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Abstract Neuronal Kv7/KCNQ channels are critical regulators of neuronal excitability since they potently suppress
repetitive firing of action potentials. These voltage-dependent potassium channels are composed mostly of Kv7.2 /
KCNQ2 and Kv7.3 / KCNQ3 subunits that show overlapping distribution throughout the brain and in the peripheral
nervous system. They are also called ‘M-channels’ since their inhibition by muscarinic agonists leads to a profound
increase in action potential firing. Consistent with their ability to suppress seizures and attenuate chronic inflammatory
and neuropathic pain, mutations in the KCNQ2 and KCNQ3 genes are associated with benign familial neonatal
convulsions, a dominantly-inherited epilepsy in infancy. Recently, de novo mutations in the KCNQ2 gene have been
linked to early onset epileptic encephalopathy. Notably, some of these mutations are clustered in a region of the
intracellular cytoplasmic tail of Kv7.2 that interacts with a ubiquitous calcium sensor, calmodulin. In this review, we
highlight the recent advances in understanding the role of calmodulin in modulating physiological function of neuronal
Kv7 channels including their biophysical properties, assembly, and trafficking. We also summarize recent studies that
have investigated functional impact of epilepsy-associated mutations localized to the calmodulin binding domains of

Kv7.2.

Keywords

Introduction

Kv7/KCNQ channels are voltage-dependent potassium
channels (Kv) that play critical roles in the heart, brain, ear,
and epithelia (Robbins, 2001). KCNQI-5 genes encode
Kv7.1-5 subunits, which assemble to form tetramers
(Soldovieri et al., 2011). While Kv7.1 and Kv7.4 subunits
are mainly expressed in the heart and inner ear, respectively,
Kv7.2, Kv7.3, and Kv7.5 subunits are highly expressed in the
central nervous system (Soldovieri et al., 2011). Similar to all
Kv channels, each Kv7 subunit consists of six transmembrane
domains (S1-S6), which are further divided into a voltage-
sensor domain (S1-S4) and a pore domain (S5-pore-S6)
(Robbins, 2001) (Fig. 1). Unlike Shaker-related Kv channels
that have T1 tetramerization domains in their long intracel-
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lular N-termini (Lai and Jan, 2006), each Kv7 subunit
possesses a short cytoplasmic N terminus that regulates
surface expression and open probability of Kv7 channels
(Etxeberria et al., 2004; Dahimene et al., 2006). Long
cytoplasmic C-termini of Kv7 channels are critical for
channel assembly, trafficking, and interaction with various
signaling proteins (Haitin and Attali, 2008) (Fig. 1).
Neuronal Kv7 channels are mostly heterotetramers com-
posed of Kv7.3 and Kv7.2 subunits (Wang et al., 1998) with a
possible contribution of Kv7.5 subunits (Shah et al., 2002),
and to a lesser extent, homomeric Kv7.2 subunits (Hadley et
al., 2003; Schwarz et al., 2006). Localized throughout the
brain and in the peripheral nervous system (Wang et al., 1998;
Cooper et al., 2001; Roche et al., 2002; Devaux et al., 2004;
Pan et al., 2006), they produce potassium (K™*) currents that
activate slowly but show no inactivation (Robbins, 2001).
They are activated at the membrane potentials that are more
depolarized than action potential (AP) threshold much slowly
than ion channels that underlie fast-propagating APs. Thus,
they tend to allow the firing of a single AP, but effectively



206

Modulation of neuronal Kv7 channels by calmodulin

Extracellular

Wi

Intracellular
CaM
AKAP79/150
Syntaxin A

Ankyrin-G [

COOH

Figure 1 Schematic representation of a single Kv7.2 subunit.
Schematic drawing (not to scale) of a Kv7.2 subunit (accession
number: Y15065; 844 amino acids) showing a short N-terminal
tail, 6 transmembrane domains (S1-6), and a long C-terminal tail
that contains four predicted a-helical regions (A-D) and ankyrin-
G binding domain (amino acids 833-842). The proximal C-
terminal tail from helix A (amino acids 335-356) to helix B
(amino acids 532-558) provides phosphorylation sites for protein
kinase C (PKC) and tyrosine kinase Src (not shown) as well as
binding sites for calmodulin (CaM), A-kinase-anchoring protein
(AKAP79/150), and syntaxin 1A. A subunit interaction domain
(Sid) spans from helix C (amino acids 574—588) to helix D (amino
acids 619-653). The binding regions for PIP, (phosphatidylino-
sitol-(4,5)-bisphosphate) are also indicated.

function as a brake for repetitive firing of APs, which is a
hallmark of excessive neuronal excitability leading to seizure
(Brown and Passmore, 2009). Originally named ‘M-chan-
nels’, stimulation of the muscarinic acetylcholine receptors
inhibits their current, leading to a profound increase in AP
firing in frog sympathetic neuron (Brown and Passmore,
2009). Similarly, pharmacological inhibition of Kv7 channels
decreases the AP threshold and facilitates spontaneous and
burst firing of APs in hippocampal pyramidal neurons (Yue
and Yaari, 2004; Shah et al., 2008; Shah et al., 2011). Kv7
channels also contribute to resting membrane potential, spike
frequency adaptation, spike after depolarization, and spike
after hyperpolarization (Yue and Yaari, 2004; Gu et al., 2005;
Peters et al., 2005; Yue and Yaari, 2006; Tzingounis and
Nicoll, 2008; Tzingounis et al., 2010).

The Kv7.2 and Kv7.3 subunits are concentrated at the
axonal initial segments (AIS) and nodes of Ranvier in
myelinated axons (Devaux et al., 2004; Pan et al., 2006). In
hippocampal neurons, Kv7.2/Kv7.3 channels are preferen-
tially enriched at the plasma membrane of the axons rather
than the soma and dendrites (Chung et al., 2006), consistent
with their ability to regulate AP propagation along the axon
(Dedek et al., 2001; Schwarz et al., 2006) and neurotrans-
mitter release (Martire et al., 2004). The distal C-termini of
Kv7.2 and Kv7.3 but not other Kv7 subunits bind to ankyrin-
G (Chung et al., 2006; Pan et al., 2006; Rasmussen et al.,

2007) (Fig. 1), an essential component of the AIS that
maintains neuronal axon versus dendrite polarity (Song et al.,
2009). Targeting of Kv7.2/Kv7.3 channels to the AIS is
abolished by genetic ablation of ankyrin-G in mice or
disruption of their ankyrin-G binding motifs (Chung et al.,
2006; Pan et al., 2006; Rasmussen et al., 2007). Furthermore,
spontaneous and burst firing of APs is increased by impairing
the channel localization at the AIS (Shah et al., 2008), the
critical site for AP initiation and regulation (Clark et al.,
2009). Importantly, axonal Kv7 channels rather than dendritic
Kv7 channels potently inhibit AP firing by regulating AP
threshold and resting membrane potential (Shah et al., 2008;
Shah et al., 2011).

Consistent with the ability of Kv7 channels to suppress
burst and spontaneous firing of APs (Yue and Yaari, 2004;
Shah et al., 2008; Shah et al., 2011), mice lacking a single
copy of the KCNQ2 gene display increased susceptibility to
convulsant agents (Watanabe et al., 2000). Inhibition of Kv7
currents during early neonatal development but not adulthood
leads to abnormal development in hippocampus and
enhanced spontaneous seizures and seizure susceptibility
(Peters et al., 2005). In contrast, seizures are suppressed in
animal models by retigabine (Dailey et al., 1995; Rostock et
al., 1996; Tober et al., 1996), a potent and selective agonist of
Kv7 channels (Surti and Jan, 2005). Importantly, mutations in
the KCNQ2 and KCNQ3 genes have been linked to benign
familial neonatal convulsion (BFNC) (Soldovieri et al.,
2011), a rare dominantly-inherited epilepsy in infancy with
penetrance of 85% but minimal effect on the psychomotor
development (Maljevic et al., 2008). Although seizures in
BFNC spontaneously remit after several weeks to months, the
risk of recurring seizures later in life is about 15% (Psenka
and Holden, 1996). Additionally, de novo missense mutations
in KCNQ2 gene have been recently discovered to be
associated with epileptic encephalopathy (Borgatti et al.,
2004; Schmitt et al., 2005; Weckhuysen et al., 2012)
including Ohtahara syndrome (Saitsu et al., 2012), severe
symptomatic drug resistant epilepsy with poor prognosis
often accompanied by psychomotor retardation (Ohtahara
and Yamatogi, 2000).

Studies in the heterologous system revealed that BFNC
mutations in the pore and voltage sensor regions of Kv7.2 and
Kv7.3 results in a modest 20%—25% reduction in K* current
(Schroeder et al., 1998; Lerche et al., 1999; Schwake et al.,
2000; Schwake et al., 2003; Singh et al., 2003; Schwake et al.,
2006). BFNC mutations in the cytoplasmic C-terminal tail of
KCNQ2 causes mild to severe reduction in current and
surface expression (Schwake et al., 2000; 2003) by impairing
calmodulin (CaM) interaction (Richards et al., 2004) or
protein stability (Soldovieri et al., 2006). In hippocampal
neurons, BFNC mutations variably disrupt axonal enrichment
of Kv7.2/Kv7.3 channels (Chung et al., 2006). Based on these
findings, haploinsufficiency of Kv7 function has been
suggested to cause BFNC. In contrast, de novo missense
mutations in the pore and voltage sensor regions of Kv7.2
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have been recently shown to cause a dominant-negative
reduction of Kv7.2/Kv7.3 current at subthreshold membrane
potentials (Orhan et al., 2013). These findings collectively
indicate the critical roles of Kv7 channels in regulation of
neuronal excitability, and suggest the inhibition of Kv7
channel function as a potential pathogenic mechanism for
Kv7-associated epilepsy.

CaM binds to neuronal Kv7 channels

CaM is a ubiquitous intracellular Ca*" binding protein
consisting of two globular domains in the N- and C-termini
(N- and C-lobes), each of which binds to two Ca®>" ions via
two EF hand structures (Hoeflich and Ikura, 2002) (Fig. 2). In
response to the changes in intracellular Ca*" levels, CaM
regulates voltage-gated ion channels critical for neuronal
excitability in part by binding to classical CaM binding motifs
within the channels such as the IQ motif, 1-5-10 motif, or 1-8-
14 motif (Hoeflich and Ikura, 2002). Among four predicted
helical regions known as helices A-D conserved in the
intracellular cytoplasmic C-termini of all Kv7 subunits (Yus-
Najera et al., 2002), helices A and B bind to CaM (Wen and
Levitan, 2002; Yus-Najera et al., 2002) whereas helices C and
D mediate tetramerization (Schwake et al., 2006) (Fig. 1).
Helix A contains a consensus CaM binding IQ motif
(IQXXXR) (Yus-Najera et al., 2002) and helix B harbors
two 1-5-10 motifs and one 1-14 motif for binding Ca®*-bound
CaM (Ca**/CaM) (Yus-Najera et al., 2002; Xu et al., 2013)
(Fig. 2). A number of co-immunoprecitation studies have
revealed that both apoCaM and Ca®>"/CaM can bind to
neuronal Kv7 channels (Wen and Levitan, 2002; Yus-Najera

Regulates Kv7 channel
assembly and trafficking

et al., 2002; Gamper and Shapiro, 2003; Etxeberria et al.,
2008; Alaimo et al., 2009). Mutations disrupting the IQ motif
in Kv7.2 or Kv7.3 abrogate apoCaM interaction with
homomeric channels, and markedly reduce apoCaM binding
to heteromeric Kv7.2/Kv7.3 channels (Wen and Levitan,
2002; Yus-Najera et al., 2002; Alaimo et al., 2009; Gomez-
Posada et al., 2011).

In vitro binding studies using fusion proteins of the Kv7
cytoplasmic C-terminal tail have shown that Ca*"*/CaM
favors binding to the B helices of Kv7.2-5 subunits (Yus-
Najera et al., 2002; Gamper and Shapiro, 2003; Alaimo et al.,
2012; Xu et al., 2013). ApoCaM interacts with both A and B
helices of Kv7.1-5 subunits better than with either helix A or
B alone (Xu et al., 2013). In contrast, Ca*"/CaM binds only to
the B helices of Kv7.1-5 subunits (Alaimo et al., 2012; Xu et
al., 2013), suggesting that helix B is sufficient for Ca®>*/CaM
binding. According to the X-ray crystal structure resolved at
2.60A resolution, Ca®>*/CaM interacts with the helix B of
Kv7.4 in an antiparallel orientation in which the Ca?*/C-lobe
and Ca**/N-lobe bind to the N-terminal and C-terminal
portions of the helix B, respectively (Xu et al., 2013). This
binding occurs through a novel variation of the 1-14 Ca**/
CaM binding motif instead of the two predicted 1-5-10 Ca**/
CaM binding motifs (Xu et al., 2013). Equilibrium sedimen-
tation experiments have further revealed a 4:4 stoichiometry
for a Ca’*/CaM complex with Kv7.4 helices B-D and a 1:1
stoichiometry for a Ca?*/CaM complex with Kv7.4 helix B
(Xu et al., 2013), suggesting that helix A is dispensable for
Ca’"-dependent CaM interaction with Kv7 channels. Based
on these findings, it has been suggested that Ca*" induces a
conformational change from an apoCaM-bound state that
bridges the A and B helices to a Ca®*/CaM-bound state that

Suppresses Kv7 channel

current upon a rise in Ca?*

Figure 2 Ca2+—dependent interactions of Kv7.2/Kv7.3 channels with CaM. In this model, one apoCaM binds to both helix A and helix
B of a single Kv7.2 or Kv7.3 in 1:1 stoichiometry. The apoCaM binding regulates the assembly of Kv7.2/Kv7.3 channels and facilitates
the channel exit from the ER. One Ca®"-CaM binds only to helix B of a single Kv7.2 or Kv7.3 in 1:1 stoichiometry. The Ca*"-CaM is
critical for Ca2+-dependent current suppression of Kv7.2/Kv7.3 channels.
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only interacts with a single helix B (Xu et al., 2013)(Fig. 2).

CaM regulates the activity of neuronal Kv7
channels

Out of five Kv7 subunits, coexpression of Kv7.2 and Kv7.3
has been shown to produce a large current with kinetic and
pharmacological properties that closely resemble those of the
neuronal M-current (Wang et al., 1998; Schwake et al., 2000)
whereas expression of Kv7.2 or Kv7.3 alone yields a very
small K* current (Schwake et al., 2000). A yeast two-hybrid
screen has identified CaM as a binding partner of the M-
channel subunits, Kv7.2 and Kv7.3 (Wen and Levitan, 2002;
Yus-Najera et al., 2002). Mutant Kv7.2 subunits deficient in
CaM binding lack current although they assemble efficiently
with Kv7.3 subunits in heterologous cells (Wen and Levitan,
2002), suggesting that functional expression of Kv7.2/Kv7.3
channels requires constitutive interaction of CaM with the 1Q
motif of Kv7.2. Furthermore, the Kv7.2/Kv7.3 current
density is reduced in heterologous cells by co-expression of
a fusion protein containing the CaM binding motif of Kv7.2,
which competes with the full-length Kv7.2 channels for CaM
binding (Shahidullah et al., 2005). Importantly, expression of
this fusion protein also decreases M-current density and
increases the number of evoked APs in hippocampal neurons
(Shahidullah et al., 2005), suggesting that dissociation of
CaM from Kv7.2 reduces hippocampal M-current and leads
to neuronal hyperexcitability.

On the other hand, CaM also contributes to Ca>*-
dependent modulation of M-channels. In the inside-out
membrane patches excised from sympathetic neurons, the
Ca®" levels just above the normal resting concentration
potently inhibit native M-channels (Selyanko and Brown,
1996). Furthermore, IP3 receptor-mediated rise in the Ca**
level upon bradykinin or purinergic receptor activation leads
to suppression of Kv7.2/Kv7.3 channel activity in hetero-
logous cells and M-current in sympathetic neurons via Ca**/
CaM since this effect is prevented by overexpression of a
Ca’"-insensitive mutant of CaM (CaM1234) (Gamper and
Shapiro, 2003; Gamper et al., 2005; Zaika et al., 2007). These
results collectively support the notion that CaM serves as the
Ca®" sensor to modulate neuronal Kv7 channel activity
(Fig. 2).

The Ca®*/CaM-dependent suppression of Kv7 current
occurs in a subunit-specific manner. Overexpression of CaM
but not CaM 1234 robustly reduces currents of Kv7.2/Kv7.3
channels and homomeric Kv7.2, Kv7.4, and Kv7.5 channels,
but not those of homomeric Kv7.1 and Kv7.3 channels in
CHO cells (Gamper et al., 2005). Recently, downregulation of
the Kv7.2 channels by Ca>"/CaM is shown to involve the
linker between helices A and B of Kv7.2 and a stronger intra-
molecular interaction between N- and C terminus of Kv7.2
(Gamper et al., 2005; Etzioni et al., 2011), although precisely
how Ca®* binding to CaM/Kv7.2 complex mediate current

suppression through the linker and intra-molecular interaction
remains unknown.

CaM regulates the assembly of neuronal
Kv7 channels

Helices C and D in the C-termini have been identified to
mediate channel tetramerization and have been termed the
“subunit interaction domain” (Sid) (Schwake et al., 2006)
(Fig. 1). Helix C is highly conserved within the Kv7
subfamily whereas helix D displays significant sequence
differences among the Kv7 sub family. Disruption of the coil-
coil structure of helix C fails to form homomeric or
heteromeric Kv7 channels and leads to no detectable K*
current (Schwake et al., 2006). Mutations in helix D impair
the formation of heteromeric but not homomeric Kv7
channels, reducing K™ current (Schwake et al., 2006).
Based on the high-resolution crystal structure of the helix D
of Kv7.4 and electrophysiological recordings, it has been
suggested that the polar residues at the subunit interface of
helix D likely mediates subunit-specific assembly of Kv7
channels but not macroscopic current amplitudes (Etxeberria
etal., 2004; Howard et al., 2007a; Zaika et al., 2007; Choveau
et al., 2012).

Recent studies have found that the channel assembly
between Kv7.2 and Kv7.3 subunits is regulated by CaM
binding to the 1Q motif of Kv7.3 but not Kv7.2 (Liu and
Devaux, 2013). The mutations in the IQ motif of Kv7.2
abolish CaM binding but do not affect Kv7.2 association with
Kv7.3 (Wen and Levitan, 2002; Yus-Najera et al., 2002;
Etxeberria et al., 2008; Alaimo et al., 2009; Gomez-Posada et
al., 2011; Liu and Devaux, 2013), suggesting that CaM
interaction with the IQ motif of Kv7.2 is not required for the
formation of Kv7.2/Kv7.3 channels. Conversely, the 1342A
mutation in the 1Q motif of Kv7.3 disrupts CaM interaction
with Kv7.3 and markedly reduces its heteromeric association
with Kv7.2 in HEK293 cells (Liu and Devaux, 2013).
Interestingly, apoCaM restores the assembly of Kv7.3 with
the mutant Kv7.2 harboring the L638P mutation (Liu and
Devaux, 2013) that blocks formation of heteromeric channels
(Schwake et al., 2006). Given that Kv7.3 is the most
promiscuous subunit that can assemble with Kv7.2, Kv7.4,
and Kv7.5 (Schwake et al., 2003; Howard et al., 2007b), these
findings support the idea that apoCaM facilitates the
formation of heteromeric channels by binding to the IQ
domain of Kv7.3 (Fig. 2). Curiously, CaM overexpression
increases the association of Kv7.2 and the mutant Kv7.3-
1342 A and rescues the defects caused by the mutant Kv7.3-
1342A (Liu and Devaux, 2013). This rescue is shown to be
dependent on CaM binding to their B-helices (Liu and
Devaux, 2013), suggesting a possibility that Ca>"-dependent
cross-talk between helix B and the Sid domain may promote
the assembly of Kv7.2 and Kv7.3.
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CaM regulates the trafficking of neuronal
Kv7 channels

Biochemical studies have shown that mutations in the IQ
motif of Kv7.2 disrupt CaM binding but not its ability to
assemble with Kv7.3 (Wen and Levitan, 2002; Yus-Najera et
al., 2002; Etxeberria et al., 2008; Alaimo et al., 2009; Gomez-
Posada et al., 2011; Liu and Devaux, 2013). While these
mutant subunits display a moderate reduction in Kv7.2
surface expression in tsA201 cells (Wen and Levitan, 2002),
other studies in Xenopus oocytes and HEK293T cells have
reported that disruption of CaM binding to Kv7.2 abolishes
surface expression of Kv7.2/Kv7.3 channels and increases the
retention of Kv7.2 in the endoplasmic reticulum (ER)
(Etxeberria et al., 2008; Alaimo et al., 2009). CaM over-
expression greatly reduces the fraction of wild-type Kv7.2
channels retained in the ER but not that of I340E mutant
Kv7.2 channels that cannot bind to CaM (Etxeberria et al.,
2008). Conversely, the ER retention of wild-type Kv7.2
channels increases upon sequestering endogenous CaM or
overexpressing CaM1234 that cannot bind to Ca*" but still
associates with Kv7.2. (Etxeberria et al., 2008). These
findings collectively indicate that CaM binding to helix A
of Kv7.2 plays a critical role in the channel’s exit from the ER
and their subsequent expression at the plasma membrane
(Fig. 2).

Interestingly, the removal of the linker between helix A and
helix B of Kv7.2 increases the surface expression of not only
wild-type Kv7.2 channels but also the 1340Q mutant channels
deficient in CaM binding (Aivar et al., 2012; Alaimo et al.,
2012), suggesting that this interlinker region may likely
contain an ER retention signal. Interestingly, the S511D
mutation located in helix B of Kv7.2 abolishes CaM binding
but not the surface expression or current of Kv7.2 channels
and Kv7.2/Kv7.3 channels in the oocyte system (Gomez-
Posada et al., 2011). Thus, the role of CaM in regulating the
surface expression of neuronal Kv7 channels remains
controversial. Further studies are necessary to unravel
complex mechanisms by which CaM binding to helices A
and/or B of Kv7.2 regulates the trafficking of neuronal Kv7
channels.

CaM modulates channel interaction with
other signaling proteins and molecules

The helices A and B bind to a number of signaling molecules
other than calmodulin, including phosphatidylinositol 4,5-
bisphosphate (PIP,), syntaxin 1A, A-kinase-anchoring pro-
tein (AKAP) 79 and AKAP150, a murine ortholog of human
AKAP79 (Fig. 1). Helix A and, to a lesser extent, helix B of
Kv7.2 interact with syntaxin 1A, a plasma membrane protein
component of the exocytotic SNARE complex (Regev et al.,
2009). In Xenopus oocytes, expression of syntaxin 1A
attenuates voltage-dependent activation of macroscopic

current of Kv7.2 but not Kv7.3 channels without altering
their surface expression (Regev et al., 2009) by promoting the
intramolecular interactions between the N- and C-termini in
Kv7.2 channels (Etzioni et al., 2011). This syntaxin-mediated
effect is abolished by coexpression of CaM or CaM1234
(Etzioni et al., 2011). Given that syntaxin 1A colocalizes with
Kv7.2-containing channels at presynaptic terminals (Regev et
al., 2009), the interplay between CaM and syntaxin 1A may
likely regulate neurotransmitter release through modulation
of presynaptic M-current (Martire et al., 2004; Peretz et al.,
2007).

Helices A and B of Kv7.2 are also the sites of AKAP79 and
PIP, modulation of Kv7 channels (Suh and Hille, 2002;
Hoshi et al., 2003; Delmas and Brown, 2005; Hoshi et al.,
2005; Suh and Hille, 2007; Hernandez et al., 2008). Elevation
of PIP, levels increases the maximal open probability of
Kv7.2 channels and Kv7.2/Kv7.3 channels (Li et al., 2005;
Gamper and Shapiro, 2007) and prevents their randown upon
patch excision (Suh and Hille, 2002; Ford et al., 2003; Zhang
et al., 2003). Conversely, PIP, scavengers lead to suppression
of Kv7.2/Kv7.3 current (Suh and Hille, 2002; Ford et al.,
2003; Zhang et al., 2003). Importantly, muscarinic receptor
stimulation suppresses M-current via PIP, depletion (Suh et
al., 2004; Higashida et al., 2005; Winks et al., 2005). Recent
studies have shown that protein kinase C bound to AKAP79/
150 mediates muscarinic inhibition of Kv7 current (Hoshi et
al., 2003; Delmas and Brown, 2005; Higashida et al., 2005)
via phosphorylation of serine residues located in helix B
(Kosenko et al., 2012). Such phosphorylation has been shown
to dissociate CaM from Kv7.2 channels, leading to a reduced
affinity to PIP, and suppression of M-current (Kosenko et al.,
2012), suggesting that CaM interaction facilitates the ability
of PIP, to stabilize the open state of Kv7.2 channels.
Furthermore, Ca?*/ CaM binding disrupts the interaction
between AKAP79 and Kv7.2-5 subunits and prevents
AKAP79-mediated sensitization of Kv7.2/Kv7.3 channels
to muscarinic inhibition (Bal et al., 2010). Given that
AKAP79 mediates PKC-dependent inhibition of M-current
via PIP, (Higashida et al., 2005; Kosenko et al., 2012) and
serves as an adaptor protein for CaM and PIP, (Wong and
Scott, 2004), it remains to be determined how helices A and B
mediate and integrate physical and functional interaction of
CaM, AKAP79, and PIP, to modulate M-current.

Disruption of CaM binding contributes to
Kv7-associated epilepsy

Epilepsy is a common neurological disorder that strikes about
1% of the world population (Kwan and Brodie, 2000). It is
caused by excessive neuronal excitability characterized by
seizures, which are abnormal and uncontrolled discharges of
APs (Kwan and Brodie, 2000). Neuronal Kv7 channels have
emerged as critical players of epilepsy for two main reasons.
First, specific agonists for Kv7 channels (ezogabine/retiga-
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bine) have been approved as anti-epileptic drugs (Gunthorpe
et al., 2012; Large et al., 2012). Second, mutations in Kv7
channels are associated with epileptic encephalopathy
(Borgatti et al., 2004; Schmitt et al., 2005; Saitsu et al.,
2012; Weckhuysen et al., 2012) and BFNC (Soldovieri et al.,
2011) which is variably associated with the later development
of more severe epilepsy that is resistant to anticonvulsants
(Alfonso et al., 1997; Dedek et al., 2003; Borgatti et al.,
2004), Rolandic epilepsy (Coppola et al., 2003), develop-
mental delay (Schmitt et al., 2005), mental retardation
(Borgatti et al., 2004), peripheral nerve hyperexcitability
(Wuttke et al., 2007), and myokymia (Dedek et al., 2001).
Interestingly, some of these BFNC and encephalopathy
mutations are localized to helices A and B of Kv7.2 that
interact with CaM (Fig. 3).

To date, 8 BFNC missence mutations in KCNQ2 gene have
been found to localize to helices A and B (Richards et al.,
2004; Soldovieri et al., 2014). Five BENC mutations in Kv7.2
and one BFNC mutation in Kv7.3 are localized to helix A.
The L339R mutation located in the IQ motif of Kv7.2
(Richards et al., 2004) abolishes CaM binding to Kv7.2,
leading to a>80% reduction in current and surface expression
of Kv7.2/Kv7.3 channels (Alaimo et al., 2009). The W344R
mutation in the IQ motif of Kv7.2 fails to generate measurable
K™ currents (Soldovieri et al., 2014). Located distal to the IQ
motif of Kv7.2, the L351F but not L351V mutation causes a
significant reduction in the current densities of homomeric
channels and Kv7.2/Kv7.3 channels (Soldovieri et al., 2014).
Another BFNC mutation located distal to the IQ motif
(R353G) reduces not only CaM binding to Kv7.2 channels
(Richards et al., 2004; Etxeberria et al., 2008; Alaimo et al.,
2009) but also their affinity to PIP, (Kosenko et al., 2012), an
essential cofactor for M-current function (Suh and Hille,

2002; Zhang et al., 2003; Winks et al., 2005). A combination
of reduced binding to CaM and PIP, could explain the
observed reduction in current through Kv7.2-R353G/Kv7.3
mutant channels in heterologous cells (Etxeberria et al.,
2008). In contrast, BFNC mutations located immediately
distal to helix A of KCNQ2 (Y362C) and of KCNQ3
(A381V) caused no significant reduction in Kv7.2/Kv7.3
current (Soldovieri et al., 2014). Importantly, the L339R and
R353G mutant channels located at/near the 1Q motif display
enhanced retention in the ER of HEK293T cells (Etxeberria et
al., 2008; Alaimo et al., 2009), suggesting that disruption of
CaM binding to IQ motif and subsequent channel retention in
the ER likely serves as one pathogenic mechanism for BFNC.

Three BFNC mutations (K526N, R525Q, R553Q) are
located in helix B of Kv7.2 (Moulard et al., 2001; Borgatti et
al., 2004; Soldovieri et al., 2014). The K526N and R525Q
mutations are predicted to disrupt the electrostatic interaction
of Kv7.2 with N-lobe of Ca*/CaM (Xu et al., 2013) or
disrupt the a-helical structure of helix B (Borgatti et al.,
2004). The K526N mutation in KCNQ2 gene was found in all
affected members in a BFNC family, who exhibited BFNC
alone or together with either a severe epileptic encephalo-
pathy or focal seizures with mental retardation (Borgatti et al.,
2004). Although functional studies on the R525Q mutation
have not been performed, a single KS26N mutant subunit was
sufficient to reduce the voltage-dependence of opening
heteromeric Kv7.2/Kv7.3 channels without affecting their
plasma membrane expression in CHO cells (Borgatti et al.,
2004). In hippocampal neurons, the K526N mutation of
KCNQ2 moderately reduced the targeting of Kv7.2/Kv7.3
channels to the plasma membrane of distal axon but not AIS
(Chung et al., 2006). The R553Q mutation is shown to reduce
the current of both homomeric Kv7.2 and heteromeric Kv7.2/

1Q motif: IQXXXRGXXXR

" 43 KRRNPAAGLIQSAWRFYATNLSRTDL 4

BFNC mutation: L339R, W344R, L351F, L351V, R353G
Epileptic encephalopathy mutation: R333W, A337G

Ca?*/CaM binding motifs: 1-14 motif, 1-5-10 motif
D 513 TPGLKVSIRAVCVMRFLVSKRKEFKESLRPYDVMDVIEQYSAGHLDMLSRI 5,

BFNC mutation: R525Q, K526N, R553Q
Epileptic encephalopathy mutation: M518V, K526N, R532W,

Figure 3 Location of the mutations associated with BFNC and epileptic encephalopathy in the helices A and B of Kv7.2. In this
schematic representation of a single Kv7.2 subunit (accession number: Y15065), the CaM binding motifs in helices A and B are indicated.
The amino acid residues mutated in BFNC and epileptic encephalopathy are indicated in red and blue, respectively.
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Kv7.3 channels and abolish the ability of syntaxin 1A to
inhibit Kv7.2 channels in CHO cells without affecting their
interaction with syntaxin 1A (Soldovieri et al., 2014). Since
the syntaxin-mediated Kv7.2 inhibition is abolished by an
increase in CaM binding (Etzioni et al., 2011), it is tempting
to speculate that the R553Q mutation may increase CaM
binding to Kv7.2, similar to another BFNC-causing L619R
mutation (Richards et al., 2004). Although further work
should be done to directly test the effect of these mutations in
CaM binding, these findings suggest that reduced Kv7.2 or
Kv7.2/Kv7.3 current associated with the mutations in helix B
may likely decrease the ability of the M-current to effectively
dampen epileptiform discharges, leading to neuronal hyper-
excitability in BENC.

So far, 4 epileptic encephalopathy mutations have been
identified in helices A and B of Kv7.2. Two de novo
mutations (A337G and R333W) lie proximal to the IQ motif
in helix A of Kv7.2 (Schmitt et al., 2005; Saitsu et al., 2012).
The A337G mutation is associated with Ohtahara syndrome
(Saitsu et al., 2012) while the R333W mutation was found in
the boy who suffered from drug resistant epilepsy, Rolandic
epilepsy, and psychomotor retardation (Schmitt et al., 2005).
These mutations have not been analyzed for their effects on
CaM binding and Kv7 channel function. Based on the
functional studies of BFNC mutations localized to the IQ
motif of Kv7.2 (Etxeberria et al., 2008; Alaimo et al., 2009),
one could speculate that these mutations may likely disrupt
CaM binding and cause the channel retention in the ER,
ultimately leading to a severe reduction in the channel surface
and current expression. Two de novo mutations (M518W and
R532W) associated with epileptic encephalopathy lie in helix
B of Kv7.2 (Weckhuysen et al., 2012). Electrophysiological
recording in Xenopus oocytes has revealed that the M518W
and R532W mutations markedly reduces current amplitude of
Kv7.2 channels, but had no effect on heteromeric Kv7.2/
Kv7.3 channels (Orhan et al., 2013), although the effect of
these mutations on CaM binding to Kv7.2 remains unknown.
Interestingly, only the R532W mutation caused a reduction in
surface expression, a large depolarizing shift in the voltage
dependence of channel activation, and a significant slowing
of activation and acceleration of deactivation kinetics (Orhan
et al., 2013).

Conclusion and future direction

In summary, CaM binding to neuronal Kv7 channels has two
major functions. First, CaM binding to helix A of Kv7.2 and
Kv7.3 plays a critical role in the assembly of Kv7.2/Kv7.3
channels and their ability to exit the ER and express at the
plasma membrane. Second, CaM bound to helix B acts as a
Ca?" sensor to modulate biophysical properties of homomeric
Kv7.2 channels and heteromeric Kv7.2/Kv7.3 channels. CaM
binding to Kv7.2 is critical for hippocampal M-current and

dampening neuronal excitability whereas Ca®*-CaM binding
mediates Ca®"-dependent suppression of M-current. The
studies in heterologous systems have provided evidence that
epilepsy-associated mutations in helices A and B of Kv7.2
disrupt CaM binding and/or reduces function and trafficking
of Kv7.2 channels and Kv7.2/Kv7.3 channels.

However, there are still many questions that need to be
answered: What molecular mechanisms underly the CaM-
dependent ER exit of the Kv7.2/Kv7.3 channels? How does
CaM binding to helices A and B mediate both channel
assembly and intramolecular interaction between N- and C-
termini? In what neuronal environment are Kv7 channels
mostly bound to apoCaM or Ca*"/CaM or both? What
conformational changes of intact Kv7 channels are induced
by binding of apoCaM or Ca**/CaM? And when and how do
apoCaM and Ca®"/CaM functionally interact with AKAP79/
150, syntaxin 1A, PIP, and CaM through helices A and B?
Further studies to tackle these questions should advance our
understanding of the roles that CaM play in mediating the
physiological functions of Kv7 channels.

We look forward to the future studies that investigate on the
effect of epilepsy-associated mutations on CaM binding and
their functional impact on M-current and neuronal excit-
ability. Such continuous efforts should facilitate the develop-
ment of novel therapeutic interventions to restore channel
interaction with CaM or correct channel mislocalization and
dysfunction. These novel therapeutic interventions may
provide more effective remediation or slowing of cognitive
decline associated with the severe symptomatic epileptic
encephalopathy, when combined with early screening for
KCNQ2 mutation and treatment with ezogabine/retigabine.
Considering that Kv7 channels are implicated in brain
development (Peters et al., 2005), learning and memory
(Peters et al., 2005) and other pathological conditions such as
chronic inflammatory and neuropathic pain (Blackburn-
Munro and Jensen, 2003; Passmore et al., 2003), anxiety
(Korsgaard et al., 2005), mania (Dencker et al., 2008), and
addiction (Hansen et al., 2007), these novel therapeutic
interventions may also result in more efficacious therapy for a
wide range of neurological diseases and disorders.

Abbreviations
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