A to R representing charge recovery. Slowing the transition
from O to A will have the effect of slowing charge return. After
opening, ions may enter the pore and occupy a site (O:IonS1) that
prevents closure of the pore and will have the knock-on effect of
slowing deactivation kinetics and, if slower than the A to R tran-
sition, the rate of charge return will also be slower. The rate of
slowing of charge return is subject to modulation of the stabil-
ity of O:IonS1, which is dependent upon the proximity of other
ions and the intrinsic affinity for the pore cavity that the spe-
cific ion may have which will be dependent upon size, charge, and
solvation. Once opened, or bound with an ion at S1, the chan-
nel might also enter an inactivated state (I) associated with a

FIGURE 3 | State model summarizing the effects of intracellular ions
on voltage sensor dynamics. The model is described in the text.

conformational rearrangement that stabilizes the voltage sensor
and causes immobilization. The rate of entry into this inactivated
state may be impaired by intracellular ions occupying a site that
antagonizes inactivation (O:IonS2) – probably through a mecha-
nism similar to the “foot in the door” attenuation of inactivation
described for conducting channels (Baukrowitz and Yellen, 1995,
1996). The off rate for each ion site are modified by the multipliers
α and β where α ( β, which results in occupancy of S2 impairing
the entry into the inactivated state without affecting the return
of charge significantly. Alternatively, the entry into the inactivated
state could be accelerated by reducing binding at the “foot in the
door” site S2 through the depletion of appropriate binding ions by
non-permeant cations which favor site S1; an experimental condi-
tion necessary to record gating currents from conducting channels
which would increase the degree of immobilization observed.

In this review we have attempted to identify and separate
some important mechanisms that can contribute to voltage sensor
immobilization and the ways in which those processes are subject
to modulation by intracellular ions. It is apparent that these effects
are not always easily separated and that often simultaneous immo-
bilizing mechanisms are operating at the same time, dependent
upon the particular recording solutions used and the durations
of the depolarizing pulses. Despite these uncertainties it is clear
that, especially after short depolarizations, that would not be con-
sidered to induce significant inactivation or relaxation, occupancy
of the intracellular cavity by ions does affect the dynamics of the
voltage sensor. This effect of intracellular ions could be thought of
as allosteric in the sense that ion binding at pore sites influences
the stability of the voltage sensor, a structurally distinct entity
(Figure 1A). Considering that ions fluxing through the pore exert
an influence on the deactivation voltage gating it is of physiolog-
ical significance to understand the precise mechanisms by which
these effects are mediated. It is conceivable that different channel
subtypes have evolved around the ion species they carry and that
ion occupancy effects on deactivation kinetics could have exerted
some selective pressure depending on the particular channel sub-
type, which contributes to their particular deactivation gating
phenotype. As more channels are investigated and high resolution
structures are solved for Kv channels in different states a clearer
picture will emerge of the ions role in gating as well as permeation.
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Voltage-activated K+ (KV) channels are important for shaping action potentials and maintain-
ing resting membrane potential in excitable cells. KV channels contain a central pore-gate
domain (PGD) surrounded by four voltage-sensing domains (VSDs). The VSDs will change
conformation in response to alterations of the membrane potential thereby inducing the
opening of the PGD. Many KV channels are heteromeric protein complexes containing aux-
iliary β subunits. These β subunits modulate channel expression and activity to increase
functional diversity and render tissue specific phenotypes.This review focuses on the KV β

subunits that contain transmembrane (TM) segments including the KCNE family and the β

subunits of large conductance, Ca2+- and voltage-activated K+ (BK) channels. These TM β

subunits affect the voltage-dependent activation of KV α subunits. Experimental and com-
putational studies have described the structural location of these β subunits in the channel
complexes and the biophysical effects on VSD activation, PGD opening, and VSD–PGD
coupling.These results reveal some common characteristics and mechanistic insights into
KV channel modulation by TM β subunits.

Keywords: channel, β subunit, KV, KCNQ1, BK, KCNE, KCNMB, LRRC

INTRODUCTION
Cellular electrical signals organize and control activity in the ner-
vous, muscular, and hormonal tissues. The voltage-activated K+
(KV) channels are a large group of transmembrane (TM) pro-
teins that open in response to membrane depolarization to permit
the selective efflux of potassium ions across the membrane. KV

channels play an important role in shaping the electric signals of
excitable tissues and also contribute to the maintenance of ion
homeostasis. Although KV channels vary greatly in their activity,
conductance and pharmacology, the basic structure of the chan-
nel and the mechanism of voltage-dependent activation are well
conserved across the KV family. KV channels share a common
topology of six TM α helices (S1–S6) that are organized into two
structural domains, the voltage-sensing domain (VSD, S1–S4) and
the pore-gate domain (PGD, S5 and S6). As seen in the available
KV channel crystal structures, four α-subunits coassemble to form
a tetrameric complex with a central pore built from the PGDs of
all four subunits and with the four VSDs located peripheral to the
central pore (Figure 1).

Voltage-dependent activation of KV channels involves three
general molecular events (Zagotta et al., 1994). First, depolariza-
tion of the membrane potential drives the outward movement of
the S4 segment of the VSD that contains conserved basic residues

Abbreviations: AF, atrial fibrillation; CTD, cytosolic domain; F–V, fluorescence–
voltage relationship; G–V, conductance–voltage relationship; KV channels, voltage-
activated K+ channels; LQTS, long QT syndrome; PGD, pore-gate domain;
Po–V, open probability–voltage relationship; SQTS, short QT syndrome; TM,
transmembrane; VCF, voltage-clamp fluorometry; VSD, voltage-sensing domain.

positioned within the electric field (Tombola et al., 2005; Bezanilla,
2008). Second, the conformational change during VSD activation
is propagated to the PGD through interactions between the S4/S5
linker and the cytosolic side of S6 (Lu et al., 2001; Tristani-Firouzi
et al., 2002; Long et al., 2005), the S4 and S5 helices (Ledwell and
Aldrich, 1999; Soler-Llavina et al., 2006; Grabe et al., 2007), and the
extracellular side of the S1 and the pore helix (Lee et al., 2009); this
event is known as coupling. The third event of KV channel acti-
vation is the opening of the PGD to allow ion permeation (Yellen,
1998).

Voltage-activated K+ channel function is modulated by auxil-
iary β subunits (Pongs and Schwarz, 2010). Of particular interest
to this review are the TM β subunits due to their ability to regulate
the voltage-dependent activation of KV channels. Here we review
the major TM β subunits including the KCNE family and the β

subunits of voltage- and Ca2+-activated K+ (BK) channels to sum-
marize our current understanding of the location of β subunits in
the channel complex and their impact on the three molecular
events of KV channel voltage-dependent activation.

KCNE β SUBUNITS
The KCNE family of β subunits consists of five members (KCNE1–
5, also known as minK and minK related peptides 1–4) that all
contain a single TM domain with an intracellular COOH ter-
minus and an extracellular NH2 terminus (Takumi et al., 1988;
Abbott et al., 1999; Piccini et al., 1999; Figure 1A). KCNE sub-
units coassemble with and modulate KV α subunits resulting in
a diverse set of KV channel phenotypes. Not only can one mem-
ber of the KCNE family regulate multiple different KV channels,
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FIGURE 1 |Topology (top) and coassembly (bottom) of KCNQ1 (A) and

BK channel (B) α subunits and β subunits. The voltage-sensing domain
(VSD, S1–S4), pore-gate domain (PGD, S5 and S6), cytosolic domain (RCK1
and RCK2), S0 segment, and β subunits are colored as blue, green, pink,

orange, and purple, respectively. The COOH terminal α-helices (A–D) of
KCNQ1 and the leucine-rich-repeat domain (LRR) for LRRC are indicated. The
coassembly of the heteromeric channel complex are illustrated as viewed
from the extracellular face of the membrane (bottom).

but one KV family member can be regulated by different KCNEs.
For example, KCNQ1 (KV7.1) can coassemble with all five of
the KCNE family peptides; however, the effects of the different
KCNEs on KCNQ1 function are very different (Barhanin et al.,
1996; Sanguinetti et al., 1996; Schroeder et al., 2000; Tinel et al.,
2000; Angelo et al., 2002; Grunnet et al., 2002). These effects range
from constitutive, voltage-independent activation with KCNE3
(Schroeder et al., 2000), a shift of voltage-dependent activation
to more positive voltages with KCNE1 (Barhanin et al., 1996; San-
guinetti et al., 1996) to inhibition of the ionic current by KCNE4
(Grunnet et al., 2002). Promiscuity in coassembly and diversity
of functional regulation allows different tissues to carry unique
electrophysiological phenotypes by expressing different KCNE–KV

combinations.

KCNE1 MODULATION OF KCNQ1
Of the many KCNE–KV pairs, the channel formed by coassem-
bly of KCNE1 with the KCNQ1 is the best studied due to the
physiological importance of this channel, the dramatic effects
of KCNE1 on the function of KCNQ1, and the fact that it was
the first identified KCNE–KV partnership. In the heart the het-
eromeric assembly of KCNQ1 + KCNE1 subunits generates the
slow delayed-rectifier current (Barhanin et al., 1996; Sanguinetti
et al., 1996), I Ks, that is important for termination of the car-
diac action potential (Sanguinetti and Jurkiewicz, 1990; Jost et al.,
2007). In the inner ear KCNQ1 + KCNE1 channels play a role
in the maintenance of endolymph potassium homeostasis (Vet-
ter et al., 1996). Mutations in KCNQ1 (Wang et al., 1996b) or
KCNE1 (Splawski et al., 1997) that compromise I Ks function can
cause long QT syndrome (LQTS) that manifests as prolongation
of the QT interval on the surface electrocardiogram and a high
risk of ventricular arrhythmias and sudden death. In some cases,

the cardiac phenotype can be accompanied by congenital deafness
(for review see Hedley et al., 2009). In contrast, I Ks gain of func-
tion mutations cause premature repolarization and are associated
with short QT syndrome (SQTS; Bellocq et al., 2004) and atrial
fibrillation (AF; Chen et al., 2003; Hong et al., 2005; Lundby et al.,
2007; Das et al., 2009).

The functional importance of KCNE1 effects on KCNQ1 chan-
nels is demonstrated by the existence of LQTS mutations in
KCNE1 and by the remarkable modulation of KCNQ1 activ-
ity by KCNE1 in heterologous expression systems. Exogenous
expression of KCNQ1 alone is sufficient to generate voltage-
dependent potassium channels; however, coexpression of KCNE1
with KCNQ1 shifts the voltage-dependence of activation toward
more depolarized potentials, slows activation and deactivation
kinetics (Barhanin et al., 1996; Sanguinetti et al., 1996), removes
inactivation (Pusch et al., 1998; Tristani-Firouzi and Sanguinetti,
1998), increases single channel conductance (Sesti and Gold-
stein, 1998; Yang and Sigworth, 1998), increases PIP2 sensitivity
(Li et al., 2011), renders the channel functionally sensitive to
PKA phosphorylation (Kurokawa et al., 2003, 2009), and alters
the channel pharmacology (Busch et al., 1997; Lerche et al.,
2000). These functional changes result in a current that closely
recapitulates the properties of the cardiac I Ks current that are
key to myocyte function in vivo (Silva and Rudy, 2005). In
this brief review we will discuss the current evidence regard-
ing the mechanism by which KCNE1 regulates the voltage-
dependent activation of KCNQ1 as the best understood exam-
ple of KCNE regulation of KV channel gating. The study of
KCNE3 and KCNE4 regulation of KCNQ1 has also provided sim-
ilar mechanistic insight; for more details we refer the interested
reader to another review to appear in this issue (Wrobel et al.,
submitted).
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THE LOCATION OF KCNE1 IN THE KCNQ1 + KCNE1 CHANNEL
Biochemical and cysteine cross-linking assays have established
proximity between various locations of the KCNE1 TM segment
and KCNQ1 (Xu et al., 2008; Chung et al., 2009; Lvov et al., 2010;
Chan et al., 2012; Figure 1A). On the extracellular side of the
membrane, proximity between the KCNE1 NH2 terminus (posi-
tions 36–43) and the tops of S1, S4, and S6 has been shown
through disulfide cross-linking (Wang et al., 2011; Chan et al.,
2012). An interaction between the distal KCNE1 COOH termi-
nus and helix C of the KCNQ1 COOH terminus (Figure 1A) has
been detected by co-immunoprecipitation (Haitin et al., 2009).
However, truncation experiments indicate that removing either
the extracellular NH2 terminal domain (Takumi et al., 1991) or
the cytosolic distal COOH terminus (Tapper and George, 2000;
Chen et al., 2009) of KCNE1 does not prevent the right shift in
voltage-dependence and slowing of activation kinetics upon coex-
pression with KCNQ1, indicating that these structures are not
absolutely required for modulation of voltage-dependent acti-
vation in exogenous expression systems. Nevertheless, the distal
COOH terminus of KCNE1 is required for imparting sensitivity
to PKA phosphorylation (Kurokawa et al., 2009) downstream of β

adrenergic stimulation, which is vital for the ability of I Ks to regu-
late heart rhythm in vivo (Marx et al., 2002; Kurokawa et al., 2003;
Volders et al., 2003). In addition, PKA-dependent phosphoryla-
tion can modify voltage-dependent activation by shifting the G–V
curve toward less depolarized potentials and slowing deactivation
kinetics (Kurokawa et al., 2003, 2009; Li et al., 2011).

In contrast, truncation and chimera studies show that the
KCNE1 TM segment and proximal COOH terminus are both
absolutely required for right shifting the KCNQ1 G–V and slowing
of activation kinetics in heterologous expression systems (Tapper
and George, 2000). Metal bridging of G55C in KCNE1 to C331
in KCNQ1 (Tapper and George, 2001) and mutant cycle analy-
ses (Strutz-Seebohm et al., 2011) have provided evidence for an
interaction between the KCNE1 TM segment and the outer aspect
of the PGD. Cysteine cross-linking indicates that the proximal
KCNE1 COOH terminus is in interaction with the KCNQ1 S4/S5
linker and S6 gate, key structures of the gating machinery (Lvov
et al., 2010). An early study showed that mutation of the KCNE1
proximal COOH terminus strongly affects the activity of chan-
nels consisting of exogenously expressed KCNE1 and the KCNQ1
homolog that is endogenously expressed in the Xenopus oocyte
(Takumi et al., 1991). Of note, the proximal COOH terminus is
among the most highly conserved regions across the KCNE family,
although this region may be of lower importance for the regulation
of KCNQ1 activation by other KCNE family members (Melman
et al., 2001, 2002; Gage and Kobertz, 2004).

These experimental results have been used to build various
models of the KCNQ1 + KCNE1 channel complex using the
atomic coordinates of KV1.2 as a template for KCNQ1 (Kang
et al., 2008; Xu et al., 2008; Chung et al., 2009; Strutz-Seebohm
et al., 2011; Van Horn et al., 2011; Chan et al., 2012). These mod-
els consistently locate the KCNE1 TM segment in a cleft that is
formed between two VSDs and adjacent to the outer face of the
PGD (Figure 1A). From this position, KCNE1 participates in a
broad set of interactions with KCNQ1 that span the entire length
of the KCNE1 peptide. This interface includes interactions with

both the VSD and the PGD, and contacts are made with as many
as three KCNQ1 subunits of the tetramer. These structural models
do not identify the likely mechanism for how KCNE1 modulates
the voltage-dependent activation of KCNQ1 as the interactions
with the VSD, PGD, and S4/S5 linker suggest that regulation of
VSD movement, PGD opening, and electromechanical coupling
are all plausible. These results are consistent with the biophysical
experiments as reviewed below.

KCNE1 REGULATION OF VSD ACTIVATION
The biophysical effects of KCNE1 on the KCNQ1 VSD have been
explored in several studies. First the state-dependent accessibility
of a cysteine engineered into the NH2 terminal part of S4 (posi-
tions 226–230) has been probed with MTS reagents to track S4
movement in response to membrane depolarization (Nakajo and
Kubo, 2007; Rocheleau and Kobertz, 2008). In these studies, coex-
pression of KCNE1 with KCNQ1 slowed the rate of S4 cysteine
modification. However, this result alone does not conclusively
indicate that KCNE1 slows the movement of the KCNQ1 VSD
since the kinetics of chemical modification are dependent on the
solvent accessibility and chemical environment of the engineered
cysteine (Rocheleau and Kobertz, 2008). In our hands, coexpres-
sion of KCNE1 with KCNQ1 exposes a cysteine engineered into
the KCNQ1 VSD (E160C in S2) to extracellular MTS reagents
(Wu et al., 2010a) indicating that KCNE1 can change either the
solvent penetration into the VSD or the electrostatic environment
within the VSD. Tryptophan and alanine scanning of the S4 seg-
ment with and without KCNE1 shows that KCNE1 changes the
tolerance to mutation at positions within the VSD (Shamgar et al.,
2008; Wu et al., 2010b) suggesting an alteration in the protein
packing between S4 and the rest of the VSD or the PGD. These
effects on protein packing were most dramatic for mutations of
the intracellular half of S4 (Wu et al., 2010b). Changes in the sol-
vent penetration or protein packing within the voltage sensor will
change the profile of the electric field surrounding the S4 gating
charges and thereby directly alter voltage sensation within theVSD.
Recently, the voltage-clamp fluorometry (VCF) technique has been
used to directly track VSD movement revealing that the voltage-
dependence of VSD activation extends to far more hyperpolarized
potentials in the presence of KCNE1 relative to KCNQ1 alone
(Osteen et al., 2010). Together these results indicate that KCNE1
changes the structure and movements of the VSD. However, these
changes do not offer a clear mechanism for the slow current kinet-
ics and right shifted G–V relationship observed upon coexpression
of KCNE1 with KCNQ1. As shown by MTS modification and VCF
experiments, the kinetics of VSD activation are much faster than
the current activation in the presence of KCNE1 (Rocheleau and
Kobertz, 2008; Osteen et al., 2010), and the voltage-dependence
of VSD movements is shifted by KCNE1 in the opposite direction
(i.e., left) relative to the shift in the G–V relationship (Osteen et al.,
2010).

KCNE1 REGULATION OF PGD OPENING
Study of either wild-type or mutant KCNE1 showed that KCNE1
alters single channel conductance (Sesti and Goldstein, 1998;
Yang and Sigworth, 1998), ion selectivity (Goldstein and Miller,
1991), and channel block (Goldstein and Miller, 1991; Wang et al.,
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1996a; Tai and Goldstein, 1998) suggesting that KCNE1 affects
the structure of the KCNQ1 channel pore. Transplantation of the
KCNQ1 PGD and cytosolic COOH terminus into KV1.4 yielded a
chimeric channel that coassembles with and is regulated by KCNE1
(Melman et al., 2004). Similarly, a recent study shows that KCNE1
shifts the G–V and activation kinetics of human and invertebrate
KCNQ1 homologs differently, and chimeric channels between the
two show that parts of the human KCNQ1 PGD (especially the S5–
S6 pore loop) are required to endow the chimeric channel with the
human phenotype of KCNE1 regulation (Nakajo et al., 2011). An
interaction between KCNE1 and the PGD could modulate steady-
state voltage-dependence by changing the energetic gap between
the closed and open state of the PGD; also, this interaction could
change activation kinetics by changing the energy of the transition
between the open and closed state.

KCNE1 MODULATION OF COUPLING
As mentioned previously, disulfide cross-linking establishes an
interaction between the KCNE1 proximal COOH terminus
(residues 70–81) and the KCNQ1 S4/S5 linker (residues 251–257)
as well as the S6 gate (residues 342–370; Lvov et al., 2010). The
protein contacts between the S4/S5 linker and S6 gate are proba-
bly the major structural pathway for coupling VSD activation to
PGD opening in KCNQ1, similar to electromechanical coupling
in other KV channels (see Introduction). Central to the coupling
interface in the KV1.2 crystal structure is a phenylalanine residue
in the S6 gate that is highly conserved among KV family chan-
nels (Haddad and Blunck, 2011; F481 in shaker, F351 in KCNQ1).
Interestingly, an artificial mutation at this position in the KCNQ1
S6 (i.e., F351A; Boulet et al., 2007) as well as two naturally occur-
ring LQTS mutations (R243C and W248R; Franqueza et al., 1999)
and several artificial mutations (Labro et al., 2011) in the KCNQ1
S4/S5 linker all result in a right shifted G–V relationship and slow
gating kinetics when the mutant α subunits were expressed alone.
Thus, perturbing the internal coupling interface in KCNQ1 can
mimic the phenotype of KCNE1 modulation of KCNQ1. Decou-
pling of PGD opening from VSD movements by KCNE1 is shown
by the recent KCNQ1 VCF data as KCNE1 coexpression shifts
the F–V (VSD activation) toward more hyperpolarized poten-
tials while the G–V (PGD opening) is shifted to more depolarized
potentials (Osteen et al., 2010).

A second interaction interface for coupling between the KV VSD
and the PGD has been identified between S1 and the pore loop (see
Introduction). Interestingly, a cluster of gain of function KCNQ1
mutation that are associated with AF (S140G, V141M, Q147R) are
located in this part of S1. Furthermore, these mutations have little
impact on the function of homomeric KCNQ1 channels, but cause
defective deactivation in the presence of KCNE1 (Chen et al., 2003;
Hong et al., 2005; Lundby et al., 2007; Chan et al., 2012). These
results indicate that KCNE1 may affect the coupling of the VSD
and the PGD at both the intracellular and extracellular face of the
membrane.

BK CHANNEL β SUBUNITS
BK channels have a unitary conductance of ∼100–300 pS (Marty,
1981). The opening of BK channels repolarizes the membrane
and shuts down the voltage-dependent Ca2+ channels, thereby

reducing Ca2+ influx. Through this negative feedback mecha-
nism, BK channels regulate membrane excitability and intracel-
lular Ca2+ signaling (Lancaster and Nicoll, 1987; Storm, 1987;
Brayden and Nelson, 1992). BK channels are composed of pore-
forming α subunits (Slo1) and accessory β subunits. The Slo1
subunit contains three structural domains, which are the VSD, the
cytosolic domain (CTD) and PGD. In BK channels the opening of
the PGD is controlled by voltage-sensing in the VSD, as in other
KV channels, and by Ca2+ binding in the CTD. In addition to
the canonical VSD (S1–S4) of KV channels, Slo1 contains a unique
TM segment (S0; Wallner et al., 1996) which affects VSD activation
(Koval et al., 2007; Figure 1B). A prominent feature of BK channel
activation is the allosteric coupling between the VSD and the acti-
vation gate, i.e., the PGD can open when the VSDs are either in the
resting or activated state but the activation of the VSDs promotes
channel opening (Horrigan et al., 1999).

Four types of 2TM β subunit (β1–β4, encoded by the genes
KCNMB1–4; Knaus et al., 1994; Wallner et al., 1999; Xia et al., 1999,
2000; Behrens et al., 2000; Brenner et al., 2000; Meera, 2000) and
one 1TM β subunit (leucine-rich-repeat-containing protein 26,
LRRC26; Yan and Aldrich, 2010) have been identified to date. Since
the BK channel α subunit is encoded by a single gene (slo1), the
tissue specific expression and differential modulation among these
β subunits provide a major mechanism for generating a diversity
of BK channel phenotypes in different tissues. The effects of β sub-
units on BK channel function are multifaceted, including altering
voltage-dependent activation (Cox and Aldrich, 2000; Wang et al.,
2006), changing Ca2+ sensitivity (McManus et al., 1995; Nimigean
and Magleby, 1999; Wallner et al., 1999; Xia et al., 1999; Bren-
ner et al., 2000), conferring inactivation (Wallner et al., 1999; Xia
et al., 1999, 2000; Brenner et al., 2000), and endowing sensitiv-
ity to extracellular ligands (Valverde et al., 1999). Here we focus
on the structural and functional interactions between different β

subunits and Slo1 to elucidate how BK channel β subunits regu-
late voltage-dependent activation. Readers may refer to excellent
reviews elsewhere for other perspectives of BK β subunits (Orio
et al., 2002; Torres et al., 2007; Pongs and Schwarz, 2010; Wu and
Marx, 2010).

LOCALIZATION OF 2TM β SUBUNITS IN BK CHANNELS
Among the four 2TM β subunits, β1, β2, and β3 share higher
sequence homology (53% similarity between β2 and β1; 37% sim-
ilarity between β3 and β1), whereas β4 is less conserved (less than
20% similarity with β1; Wallner et al., 1999; Brenner et al., 2000;
Xia et al., 2000). However, all four β subunits adopt a similar mem-
brane topology that includes two TM segments (TM1 and TM2),
a large extracellular loop (116–128 amino acid residues) and short
cytosolic NH2 and COOH termini (Knaus et al., 1994; Xia et al.,
1999; Brenner et al., 2000; Orio et al., 2002; Figure 1B).

Different Slo1 orthologs respond to β subunits modulation dif-
ferently. For instance, the β1 and β2 subunits alter the voltage- and
Ca2+-dependent activation of mammalian Slo1 (human hSlo1
and mouse mSlo1) channels more prominently than drosophila
Slo1 (dSlo1; Wallner et al., 1996; Lee et al., 2010). Studies of
chimerical channels of mammalian Slo1 and dSlo1 revealed that
the S0 TM segment is important for the functional effects of β sub-
units (Wallner et al., 1996; Morrow et al., 2006; Lee et al., 2010).
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By engineering disulfide linkages, Marx and colleagues model S0
outside of the VSD adjacent to the S3 and S4 helices, while the
two TM segments of the β subunits (TM1 and TM2) are packed
close to each other at the mouth of the cleft between VSDs of
two adjacent Slo1 subunits (Liu et al., 2008a, 2010; Figure 1B).
Within this cleft, TM1 is close to S1 of one VSD and TM2 close
to S0 of the adjacent VSD (Liu et al., 2008b, 2010; Wu et al., 2009;
Zakharov et al., 2009). This model gives rise to the possibility of
direct interactions between β subunits and the Slo1 VSD within
the membrane. Interestingly, although experimental data suggest
that the TM segments of β1, β2, and β4 subunits similarly localize
with the Slo1 VSD, the functional effects of these β subunits on the
voltage-dependent activation of BK channels differ (see below).

The extracellular loop of β subunits has been shown to alter BK
channel block by charybdotoxin (CTX) and iberiotoxin (IbTX;
Hanner et al., 1998; Meera, 2000; Chen et al., 2008). These pep-
tide toxins block the channel pore by binding to the extracellular
vestibule. The extracellular loop of β subunits interacts with these
toxins to either enhance or reduce channel block, suggesting that
the extracellular loop may extend from the TM domain at the
channel periphery into the external vestibule and alter the entrance
of the channel pore (Figure 1B). This picture was supported by
another study regarding the rectification mechanism of BK chan-
nels in the presence of β3, in which the authors suggested that the
extracellular loop of the β3 subunit associates with the Slo1 subunit
near the axis of the permeation pathway to form gates blocking
ion permeation (Zeng et al., 2003). The extracellular loop of the β1
subunit affects voltage-dependent activation. A recently published
work (Gruslova et al., 2012) identified a functional domain in the
extracellular loop of β1, consisting of residues Y74, S104,Y105, and
I106, that alters voltage-dependent activation, possibly by promot-
ing VSD activation and reducing the intrinsic open probability of
the PGD. The extracellular loop connects the channel periphery
to the pore so that it may modulate voltage-dependent activation
by providing an additional linkage between the VSD and PGD or
through direct interactions with these Slo1 structural domains.

The location of the cytosolic termini of β subunits relative to the
Slo1 subunit is not clear except that the NH2 terminus of β2 sub-
units is known to contain an inactivating domain that blocks the
entrance to the intracellular pore with a “ball-and-chain” mech-
anism indicating that the NH2 can reach the internal vestibule
(Wallner et al., 1999; Xia et al., 1999, 2003; Bentrop et al., 2001;
Zhang et al., 2006, 2009; Li et al., 2007). Nevertheless, deletion
mutations of the cytosolic NH2 and COOH termini eliminate
the major effects of the β1 subunit on voltage-dependent activa-
tion (Wang and Brenner, 2006), indicating that the termini play
an important role in Slo1-β subunits interactions. Consistently,
a study of the chimeras between the β1 and β2 subunits showed
that switching the cytosolic termini between the two β subunits
switched the phenotypes of modulation of voltage-dependence
and kinetics of activation (Orio et al., 2006).

2TM β SUBUNITS REGULATION OF VSD ACTIVATION, PGD OPENING,
AND COUPLING
The β1 subunit
Among four types of 2TM β subunits, the β1 subunit has the largest
effect on voltage-dependent activation. Recordings of macroscopic

and single channel currents in the absence of Ca2+ show that the
β1 subunit shifts the G–V or Po–V relationship to more positive
voltages (∼+20 mV) and decreases the steepness of these curves,
indicating that the β1 subunit reduces voltage-sensitivity of the
channel (McManus et al., 1995; Cox and Aldrich, 2000; Nimigean,
2000; Orio and Latorre, 2005). The β1 subunit may alter all three
general steps of voltage-dependent activation based on the fol-
lowing evidence. First, gating current recordings show that the
β1 subunit shifts the voltage-dependence of gating charge move-
ments (Q–V curve) to more negative voltages in the absence of
Ca2+ (Bao and Cox, 2005), indicating an impact of the β1 sub-
unit on VSD activation. Second, at negative voltages, where the
VSDs are at the resting state, the open probability of the channel
is reduced in the presence of the β1 subunit, indicating that the
intrinsic opening of the PGD is affected (Orio and Latorre, 2005;
Wang and Brenner, 2006). Finally, evidence for the β1 subunit
modulating the coupling between the VSD and the activation gate
comes from fitting the above data to the HCA model (Horrigan
et al., 1999) that describes the allosteric mechanism of voltage-
dependent activation of BK channels. In the HCA model the
VSDs activate when the channel is either open or closed, but at
the open state VSD activation is more likely at any given voltage
(the resting-activation equilibrium increases D fold, D is called the
allosteric factor describing coupling between VSD activation and
PGD opening). Studies from various laboratories show that the β1
subunit alters the allosteric factor D (Cox and Aldrich, 2000; Bao
and Cox, 2005; Orio and Latorre, 2005; Wang and Brenner, 2006),
indicating changes in the coupling between VSD activation and
PGD opening.

The modulation of voltage-dependant activation may be a
major mechanism underlying another predominant effect of the
β1 subunit: increasing Ca2+ sensitivity, i.e., a Ca2+ concentration
change from 0 to 100 μM elicits a larger shift of the G–V rela-
tion toward negative voltages in the presence of the β1 subunit
(McManus et al., 1995). In studies by a number of laboratories,
the effects of the β1 subunit were fitted to the HA model that
describes allosteric voltage- and Ca2+-dependent activation of BK
channels (Horrigan and Aldrich, 2002). These model fittings show
that changes of VSD activation and the intrinsic probability of
PGD opening account for a large portion of increased Ca2+ sensi-
tivity observed in experiments, while the changes in Ca2+ binding
and its coupling to the activation gate are relatively minor (Orio
and Latorre, 2005; Wang and Brenner, 2006). Such a correlation
between alteredVSD activation and increased Ca2+ sensitivity may
not be a coincidence. Mutations in the Slo1 VSD that alter VSD
activation (Ma et al., 2006) have been shown to reduce the effect
of the β1 subunit on Ca2+ sensitivity; interestingly, the degree to
which a mutation alters voltage-sensor activation is inversely cor-
related with the magnitude of the β1 subunit’s effects on Ca2+ sen-
sitivity of the mutant channel (Yang et al., 2008). These results sug-
gest that the β1 subunit increases Ca2+ sensitivity of BK channels
by altering VSD activation. However, the molecular mechanism of
how changes in VSD activation alter Ca2+ sensitivity is not clear.

Other β subunits
Unlike the β1 subunit, the β2 subunit effects on voltage-dependent
activation of BK channels are minimal (Orio and Latorre, 2005).
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While both β subunits enhance Ca2+ sensitivity, β2 does not shift
the G–V curve of BK channels in the absence of Ca2+ (Orio and
Latorre, 2005; Lee et al., 2010). Mutations in the Slo1 VSD that
alter VSD activation and reduce the β1 subunit modulation of
Ca2+ sensitivity have little impact on the β2 subunit modula-
tion of Ca2+ sensitivity (Yang et al., 2008). On the other hand,
the NH2 terminus of the CTD (the AC region) and the peptide
linker between S6 and the CTD (the C-linker) are important
for the modulation of Ca2+ sensitivity by β2 but not β1 (Lee
et al., 2010). These results suggest that the β2 subunit targets
the CTD, not the VSD, to modulate BK channel Ca2+ sensitiv-
ity. Nevertheless, using VCF, Savalli et al. (2007) showed that the
β2 subunit shifts the F–V relationship toward hyperpolarized
potentials when the S3–S4 linker of the Slo1 was labeled with
thiol-reactive fluorescent dyes to track VSD activation. This result
suggests that association with β2 subunits alters voltage-sensor
activation. A further study comparing the gating current generated
in the absence and in the presence of the β2 subunit may shed addi-
tional light on whether the β2 subunit alters voltage-dependent
activation.

The β4 subunit reduces the intrinsic open probability of the
PGD in the absence of Ca2+ binding as well as voltage-sensor
activation (Wang et al., 2006), which reduces channel open-
ing and shifts the G–V relation to more positive voltages at
[Ca2+] of < ∼6 μM (Brenner et al., 2000; Wang et al., 2006; Lee
and Cui, 2009). However, at [Ca2+] > ∼10 μM, the β4 subunit
shifts the G–V relation to less positive voltages due to a shift of
voltage-sensor activation that compensates for the reduced intrin-
sic opening of the PGD (Wang et al., 2006). Thus, the β4 subunit
seems to modify voltage-dependent activation similarly as the β1
subunit.

1TM LRRCs MODULATION OF VOLTAGE-DEPENDENT ACTIVATION
Leucine-rich-repeat-containing protein 26 (Yan and Aldrich,
2010) is a newly identified BK channel β subunit; the protein
sequence and structure of which are unrelated to the 2TM BK β

subunits. LRRC proteins constitute a large protein family. LRRC26
belongs to an extracellular leucine-rich-repeat-only (Elron) cluster
(Dolan et al., 2007) that consists of members a single TM segment,
an extracellular LRR motif, and a short cytosolic COOH tail con-
taining a stretch of acidic residues (Figure 1B). LRRC proteins have
recently begun to gain appreciation as β subunits of KV channels.
LRRC52, another member of Elron, is enriched in testis and a β

subunit of Slo3 (Yang et al., 2011). Slo3 is activated by voltage and
H+ and is the α subunit of Ksper, the voltage and acid activated
K+ channel in sperm (Schreiber et al., 1998; Navarro et al., 2007).
LRRC52 association shifts the Slo3 G–V to negative voltages that
match with the G–V relation of native Ksper in vivo (Yang et al.,
2011). Amphoterin-induced gene and ORF (AMIGO) is a LRRC
protein belonging to a large LRRC-IG/FN3 protein cluster (Kuja-
Panula, 2003). AMIGO has a single TM domain, an extracellular
LRR motif and an extracellular immunoglobulin motif. AMIGO
associates with and also left shifts the G–V relation of the KV2.1
channel (Peltola et al., 2011).

The leftward shift of the G–V relationship caused by LRRC26 is
dramatic, around −140 mV, which makes BK channels activate at

negative voltages without rises in Ca2+ concentration. The effect
of LRRC26 on channel activation is independent of Ca2+ since
mutations of both Ca2+ binding sites of BK channels (Ca2+ bowl
deleted and D362A/D367A) have no effect on LRRC26 modula-
tion. Fitting the HCA model showed that LRRC26 modulates BK
channel activation mainly through a large enhancement (∼20-
fold) of the allosteric factor D, suggesting that LRRC26 affects
coupling between the VSD and PGD. The location of LRRC26 rela-
tive to Slo1 is not known. However, coexpression of Slo1 with both
LRRC26 and the 2TM β1 subunit results in channels with the phe-
notype of Slo1 + β1, suggesting that the β1 subunit may compete
with LRRC26 for a similar association site and prevent LRRC26
from binding. Functional analyses of LRRC26 deletion mutants
indicate that except for the fifth leucine-rich-repeat (LRR5) motif
and the cytosolic polyPD motif that contains multiple proline and
aspartate repeats (residues 304–316), deletion of any region abol-
ishes the function of LRRC26, while only the putative TM segment
is necessary for association with Slo1 (Yan and Aldrich, 2010).
These results further suggest that the TM segment of LRRC26
may be localized in the cleft between VSDs of the adjacent Slo1
subunits, similar to the 2TM BK channel β subunits and KCNE
peptides.

CONCLUDING REMARKS
The studies of TM β subunits’ regulation of KV channels reveal
common properties. First, the inter VSD cleft provides a dock-
ing site for the TM segment(s) offering the starting point for
regulation of voltage-dependent activation. This conserved struc-
tural feature may be the basis for the promiscuity of some of
the TM β subunits. Second, all three domains of the β subunits
(extracellular, TM, intracellular) participate in the interactions
with the KV α subunit that modulate voltage-dependent activa-
tion; although, the specific interactions governing phenotypical
changes are not entirely clear. Third, consistent with the structural
understanding, β subunit interaction may affect all three general
events of voltage-dependent activation; i.e., VSD activation, cou-
pling, and PGD opening. All these results suggest that there is
no single deciding interaction, or even a simple additive sum
of individual interactions, that is responsible for the phenotype
changes that are observed experimentally. Rather, the coopera-
tion among multiple individual interactions may synergistically
bring about the unique structure and function of the KV α+β

complex.
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The classical tango is a dance characterized by a 2/4 or 4/4 rhythm in which the part-
ners dance in a coordinated way, allowing dynamic contact. There is a surprising similarity
between the tango and how KCNE β-subunits “dance” to the fast rhythm of the cell with
their partners from the Kv channel family. The five KCNE β-subunits interact with several
members of the Kv channels, thereby modifying channel gating via the interaction of their
single transmembrane-spanning segment, the extracellular amino terminus, and/or the
intracellular carboxy terminus with the Kv α-subunit. Best studied is the molecular basis
of interactions between KCNE1 and Kv7.1, which, together, supposedly form the native
cardiac IKs channel. Here we review the current knowledge about functional and molecu-
lar interactions of KCNE1 with Kv7.1 and try to summarize and interpret the tango of the
KCNEs.

Keywords: Kv channel, Kv7.1, β-subunit, KCNE1

INTRODUCTION
Voltage-gated potassium channels (Kv) are ubiquitously expressed
in human tissues. They enable the rapid, selective movement of
potassium ions through cellular membranes, thereby regulating
physiological processes such as transmembrane ion passage and
hormone secretion, vesicle cycling, and cell excitability. Kv chan-
nels display a huge diversity due to the large number of different α-
subunits, alternative splicing, post-transcriptional modifications,
and their ability to form heteromeric channels with other pore-
forming α-subunits. To complicate the situation even more, the
number of functionally different Kv channels in native tissues is
further increased by interaction with regulatory β-subunits. These
accessory subunits modify subcellular localization as well as bio-
physical properties of Kv channels such as gating kinetics, ion
selectivity, and pharmacology. Among the best studied modu-
lations of Kv channels by regulatory β-subunits is the effect of
KCNE1 on Kv7.1.

Kv7.1-EXPRESSION AND PHYSIOLOGICAL FUNCTION
The KCNQ1 gene was first identified by Wang et al. (1996b) in
a linkage study of patients with long QT syndrome (LQTS1).
Its gene product, Kv7.1 (also termed KvLQT1 or KCNQ1), is a
voltage-gated potassium channel α-subunit, and its expression was
detected in several mammalian tissues, including heart, epithelia,
and smooth muscle (Figure 1; Table A1 in Appendix). Kv7.1 can
assemble with different members of the KCNE family of regulatory
β-subunits to fulfill a variety of physiological functions.

In the heart, Kv7.1 is involved in the termination of the cardiac
action potential. The repolarizing potassium current, I K, consists
of two major components, the rapid delayed rectifier potassium
current I Kr and the slow delayed rectifier potassium current I Ks

(Sanguinetti and Jurkiewicz, 1990). Kv7.1 coassembles with the
KCNE1 β-subunit to form the channel complex that mediates I Ks

(Barhanin et al., 1996; Sanguinetti et al., 1996). Although KCNE1
is the major accessory subunit assembling with Kv7.1 in the heart,
other subunits of the KCNE family might be present (Bendah-
hou et al., 2005), serving as additional regulators of I Ks (Wu
et al., 2006). The significance of Kv7.1 and its accessory β-subunits
for maintaining normal rhythmicity is further emphasized by the
numerous KCNQ1 and KCNE mutations associated with cardiac
arrhythmias (http://www.fsm.it/cardmoc/). Most of these muta-
tions lead to loss of channel function causing LQTS, a disorder
predisposing affected individuals to torsade de pointes arrhythmia
and cardiac sudden death.

Besides its cardiac function, several lines of evidence suggest
an important role of Kv7.1 and its accessory β-subunit KCNE1 in
the hearing process. In patients suffering from Jervell and Lange-
Nielsen syndrome – the recessive form of inherited LQTS – cardiac
arrhythmia is accompanied by profound bilateral deafness. Muta-
tions in both KCNQ1 and KCNE1 genes have been reported to
cause this disorder (Jervell and Lange-Nielsen, 1957; Neyroud
et al., 1997; Schulze-Bahr et al., 1997). In addition, targeted dis-
ruption of the KCNQ1 gene in mice leads to deafness caused by
morphological abnormalities of the inner ear (Lee et al., 2000;
Casimiro et al., 2001). Expression of Kv7.1 and KCNE1 has been
detected in the marginal cells of the stria vascularis of the cochlea
and the vestibular dark cells (Neyroud et al., 1997; Nicolas et al.,
2001; Knipper et al., 2006; Hur et al., 2007). Both cell types are
involved in the generation of the potassium-rich endolymph, and
Kv7.1/KCNE1 channels have been suggested to be key mediators
of this K+ secretion (Marcus and Shen, 1994; Shen et al., 1995;
Wangemann, 1995; Wangemann et al., 1995; Sunose et al., 1997).

In addition to the inner ear epithelium, Kv7.1 has been detected
in a variety of other epithelial cell types, where it participates
in secretory transduction. In the kidney, Kv7.1/KCNE1 chan-
nels seem to be located in the proximal tubule of the nephron
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FIGURE 1 | Distribution of Kv7.1. Kv7.1 is expressed in several tissues
throughout the human body, including heart, lung, inner ear, kidney, and the
gastrointestinal tract.

(Sugimoto et al., 1990; Vallon et al., 2001), conducting a K+ cur-
rent to counterbalance membrane depolarization induced by elec-
trogenic Na+-coupled transport of glucose or amino acids (Val-
lon et al., 2001, 2005). The relevance of Kv7.1/KCNE1 channels
for renal function is further underlined by the observation that
KCNE1 knockout mice suffer from hypokalemia, urinary and fecal
salt wasting, and volume depletion (Arrighi et al., 2001; Warth and
Barhanin, 2002). Kv7.1 expression has also been detected in the
small intestine and the colon (Schroeder et al., 2000; Dedek and
Waldegger, 2001; Demolombe et al., 2001; Kunzelmann et al., 2001;
Horikawa et al., 2005). In colonic crypt cells Kv7.1 is believed to
assemble with another accessory β-subunit, KCNE3, and to medi-
ate a K+ conductance that provides the driving force for chloride
secretion (Schroeder et al., 2000; Kunzelmann et al., 2001). Two
further examples of Kv7.1 expression and function in chloride-
secreting tissues are pancreatic acinar cells and airway epithelium
(Kim and Greger, 1999; Kottgen et al., 1999; Mall et al., 2000;
Demolombe et al., 2001; Grahammer et al., 2001b; Lee et al., 2004).
In parietal cells of the stomach Kv7.1 coassembles with KCNE2
and participates in gastric acid secretion (Dedek and Waldegger,
2001; Demolombe et al., 2001; Grahammer et al., 2001a; Heitz-
mann et al., 2004). In KCNQ1 knockout mice gastric hyperplasia
and profound hypochlorhydria have been observed, indicating the
importance of Kv7.1 in normal stomach development and func-
tion (Lee et al., 2000). Kv7.1 expression has also been detected
in the human thyroid gland, and it has been shown that mice
lacking functional Kv7.1 develop hypothyroidism (Frohlich et al.,
2011). Recently, Kv7.1 channels have been shown to relax systemic
and pulmonary arteries upon pharmacological activation (Chadha
et al., 2012).

REGULATION OF Kv7.1 BY ACCESSORY β-SUBUNITS OF THE
KCNE GENE FAMILY
All five members of the KCNE family of regulatory β-subunits
can functionally coassemble with Kv7.1 to subunit-specifically
change its current characteristics (for an excellent review about
KCNEs, see McCrossan and Abbott, 2004). The founding mem-
ber KCNE1 (previously termed MinK or I sK) was identified in
1988 (Takumi et al., 1988). As its expression in Xenopus oocytes
produced slowly activating potassium currents resembling the car-
diac I Ks, KCNE1 was originally believed to be the ion channel
α-subunit forming the I Ks channel. However, it is now well estab-
lished that KCNE1 cannot form functional K+ channels alone,
but can serve as a regulatory β-subunit for several voltage-gated
cation channels, including Kv7.1 (Barhanin et al.,1996; Sanguinetti
et al., 1996). The I Ks-like potassium currents observed in oocytes
upon heterologous expression of KCNE1 were actually caused
by coassembly with endogenous Kv7.1. So far, four other mem-
bers of the KCNE family, KCNE2-KCNE5 (also termed MiRP1-4)
have been identified (Abbott et al., 1999; Piccini et al., 1999), and
their influence on Kv7.1 channels has been studied extensively
in heterologous expression systems. Kv7.1 expressed alone forms
a classical delayed rectifier potassium-selective channel with fast
activation, delayed partial inactivation, and relatively slow deacti-
vation (Pusch et al., 1998; Tristani-Firouzi and Sanguinetti, 1998).
The presence of KCNE1 drastically modifies Kv7.1 activity by
increasing unitary conductance as well as macroscopic currents,
slowing activation, right-shifting voltage dependence of activa-
tion, suppressing currents at low activating voltages, suppress-
ing partial inactivation, increasing Q10-value, and modulating
pharmacology (Figures 2A–C; Barhanin et al., 1996; Sanguinetti
et al., 1996; Pusch, 1998; Pusch et al., 1998; Sesti and Gold-
stein, 1998; Tristani-Firouzi and Sanguinetti, 1998; Lerche et al.,
2000; Seebohm et al., 2001a,b,c, 2003a,b,c, 2005; Morokuma et al.,
2008). Coassembly of Kv7.1 and KCNE2 gives rise to currents
with decreased amplitude, instantaneous activation, rapid par-
tial deactivation, and a linear current-voltage relationship (Tinel
et al., 2000). KCNE3 also converts Kv7.1 to a channel with nearly
instantaneous activation and a linear current-voltage relationship
(Schroeder et al., 2000; Seebohm et al., 2003c), but in contrast
to Kv7.1/KCNE2, complexes containing KCNE3 show some time
dependency of gating at positive potentials and increased current
densities (Schroeder et al., 2000; Melman et al., 2001; Mazhari
et al., 2002). KCNE4 completely suppresses Kv7.1 currents at phys-
iologically relevant membrane potentials (Grunnet et al., 2002)
and KCNE5 shifts the voltage dependence of Kv7.1 activation
to more positive potentials toward an activation threshold of
about +40 mV (Figure 2D; Angelo et al., 2002; Seebohm et al.,
2003c).

GATING OF Kv7.1 AND ITS MODULATION BY KCNE1
The biophysical properties of voltage-gated Kv7.1 channels change
dramatically when they coassemble with KCNEs. Homotetrameric
Kv7.1 channels activate with relatively fast kinetics with τactivation

by about 80−100 ms at 60 mV (Figure 2; Pusch et al., 1998;
Tristani-Firouzi and Sanguinetti, 1998). The channels undergo
partial inactivation, with about 60% of the channels being inacti-
vated at 60 mV in steady-state (Figure 2). The kinetic behavior of

Frontiers in Pharmacology | Pharmacology of Ion Channels and Channelopathies August 2012 | Volume 3 | Article 142 | 177

http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive


Wrobel et al. Kv7.1/KCNE1 interaction

FIGURE 2 | Characteristics of Kv7.1/KCNE-mediated currents. (A)
Representative current traces of Kv7.1 homomers and Kv7.1/KCNE1
heteromers. Channels were expressed in Xenopus oocytes, and currents
were elicited with 7 s pulses to potentials of −100 to +60 mV, applied in
20 mV increments from a holding potential of −80 mV. Tail currents were
recorded at −120 mV. (B) Current-voltage relationships. At voltages
between −60 and −40 mV KCNE1 suppresses currents, whereas it
stimulates them at voltages above 0 mV. (C) Voltage dependence of
channel activation determined by tail current analysis. Activation curves

were fitted to a Boltzmann function. Note: Kv7.1/KCNE1 channels are not
fully activated at +60 mV. (D) Effects of different KCNE subunits on Kv7.1
currents. “+” and “++” indicate increased and strongly increased effects,
while “−” and “−−” indicate decreased and strongly decreased effects,
respectively. *Effect shown in the calmodulin binding-deficient
KCNE4L69–L72 mutant (Ciampa et al., 2011). The Rb+/K+ conductance tightly
correlates with the partial inactivation, and KCNE5 slightly increases it,
whereas KCNE1/3 decreases it compared to Kv7.1 (Seebohm et al.,
2003c).

Kv7.1 can be approximated by a linear gating scheme of the form
(Pusch et al., 1998; Tristani-Firouzi and Sanguinetti, 1998):

model 1:

In this model C1 C2, C2 C3, and O1 O2 are the
voltage-dependent gating steps. Recently, an alternative circular
gating scheme was proposed by Ma et al. (2011).

model 2:

This novel gating scheme accounts for an open fraction that
is determined by allosteric coupling of residues in the S4–
S5 linker/pore domain (PD). C1 C2 and O1 O2 are the
voltage-dependent gating steps.

Kv7.1/KCNE1 heteromeric channels activate far more slowly
and at more positive potentials than homomeric Kv7.1 channels,
do not partially inactivate, and have an increased single-channel
conductance compared to homomeric Kv7.1 recorded in standard

extracellular solutions (Barhanin et al., 1996; Sanguinetti et al.,
1996; Pusch, 1998; Pusch et al., 1998; Tristani-Firouzi and San-
guinetti, 1998). It is believed that Kv7.1/KCNE1 channel currents
resemble the cardiac repolarizing, slowly activating potassium
current I Ks and that LQTS1/5 mutations might directly or alloster-
ically modify interactions of Kv7.1 and the β-subunit KCNE1 (e.g.,
Schmitt et al., 2000; Seebohm et al., 2001c; Osteen et al., 2010;
Wang et al., 2011b). Cui et al. (1994) proposed two linear-branched
gating schemes for Kv7.1/KCNE1 heteromers, which depend on
varying KCNE1 amounts coexpressed with Kv7.1 and imply inter-
actions among individual channel proteins during activation. Yet
Tzounopoulos et al. reported on a crossover gating phenomenon
after prepulsing to different voltages that cannot be explained by a
classical Cole–Moore shift in a linear gating model of Kv7.1/KCNE1
channels and presented results that argue for a circular gating
model similar to model 2 (Cole and Moore, 1960; Tzounopou-
los et al., 1998). However, a branched model can account for
this crossover gating phenomenon after prepulsing to different
voltages as well (Strutz-Seebohm et al., 2011):

model 3:
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Further gating schemes have been proposed to describe
Kv7.1/KCNE1 gating (Silva and Rudy, 2005, 2010; Osteen et al.,
2010; Ghosh et al., 2011). In summary, the gating behaviors
of Kv7.1 and Kv7.1/KCNE1 are relatively complex, and simple,
linear gating models reach too short to approximate a realistic
mathematical description.

STOICHIOMETRY OF THE Kv7.1/KCNE1 COMPLEX
After the discovery that the channel complex mediating the car-
diac I Ks is composed of Kv7.1 α-subunits and KCNE1 β-subunits
(Barhanin et al., 1996; Sanguinetti et al., 1996), detailed investiga-
tions on the nature of this association started. Like all members of
the Kv channel family, Kv7.1 α-subunits assemble into tetramers
to form functional channels. Each α-subunit consists of six trans-
membrane segments, S1–S6, flanked by intracellular amino- and
carboxy-terminal domains. The central pore domain (PD) of the
channel, which contains the ion conduction pathway and the
activation gate, is formed by segments S5 and S6 and the pore
loop between them. The pore loop carries the K+ channel sig-
nature sequence TTIGYGD allowing rapid ion conduction and
potassium selectivity. The PD is surrounded and controlled by
four voltage-sensing domains (VSDs) formed by segments S1–S4
from each subunit (Figures 3A,B). S4 contains several positively
charged amino acids and is a key element of voltage sensing. Fur-
ther charged residues in S1–S3 may contribute additional charge to
allow for voltage sensing. Tetrameric assembly of Kv7.1 α-subunits
is mediated via their C-terminal domains (Schmitt et al., 2000;
Schwake et al., 2003). Although Kv7.1 homotetramers are func-
tional, the presence of the accessory β-subunit KCNE1 is needed
to produce currents with characteristics of native I Ks (Figure 2A).
KCNE1 is a small, integral membrane protein with a single
transmembrane-spanning segment flanked by an extracellular N-
terminal and an intracellular C-terminal domain (Figure 3A).
The number of KCNE1 β-subunits recruited by tetrameric Kv7.1
channels has been a matter of extensive debate (Figure 3B). Pre-
vious studies have either suggested a fixed stoichiometry of four
Kv7.1 subunits and two KCNE1 subunits (Wang and Goldstein,
1995; Chen et al., 2003a; Kang et al., 2008; Morin and Kobertz,

2008) or a variable stoichiometry with up to four KCNE1 subunits
assembling with a Kv7.1 tetramer (Cui et al., 1994; Wang et al.,
1998, 2011a; Morokuma et al., 2008; Nakajo et al., 2010; Zheng
et al., 2010; Strutz-Seebohm et al., 2011). A summary of the data
obtained during the last two decades is provided in Table 1. The
results reported leave the possibility open that KCNE1 subunits
coassemble with Kv7.1 in different modes allowing up to four
KCNE1 subunits to approach the Kv7.1 tetramer but permitting
only formation of 4 Kv7.1 : 2 KCNE1 assemblies in specific regions
of the heteromeric channels. Prerequisites for such an interac-
tion would be variable and dynamic interactions. Indeed, several
studies suggest interactions of Kv7.1 with KCNE1 at different pro-
tein regions in the various channel states (summarized in Table 2).
However, further studies are required to support such a hypothesis.

STRUCTURAL BASIS OF Kv7.1/KCNE1 INTERACTION
The structural basis of the Kv7.1/KCNE1 interaction has been
studied extensively over the last 20 years. Experimental data
obtained from deletion analysis, chimeric approaches, and
site-directed mutagenesis identified regions in both Kv7.1 and
KCNE1 that might be crucial for association and modulation
(summarized in Table 2). Based on these data it has been suggested
that the transmembrane segment and the C-terminal domain
of KCNE1 mediate its ability to modulate Kv7.1 (Takumi et al.,
1991; Tapper and George, 2000). Molecular key elements of
KCNE1 function seem to be three glycines, several bulky, aro-
matic phenylalanines, and the threonine 58 located at the center
of the KCNE1 transmembrane segment (Melman et al., 2001, 2002;
Strutz-Seebohm et al., 2011). A comparison with other KCNE sub-
units underscores the importance of the transmembrane segment
for KCNE function: interactions of Kv7.1 with KCNE1 and Kv7.1
with KCNE3 show similar chemical modification rates within the
transmembrane region (Rocheleau and Kobertz, 2008), and the
KCNE4 transmembrane segment modulates voltage dependence
of Kv7.1 activation (Ciampa et al., 2011). A recent study indicates
that different KCNE proteins contact different regions in Kv7.1 all
located within the transmembrane segments (Nakajo et al., 2011).
In segment S6 of Kv7.1, a three amino acid motif (S338, F339,

FIGURE 3 |Topology and stoichiometry of Kv7.1/KCNE1 channels.
(A) Kv7.1 α-subunits are made of six membrane-spanning segments
S1–S6 and intracellular N- and C-terminal domains. The segments S1–S4
form the voltage-sensing domain (VSD), while the pore domain (PD)
consists of segments S5 and S6. KCNE1 β-subunits contain a single

transmembrane segment flanked by an extracellular N-terminus and a
cytosolic C-terminus. (B) Four Kv7.1 α-subunits assemble to form a
functional channel. The number of KCNE1 β-subunits associating with
Kv7.1 tetramers is still a matter of extensive debate (Strutz-Seebohm
et al., 2011).
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Table 1 | Stoichiometry of Kv7.1/KCNE1 channels.

Experimental evidence leading to conclusion of fixed stoichiometry (4:2) Reference

Suppression of current induced by coexpression of wildtype and mutant KCNE1 indicates 4:2 stoichiometry Wang and Goldstein (1995)

Kv7.1/Kv7.1/KCNE1 fusion proteins and naturally assembled Kv7.1/KCNE1 channels show similar characteristics of CTX

inhibition; quantification of Kv7.1 and KCNE1 subunits using 3H-CTX and an antibody indicates a 4:2 stoichiometry

Chen et al. (2003a)

Chemical subunit counting experiments indicate that association of two KCNE1 subunits with the Kv7.1 tetramer is

sufficient to induce KCNE1-typical modulation of channel properties

Morin and Kobertz (2008)

Computational model of Kv7.1/KCNE1 channels indicates that binding of more than two KCNE1 subunits to the Kv7.1

tetramer might be sterically hindered

Kang et al. (2008)

Experimental evidence leading to conclusion of variable stoichiometry Reference

Current amplitude, activation kinetics, and voltage dependence of Kv7.1/KCNE1 channels vary with the amount of KCNE1 Cui et al. (1994)

Both Kv7.1/KCNE1 fusion proteins and Kv7.1–Kv7.1 with additional KCNE1 produce currents with activation kinetics and

voltage dependence similar to naturally assembled Kv7.1/KCNE1 channels

Wang et al. (1998)

Voltage dependence of activation of Kv7.1/KCNE1 channels varies with the amount of KCNE1 Morokuma et al. (2008)

Single-molecule fluorescent bleaching studies indicate that up to four KCNE1 subunits associate with the Kv7.1 tetramer

depending on the relative densities of the two subunits

Nakajo et al. (2010)

Effects of free KCNE1 C-terminals on voltage dependence of activation of Kv7.1 and Kv7.1/KCNE1 channels are complex,

indicating multiple stoichiometries or saturation of possible binding sites

Zheng et al. (2010)

Overexpression of KCNE1 markedly changed activation kinetics and voltage dependence of native IKs, indicating

assembly of additional KCNE1 subunits with endogenous channels

Wang et al. (2011a)

Modeling of transmembrane domain suggests that variable stoichiometry seems possible in this region Strutz-Seebohm et al. (2011)

F340) has been identified that might constitute a site of specific
interaction with KCNE1, especially with its residue T58 (Melman
et al., 2004; Panaghie et al., 2006; Strutz-Seebohm et al., 2011). Fur-
ther residues in the pore region of Kv7.1 (F270, G272, and L273 in
S5, V307, V310, and T311 in the lower pore helix, and V324 and
V334 in the upper S6) are crucial for an accurate modulation by
KCNE1 (Seebohm et al., 2001c, 2003c; Nakajo et al., 2011).

Based on experimental evidence, localizations of KCNE1 in
the channel complex have been suggested. A series of observa-
tions obtained from cysteine scanning mutagenesis combined with
chemical modifications (Cd2+ coordination, MTS reagent bind-
ing, and spontaneous disulfide formation) indicate that KCNE1
lies in close proximity to both the PD and the VSD of the Kv7.1
tetramer (summarized in Table 2). First interpretations suggested
that KCNE1 lines the conduction pathway (Wang et al., 1996a; Tai
and Goldstein, 1998). However, subsequent studies indicate that
the KCNE1 transmembrane segment is located outside the PD and
interacts with the outer S5 and S6 segments of Kv7.1 (Lerche et al.,
2000; Kurokawa et al., 2001; Tapper and George, 2001; Chung et al.,
2009; Strutz-Seebohm et al., 2011). Its extracellular flank seems to
face the extracellular ends of segments S1 and S6 of Kv7.1, with
the residues interacting with segment S1 varying dependent on
the specific channel state (Xu et al., 2008; Chung et al., 2009).
In addition to segment S1 of the VSD and S5/S6 of the PD, the
transmembrane domain of KCNE1 gets in close contact with the
primary cationic voltage sensor S4 (Nakajo and Kubo, 2007; Sham-
gar et al., 2008; Silva et al., 2009; Strutz-Seebohm et al., 2011). A
possible interaction of KCNE1 with the VSD of Kv7.1 is further
underscored by the fact that the abnormal phenotypes of several
disease-causing mutations in S1, S4, or the S4–S5 linker of Kv7.1
in vitro only manifest in the presence of KCNE1 (summarized in

Table 2; Franqueza et al., 1999; Chouabe et al., 2000; Chen et al.,
2003c; Chan et al., 2012). The cytoplasmic portion directly follow-
ing the transmembrane segment of KCNE1 seems to interact with
the gating machinery of Kv7.1 (Lvov et al., 2010). A hallmark of
all Kv7 channels is their sensitivity to muscarinic signaling, which
gave them the name M-channels. The Kv7.1 membrane-proximal
region may link membrane lipid metabolism of phosphoinosi-
tide PI(4,5)P2 to the gating machinery to allow for integration
of muscarinic signaling into gating alterations in Kv7.1 (Ikeda
and Kammermeier, 2002; Loussouarn et al., 2003). The lower
S6 is expected to be in close proximity to allow for electrostatic
interaction with the PI(4,5)P2 head groups, and PI(4,5)P2 bind-
ing sites have been reported to be positioned close to the lower
S6-helices bundle in the PD of Kv7.1 (Loussouarn et al., 2003;
Thomas et al., 2011). However, it may be mentioned that fur-
ther PI(4,5)P2 binding sites may exist in the TM domain. KCNE1
residues R67SKKLEH73 in the vicinity of the inner membrane
leaflet increase the PI(4,5)P2 sensitivity of Kv7.1 by a factor of 100,
possibly by electrostatic interaction with PI(4,5)P2 head groups
and/or Kv7.1 residues interacting with PI(4,5)P2 (Li et al., 2011).
Thus, PI(4,5)P2 may function as a molecular coupler of Kv7.1 and
KCNE1 to modulate gating in complex ways.

Recent structural modeling approaches generated 3D models of
the transmembrane region of Kv7.1/KCNE1 that are in large agree-
ment with the various experimental data. Specifically, homology
modeling of the Kv7.1 S1–S6 region and Rosetta-based docking
of the KCNE1 transmembrane domain produced an open and a
closed state model of the heteromeric channel complex (Smith
et al., 2007; Kang et al., 2008). Very recently, homology model-
ing of Kv7.1 with manual docking of the KCNE1 transmembrane
domain was used to generate a pre-open closed state model of

www.frontiersin.org August 2012 | Volume 3 | Article 142 | 180

http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive


Wrobel et al. Kv7.1/KCNE1 interaction

Table 2 | Structural basis of Kv7.1/KCNE1 interaction.

Approach Conclusion Reference

Deletion analysis, chimeric

approach, and/or site-directed

mutagenesis

TM segment and cytoplasmic portion immediately following TM segment of KCNE1

mediate KCNE1 function

Takumi et al. (1991)

TM segment and C-terminal domain of KCNE1 mediate KCNE1 function Tapper and George (2000)

Residues 57–59 of KCNE1 are important for KCNE1 function (“activation triplet”) Melman et al. (2001)

Residue L273 of Kv7.1 is important for normal modulation by KCNE1 Seebohm et al. (2001c)

Residue T58 is a key element of KCNE1 function Melman et al. (2002)

Requirements to interact with KCNE1 are located in regions C-terminal to S5;

Residues S338, F339, and F340 in S6 are important for normal modulation by KCNE1

Melman et al. (2004)

Residues S338, F339, and F340 in S6 are possible interaction sites of KCNE1 Panaghie et al. (2006)

KCNE1 C-terminus is crucial for channel assembly, open state destabilization,

kinetics of deactivation

Chen et al. (2009)

Amino acids important for normal modulation by KCNE1 are located in S5 and S6

(G272, V324, V334) of Kv7.1

Nakajo et al. (2011)

Cysteine scanning mutagenesis

combined with chemical

modifications (Cd2+

coordination, MTS reagent

binding, and spontaneous

disulfide formation)

TM segment of KCNE1 lines the conduction pathway Wang et al. (1996a)
TM segment of KCNE1 lines the conduction pathway Tai and Goldstein (1998)

KCNE1 is located outside the conduction pathway Kurokawa et al. (2001)

KCNE1 is located outside the conduction pathway but in very close proximity to S6

of Kv7.1

Tapper and George (2001)

E44 in KCNE1 is close to A226 in S4 of Kv7.1 in the open state; KCNE1 is close to or

possibly interacts with the VSD

Nakajo and Kubo (2007)

KCNE1 makes state-dependent contact with S1 of Kv7.1; KCNE1 is in close

proximity to the VSD

Xu et al. (2008)

KCNE1 is located close to S1 and S4 of two adjacent VSDs Shamgar et al. (2008)

C-terminal region directly following the KCNE1 TM segment interacts with activation

gate of Kv7.1

Lvov et al. (2010)

Proof of direct physical

interaction or close proximity

(e.g., co-immunoprecipitation,

FRET)

C-terminus of KCNE1 directly interacts with the pore region of Kv7.1 Romey et al. (1997)

C-termini of Kv7.1 and KCNE1 move close to each other during channel activation;

distal C-terminus of KCNE1 interacts with dimeric coiled coil helix C of Kv7.1

Haitin et al. (2009)

Physical interaction between C-termini of Kv7.1 and KCNE1; portion of A-helix and its

linker to S6 bind KCNE1

Zheng et al. (2010)

Analysis of disease-causing

mutations

Functional interaction of KCNE1 with S4/S4–S5 linker of Kv7.1 Franqueza et al. (1999)
Functional interaction of KCNE1 with S4/S4–S5 linker of Kv7.1 Chouabe et al. (2000)

Functional interaction of KCNE1 with S1 of Kv7.1 Chan et al. (2012)

Computational model KCNE1 is located in a cleft between the pore domain and the VSD of Kv7.1 Kang et al. (2008)

KCNE1 binds to the outer face of the Kv7.1 channel pore, KCNE1 is located in a cleft

between pore domain and VSD of Kv7.1

Strutz-Seebohm et al. (2011)

the Kv7.1/KCNE1 channel (Strutz-Seebohm et al., 2011). All three
models are relatively stable in molecular dynamics simulations,
which suggests that they are close to native states.

The C-termini of Kv7.1 and KCNE1 are in close proximity
and physically interact, as indicated by FRET measurements and
co-immunoprecipitation, yet the structural basis of this interac-
tion is unknown (Haitin et al., 2009; Zheng et al., 2010). The
cytosolic domain of Kv7.1/KCNE1 channels represents a multi-
modular structure serving multiple functions. It contains several
amphipathic α-helices. Structural prediction algorithms place two
α-helices, A and B, to the proximal C-terminus of Kv7.1 (Haitin
and Attali, 2008). These α-helices may contain functionally rel-
evant calmodulin interaction motifs. The residues Kv7.1586–618

form α-helix D that contain a leucine-zipper and a coiled coil
fold (Kanki et al., 2004). This parallel, four-stranded coiled coil
allows for specific tetrameric assembly of Kv7.1 channel sub-
units (Schmitt et al., 2000; Schwake et al., 2003; Nakajo and
Kubo, 2008). Recently, Xu and Minor (2009) presented a high-
resolution X-ray crystal structure (1.7 Å resolution) of Kv7.1583–611

confirming the predictions of the coiled coil assembly speci-
ficity domain. Interestingly, helix D is supposedly two helical
turns longer in this crystal structure than helices D of the closely
related Kv7.2–5 channels, which allows for specific homomeric
assembly with other Kv7.1 subunits but not for heteromeric
assemblies with other family members (Haitin and Attali, 2008;
Xu and Minor, 2009). The S6 transmembrane segment and the
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A-domain are linked by the region Kv7.1350–582, which accord-
ing to in silico prediction assumes an apo-chloroperoxidase fold
and can thus be modeled using the structural coordinates of
apo-chloroperoxidase (pdb: 1VNS; Macedo-Ribeiro et al., 1999).
However, these predictions appear somewhat preliminary, and
several assumptions have to be made to incorporate the mod-
eled region into the rest of the Kv7.1–3D model. Further, how
exactly the proposed helices A/B and linker region containing the
calmodulin binding site can be integrated into this fold is specu-
lative. The structural folds of the N-terminal region Kv7.11–115

and the most distal residues Kv7.1612–676 remain completely
unknown.

PI(4,5)P2 modulates function of Kv7.1/KCNE1 channels, and
functional PI(4,5)P2 interaction sites were reported not only for
the lower S6 segment but also for the C-terminus, where a clus-
ter of basic amino acids may form a PI(4,5)P2 interaction site
allowing for electrostatic interactions with the PI(4,5)P2 head
groups (Loussouarn et al., 2003; Zhang et al., 2003; Delmas and
Brown, 2005). This PI(4,5)P2 interaction site may functionally
and physically overlap with the calmodulin binding sites in the
inter helix A/B linker region (Hernandez et al., 2008). The Kv7.1–
calmodulin interaction can be modulated by coassembly with
KCNE4. This modulation is dependent on a juxtamembrane tetra-
leucine motif (L69–L72) in KCNE4. However, deletion of this
motif leaves the kinetic effects on Kv7.1 mediated by the KCNE4
transmembrane domain intact (Ciampa et al., 2011). Possibly,
PI(4,5)P2 and calmodulin “glue” these C-terminal regions to the
transmembrane proximal regions mentioned above and allow for
modulation of gating at the activation gate and the VSD. Clearly,
further evidence is needed to prove this hypothesis (Li et al.,
2011).

The C-termini of Kv7.1/KCNE1 channels physically interact
with several proteins like the AKAP yotiao, epidermal growth
factor receptor kinase, and NEDD4.2 (Marx et al., 2002; Kanki
et al., 2004; Kurokawa et al., 2004; Jespersen et al., 2007; Dong
et al., 2010). The protein kinase A phosphorylates Ser27 in the N-
terminus of Kv7.1 and modulates Kv7.1/KCNE1 function (Marx
et al., 2002). This modulation critically depends on the presence of
KCNE1 (Marx et al., 2002; Kurokawa et al., 2004). This observation
suggests that the Kv7.1 N-terminus contributes to Kv7.1/KCNE1
subunit interaction. The binding sites for these proteins have to
be located at the surface of the C-terminal structure to be acces-
sible for interaction. This information will be of help for further
structural modeling. A 3D model of the Kv7.1/KCNE1 channel
satisfying most of the aforementioned hypotheses is shown in
Figure 4.

TOWARD A DYNAMIC VIEW ON STRUCTURAL
REARRANGEMENTS DURING Kv7.1/KCNE1 GATING
In the last 14 years a wealth of potassium channel crystal structures
have been reported. Although central structural elements in Kv7.1
clearly differ from classical Shaker-type Kv channels, the available
crystal structures are well-suited templates to model the Kv7.1 S1–
S6 region in different states (Seebohm et al., 2006; Silva et al., 2009).
Direct interactions of the transmembrane segments of Kv7.1 with
KCNE1 have been proposed, but the specific amino acid interac-
tions remain controversial (summarized in Table 2). CD spectra

FIGURE 4 | Structural model of the Kv7.1 channel. The transmembrane
domain of the Kv7.1 channel bears the common Kv channel structure.
Homology models using the solved crystal structural constraints allow for
good model predictions (gray). For docking experiments the solved
NMR-structural data of the full-length KCNE1 in lipid environments can be
used (here only the transmembrane segment is shown in red; Tian et al.,
2007; Kang et al., 2008). The structure of the Kv7.1 tetrameric assembly
domain (A-domain) was solved and can be incorporated into a model (Xu
and Minor, 2009). The region linking the S6 and the A-domain shows amino
acid similarity to the structure 1VNS.pdb. No structures or even template
coordinates for the Kv7.1 N-terminus and the distal C-terminus are available
and thus homology modeling is currently problematic.

in a membrane-like environment and the NMR solution struc-
ture of KCNE1 transmembrane peptides show that this peptide
adopts an α-helical structure (Aggeli et al., 1998; Strutz-Seebohm
et al., 2011). Recently, two NMR structures of full-length KCNE1
confirmed that the transmembrane segment of KCNE1 folds an
α-helix (Tian et al., 2007; Kang et al., 2008). An open and a closed
state model of Kv7.1/KCNE1 channels were proposed based on
the NMR-structural coordinates and Rosetta-dockings of KCNE1
to Kv7.1 that suggest binding of KCNE1 to the so-called “gain-of-
function cleft”, a space formed between two adjacent voltage sensor
domains and the outer PD (Smith et al., 2007; Kang et al., 2008).

Localized to the center of the α-helical KCNE1 transmembrane
segment are the residues G52FFGFFTLG60. As predicted, this α-
helical transmembrane domain allows for flexibility at glycine
residues G52, G55, and G60 (Tian et al., 2007; Kang et al., 2008;
Strutz-Seebohm et al., 2011). Key to functional modulation of
Kv7.1 by KCNE1 is the residue T58 (Melman et al., 2002). The sur-
rounding phenylalanine residues generate a bulky aromatic cuff.
The combination of these structural elements may enable forma-
tion of a stable hydrogen bond with residue S338 in Kv7.1 and
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diverse van der Waals interactions with residues in S4 and the
S4–S5 linker region as well as S5/S6 amino acids F270, F339, and
F340 to stabilize a pre-open closed state. The combination of the
Kv7.1/KCNE1 models, the closed state, the pre-open closed state
and the open state model are in good agreement with published
results of several experimental studies (Smith et al., 2007; Kang
et al., 2008; Strutz-Seebohm et al., 2011). The modeled trans-
membrane domain structures can be used to assess a molecular
view on the slow activation of I Ks (Figure 5). The three states
closed, pre-open, and open can be used for morphing calculations
(Echols et al., 2003). The basic idea is that the channel under-
goes conformational transitions from closed (C) to pre-open (C∗),
from pre-open (C∗) to open (O), and from open (O) to closed
(C) states. These seem to represent the major steps in the Kv7.1
and Kv7.1/KCNE1 gating (Silva et al., 2009). The position of the
voltage sensor is “down” for the closed state and “up” for the
pre-open and open states (Tian et al., 2007; Kang et al., 2008;
Silva et al., 2009; Strutz-Seebohm et al., 2011). The interaction of
KCNE1T58 with Kv7.1S338 and Kv7.1F339 may uncouple the gate
at the lower S6 from the S4–S5 linker, which leads to S6 bundle
crossing and closure of the gate (Strutz-Seebohm et al., 2011).
The formation of the S6 bundle upon S4–S5 linker uncoupling
may be supported by the lack of a central S6 gating hinge (See-
bohm et al., 2006). The uncoupling of S4–S5 by KCNE1 during
closed state inactivation shows similarities to an uncoupling event
of the PD from the voltage sensor domain during closed state
inactivation of some Kv channels as described by the group of
Bähring et al. (2012). In the light of the ongoing discussion about
fixed stoichiometry of two KCNE1 subunits per Kv7.1 tetramer
vs. variable stoichiometry it is fair to study a channel complex
with two KCNE1 subunits docked to four Kv7.1 subunits (Strutz-
Seebohm et al., 2011). This stoichiometry is consistent with
both hypotheses. Morphing experiments have been performed
(Figure 5). As expected the gating is associated with large struc-
tural rearrangements in the voltage sensor domain. On the other
hand the PD is rather rigid in the region around the selectivity
filter. The KCNE1 transmembrane segment undergoes relatively
small rearrangements during the gating steps C C∗ and O C
but dramatic structural alterations during the C∗ O transi-
tion (Figure 5; the extent of structural rearrangement around
key residue KCNE1 T58 is indicated by a yellow arrow). This
dramatic rearrangement of KCNE1 associated with the C∗ O
transition may generate an energetic barrier that can only slowly
be overcome, resulting in dramatically slowed activation, the piv-
otal characteristic of Kv7.1/KCNE1 gating. Clearly, these models
present a preliminary view on the dynamics of Kv7.1/KCNE1 chan-
nels. Silva et al. (2009) modeled further structural closed states
of the Kv7.1 voltage sensor module. Incorporation of these data
in future Kv7.1/KCNE1 morphing experiments may prove valu-
able. Increase in knowledge combined with the already available
data, upcoming improvements in computational methodology,
and decreasing computational costs will allow for much more facil-
itated dynamic modeling of Kv7.1/KCNE1 channel gating in the
future.

The novel structural “snapshots” allow for a better under-
standing of Kv7.1/KCNE1 molecular pharmacology. Several

FIGURE 5 | Dynamic model of gating transitions in Kv7.1/KCNE1
channels. The closed (C), pre-open (C*), and open (O) state models
described by Smith et al. (2007) and Strutz-Seebohm et al. (2011) were
used to generate dynamic models using simple morphing approaches. The
gating of Kv7.1/KCNE1 channels can be approximated by a simplified
circular gating model. Major gating steps are C⇒C* (A), C*⇒O (B), and
O⇒C (C) (colors as indicated in the letters above the models). For clarity
the central axes of the KCNE1 start and end models are marked by the
yellow dashed lines, and the direction and extent of the proposed motion is
indicated by the yellow arrow. In (A) the KCNE1 start model is shown in red
and the end model in magenta. The morphs indicate larger motions of
KCNE1 during channel gating in the gating cleft of Kv7.1 channels. A
particularly large gating motion around Thr58 is seen from C*⇒O (B),
suggesting a major energetic barrier. This may be the molecular basis of the
dramatically slowed activation of Kv7.1 by association with KCNE1.
However, calculation of energies on the models is highly speculative
because specific interactions with surrounding membrane molecules [e.g.,
PI(4,5)P2] would be highly influential, and the current knowledge on
lipid-channel interactions is not sufficient to allow for precise calculations.

Kv7.1/KCNE1 inhibitors and activators bind to distinct sites in
state-dependent manner (Lerche et al., 2000, 2007; Seebohm et al.,
2001b, 2003a; Chen et al., 2003b). Docking of various compounds
to the different models and experimental verifications are now
possible. An interesting observation is that the KCNE1 transmem-
brane segment induces large fenestrations in the Kv7.1 channel
pre-open state that may allow for a novel access pathway not
present in Kv7.1 homomeric channels (Strutz-Seebohm et al.,
2011). Affected by these structural effects is the central cavity,
the binding and blocking site of several Kv7.1/KCNE1 inhibitors
(Lerche et al., 2000, 2007; Seebohm et al., 2003a). This altered
structure could be used as a scaffold for the computer-aided
design of specific Kv7.1/KCNE1 modulators not targeting homo-
meric Kv7.1 channels, which would be a prerequisite for tissue
specific pharmacology (Seebohm et al., 2003b; Strutz-Seebohm
et al., 2011). Insights into KCNE1-specific molecular pharma-
cology will be highly valuable for both drug development and
safety pharmacology alike (Towart et al., 2009; Pugsley et al.,
2011).

Upcoming physiological, pathophysiological, pharmacological,
and structural analyses will fill the gaps in our current knowl-
edge, and therefore the old Kv7.1/KCNE1 channel faces an exciting
future. Let’s dance the KCNQ1 tango!
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APPENDIX

Table A1 | Kv7.1 expression in mammalian tissues.

Specified tissue Species mRNA/protein Reference

Brain Mouse mRNA Lee et al. (2000)

Mouse mRNA Ohya et al. (2003)

Mouse mRNA Yeung et al. (2007)

Mouse mRNA Iannotti et al. (2010)

Inner ear Mouse mRNA Neyroud et al. (1997)

Mouse mRNA/protein Nicolas et al. (2001)

Mouse Protein Knipper et al. (2006)

Rat mRNA Liang et al. (2006)

Rat Protein Hur et al. (2007)

Guinea pig mRNA Liang et al. (2006)

Trachea Mouse mRNA/protein Grahammer et al. (2001b)

Thyroid gland Mouse mRNA/protein Frohlich et al. (2011)

Human mRNA Yang et al. (1997)

Human mRNA Frohlich et al. (2011)

Thymus Mouse mRNA Demolombe et al. (2001)

Human mRNA Chouabe et al. (1997)

Lung Mouse mRNA Demolombe et al. (2001)

Human mRNA Wang et al. (1996b)

Human mRNA Sanguinetti et al. (1996)

Human mRNA Chouabe et al. (1997)

Human mRNA Yang et al. (1997)

Heart Mouse mRNA Barhanin et al. (1996)

Mouse mRNA Lee et al. (2000)

Mouse mRNA Casimiro et al. (2001)

Mouse mRNA Demolombe et al. (2001)

Mouse mRNA Ohya et al. (2003)

Mouse mRNA Yeung et al. (2007)

Mouse mRNA Iannotti et al. (2010)

Mouse mRNA Strutz-Seebohm et al. (2006)

Mouse Protein Knollmann et al. (2007)

Rat Protein Rasmussen et al. (2004)

Guinea pig mRNA/protein Zicha et al. (2003)

Guinea pig Protein Nicolas et al. (2008)

Ferret mRNA Brahmajothi et al. (1997)

Rabbit mRNA/protein Zicha et al. (2003)

Horse Protein Finley et al. (2002)

Canine mRNA/protein Han et al. (2002)

Human mRNA Wang et al. (1996b)

Human mRNA Sanguinetti et al. (1996)

Human mRNA Chouabe et al. (1997)

Human mRNA Yang et al. (1997)

Human mRNA Bendahhou et al. (2005)

Human mRNA Gaborit et al. (2007)

Human mRNA Frohlich et al. (2011)

Human mRNA/protein Zicha et al. (2003)

Liver Mouse mRNA Lee et al. (2000)

Mouse mRNA Demolombe et al. (2001)

Spleen Mouse mRNA Demolombe et al. (2001)

Human mRNA Chouabe et al. (1997)

(Continued)
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Table A1 | Continued

Specified tissue Species mRNA/protein Reference

Pancreas Mouse mRNA Demolombe et al. (2001)

Rat Protein Lee et al. (2008)

Human mRNA Sanguinetti et al. (1996)

Human mRNA Chouabe et al. (1997)

Human mRNA Yang et al. (1997)

Stomach Mouse mRNA Lee et al. (2000)

Mouse mRNA Demolombe et al. (2001)

Mouse mRNA/protein Dedek and Waldegger (2001)

Mouse Protein Grahammer et al. (2001a)

Mouse Protein Heitzmann et al. (2004)

Mouse Protein Heitzmann and Warth (2007)

Rat mRNA/protein Lambrecht et al. (2005)

Human mRNA Yang et al. (1997)

Human mRNA Frohlich et al. (2011)

Human Protein Grahammer et al. (2001a)

Colon Mouse mRNA/protein Dedek and Waldegger (2001)

Rat mRNA Kunzelmann et al. (2001)

Human mRNA Chouabe et al. (1997)

Human mRNA Yang et al. (1997)

Human mRNA Frohlich et al. (2011)

Human mRNA/protein Horikawa et al. (2005)

Small intestine Mouse mRNA Demolombe et al. (2001)

Mouse mRNA/protein Dedek and Waldegger (2001)

Human mRNA Chouabe et al. (1997)

Human mRNA Yang et al. (1997)

Kidney Mouse mRNA Barhanin et al. (1996)

Mouse mRNA Lee et al. (2000)

Mouse mRNA Demolombe et al. (2001)

Mouse Protein Vallon et al. (2001)

Human mRNA Wang et al. (1996b)

Human mRNA Sanguinetti et al. (1996)

Human mRNA Chouabe et al. (1997)

Human mRNA Yang et al. (1997)

Uterus Mouse mRNA/protein McCallum et al. (2009)

Placenta Human mRNA Wang et al. (1996b)

Human mRNA Sanguinetti et al. (1996)

Human mRNA Chouabe et al. (1997)

Human mRNA Yang et al. (1997)

Ovary Human mRNA Chouabe et al. (1997)

Prostate Human mRNA Chouabe et al. (1997)

Human mRNA Yang et al. (1997)

Testis Human mRNA Chouabe et al. (1997)

Blood vessels Mouse mRNA/protein Ohya et al. (2003)

Mouse mRNA/protein Yeung et al. (2007)

Rat mRNA Brueggemann et al. (2007)

Rat mRNA Mackie et al. (2008)

Rat mRNA Joshi et al. (2009)

Rat mRNA/protein Zhong et al. (2010)

Human mRNA/protein Ng et al. (2011)

Skeletal muscle Mouse mRNA Demolombe et al. (2001)

Mouse mRNA Iannotti et al. (2010)

Rat mRNA Roura-Ferrer et al. (2008)

Peripheral blood leukocytes Human mRNA Chouabe et al. (1997)

Hematopoietic stem cells Human mRNA Park et al. (2011)
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NaV channels play a crucial role in neuronal and muscle excitability. Using whole-cell record-
ings we studied effects of low extracellular pH on the biophysical properties of NaV1.2,
NaV1.4, and NaV1.5, expressed in cultured mammalian cells. Low pH produced different
effects on different channel subtypes. Whereas NaV1.4 exhibited very low sensitivity to
acidosis, primarily limited to partial block of macroscopic currents, the effects of low pH on
gating in NaV1.2 and NaV1.5 were profound. In NaV1.2 low pH reduced apparent valence of
steady-state fast inactivation, shifted the τ(V ) to depolarizing potentials and decreased chan-
nels availability during onset to slow and use-dependent inactivation (UDI). In contrast, low
pH delayed open-state inactivation in NaV1.5, right-shifted the voltage-dependence of win-
dow current, and increased channel availability during onset to slow and UDI.These results
suggest that protons affect channel availability in an isoform-specific manner. A computer
model incorporating these results demonstrates their effects on membrane excitability.

Keywords: gating, activation, fast inactivation, slow inactivation, patch-clamp, sodium channels

INTRODUCTION
Extracellular pH is a major factor that controls activity of many
physiological processes. Under normal physiological conditions,
pH is maintained at approximately 7.4. Previous studies in vivo
and in situ demonstrated that pathological conditions, such as
hypoxia and/or ischemia considerably decrease extracellular pH.
During focal ischemia in rabbit brain, extracellular pH drops
to as low as 6.0 (Meyer, 1990). Physical exercise of medium-to-
maximum intensity may decrease pH in human skeletal muscle to
6.4 (Hermansen and Osnes, 1972). Myocardial ischemia, includ-
ing regional and global ischemia, can lower pH from 7.4 to 6.13
(Maruki et al., 1993). Acidification decreases peak conductance of
voltage-gated sodium channels (NaV) by two mechanisms; pro-
tonation of outer vestibule carboxylates (Mozhayeva et al., 1984;
Khan et al., 2002, 2006) and depolarizing the voltage-dependence
of gating by surface charge screening (Hille, 1968; Benitah et al.,
1997). Unlike neuronal (NaV1.2) and skeletal muscle (NaV1.4)
subtypes, the cardiac sodium channel subtype (NaV1.5) may
exhibit persistent Na currents (I NaP) in response to low extracellu-
lar pH, which is considered to be a predisposing factor for cardiac
arrhythmias (Amin et al., 2010). The I NaP induced by low pH in
only NaV1.5 raises a question regarding the possible specificity of
pH effects on different NaV subtypes.

In this study we report differential effects of low pH on kinetic
properties of fast, slow, and UDI in NaV1.2, NaV1.4, and NaV1.5
channels. Using whole-cell patch-clamp recordings, we found that
low pH modified properties of NaV1.2 inactivation resulting in
decreased maximum availability during prolonged depolarization
trains. Under similar conditions, NaV1.5 demonstrated enhanced
maximum availability. NaV1.4 was relatively unaffected by low
pH. Using computer modeling, we found that low pH produces
opposing effects on action potential (AP) generation: inhibitory
for neuronal APs and excitatory for cardiac APs.

Some of these data have been presented previously in abstract
form (Vilin and Ruben, 2010).

MATERIALS AND METHODS
Chinese hamster ovary (CHO) cells stably expressing the rat
NaV1.2 channel (a gift from W. A. Catterall) were grown in fil-
tered sterile DMEM (Gibco) with glutamine, supplemented with
2 g/L NaCHO3, 100 units/ml penicillin, 0.01 mg/ml streptomycin,
50 mg/ml G418 at pH 7.4, 5% FBS and maintained in a humid-
ified environment at 37˚C with 5% CO2. Human Embryonic
Kidney (HEK293; Cedarlanes) were transiently transfected with
DNA encoding NaV1.4 and NaV1.5 α-subunits using the Poly-
Fect kit (Qiagen). Channel expression was confirmed with EGFP.
HEK293 cells were maintained under the same conditions with the
exclusion of G418 from media. Twenty-four hours prior to electro-
physiology experiments, cells were dissociated with 0.25% trypsin-
EDTA (Gibco) and then plated on sterile cover slips at a density
conducive to patch-clamp experiments. Whole-cell recordings
were performed in a chamber containing (in mM): 140 NaCl, 4
KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, pH 7.4, using pipettes fabricated
with a P-1000 puller using borosilicate glass (Sutter Instruments,
CA, USA), dipped in dental wax to reduce capacitance, then ther-
mally polished to a resistance of 1.1–1.2 MΩ. Pipettes were filled
with intracellular solution, containing (in mM): 120 CsF, 20 CsCl,
10 NaCl, 10 HEPES, pH 7.4.

All recordings were made using an EPC-9 patch-clamp ampli-
fier (HEKA, Lambrecht, Germany) digitized at 20 kHz via an ITC-
16 interface (Instrutech, Great Neck, NY, USA). Voltage clamping
and data acquisition was controlled and low-pass-filtered (5 kHz)
using PatchMaster/FitMaster software (HEKA Elektronik, Lam-
brecht, Germany) running on Apple iMac. Leak subtraction was
performed automatically by software using a P/4 procedure fol-
lowing the test pulse. Leak subtraction was performed off-line in
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slow inactivation experiments. Bath solution was maintained at
22.0 + 0.2˚C using a Peltier device controlled by an HCC-100A
temperature controller (Dagan, Minneapolis, MN, USA). Giga-
seals were allowed to stabilize in the on-cell configuration for
1 min prior to establishing the whole-cell configuration. All data
were acquired >5 min after attaining the whole-cell configuration.
Holding potential between protocols was −60 mV.

Fitting and graphing were done using FitMaster software
(HEKA Elektronik,Lambrecht,Germany) and Igor Pro (Wavemet-
rics, Lake Oswego, OR, USA) with statistical information derived
using InStat (Graphpad Software Inc., San Diego, CA, USA). All
data acquisition programs were run on an Apple iMac computer
(Apple Computer, Cupertino, CA, USA).

Conductance [G(V )] curves were calculated from the equation:

G = Imax

Vm − ENa
(1)

where G is conductance, I max represents peak test pulse current,
V m is the test pulse voltage, and ENa is the measured equilibrium
potential. The midpoint and apparent valence of activation were
derived by fitting the G(V ) curves with a Boltzmann equation:

G

Gmax
= 1

1 + (
exp

(−ze0
(
VM − V1/2

))
/kT

) (2)

where the normalized conductance G/Gmax is derived from Eq. 1,
V M is the test potential, z is the apparent valence, e0 is the ele-
mentary charge, V 1/2 is the midpoint voltage, k is the Boltzmann
constant, and T is temperature in ˚K.

Descriptions of test pulse inactivation rates given as time
constants (t ) were derived using monoexponential or double
exponential fits with following the equations:

I (t ) = Offset + a1 exp

(−t

t

)
(3)

I (t ) = Offset + a1 exp

(−t

t1

)
+ a2 exp

(−t

t2

)
(4)

where I (t ) is current amplitude as function of time, Offset is the
amplitude plateau (asymptote), a1 and a2 are the components for
the corresponding time constants (τ) τ1 and τ2 is the time constant
(in s or ms). Steady-state FI (SS-FI) probability between activated
and non-inactivated states were fit using the Boltzmann equation:

I

Imax
= 1

1 + exp
(−ze0

(
VM − V1/2

)
kT
) (5)

where I max is the maximum normalized current amplitude, z is
apparent valence, e0 is the elementary charge, V m is the prepulse
potential, V 1/2 is the midpoint voltage of the SS-FI curve, k is the
Boltzmann constant, and T is absolute temperature. Steady-state
slow inactivation (SS-SI) curves were fit with the following mod-
ified Boltzmann equation that takes into account changes in the
steady-state probability of slow inactivation:

I

Imax
= I1 − I2[

1 + exp
(−ze0

(
Vm − V1/2

)
/kT

)]+ I2
(6)

where I /I max is the maximum probability, I 1 and I 2 are maxi-
mum and minimum values in the fit, respectively, z is apparent
valence, e0 is the elementary charge, V m is the prepulse potential,
V 1/2 is the midpoint voltage of the SS-SI curve, k is the Boltzmann
constant, and T is degrees Kelvin.

Window current areas were analyzed by converting activation
and inactivation curves to percents (Wang et al., 1996) and calcu-
lating the area under both curves by integration using MS Excel;
the position of area peak was estimated in Igor Pro.

The descriptions of first-order, two-state reaction kinetics were
derived by fitting τ vs. voltage curves according to the following
equation:

τ(Vm) = 1

kf + kb
, (7)

where τ(V m) represents the time constant of progression to equi-
librium as a function of membrane potential; k f is the rate of the
forward reaction (not inactivated:inactivated), and kb is the rate
of the backward reaction (inactivated:not inactivated).

kf = Aexp + e(1 − d)
(
Vm − V1/2

)
kT

(8)

kb = Aexp − ed
(
Vm − V1/2

)
kT

(9)

where A = 1/2 rate at V 0, e = total reaction valence (in electronic
charge); d = fractional barrier distance; V m = membrane poten-
tial (in mV); V 1/2 = midpoint potential (in mV); k = Boltzmann
constant, and T = temperature in degrees Kelvin.

NEURONAL ACTION POTENTIAL MODEL
The neuronal AP model was programmed using Python operating
language and the module NumPy (Enthought). The sodium cur-
rent was modeled following the formulas of Hodgkin and Huxley
(1952; Eq. 10), with 0 mV defined as an absolute value, instead of
the resting membrane potential.

INa = GNa · m3 · h · j · (V − ENa) (10)

where I Na is the fast sodium current, GNa is the maximal sodium
conductance value, m is the conductance gate, h is the FI gate, j is
the slow inactivation gate, V is the membrane potential, and ENa

is the Nernst potential for sodium.
The conductance (m) gate and FI (h) gate steady-states (see Eqs

A4 and A5 in Appendix) were fit to the experimental data using
Eqs 2 and 5, respectively. The steady-state of the slow inactivation
(j) gate (see Eq. A7 in Appendix ) was fit to Eq. 6. Activation time
constants were chosen to be constant following previously pub-
lished reports (Spampanato et al., 2001, 2003). The time constant
vs. voltage curve of FI (see Eq. A6 in Appendix ) was fit to an
asymmetric inverse hyperbolic cosine function (Eq. 11).

τ = 2 (Tmax)

exp
[
(V − V1/2)/k1

]+ exp
[(

V − V1/2
)
/k2
] (11)

where τ is the time constant, T max is the maximum time con-
stant, V 1/2 is the membrane potential at which the maximal time
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FIGURE 1 | Effects of pH on macroscopic ionic currents and window

currents in NaV1.2, NaV1.4, and NaV1.5. (A,Ai) Families of NaV1.2 currents in
response to the pulse protocol (Ai, inset) at pH 7.4 (A) and pH 6.0 (Ai). (B)

NaV1.2 G(V ) curves (triangles) and steady-state FI curves (circles) are plotted
as a function of membrane potential at pH 7.4 (filled symbols) and at pH 6.0
(open symbols). (C) Shows magnified window current area at pH 7.4 (solid
lines) and at pH 6.0 (dotted lines). Values in (C) were converted to percents.
(D,Di) Show families of NaV1.4 currents in response to the pulse protocol (Di,
inset) at pH 7.4 (D) and pH 6.0 (Di). (E) NaV1.4 G(V ) curves (triangles) and
steady-state FI curves (circles) are plotted vs. membrane potential at pH 7.4

(filled symbols) and at pH 6.0 (open symbols). (F) Shows magnified window
current area at pH = 7.4 (solid lines) and at pH 6.0 (dotted lines). Values in (F)

are in percents. (G) Gi show families of NaV1.5 currents in response to the
pulse protocol (Gi, inset) at pH 7.4 (G) and pH 6.0 (Gi). (H) NaV1.5 G(V ) curves
(triangles) and steady-state FI curves (circles) are plotted vs. membrane
potential at pH 7.4 (filled symbols) and at pH 6.0 (open symbols). (I) Shows
magnified window current area at pH 7.4 (solid lines) and at pH 6.0 (dotted
lines). Values in (I) are in percents. Solid lines in (B,E,H) are Boltzmann fits to
corresponding datapoints in (B,E,H) (Eq. 2 in Materials and Methods). Data
represent mean ± SEM (n = 9–12).
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constant occurs, and k1 and k2 are the slopes of the left and right
halves of the curve.

Slow inactivation time constants (see Eq. A8 in Appendix ) were
fit in the same method as (Spampanato et al., 2001, 2003) with a
Gaussian distribution (Eq. 12).

τ = Tmax exp

[(
V − V1/2

)
k1

]2

(12)

where τ is the time constant, T max is the maximum time con-
stant, V 1/2 is the membrane potential at which the maximal time
constant occurs, and k1 is the slope factor of the curve.

A non-inactivating potassium current (Eqs A9–A13 in Appen-
dix) and maximal conductance, Nernst potential, and cell capac-
itance parameters were used based on previously published for-
mulas (Yuen and Durand, 1991; Spampanato et al., 2001, 2003).
Stimulation protocols were done with a continuous stimulation
over 105 ms at amplitudes ranging from −1 to −20 pA/pF.

CARDIAC ACTION POTENTIAL MODEL
The original ten Tusscher model (Ten Tusscher et al., 2004) was
programmed into Python code making use of the module NumPy
(Enthought). The code was then updated to include calcium cur-
rent and slow delayed potassium current equations (Ten Tusscher
and Panfilov, 2006). A late persistent sodium current was added
(Eqs A24–A29 in Appendix ; Hund and Rudy, 2004). The maximal
sodium conductance value was replaced with the Luo–Rudy pas-
sive model value to better reflect our experimental data (Luo and
Rudy, 1991). The slow delayed rectifier potassium conductance
(GKs; Eq. A30 in Appendix ) was changed to incorporate the role
of internal calcium concentrations on gKs (Terrenoire et al., 2005).
The late sodium maximal conductance value was changed to reflect
the data collected by (Zygmunt et al., 2001). The sodium cur-
rent was modeled using Eq. 10. Our sodium channel conductance
steady-states at both pH 7.4 and pH 6.0 (Eq. A14 in Appendix)
were fit with Eq. 2 with the conductance value multiplied by the
proton block in the pH 6.0 model. FI steady-state curves at both
pH values (Eq. A18 in Appendix) were fit with Eq. 5. Slow inactiva-
tion steady-states curves at both pH values (Eq. A20 in Appendix)
were fit with Eq. 6. Time constants of FI at both pH values (Eq.
A19 in Appendix ) were fit to an asymmetric inverse hyperbolic
cosine function, Eq. 11. Activation and slow inactivation time con-
stants (Eqs A15–A17 and A21–A23 in Appendix) were as described
by the ten Tusscher model. The sodium channel parameters were
then Q10 adjusted following the methods used in the model (Ten
Tusscher and Panfilov, 2003) which used the work of Nagatomo
et al. (1998). The simulation was run as an endocardial ventricu-
lar myocyte with a 1-ms stimulus pulse of amplitude −60 pA/pF.
The stimulus protocol had a cycle length of 400 ms for the first 15
APs, 350 ms for the next 15, 325 ms for the next 10, and 300 ms
for all subsequent APs. This was done to step the stimulus rate
up to 3.33 Hz gradually and allow AP shortening. AP parameters
were measured at both 2.5 Hz (150 beats per minute) and 3.33 Hz
(200 beats per minute) to study the AP properties that acidosis of
the cardiac voltage-gated sodium channel modulates at high heart
rates. Measurements of APD were obtained from the time of stim-
ulus to the time at which the membrane potential reaches a value

of −70 mV. Maximal depolarization rise rates were measured as
the maximum slope between two sequential membrane potentials
after the stimulus current was ended. Equations modified from
the original Tusscher model are listed in the Appendix.

All statistical values, both in the text and in the figures, are given
as means ± standard error of the mean (SEM). Statistical differ-
ences were derived from Student’s t -test using the Instat software
package (GraphPad Software, Inc., San Diego, CA, USA).

RESULTS
EFFECTS OF LOW pH ON ACTIVATION AND STEADY-STATE FI IN NaV1.2,
NaV1.4, NaV1.5
Previous studies demonstrated that acidic pH decreases the ampli-
tude of macroscopic sodium currents. Figures 1A,D,G show typ-
ical families of NaV1.2, NaV1.4, and NaV1.5 recorded at control
pH 7.4 in response to a depolarizing pulse protocol shown in
insets of Figure 1. The current amplitude decreased in all three
channel isoforms when pH was lowered to 6.0 (Figure 1, com-
pare Figures 1A,Ai,D,Di,G,Gi). Amplitudes decreased by 32 ± 5,
35 ± 4.3, and 53 ± 7% for NaV1.2, NaV1.4, and NaV1.5, respec-
tively. In contrast to NaV1.2 and NaV1.4, the decay of macroscopic
currents in NaV1.5 at pH 6.0 was slower (denoted with the arrow
in Figure 1Gi) compared to the control family of currents at pH
7.4 (Figure 1G). These results suggest that low pH alters properties
of open-state inactivation.

We examined the effects of low pH on activation in NaV1.2,
NaV1.4, and NaV1.5. Data in Figures 1B,E,H represent normalized
control maximum conductance derived from I (V ) relationships
at pH 7.4 (filled circles) and pH 6.0 (open circles). Normalized
conductance was plotted as a function of membrane potential
and fit with the Boltzmann function (Eq. 1, Materials and Meth-
ods) to obtain values for V 1/2 and apparent valence (z). The
G(V ) parameters we measured are shown in Table 1. At pH
6.0 the apparent valence of activation in NaV1.5 was significantly

Table 1 | Parameters of G(V ) in NaV1.2, NaV1.4, and NaV1.5 at pH 7.4

and 6.0.

Channel z (pH 7.4) z (pH 6.0) V 1/2, mV

(pH 7.4)

V 1/2, mV

(pH 6.0)

NaV1.2 4.4 ± 0.2 3.9 ± 0.1 −11.7 ± 1.56 −10.4 ± 1.4

NaV1.4 3.8 ± 0.3 4.2 ± 0.5 −24.0 ± 1.1 −18.4 ± 2.8

NaV1.5 3.8 ± 0.2 4.6 ± 0.6 −32.6 ± 2.8 −30.4 ± 2.2

n = 9–12.

Table 2 | Parameters of steady-state fast inactivation in NaV1.2, NaV1.4,

and NaV1.5 at pH 7.4 and 6.0.

Channel z (pH 7.4) z (pH 6.0) V 1/2, mV

(pH 7.4)

V 1/2, mV

(pH 6.0)

NaV1.2 −4.6 ± 0.2 −3.6 ± 0.1(1) −50.1 ± 1.3 −52.0 ± 1.6

NaV1.4 −3.5 ± 0.2 −4.2 ± 0.3 −67.5 ± 0.7 −66.0 ± 0.4

NaV1.5 −4.4 ± 0.1 −4.1 ± 0.1 −80.6 ± 1.3 −77.5 ± 1.4

(1)p < 0.05 vs. apparent valence; (z) at pH 7.4 in NaV1.2. n = 7–12.
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FIGURE 2 | Low pH decelerates kinetics of open-state inactivation in

hNaV1.5. (A) Open-state inactivation time constants in NaV1.2 at pH 7.4
(filled circles) and pH 6.0 (open circles) are derived from single
exponential fits (not shown) to the decay of currents in (Ai,Aii). (B)

Open-state inactivation time constants in NaV1.4 at pH 7.4 (filled circles)
and pH 6.0 (open circles) are derived from single exponential fits (not
shown) to the decay of currents in (Bi,Bii). (C) Open-state inactivation

time constants in NaV1.5 at pH 7.4 (filled circles) and pH 6.0 (open circles)
are derived from single exponential fits (not shown) to the decay of
currents in (Ci,Cii). Arrow in Cii denotes deceleration of current decay in
NaV1.5 at pH 6.0. Asterisks denote p < 0.05 between open states FI at
pH 7.4 (filled circles) and pH 6.0 (open circles). Data in (A–C) are fitted
with single exponential for visual guidance. Data represent mean ± SEM
(n = 15).

www.frontiersin.org June 2012 | Volume 3 | Article 109 | 194

http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive


Vilin et al. pH modulation of sodium channels

FIGURE 3 | Low pH accelerates recovery from FI. (A–C) The time
course of recovery from FI at pH 7.4 (filled circles) and at pH 6.0 (open
circles) for NaV1.2, NaV1.4, and NaV1.5, respectively. The averaged,
normalized currents obtained during 0 mV test pulse, following an
interpulse of increasing duration over a range of potentials (−130 to

−80 mV, pulse protocol is shown at the bottom) are plotted vs.
interpulse duration and fit with single exponential. Solid lines are single
exponential fits to datapoints (Equation, Materials and Methods). Data
for only −80 mV prepulse are shown. Data represent mean ± SEM
(n = 10–12).
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FIGURE 4 | Low pH slows the rate of onset to FI in NaV1.2 and NaV1.5. (A)

The time course of onset to FI in NaV1.2 at pH 7.4 (filled circles) and at pH 6.0
(open circles). Data represent averaged and normalized current peaks
recorded during test potential following the −30 mV prepulse of variable
duration (0–500 ms) plotted vs. prepulse potential. Diagram of used pulse
protocols shown in (A), inset. (B) The time course of onset to FI in NaV1.5 at

pH 7.4 (filled circles) and at pH 6.0 (open circles). Data represent averaged and
normalized current peaks recorded during test potential following the −60-mV
prepulse of variable duration (0–500 ms) plotted vs. prepulse potential.
Diagram of used pulse protocols shown in (B), inset. Solid lines are single
exponential fits (Eq. 3, Materials and Methods). Data represent mean ± SEM
(n = 10–12)

increased (p < 0.05). The V 1/2 of activation in NaV1.5 was unaf-
fected by low pH. In contrast, neither apparent valence nor the
V 1/2 in NaV1.2 and NaV1.4 were altered by low pH (p > 0.05,
Figures 1B,E, respectively).

To quantify the effects of low pH on voltage-dependent steady-
state channel availability in fast-inactivated state, we compared the
apparent valence (z) and V 1/2 from Boltzmann fits (Eq. 5, Mate-
rials and Methods) to steady-state FI data for NaV1.2 (Figure 1B),
NaV1.4 (Figure 1E), and NaV1.5 (Figure 1H) at pH 7.4 (filled
triangles) and at pH 6.0 (open triangles). These data represent

averaged, normalized current amplitudes obtained with a test
pulse to 0 mV following a 500-ms prepulse (pulse protocol is
shown in insets). Normalized current amplitudes were plotted as
a function of prepulse potential. At pH 6.0 the apparent valence
of steady-state FI in NaV1.2 was reduced from that at pH 7.4 to
the value measured at pH 6.0 (n = 11). The V 1/2 of inactivation
was not affected by low pH (Table 2). Low pH had no effect on
steady-state FI in NaV1.4 (Table 2). In NaV1.5 the apparent valence
was not altered at pH 6.0, but the V 1/2 was depolarized compared
to the V 1/2 at pH 7.4.
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FIGURE 5 | Low pH alters the voltage dependency of FI time

constants in NaV1.2, NaV1.4, and NaV1.5. Time constants of FI in NaV1.2
(A), NaV1.4 (B), and NaV1.5 (C) were derived from single exponential fits
to recovery, onset, and decay of macroscopic currents in response to
pulse protocols shown at the bottom (also see Materials and Methods)
and plotted vs. membrane voltage. Circles represent recovery time
constants, squires represent time constants of closed-state inactivation

and triangles denote time constants for the open-state inactivation. Filled
symbols represent time constants obtained at pH = 7.4 and open
symbols represent time constants at pH 6.0. The solid lines are
predictions of a first-order reaction model (inactivated ↔ not inactivated,
Materials and Methods). Diagrams at the bottom of Figure depict pulse
protocols used in this series of experiments. Data represent
mean ± SEM (n = 10–12).
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Table 3 | Parameters of τ(V ) in NaV1.2, NaV1.4, and NaV1.5 at pH 7.4

and 6.0.

NaV1.2 NaV1.4 NaV1.5

τmax, ms (pH 7.4) 65 35 109

τmax, ms (pH 6.0) 47 38 90

e, Total reaction value (pH 7.4) 4.1 2.5 4.5

e, Total reaction value (pH 6.0) 3.6 3.6 4.2

Barrier distance (pH 7.4) 0.3 0.3 0.4

Barrier distance (pH 6.0) 0.4 0.4 0.4

V 1/2, mV (pH 7.4) −47.2 −63.4 −74.5

V 1/2, mV (pH 6.0) −44 −66 −68

Table 4 | Parameters of steady-state slow inactivation in NaV1.2 and

NaV1.5 at pH 7.4 and 6.0.

NaV1.2 NaV1.5

SS_SImax,% (pH 7.4) 91.0 ± 1.1 64.0 ± 4.6

SS_SImax,% (pH 6.0) 98.0 ± 2.5 58.0 ± 3.5

z, Apparent valence (pH 7.4) 3.1 ± 0.6 1.9 ± 0.12

z, Apparent valence (pH 6.0) 3.7 ± 0.5 1.4 ± 0.1(2)

V 1/2, mV (pH 7.4) −52.5 ± 2.8 −71.4 ± 3.2

V 1/2, mV (pH 6.0) 61.1 ± 3.7(1) −57.4 ± 3.1(3)

(1)p < 0.05 vs. V1/2 at pH = 7.4 in NaV1.2.
(2)p < 0.05 vs. apparent valence (z) at pH = 7.4 in NaV1.5.
(3)p < 0.05 vs. V1/2 at pH = 7.4 in NaV1.5; n = 6.

Changes in activation and steady-state inactivation slope and
V 1/2 may alter the area of overlap between activation and
steady-state FI curves, known as “window current.” We studied
this possibility by comparing this area at both pH 7.4 and 6.0 for
NaV1.2, NaV1.4, and NaV1.5. Figures 1C,F,I shows window cur-
rent at pH 7.4 (solid line) and at pH 6.0 (dotted line) of NaV1.2,
NaV1.4, and NaV1.5, respectively. Data in these graphs were con-
verted to percents (Wang et al., 1996) and plotted as a function
of membrane potential. To compare the effects of pH on window
currents, window currents were analyzed as described in Materials
and Methods to find the area and peak position relative to mem-
brane potential on the horizontal axis. Low pH had no significant
effect on window currents in NaV1.2 (Figure 1C, p > 0.05). Win-
dow current area in NaV1.4 (Figure 1E) was reduced at pH 6.0
by 47 ± 4.5% (p < 0.05), however peak position was not changed:
−51 ± 1.3 mV at pH 7.4 vs. −49 ± 1.0 mV at pH 6.0. Window cur-
rent area in NaV1.5 was not significantly altered by low pH, but the
peak was shifted from −60.4 ± 0.7 mV (pH 7.4) to −53 ± 0.8 mV
(1I, p < 0.05). The latter finding indicates a possible destabilization
of FI gating in NaV1.5 at low pH.

OPEN-STATE FAST INACTIVATION IN NaV1.5 IS DECELERATED AT pH 6.0
As shown above, the decay of NaV1.5 macroscopic currents
was decelerated at pH 6.0. We asked whether this effect is
specific to NaV1.5. Figure 2 compares the effects of pH on
open-state FI (FI) in NaV1.2, NaV1.4, and NaV1.5. Data in
Figures 2A–C represent time constants of open-state FI derived
from exponential fits to decay of macroscopic current recorded

from NaV1.2 (Figures 2Ai,Aii), NaV1.4 (Figures 2Bi,ii), NaV1.5
(Figure 2Ci,ii) at pH 7.4 and pH 6.0. Pulse protocols are shown in
Figures 2Aii,Bii,Cii insets. Time constants were plotted as a func-
tion of membrane potential and fitted with single exponential for
visual guidance. Figure 2A shows that time course of open-state
inactivation in NaV1.2 at pH 7.4 (filled circles) is statistically iden-
tical (p > 0.05) to that at pH 6.0 (open circles). Similarly to NaV1.2,
the open-state inactivation in NaV1.4 (Figure 2B) at pH 7.4 (filled
circles) was not affected (p > 0.05) by low pH (open circles). How-
ever, the time course of open-state inactivation in NaV1.5 at pH
6.0 (Figure 2C, open circles) was significantly slower than that
recorded at pH 7.4 (Figure 2C, filled circles, asterisks denote
p < 0.05), also see Figures 2Ci,ii arrow. Thus, data in Figure 2
suggest that deceleration of rate of open-state FI due to low pH is
specific to NaV1.5, and is not seen in NaV1.2 or NaV1.4.

LOW pH ALTERS VOLTAGE-DEPENDENCE OF FAST INACTIVATION TIME
CONSTANTS IN NaV1.2, NaV1.4, AND NaV1.5
We studied effects of pH on the time course of recovery from
fast-inactivated state (Figure 3), onset to FI (Figure 4), and conse-
quently, the τ(V ) dependence of FI (Figure 5). The rate of recovery
from FI was studied using a double-pulse protocol (shown in
Figure 3, inset). The fraction of recovered channels was measured
from the peak current during a 0-mV test pulse. The current ampli-
tude following recovery was normalized to the current amplitude
during a pulse to 0 mV from −130 mV, a voltage at which all chan-
nels should be available (not inactivated). Recovery from FI in
NaV1.2, NaV1.4, and NaV1.5 was recorded with interpulse voltages
from −120 to −80 mV. The rate of recovery from fast inactivation
was greater in all three channel isoforms at low pH. Figure 3 shows
the time course of recovery from fast inactivation at pH 7.4 (filled
circles) and at pH 6.0 (open circles) in NaV1.2 (Figure 3A), NaV1.4
(Figure 3B), and NaV1.5 (Figure 3C). Data represent averaged
and normalized current amplitudes recorded in response to test
pulse following a −80-mV interpulse (see pulse protocol diagram
in Figure 3 inset ), plotted as a function of interpulse duration
(ms). For clarity, recovery data for other interpulse voltages are
not shown. Solid lines are single exponential fits (Eq. 3), used
to extract time constants to compare recovery at pH 7.4 and pH
6.0. We also found that more NaV1.4 channels are available for
recovery at the beginning (t = 0) of interpulse (Figure 3B, filled
circles, arrow) at pH = 7.4 compared to pH = 6.0 (open circles,
Figure 3B).

The effects of low pH on the rate of FI onset (Figure 4) were
studied by measuring the test pulse current amplitude after a 0-
to 500-ms prepulse of defined voltage (see protocol diagrams in
Figures 4A,B). In response to increasing duration of prepulse, the
fraction of inactivated channels, assayed with 0 mV test pulse is
increased, as shown in Figures 4A,B. Data in Figure 4 are nor-
malized and averaged test pulse currents plotted as a function
of prepulse duration. The rate of onset (given as a time con-
stant) and steady-state fraction of inactivated channels (given as
an asymptote) was quantified by fitting data with single exponen-
tial (Eq. 3). Onset of FI in NaV1.4 at pH 7.4 was not different
(p < 0.05) from that at pH 6.0 at prepulse potentials of −70, −60,
−50, and −40 mV (data not shown). However, the onset to FI in
NaV1.2 (Figure 4A) and in NaV1.5 (Figure 4B) was differentially
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FIGURE 6 | Low pH alters properties of slow inactivation in NaV1.2

and in NaV1.5. (A) Steady-state slow inactivation in NaV1.2 at pH 7.4 (filled
circles) and at pH 6.0 (open circles) is plotted as averaged normalized
current amplitude vs. 60-s prepulse voltage. Asymptotic values for NaV1.2
derived from double exponential fit to slow inactivation onset (B) at pH 7.4
(filled triangles) and at pH 6.0 (open triangles) are superimposed with
steady-state slow inactivation data at corresponding prepulse voltage
(−50 mV). (B) Steady-state slow inactivation in NaV1.5 at pH 7.4 (filled

squares) and at pH 6.0 (open squares) is plotted as averaged normalized
current amplitudes vs. 60-s prepulse voltage. Asymptotic values for NaV1.5
derived from double exponential fits to slow inactivation onset (B) at pH
7.4 (filled triangles) and at pH 6.0 (open triangles) are superimposed with
steady-state slow inactivation data at corresponding prepulse voltage
(−50 mV). Data were obtained with pulse protocol shown in (B) inset and
fit with a modified Boltzmann function (Eq. 6, Material and Methods). Data
represent mean ± SEM (n = 7–10).
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FIGURE 7 | Low pH alters kinetics of slow inactivation in NaV1.2 and in

NaV1.5. (A) The time course of slow inactivation onset in NaV1.2 at pH 7.4
(filled circles) and at pH 6.0 (open circles) is plotted vs. prepulse voltage as
averaged and normalized currents, obtained with pulse protocol shown in (C)

inset. (B) The time course of recovery from slow inactivation in NaV1.2 at pH
7.4 (filled circles) and at pH 6.0 (open circles) is plotted vs. interpulse voltage

as averaged and normalized currents, obtained with pulse protocol in (D)

inset. (C) The time course of slow inactivation onset in NaV1.5 at pH 7.4 (filled
squares) and at pH 6.0 (open squares). (D) The time course of recovery from
slow inactivation in NaV1.5 at pH 7.4 (filled squares) and at pH 6.0 (open
squares). Data represent mean ± SEM (n = 7–10). Asterisks denote statistical
difference (p < 0.05).

affected by low pH. A direct comparison of pH effects on FI onset
between NaV1.2 and in NaV1.5 at pH = 7.4 (filled circles) and
at pH = 6.0 (open circles) was confounded by an isoform- and
pH-dependent difference in the peak of the τ(V ) curve (shown
in Figure 5). The steady-state fraction of inactivated channels in
NaV1.2, NaV1.4, and NaV1.5 was not altered by low pH (p > 0.05,
data not shown).

Different voltage protocols were used in NaV1.2 and NaV1.5 to
assess the effects of pH on the onset of fast inactivation, as shown
in Figure 4, because of a difference in τ(V ) relationships between
these two isoforms. As shown in Figure 5, the τ(V ) for NaV1.2
is depolarized relative to NaV1.5. Had we compared −60 mV for
both isoforms, we would have measured recovery from fast inacti-
vation in NaV1.2 and onset of fast inactivation in NaV1.5. We chose
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Table 5 | Parameters of time course of slow inactivation in NaV1.2 and

NaV1.5 at pH 7.4 and 6.0.

NaV1.2 NaV1.5

SI onset τ1, (pH 7.4) 1.8 ± 0.5 0.8 ± 0.2

SI onset τ1, (pH 6.0) 1.0 ± 0.5 0.7 ± 0.1

SI onset τ2, (pH 7.4) 29.0 ± 5.1 6.0 ± 1.1

SI onset τ2, (pH 6.0) 12.0 ± 1.7(1) 16.3 ± 1.8(4)

SI onset asymptote, % (pH 7.4) 48.0 ± 6 45.0 ± 5.4

SI onset asymptote, % (pH 6.0) 25.0 ± 5(2) 64.2 ± 4.1(5)

SI recovery τ1, (pH 7.4) 0.3 ± 0.1 0.5 ± 0.1

SI recovery τ1, (pH 6.0) 0.5 ± 0.1 0.3 ± 0.1

SI recovery τ2, (pH 7.4) 18 ± 2 7.9 ± 2.9

SI recovery τ2, (pH 6.0) 8.2 ± 1.2(3) 9.5 ± 3.0

SI recovery asymptote,% (pH 7.4) 99.0 ± 0.2 98.0 ± 1.9

SI recovery asymptote,% (pH 6.0) 99.0 ± 0.9 99.0 ± 0.7

(1)p < 0.05 vs. SI onset τ2 at pH 7.4 in NaV1.2.
(2)p < 0.05 vs. SI onset asymptote at pH 7.4 in NaV1.2.
(3)p < 0.05 vs. SI recovery τ2 at pH 7.4 in NaV1.2.
(4)p < 0.05 vs. SI onset τ2 at pH 7.4 in NaV1.5.
(5)p < 0.05 vs. SI onset asymptote at pH 7.4 in NaV1.5; n = 6–7.

Table 6 | Parameters of UDI in NaV1.2, NaV1.2, and NaV1.5 at pH 7.4 and

6.0.

NaV1.2 NaV1.4 NaV1.5

UDI τ1, s (pH 7.4) 2.0 ± 0.3 0.3 ± 0.1 2.4 ± 0.3

UDI τ1, s (pH 6.0) 1.8 ± 0.2 0.4 ± 0.1 5.8 ± 0.3(3)

UDI τ2, s (pH 7.4) 13.3 ± 1.3 4.5 ± 0.9 18.0 ± 1.1

UDI τ2, s (pH 6.0) 7.7 ± 1.0(1) 4.9 ± 0.9 36.2 ± 4.6(4)

UDI asymptote,% (pH 7.4) 71.8 ± 1.9 63.0 ± 2.1 55.4 ± 3.0

UDI asymptote,% (pH 6.0) 87.8 ± 2.3(2) 60.0 ± 1.3 69.0 ± 0.7(5)

(1)p < 0.05 vs. UDI τ2 at pH 7.4 in NaV1.2.
(2)p < 0.05 vs. UDI asymptote at pH 7.4 in NaV1.2.
(3)p < 0.05 vs. UDI τ1 at pH 7.4 in NaV1.5.
(4)p < 0.05 vs. UDI τ2 at pH 7.4 in NaV1.5.
(5)p < 0.05 vs. UDI asymptote at pH 7.4 in NaV1.5; n = 5–11.

to compare −30 mV in NaV1.2 with −60 mV in NaV1.5 because of
their similar positions relative to the peak of their respective τ(V )
curves, as seen in Figure 5.

In Figure 5, the averaged time constants of FI recovery (circles),
closed-state FI onset (squares), and open-state FI onset (trian-
gles) are plotted as a function membrane (interpulse and prepulse)
potential at pH 7.4 (solid symbols) and pH 6.0 (open symbols).
The averaged time constants were fit using a two-state (not inacti-
vated ↔ inactivated) Eyring first-order reaction model (solid lines,
Eqs 7–9, Materials and Methods). The coefficients of fits to FI time
constants are summarized in Table 3. Low pH strongly affects the
τ(V ) in NaV1.2 and NaV1.5 by accelerating rate of recovery from
FI, slowing rate entry to FI and producing depolarizing shift in
maximum of τ(V ) curve. In contrast, effects of low pH on τ(V )
in NaV1.4 are limited to an increase in the rate of recovery from FI
(Figure 5B).

pH DIFFERENTIALLY ALTERS SLOW INACTIVATION IN NaV1.2 AND
NaV1.5
We compared the effects of low pH on steady-state slow inactiva-
tion (SS-SI) in NaV1.2, NaV1.4, and NaV1.5 (Figure 6). SS-SI was
measured using a 60-s prepulse followed by a 20-ms, −150 mV
FI recovery pulse immediately before the 0-mV test. After the test
pulse, channels were hyperpolarized to −130 mV for 30 s before
every prepulse to completely recover channels from both fast and
slow inactivation (Featherstone et al., 1996). Data points repre-
sent averaged and normalized amplitudes of currents recorded
during test pulse (see pulse protocol diagram in Figure 6 inset ).
Figure 6A shows SS-SI in NaV1.2 at pH 7.4 (filled circles) and
pH 6.0 (open circles). Figure 6B shows SS-SI in NaV1.5 at pH 7.4
(filled squares) and at pH 6.0 (open squares). Data are plotted as
a function of prepulse potential. Data sets were fitted with mod-
ified Boltzmann function (Figure 6, solid lines, Eq. 6, Materials
and Methods) to obtain values for maximum probability, appar-
ent valence (z), and V 1/2, summarized in Table 4. Data in Figure 6
were closely matched by asymptotic values of exponential fits to
the data in Figures 7A,C at corresponding voltages (−50 mV).

Our results revealed no significant differences in properties of
SS-SI in NaV1.4 recorded at pH 7.4 and at pH 6.4 (data not shown).
However, low pH produced shifts in V 1/2: hyperpolarizing for
NaV1.2 and depolarizing for NaV1.5 (see Table 4).

Figures 7A,C show time course of onset of SI in NaV1.2 at
pH 7.4 (filled circles) and at pH 6.0 (open circles) and in NaV1.5
at pH 7.4 (filled squares) and at pH 6.0 (open squires), respec-
tively. The onset of SI was assessed by recording peak currents
during the test pulse preceded by −50 mV prepulse of varied
duration (0–64 s). As with the pulse protocol for steady-state SI
(Figure 6), a 20-ms, −130 mV pulse immediately prior to a test
pulse was used to recover channels from accumulated FI. After
the test pulse, channels were hyperpolarized to −130 mV for 30 s
before every prepulse to completely recover channels from both
fast and SI. The pulse protocol is shown below Figure 7C. Data
points in Figures 7A,C are averaged and normalized amplitudes
of peak currents recorded in response to a test pulse (as described
above). The time course of SI onset was fit with double exponen-
tial (solid lines, Eq. 4, Materials and Methods) and time constants
were extracted. Parameters, derived from the double exponential
fits are summarized in Table 5. Asymptotic values of onset to SI
at both pH values were added Figure 6 to verify SS-SI data. In
NaV1.2, at pH 6.0 the asymptotic value of onset of SI was signifi-
cantly decreased. Also, at low pH the slow time constant (τ2) was
significantly smaller at pH 6.0 compared to pH 7.4. In contrast,
the asymptotic value of onset of SI in NaV1.5 was significantly
increased at pH 6.0 compared with pH 7.4 (p < 0.05, n = 7), and
the slow component (τ2) of SI onset was significantly smaller at
pH 6.0 compared to pH 7.4 at pH 7.4 (p < 0.05, n = 7).

Figures 7B,D show time course of recovery from SI in NaV1.2 at
pH 7.4 (filled circles) and at pH 6.0 (open circles) and in NaV1.5 at
pH 7.4 (filled squares) and at pH 6.0 (open squares), respectively.
The recovery from SI was measured as follows: channels were inac-
tivated with 60 s prepulse at 0 mV, and then recovered from inacti-
vation with a −110-mV interpulse of variable duration (0–64 s, see
Materials and Methods for details about the interpulse duration
protocol). A short pulse of 20 ms, at −130 mV immediately prior
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FIGURE 8 | Low pH differentially affects use-dependent inactivation.

(A,B,C) Use-dependent inactivation at pH 7.4 (filled symbols) and at pH 6.0
(open symbols) in NaV1.2, NaV1.4 and NaV1.5, respectively. Cells were held
at −60 mV and repetitively stimulated either with one thousand 20 ms test
pulses to 0 mV (for NaV1.2 and NaV1.4) or with 120 500 ms test pulses to
0 mV (for NaV1.5). Corresponding pulse protocol diagrams are shown in
(A,B,C) insets. Peak currents from test pulses were normalized to the
amplitude of the first current in the series and values were plotted vs.
number of pulses. (A) Use-dependent inactivation in NaV1.2 at pH 7.4 (filled
symbols) and at pH 6.0 (open symbols). Ai time constants of double

exponential use-dependent inactivation in NaV1.2 at pH 7.4 (filled
histograms) and at pH 6.0 (open histograms). (B) Use-dependent
inactivation in NaV1.4 at pH 7.4 (filled symbols) and at pH 6.0 (open
symbols). Bi time constants of double exponential use-dependent
inactivation in NaV1.4 at pH 7.4 (filled histograms) and at pH 6.0 (open
histograms). (C) Use-dependent inactivation in NaV1.5 at pH 7.4 (filled
symbols) and at pH 6.0 (open symbols). Ci time constants of double
exponential use-dependent inactivation in NaV1.5 at pH 7.4 (filled
histograms) and at pH 6.0 (open histograms). Data represent mean ±
SEM (n = 9–12). Asterisks denote statistical difference (p < .05).
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FIGURE 9 | Effects of pH on neuronal action potential. (A) An overlap of
a two neuronal APs with sodium currents at pH 7.4 (solid line) and pH 6.0
(dashed line). The APs were elicited by a continuous stimulus current of
1 pA/pF. (B) Continuous APs with sodium currents at pH 7.4 (solid line) and
pH 6.0 (dashed line). The continuous firing was induced with a continuous
current of 20 pA/pF. (C) Continuous APs of a neuron expressing a sodium
channel “pH chimera” whose parameters of conductance and FI

correspond to those at pH 6.0 and the parameters of slow inactivation
correspond to those at pH 7.4. The APs were stimulated with a continuous
current of 20 pA/pF. (D) Continuous APs of a neuron expressing a sodium
channel “pH chimera” whose parameters of conductance and FI
correspond to those at pH 7.4 and the parameters of slow inactivation
correspond to those at pH 6.0. The APs were stimulated with a continuous
current of 20 pA/pF.

to the test pulse was used to recover channels from FI. The fraction
of channels recovered from SI was assessed with a 0-mV test pulse.
The pulse protocol is shown below Figure 7D. Currents, recorded
during the test pulse were normalized, averaged, and plotted vs.
interpulse duration. The time course of recovery from SI in NaV1.2
was fitted with a double exponential (Eq. 4, Materials and Meth-
ods) to obtain time constants and asymptotic values, summarized
in Table 5. Low pH did not significantly affect the faster compo-
nent (τ1) of recovery from SI in NaV1.2. However, the slower time
constant (τ2) of recovery from SI was significantly decreased at
pH 6.0 (p < 0.05, n = 6, Figure 7B). The asymptotic value of time
course from recovery from SI in NaV1.2 at pH 6.0 was not different
(p > 0.05) from that at pH 7.4.

Figure 7D shows time course of recovery from SI in NaV1.5
at pH 7.4 (filled squares) and at pH 6.0 (open squares). Com-
paring the time constants extracted from double exponential fits
revealed no significant (p > 0.05) effect of low pH on either on
τ1 or τ2. However, we found that, at pH 6.0, more NaV1.5 chan-
nels are available for recovery at the beginning (t = 0) of inter-
pulse (Figure 7D, open squares, arrow) as compared to pH 7.4
(Figure 7C, filled squares). The asymptotic values for recovery
from SI in NaV1.5 at pH 6.0 were not different (p > 0.05) from
those at pH 7.4 (Table 5).

Our experiments revealed no significant effects of low pH
kinetics of SI in NaV1.4 channels (data not shown).

pH DIFFERENTIALLY ALTERS USE-DEPENDENT INACTIVATION IN NaV1.2
AND NaV1.5
To further investigate the effects of low pH on inactivation
in NaV1.2 and NaV1.5, we compared use-dependent current
reduction at pH 7.4 and pH 6.0. The frequency of pulse stimulation
for each channel isoform was chosen to emulate its tissue-specific
activity prior to/during an ischemic event, such as epileptic episode
or stroke (Kjekshus, 1986; Adeli et al., 2003). Figure 8A shows use-
dependent inactivation (UDI) in NaV1.2 at pH 7.4 (filled circles)
and at pH 6.0 (open circles). Peak current amplitudes, recorded
during a series of 1000, 20 ms test pulses to 0 mV are plotted as
a function of pulse number. The interval between adjacent pulses
was 1 ms, holding potential was −60 mV to emulate neuronal rest-
ing potential in vivo. The resulting frequency was approximately
45 ± 5 Hz, which roughly corresponds to frequency of AP firing
during epileptic episode (Adeli et al., 2003). Peak currents were
normalized to the peak amplitude of the first current record of
the series and fit with a double exponential function to determine
time constants, τ1 and τ2, and steady-state fraction of inactivated
channels (asymptote). UDI parameters are summarized in Table 6.

At pH 7.4 (Figure 8A, filled circles) the asymptote of UDI in
NaV1.2 was significantly (p < 0.05) decreased compared to that at
pH 6.0 (Figure 8A, open circles). Also, acidification accelerated
the τ2 of UDI in NaV1.2 (Figure 8Ai, open histogram), Table 6.
Data shown in Figures 8B,Bi indicate that both time course and
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Table 7 | Parameters of repetitively firing neurons at a stimulus of −20 pA/pF for pH 7.4 model neurons, pH 6.0 model neurons, and pH 6.0 model

neurons with either pH 7.4 slow inactivation or fast inactivation parameters.

pH 7.4 pH 6.0 pH 6.0 with pH 7.4 FI pH 6.0 with pH 7.4 SI

First AP depolarization 41.5 mV 25.8 mV 41.1 mV 25.8 mV

Subsequent AP depolarization 19.8 mV n/a 17.2 mV n/a

First AP hyperpolarization −70.9 mV −61.4 mV −70.9 mV −61.4 mV

Subsequent AP hyperpolarization −68.9 mV n/a −67.9 mV n/a

Firing frequency 94.3 Hz 0 Hz 94.7 Hz 0 Hz

Measured parameters are the maximal membrane potential reached on the initial depolarization and subsequent depolarization, the minimum membrane potential

on the first hyperpolarization and subsequent hyperpolarizations as well as the action potential firing rate.

maximum probability of UDI in NaV1.4 at pH 7.4 (filled circles
and histograms) were statistically similar (p > 0.05) to those at pH
6.0 (open circles and histograms), Table 6. In NaV1.5 the effects of
low pH on UDI were essentially reversed as compared to NaV1.2.
At pH 7.4 the asymptote of UDI (Figure 8C, filled circles) was
increased as compared to that at pH 6.0 (Figure 8Ci, open cir-
cles), Table 6. Also, low pH decelerated both τ1 (Figure 8Ci, filled
histograms) and τ2 (Figure 8Ci, filled histograms) of the UDI,
Table 6. Note that different depolarization durations for UDI
pulse protocols were used (see pulse protocols in Figure 8 and
description in the figure legend) to account for differences in AP
durations between neurons and skeletal muscles (NaV1.2 and 1.4)
vs. myocytes (NaV1.5).

Our results suggest acidification produces differential effects on
inactivation properties of NaV1.2 and NaV1.5, but not in NaV1.4,
suggesting that changes in pH would affect AP generation and
propagation in neuronal and cardiac tissue but not in skeletal
muscle.

MODELING: EFFECTS OF LOW pH ON NEURONAL ACTION POTENTIAL
Our experimental data were used as the basis for computer mod-
eling (see Materials and Methods) to measure characteristics of
neuronal APs at either normal or acidic pH. Figure 9 shows the
results of neuronal modeling. Simulations to elicit APs were done
at a continuous stimulus of −1 pA/pF in both pH 6.0 (dashed line)
and pH 7.4 (solid line) over a period of 105 ms (Figure 9A). The
membrane potentials of the model neurons at each pH value were
plotted as a function of time (Figure 9A). Three main differences
were observed between the two pH values: (1) the pH 6.0 neuron
reached its maximal depolarization at 68.90 ms, faster than the
pH 7.4 neuron at 76.98 ms; (2) the membrane potential at peak
depolarization was 18.7 mV in the pH 6.0, a more positive depolar-
ization than the 30.40-mV observed in the pH 7.4 neuron; and (3)
the maximum hyperpolarization voltage was less negative in the
pH 6.0 neuron, with a value of −67 mV compared to −74.4 mV
found in the pH 7.4 neuron.

Figure 9B compares repetitive AP firing in a model neuron at
pH 7.4 (solid line) and at pH 6.0 (dashed line). Data shown are for
neurons injected with a constant stimulus of −20 pA/pF although
simulations were also performed at stimulus amplitudes of −3,
−5, −10, and −15 pA/pF with the same data trends obtained
(data not shown). In the first AP, the maximum depolarization
and hyperpolarization trends seen in the single AP studies, are
reproduced (Table 7). The pH 7.4 neuron continues to fire APs at
a rate of 94.3 Hz, but with a decreased maximum depolarization

and less negative undershoot (Table 7). In contrast, the pH 6.0
model neuron failed to repetitively fire.

Since our model takes into account both fast and slow gating,
we have modeled“AP chimeras”to study the specific effects of both
inactivation types on the neuronal AP. Chimera 1 (Figure 9C) con-
sists of pH 6.0 data programmed in for the activation and FI and
pH 7.4 data programmed in for the slow inactivation gate. Chimera
2 (Figure 9D) has pH 6.0 data programmed in for the activation
and slow inactivation gates and pH 7.4 data programmed in for
the FI gate. Chimera 2 (Figure 9D) was found to have similar char-
acteristics to the pH 7.4 neuronal model, in which the repetitive
firing was preserved (Figure 9B, solid line). In contrast, Chimera
1 (Figure 9C) results were similar to the pH 6.0 model (Table 7).
These modeling results suggest FI defects induced by decreased
pH are responsible for the failure of the neuronal model to display
repetitive AP firing.

MODELING: EFFECTS OF LOW pH ON CARDIAC ACTION POTENTIAL
Figures 10A,B, show the modeled sodium current during the
15th and 200th APs (firing frequency of 2.5 and 3.33 Hz, respec-
tively) at pH 7.4 (solid line) and at pH (6.0). Plotted are the
sodium current densities in pA/pF over the initial 5 ms of the
cardiac AP. The sodium current is reduced and delayed in the
pH 6.0 model during both 15th and 200th APs. At pH 6.0 there
is a decreased level of activation and a decreased level of FI as
described in Table 7; Figure 10C is the full 15th AP at both pH
values; Figures 10Ci,ii show expanded views of the rising phase
and repolarization phase respectively. The membrane potential of
the model cardiac myocytes is plotted on the vertical axis, with
−85.9 mV as the resting membrane potential, vs. a single cycle
length. The maximum rise rate in the pH 6.0 model is reduced
from 62.1 mV/ms, at pH 7.4, to 18.6 mV/ms, and was also delayed
by 0.6 ms at pH 6.0. There also was a delay in the peak plateau
potential at pH 6.0, but there was no significant difference in the AP
duration (APD) between the models (Table 7). Figures 10D,Di,ii
show the 200th AP as well as expanded views of the rise phase
and repolarization phase. As in Figure 10C, the membrane poten-
tial of the model cardiac AP is plotted as a function of the time
of a single cycle length, with the resting membrane potential at
−85.9 mV. There was a decreased maximal rise rate in the pH 6.0
AP (41.1 mV/ms at pH 7.4 compared to 11.0 mV/ms at pH 6.0)
and a delay in the peak plateau depolarization (Table 7). There also
was a 3.7-mV difference in the peak plateau membrane potential
at pH 6.0 as well as a 1.4-ms delay in the repolarization of the pH
6.0 AP.
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FIGURE 10 | Effects of pH on cardiac action potential. (A) The fast sodium
current of a cardiac AP at pH 7.4 (solid line) and pH 6.0 (dashed line). The
sodium current is recorded on the 15th AP in an endocardial myocyte
stimulated at a frequency of 2.5 Hz. (B) The fast sodium current of a cardiac
AP at pH 7.4 (solid line) and pH 6.0 (dashed line). The sodium current is
recorded on the 200th AP in a endocardial myocyte stimulated at a frequency
of 3.33 Hz. (C) The membrane potential over the time of one endocardial
myocyte AP with sodium currents at pH 7.4 (solid line) and pH 6.0 (dashed
line). The AP is the 15th produced in a model ventricular endocardial myocyte
stimulated at 2.5 Hz. (Ci) The first 25 ms of the 15th endocardial AP

stimulated at 2.5 Hz with sodium currents at pH 7.4 (solid line) and pH 6.0
(dashed line). (Cii) The last 50 ms of the 15th endocardial AP stimulated at
2.5 Hz with sodium currents at pH 7.4 (solid line) and pH 6.0 (dashed line). (D)

The membrane potential over the time of one endocardial myocyte AP with
sodium currents at pH 7.4 (solid line) and pH 6.0 (dashed line). The AP is the
200th produced in a model ventricular endocardial myocyte stimulated at
3.33 Hz. (Di) The first 25ms of the 200th endocardial AP stimulated at 3.33 Hz
with sodium currents at pH 7.4 (solid line) and pH 6.0 (dashed line). (Dii) The
last 50 ms of the 200th endocardial AP stimulated at 3.33 Hz with sodium
currents at pH 7.4 (solid line) and pH 6.0 (dashed line).
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DISCUSSION
The goal of this study was to compare the effects of extracel-
lular acidosis on biophysical properties of NaV1.2, NaV1.4, and
NaV1.5 channels. We observed both similarities and differences
between the responses of the different subtypes to changing
pH from 7.4 to 6.0. On one hand, peak current amplitudes
in all three channel isoforms were approximately equally sup-
pressed due to proton block (Figures 1A,Ai,D,Di,G,Gi), consis-
tent with previously published data (Hille, 1968; Benitah et al.,
1997; Khan et al., 2006). However, more detailed study revealed
that effects of low pH significantly differ between these channel
subtypes, suggesting a specificity of effects that acidosis might
have on voltage-gated sodium channels and, consequently, the
tissues in which the different subtypes are found. In contrast to
NaV1.2 and NaV1.5, NaV1.4 channels are practically insensitive
to changes in pH; activation, and both fast and slow inactiva-
tion were largely unaffected by acidosis (Figures 1D,Di,E,F, 2B,
and 5B) and the UDI at pH 7.4 was statistically identical to that
at pH 6.0 (Figure 8B). These data suggest that steady-state and
kinetic properties of activation and inactivation in NaV1.4 are
pH-insensitive and the decrease in macroscopic current ampli-
tudes at low pH (Figures 1D,Di) can be entirely attributed to
proton block (Hille, 1968; Mozhayeva et al., 1984; Yatani et al.,
1984; Benitah et al., 1997; Khan et al., 2006; Zhang et al., 2007).
This apparent resistance to changes in extracellular pH may reflect
the role of NaV1.4 in skeletal muscle function and its require-
ment to maintain normal functionality during exercise-induced
acidosis.

On the other hand, inactivation in NaV1.2 and NaV1.5 was
modified at low pH in opposite ways. First, the time course of
open-state inactivation was delayed in NaV1.5 (Figure 2C), but
not in NaV1.2 (Figure 2A). Longer time constants of NaV1.5
open-state inactivation indicate destabilization of the fast inac-
tivation state, which in turn may result in elevated electrical
excitability of cardiac tissue (Nerbonne and Kass, 2005; Wang
et al., 2009). Second, the peak of window current area was shifted
toward depolarized potentials in NaV1.5 (Figure 1I), but not in
NaV1.2 (Figure 1C). This also may lead to overexcitability of car-
diac tissue via elongation of the plateau phase of the cardiac AP
(Abriel et al., 2001). Third, at pH 6.0, there was increased max-
imum channel availability in NaV1.5 (Figure 7B). In contrast,
maximum availability in NaV1.2 is decreased in acidic conditions
(Figure 6B). These data agree well with the maximum probabil-
ity of UDI in NaV1.2 and NaV1.5 (Figures 8A,C, respectively),
which is another indication that acidic conditions have opposite
effects on NaV1.2 (decreased availability) and NaV1.5 (increased
availability).

These hypotheses were tested with computer modeling. The
results of modeling these data support in vivo experiments on
acidosis and suggest mechanisms as to how the changes that
occur in electrical signals at low pH are brought about. Neuronal
modeling has shown the presence of both acidosis-inhibited and
acidosis-stimulated neurons (Wang and Richerson, 2000; Wang
et al., 2001). Our models showed complete inhibition of firing
when only sodium channel parameters were changed (Figure 9B),
which agrees with previous reports (Zhang et al., 2007). This
suggests that acidosis inhibition of neurons is in part due to

inhibited sodium currents, more specifically the altered FI kinetics
(Figures 9C,D). Experiments on ventricular myocyte have shown
reduced rise rates in APs at low pH (Kagiyama et al., 1982),
which may be attributed in our modeling data to a decrease in
sodium current amplitude (Figure 10). Decreases in initial rise
rate are a potential cause of slow conduction velocity at low pH
(Fry and Poole-Wilson, 1981; Kagiyama et al., 1982), a condition
associated with ventricular arrhythmias (Cranefield et al., 1972).
Decreased sodium current amplitude would normally suggest an
early repolarization. Our data, however, suggests this is not the
case (Figures 10C,D), and in vivo experiments have shown that
acidosis leads to delays in repolarization. Our data further sug-
gests that elongated macroscopic sodium currents are part of this
effect. Sodium currents were present for almost twice as long at
low pH (Figures 10A,B), probably due to delays in open-state
inactivation at pH 6.0 (Figure 4).

The interpretation of our modeling is necessarily limited by
the fact that only sodium channel properties were modified. The
contribution of other channel types, and the effect of low pH on
them, will inevitably alter the results we report. Nevertheless, our
data, and the models we derive, provide the first direct comparison
of the effects of low pH on sodium channel gating. Future studies
using potassium and calcium channels, as well as other sodium
channel subtypes, will provide the data necessary for a more com-
plete picture of the effects of low pH on electrical excitability of
nerve and muscle.

Our present results with NaV1.5 and the effects of low pH are
consistent with our previous observations (Jones et al., 2011b). In
our previous work, we observed similar effects of low pH on SS-
FI, window current, τ(V ), and UDI in NaV1.5 channels recorded
using the cut-open oocyte voltage clamp. The effects of low pH on
this sodium channel subtype thus are independent of the expres-
sion system and recording technique. The similarity of the NaV1.5
data we report here to that in Jones et al. (2011b), addresses what
we therefore consider to be an unlikely possibility that the differ-
ences between NaV isoforms might be due to differences between
expression systems.

Our results do not distinguish definitively between charge
screening and pore block by protons. Since the peak I Na ampli-
tude is diminished in all the isoforms we tested, we con-
clude the same mechanism described by Khan et al. (2002) is
responsible for this effect. Our previous results (Jones et al.,
2011a), however, suggest the proton-dependent decrease in cur-
rent amplitude is mediated by mechanism and molecular under-
pinnings different from than that by which kinetic properties are
affected.

We can, at this point, only speculate as to the molecular basis
for isoform-dependent differences in responses to low pH. The
most likely place to explore the structural underpinnings of dif-
ferential pH0 sensitivity is in residues that face the external milieu.
Our previously published results (Jones et al., 2011b) suggest that
histidine residues, with a pK a of 6.5, close to the pK a of 6.1 mea-
sured for pH-dependent decrease in peak I Na in NaV1.5, could
be NaV pH sensors. In addition, histidine residues in potassium
channels have been reported to function as pH sensors (Kehl et al.,
2002). Finally, our preliminary experiments also suggest histidine
residues may be pH sensors (Jones et al., 2011a), although other
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reports suggest C373 in NaV1.5 might fulfill this role (Khan et al.,
2006). Future studies will explore the possibility that there may
be several residues that may be protonated under low external pH
conditions.
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APPENDIX
GENERAL EQUATIONS

dV

dt
= I

C
(A1)

where V is membrane potential, I is total current, C is capacitance, and t is time.

dy

dt
=
(
y∞ − y

)
τy

(A2)

where y is the value of any gate, y∞ is its steady-state value and τy is its time constant value.

Neuron

I = Ina + Ik + Istimulus (A3)

C = −3.5 μF/cm2

Gna = 200 mS/cm2

Ena = 50 mV
τm = 0.15 ms
Gk = 40 mS/cm2

Ek = −80 mV

Fast sodium current.

m∞ = 1

1 + exp
[−1

[
(V + 11.7)

/
9.074

]] if pH = 7.4

m∞ = 1

1 + exp
[−1

[
(V + 10.35)

/
10.04

]] if pH = 6.0
(A4)

h∞ = 1

1 + exp
[−1

(
(V + 50.1)

/−8.599
)] if pH = 7.4

h∞ = 1

1 + exp
[−1

(
(V + 52.0)

/−11.056
)] if pH = 6.0

(A5)

τh = 46

0.5{exp[(V + 50.0)
/

14.0] + exp[(V + 50.0)
/−13.0]} if pH = 7.4

τh = 65.58

0.5{exp[(V + 50)
/

9.20 + exp[(V + 50)
/−16.0]} if pH = 6.0

(A6)

j∞ = 0.92

1 + exp[−1((V + 52.5)
/−12.73)] + 0.08 if pH = 7.4

j∞ = 0.95

1 + exp[−1((V + 61.0)
/−10.73)] + 0.05 if pH = 6.0

(A7)

τj = 29000 exp

{
−0.5

{[
(V + 52.5)

60

]2
}}

if pH = 7.4

τj = 12300 exp

{
−0.5

{[
(V + 61.0)

54.5

]2
}}

if pH = 6.0

(A8)
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Potassium current.

Ik = Gk · n4 · (V − Ek) (A9)

n∞ = αn

(αn + βn)
(A10)

τn = 1

(αn + βn)
(A11)

αn = −0.07 [(V + 60) − 47]

exp
[
((V + 60) − 47)

/−6
]− 1

(A12)

βn = (0.264) exp
(V + 60) − 22

40
(A13)

Cardiac
Gna = 23 mS/cm2

Gnal = 0.065 mS/cm2

τhl = 600 ms

Fast sodium current.

m∞ = 0.846

1 + exp
[−1[(V + 32.58)

/
7.04]] if pH = 7.4

m∞ = 0.482

1 + exp
[−1[(V + 32.58)

/
7.86]] if pH = 6.0

(A14)

τm = αm ∗ βm (A15)

αm = 1

1 + exp[(−60 − V )
/

5] (A16)

βm = 0.1

1 + exp
[
(V + 35)

/
5] + 0.1

/
1 + exp[(V − 50)

/
200

] (A17)

h∞ = 1

1 + exp[−1((V + 80.6)
/−6.108)] if pH = 7.4

h∞ = 1

1 + exp
[−1((V + 77.54)

/−6.509)
] if pH = 6.0

(A18)

τh = 378.5

0.5{exp[(V + 80.6)
/

11.5] + exp[(V + 80.6)
/−10.5]} if pH = 7.4

τh = 319.15

0.5{exp[(V + 70)
/

9.5] + exp[(V + 70)
/−12.5]} if pH = 6.0

(A19)

j∞ = 0.588

1 + exp[−1((V + 71.4)
/−14.08)] + 0.3305 if pH = 7.4

j∞ = 0.5324

1 + exp[−1((V + 57.4)
/−19.12)] + 0.3856 if pH = 6.0

(A20)

τj = 1000(
αj + βj

) (A21)

αj = 0 if V ≥ −40 mV

αj = {(V + 37.78){−0.000006948 exp[−0.04391 ∗ V ] − 25428 exp[0.2444 ∗ V ]}}
{1 + exp[0.311(V + 79.23)]} else

(A22)

βj = 0.6 exp[0.057(V )]
1 + exp[−0.1(V + 32)] if V ≥ −40mV

βj = 0.02424 exp[−0.01052(V )]
1 + exp[−0.1378(V + 40.14)] else

(A23)
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Late sodium current.

Inal = Gnal · ml3 · hl · (V − Ena) (A24)

ml∞ = αml

(αml + βml)
(A25)

τml = 1

(αml + βml)
(A26)

αml = 0.482(V + 47.13)

1 − exp [−0.1(V + 47.13)]
(A27)

βml = 0.192 exp

(
V

−11

)
(A28)

hl∞ = 1

1 + exp[(91 + V )/6.1] (A29)

Slow delayed rectifier current conductance.

GKs = 0.433

{
1 +

[
0.68(

1 + (0.000038
/

Cai)1.4)
]}

(A30)
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