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Abstract

Voltage-gated ion channels are a diverse family of signaling proteins that mediate rapid electrical
signaling events. Among these, voltage-gated potassium or Kv channels are the most diverse, in
part due to the large number of principal (or a) subunits and auxiliary subunits that can assemble
in different combinations to generate Kv channel complexes with distinct structures and functions.
The diversity of Kv channels underlies much of the variability in the active properties between
different mammalian central neurons, and the dynamic changes that lead to experience-dependent
plasticity in intrinsic excitability. Recent studies have revealed that Kv channel a subunits and
auxiliary subunits are extensively phosphorylated, contributing to additional structural and
functional diversity. Here we highlight recent studies that show that auxiliary subunits exert some
of their profound effects on dendritic Kv4 and axonal Kv1 channels through phosphorylation-
dependent mechanisms, either due to phosphorylation on the auxiliary subunit itself, or by
influencing the extent and/or impact of a subunit phosphorylation. The complex effects of
auxiliary subunits and phosphorylation provide a potent mechanism to generate additional
diversity in the structure and function of Kv4 and Kv1 channels, as well as allowing for dynamic
reversible regulation of these important ion channels.

Voltage-gated potassium or Kv channels are diverse components of the ion channel
repertoire that controls electrical activity of mammalian neurons, cardiac and skeletal
muscle [1]. The diversity of mammalian Kv channel function is derived from genetic
diversity, with over two dozen genes encoding the pore-forming and voltage-sensing a
subunits, and that the a subunits can coassemble into functional tetramers in different
combinations [2]. This genetic and combinatorial diversity is not observed in the highly
related but pseudotetrameric voltage-gated sodium and calcium channel a subunit
repertoire, and is crucial to generating the functional diversity that is a hallmark of Kv
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channels [3]. Kv channel functional diversity is further enhanced by coassembly with a wide
array of auxiliary subunits, which in themselves cannot form functional channels but which
can greatly impact channel function upon coassembly with a. subunits [4]. In addition to the
non-covalent interactions of a subunits with one another, and with auxiliary subunits, that
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define the structure and function of Kv channels, recent studies have revealed that Kv
channel a and auxiliary subunits are extensively covalently modified with phosphate [5].
While a large body of work has defined how coassembly with auxiliary subunits and
dynamic changes in phosphorylation state can separately impact Kv channel a subunits, and
influence channel expression, localization and function, recent studies have provided
compelling evidence for a more concerted coupling between these distinct molecular events.
Here we review recent studies on how auxiliary subunit phosphorylation, and auxiliary
subunit-dependent phosphorylation of the principal a subunits of dendritic Kv4 channels,
and axonal Kv1 channels (Fig. 1), can impact diverse events that determine the fate of a Kv
channel at crucial points in its lifetime.

Regulation of dendritic Kv4 channels by auxiliary subunits and

phosphorylation

Principal and auxiliary subunits of native dendritic Kv4 channels

Kv4 channels are primarily localized to dendrites, and, to a lesser extent, somata, of diverse
neurons throughout the mammalian brain [6]. Kv4 channels form low voltage-activated, 4-
AP-sensitive, inactivating currents that underlie dendritic excitability [7]. In many cases Kv4
channels are not found uniformly expressed in dendritic membranes, specifically in distal
dendrites (Fig. 1) but are localized in specific membrane subdomains where they can
profoundly affect local electrical signaling events [8]. In mammalian brain, dendritic Kv4
channels primarily comprise heteromers or homomers of Kv4.2 and Kv4.3 a subunits, with
the nature of the a subunit composition driven primarily by cellular patterns of gene
expression. For example, glutamatergic pyramidal neurons in hippocampal CA1, and in
layer 5 of neocortex, express Kv4.2 in the absence of detectable Kv4.3, such that the Kv4
channels in these cells are primarily homotetramers of Kv4.2 [9]. Inhibitory interneurons in
hippocampus express only Kv4.3, yielding the corresponding homomeric Kv4.3 channels [9,
10]. Other neurons, for example hippocampal CA3 pyramidal neurons and dentate granule
cells express high levels of both Kv4.2 and Kv4.3 [9], as do intralaminar thalamocortical
relay neurons [11]. In some brain regions, more complex scenarios exist, for example the
expression of Kv4.2 and Kv4.3 in cerebellar granule cells exhibits a striking anterior
(Kv4.2) to posterior (Kv4.3) gradient [12].

In each of these cases, the diversity of Kv4 channel structure that is defined by distinct
cellular patterns of a subunit expression is further enhanced by expression of a diverse set of
auxiliary subunits. A yeast two hybrid screen using the N-terminus of Kv4.3 as bait
identified a set of highly-related cytoplasmic Kv4 Channel Interacting Proteins or KChIPs
[13]. KChIPs are members of a larger family of neuronal calcium sensor proteins, and
contain EF hand motifs that confer Ca2* binding to KChIPs [13]. This initial study revealed
that KChIP coexpression has a profound impact on Kv4 channels, including increasing
plasma membrane expression levels of Kv4.2 as exhibited by 10X increases in whole cell
current amplitude, enhancing the voltage-dependent activation of Kv4.2 currents (evidenced
by a 40 mV hyperpolarizing shift in the V1, of activation), slowing the kinetics of
inactivation ~ 5X, and accelerating the kinetics of recovery from inactivation ~5X [13]. A
number of subsequent studies (e.g., [14, 15]) revealed additional effects, as subsequently
reviewed [7].

Subsequent to the identification of these cytoplasmic KChIPs, a second type of Kv4 channel
auxiliary subunits was identified as a component of Kv4 channels purified from rat
cerebellum [16]. In this case, the associated subunit was DPPX/DPP®6, a single-pass
transmembrane type Il polypeptide with a large extracellular C-terminal domain exhibiting
sequence similarity to the dipeptidyl peptidase (DPP) CD26, although lacking in enzyme
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activity [17]. The discovery of DPP6 as a Kv4 channel-associated protein led to further
studies that revealed that other DPP-like proteins associate with and exert profound and
diverse effects on coexpressed Kv4 channels [7], some of which are strikingly similar to
those triggered by KChlIPs, for example enhancing Kv4 channel surface expression, left-
shifting the voltage-dependent activation of Kv4 currents, accelerating their recovery from
inactivation, and enhancing Kv4.2 phosphorylation [16, 18]. However, coexpression with
DPPs accelerates the kinetics of Kv4.2 inactivation [7, 16], an effect distinct from that of
KChlIPs. The binding of KChIPs and DPPs to Kv4 a subunits is not mutually exclusive, and
a wealth of available evidence suggests that Kv4 channels can and do exist as ternary
complexes of Kv4 a subunits, KChIPs and DPPs [19].

Immunohistochemical and biochemical studies reveal that different KChIP and DPP family
members exhibit distinct patterns of expression, and of colocalization and association with
Kv4.2 and Kv4.3 a subunits, in mammalian brain [6]. More specifically, there exist precise
pairings of Kv4, KChIP and DPP isoforms in specific classes of neurons, for example
hippocampal CA1 pyramidal cells express Kv4.2 a subunits together with KChIP2,
KChIP3, KChIP4 [9], and DPP6 [20], while hippocampal interneurons express Kv4.3 a
subunits together with KChIP1 [9, 10], and DPP10 [21]. These isoform-specific pairings of
distinct Kv4: auxiliary subunit combinations suggests a cell-specific requirement for Kv4
channels with specific properties as defined by the ternary complexes formed by Kv4 a
subunits, KChIPs and DPPs [19]. The precise patterns of regional, cellular and subcellular
co-localization and co-association of these principal and auxiliary subunits also suggests a
primary role for the auxiliary subunits as components of Kv4 channels [6].

To further reinforce this concept, Kv4.2 knockout mice display a dramatic downregulation
of certain KChIPs, but not others, in specific patterns that precisely reflect their extent of
interaction with Kv4.2 in wild-type mice [22]. The interdependent roles of individual KChIP
subunits are underscored by recent studies that used selective genetic ablation of individual
KChIP isoforms. KChIP3 knockout mice have partially reduced A-type currents in
hippocampal dentate granule cells, supporting an /n vivorole for KChIPs in promoting
functional expression of Kv4 channels [23]. The lack of complete elimination of expression
is likely due to expression of other auxiliary subunits in these cells, in this case KChIP2,
KChIP4 [9, 12], and DPP6 [16]. Consistent with proposed roles of Kv4 channels in
dendrites, these mice also exhibit enhanced LTP in perforant path-dentate granule cell
synapses [23]. In neocortex, KChIP2 knockout mice have increased expression of KChIP3
and KChIP4, and KChIP3 knockout mice have increased expression of KChIP2 and KChIP4
[24]. Together these compensatory changes in KChIP expression presumably support
relatively normal expression of A-type Kv currents. However, acute elimination of
expression of these same KChIPs resulted in marked decreases in A-type currents [24],
suggesting that the relatively subtle phenotype of the constitutive KChIP knockouts resulted
from compensatory upregulation of other auxiliary subunits. Acute (albeit partial)
knockdown of DPP6 in CA1 pyramidal neurons resulted in altered gating of Kv4.2-based A-
type currents, and dramatic effects on neuronal excitability [25]. A recent study showed that
acute knockdown of DPP6 in cerebellar granule cells also led to a dramatic loss in Kv4-
based A-type currents [26]. A similar approach to acutely knockdown KChIP1 in CAl
interneurons, where it is found in the absence of other KChIPs, yielded only partial
inhibition of Kv4.3 expression [27]. This could be due to the presence of DPP10 in these
cells [21], or to the fact that the extent of KChIP1 knockdown was modest. These results
together suggest that while KChIPs and DPPs are indistinguishable in their ability to support
efficient expression of functional Kv4 channels in heterologous cells [18], each auxiliary
subunit has a distinct and crucial role in neurons /n vivo.
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Phosphorylation-dependent modulation of Kv4 currents in dendrites

Individual branches of CA1 pyramidal cell dendrites have distinct active electrical properties
that affect the coupling of local dendritic spikes to the soma [28]. The distinctions between
such branches are due to differences in the levels of A-type Kv currents, which, in CAl
pyramidal cells, are mediated by complexes of Kv4.2, KChIP and DPP subunits [29]. The
coupling of dendritic spikes to the soma can be dynamically enhanced though NMDA
receptor-dependent downregulation of the amplitude of the A-type Kv currents [30], such
that local changes in the excitability of individual dendritic branches can serve as an
additional mechanism of information storage (Fig. 1). The compartmentalized plasticity of
dendritic branches can be dynamically modified /n vivo by experience, for example by
housing rats in an enriched environment for a few days [31]. The role of Kv4.2-based
channels in neuronal function is underscored by studies in Kv4.2 knockout mice, which have
decreased neuronal A-type currents [32-34], an increase in dendritic back-propagating action
potentials [33, 34], increased theta burst-induced LTP [34], and a loss of the distance
dependent scaling of mEPSCs attributed to the lack of the gradient of Kv4.2 channel
expression seen in wild-type neurons, although the increased inhibitory drive due to
enhanced tonic GABA receptor-mediated currents may obscure the full impact of the
knockout phenotype [33]. Kv4.2 knockout mice also exhibit enhanced susceptibility to
kainate-induced seizures [32], consistent with a proposed role for Kv4.2 downregulation in
seizure susceptibility associated with epileptogenesis [35-37].

One of the key aspects in regulation of dendritic excitability by the Kv4.2-based A-type
current is that it is highly sensitive to activity-dependent modulation, for example in
response to induction of LTP [38]. Kv4-based neuronal A-type currents have long been
recognized as substrates for phosphorylation-dependent modulation [29]. These currents are
downregulated in CA1 pyramidal neurons upon activation of PKA, PKC [39] and ERK [40],
and upregulated by CamKII [41]. Kv4.2 is a direct substrate for phosphorylation by PKA
[42], PKC [43, 44], ERK [45, 46], and CamKII [41]. Phosphorylation of Kv4.2 in
heterologous cells by PKA [47] and ERK [44] yields a right-shifted activation curves and an
overall reduction of Kv4.2 current, while activation of PKC yielded reduced currents
without effects on gating [43, 44]. Phosphorylation of Kv4.2 by CamKII yields increased
peak currents without affecting voltage-dependent activation or inactivation [41].

Phosphorylation-dependent modulation of Kv4 channels requires KChlPs

In addition to modulating expression levels as described above, PKA activity in
hippocampal CA1 pyramidal neurons also leads to changes in the gating of Kv4-based A-
type [39]. Kv4.2 was identified as being a direct substrate for PKA phosphorylation by
studies in which recombinant bacterially expressed fragments of Kv4.2 were subjected to in
vitro phosphorylation reactions using purified PKA [42]. Phosphopeptide mapping and
amino acid sequencing revealed that T38 in the cytoplasmic N-terminus, and S552 in the
cytoplasmic C-terminus, were sites phosphorylated directly by PKA [42]. Phosphospecific
antibodies generated against these sites revealed PKA-stimulated phosphorylation at these
sites in hippocampal slices [42]. Studies in the Xenopus oocyte heterologous cell expression
system revealed that unlike the Kv4.2-based A-type current in CA1 pyramidal neurons,
recombinant Kv4.2 currents were not modulated by PKA [47]. However, coexpression of
Kv4.2 with KChIP3 led to PKA-mediated changes in the gating properties of the expressed
currents typical of those observed upon PKA modulation of neuronal A-type currents [47].
Modulation of Kv4.2 by arachadonic acid, another potent regulator of native Kv4.2-based A
current in neurons [48], also requires KChIP co-expression [49], showing that KChIP
auxiliary subunits mediate diverse modes of Kv4.2 regulation. Note that Kv4.2 channels are
also regulated by ERK/MAPK phosphorylation [45], and at least some modes of regulation
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of Kv4.2 channels by this pathway are also dependent on association with KChIP auxiliary
subunits [46]

Expression of Kv4.2 in heterologous mammalian COS-1 cells yields a form of Kv4.2 that is
distinct from that seen in brain in that it has an increased relative electrophoretic mobility
(“lower molecular weight”) on SDS gels that corresponds to the mobility of brain Kv4.2 that
has been subjected to extensive dephosphorylation with exogenous alkaline phosphatase
(AP) treatment [14]. Moreover, Kv4.2 expressed in these cells is retained intracellularly, in
either the ER [14] or post-ER compartment [15], with no detectable staining of intact cells
with externally-directed anti-Kv4.2 antibodies [14, 18]. Coexpression with KChIPs yielded a
form of Kv4.2 with electrophoretic mobility more similar to the native brain form, and
which underwent similar mobility shifts upon AP-dependent dephosphorylation [14].
Moreover, while no detectable immunoreactivity against the S552 phosphorylation site
could be detected in cells expressing Kv4.2 alone, by either immunoblot or
immunofluorescence staining, both assays revealed robust immunoreactivity on Kv4.2
coexpressed with KChIPs [14]. The immunofluorescence staining was intriguing in that it
was specific for plasma membrane-associated Kv4.2, and did not stain intracellular Kv4.2
[14]. One interpretation of these staining results is that phosphorylation at S552 may be
involved in biogenic trafficking of Kv4.2 to the plasma membrane, such that
unphosphorylated Kv4.2 was retained intracellularly while phosphorylation at S552 was a
permissive or instructive switch for trafficking to the plasma membrane (Fig. 2). However,
changing the chemistry of this phosphorylation site in the S552A and S552D mutants did
not alter trafficking in the presence or absence of KChIPs, suggesting that S552
phosphorylation is associated with but not a primary determinant of the biogenic plasma
membrane expression of Kv4.2 [14]. While a precise role in biogenic trafficking of Kv4
channels remains unclear, phosphorylation at S552 serves as a useful marker to distinguish
newly synthesized and intracellular Kv4 channels from those that have been trafficked the
plasma membrane (Fig. 2).

KChIP subunits are also required for the acute modulation of dendritic Kv4.2 trafficking
mediated through PKA phosphorylation [50]. PKA-mediated phosphorylation of Kv4.2 has
diverse effects on endocytosis and recycling. Acute activation of PKA (e.g., 10 min
stimulation with forskolin) leads to downregulation of Kv4.2 expression in neurons through
enhanced internalization, a process that requires phosphorylation at S552 [51]. However, the
effects of PKA activation are complex, such that prolonged (e.g., 24 hour) exposure to PKA
activators leads to increased expression of Kv4.2, an effect that requires KChIP
coexpression and Kv4.2 phosphorylation at S552 [50]. Together, these results suggest that
while KChIP coexpression in unstimulated cells increases Kv4.2 expression and S552
phosphorylation, further activation of PKA can enhance surface expression via a separate
mechanism that again requires both KChIP coexpression and Kv4.2 S552 phosphorylation,
perhaps through translation and biogenic trafficking of new channels (Fig. 2).

Recent studies have suggested a role for other proteins associated with the Kv4: KChIP
complex in dynamic regulation of Kv4 channels via PKA (Fig. 2). Of particular note is a
recently defined role for AKAP79/150, a protein scaffold that can profoundly influence
phosphorylation-dependent signaling of diverse protein targets through its interaction with
both PKA and the Ca2*/calmodulin-dependent protein phosphatase calcineurin [52].
Phosphorylation-dependent mechanisms link NMDA-receptor signaling to acute changes in
the activity of Kv4.2 channels that underlie A-type currents in CAL pyramidal neurons (Fig.
2). Kv4.2 channels on CA1 pyramidal cell dendrites are subjected to clathrin-mediated
endocytosis in response to NMDA-receptor activation [30]. Internalization is triggered by
PKA-mediated phosphorylation of Kv4.2 at a specific residue (S552) on the Kv4.2 C-
terminus [51]. Efficacy of the coupling between NMDA receptor activation and Kv4.2
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phosphorylation is achieved through the physical coupling of PKA to Kv4.2 channels via
AKAP79/150 scaffolding protein [50]. Disrupting the PKA anchoring function of this
AKAP leads to enhanced steady-state plasma membrane expression of Kv4.2 in both
cultured hippocampal neurons and heterologous cells, while overexpressing the AKAP led
to decreased surface expression [53]. The AKAP-dependent changes in Kv4.2 expression
were dependent on PKA-dependent phosphorylation at the S552 site on Kv4.2 [53].
Interestingly, the calcineurin binding activity of AKAP79/150 is also involved in regulation
of Kv4.2 [53]. As such, the role of AKAP79/150 is complex, and is strongly influenced by
the identity of the accessory KChIP cytoplasmic auxiliary subunit associated with the Kv4.2
channel complex [50]. Kv4.2 channels with associated KChlP4a subunits have enhanced
expression in the presence of AKAP79/150, while those associated with other KChIP
subunits do not [50] (Fig. 2). It should be noted while discussing a potential role of the Ca2*/
calmodulin-dependent phosphatase calcineurin in Kv4 channel regulation that KChIPs
themselves are Ca2*binding proteins [13], and mutation of the EF hand motifs in KChIPs
leads to loss of their ability to modulate Kv4 channel gating in heterologous cells, even
though Kv4: KChIP binding was retained [13, 54]. This suggests that KChIPs may act in
concert with calcineurin, and other Ca2*-sensing Kv4 channel interacting proteins, in
regulating Kv4 channel function under the diverse conditions that impact local or global
intracellular [CaZ*].

That manipulating AKAP79/150 impacts excitability of hippocampal neurons underscores
the important role of AKAP: Kv4.2 interaction in neuronal function. That AKAP79/150 can
tether both PKA and calcineurin to Kv4.2 channels suggests that different modes of
regulation of Kv4.2 phosphorylation state can be achieved based on the modality of
signaling occurring at particular sites of Kv4 channel expression, analogous to regulation of
glutamate receptor function underlying synaptic plasticity [55]. While the role of KChIPs in
the AKAP-dependent regulation of Kv4.2 was not directly addressed, it is likely, given the
previously described requirement for KChIP association in regulating both the extent and
impact of PKA-mediated phosphorylation of Kv4.2 at S552 [14, 47, 50], that KChIPs are
playing a prominent role in mediating the dynamic regulation of Kv4.2 via AKAP-
associated PKA and calcineurin. It is important to highlight the distinct yet crucial roles of
the direct association of Kv4.2 with these diverse interacting proteins in regulating Kv4.2
through phosphorylation at the critical S552 phosphorylation site. KChIPs co-assemble with
Kv4 a subunits early in biogenesis, and all available evidence suggests that they remain as
permanent component subunits of Kv4 channel complexes for the lifetime of the channel,
being trafficked along with the channel to its site of function, and remaining associated as
the Kv4 channels are dynamically internalized and reinserted during activity- and
phosphorylation-dependent modulation (Fig. 2). Presumably, the association of Kv4
channels with AKAP79/150 occurs at a later stage in the channel's lifetime, perhaps after it
has been inserted into the plasma membrane at its ultimate site of function, and one can
imagine that this association could be dynamically regulated, such that Kv4: AKAP
association may be limited to plasma membrane Kv4 channels, or even a subset of these
channels should the association be conditional and dependent on certain physiological
conditions. This example highlights the distinction between an “auxiliary subunit” such as a
KChIP, and an “interacting protein” such as an AKAP, although clearly there are instances
where the distinction (and nomenclature) blurs.
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Regulation of axonal Kv1 channels by auxiliary subunits and
phosphorylation

Principal and auxiliary subunits of native axonal Kvl channels

The most prominent Kv1 channels in the axons of mammalian neurons are heteromers of
Kv1.1, Kv1.2, and/or Kv1.4 a subunits [6]. These form Kv channels that underlie low
voltage-activated, dendrotoxin-sensitive, non-inactivating or inactivating currents. These
Kv1 channels are present in high densities in specific axonal sites (Fig. 1), including the
axon initial segment or AlIS, the juxtaparanodal domain of the nodes of Ranvier of
myelinated axons, or JPN, and the preterminal segment of the axon immediately adjacent to
the nerve terminal [56]. At these locations, Kv1 channels have many important roles as
regulators of cell excitability, controlling spike threshold and shape, and repetitive firing
[57]. Disruption of Kv1 channel function at each site by disease or injury, or experimentally
by pharmacological blockade or genetic ablation has been linked to specific effects on
neuronal function, including conduction block and altered coupling of cell firing to
neurotransmitter release from presynaptic terminals [58]. The properties of these Kv1
channels are profoundly affected by their subunit composition, with heteromers of distinct a
subunit composition and stoichiometry exhibiting distinct properties [2]. Early biochemical
studies on native Kv1 channels revealed the presence of stoichiometric amounts of a
copurifying low molecular weight components that were proposed to be B subunits of these
channels [59]. These Kv subunits were eventually purified in amounts that allowed for
amino acid sequencing [60], leading to the design of probes resulting in the cloning of a set
of these auxiliary subunits [60, 61]. Biochemical and immunohistochemical studies provided
support that the bulk of Kv1 channels in mammalian brain are associated with Kvp subunits,
and vice-versa [62-65].

In the mammalian genome, three Kvf subunit genes exist (Kvp1, Kvp2 and Kvp3), and
from these, alternative splicing can generate a number of functionally distinct isoforms [66].
Protein sequence alignment of Kvp family members showed that these polypeptides
generally display subtype-specific N-terminal sequences of 30-70 amino acids, which are
followed by a highly conserved protein core sequence (~330 amino acids) exhibiting >80%
amino acid sequence identity [4]. Certain Kvp N-termini, for example of Kvp1.1 and
Kvp3.1, contain a domain that is necessary and sufficient to confer rapid “N-type”
inactivation to otherwise noninactivating Kv channels [61]. The N-terminus of these
cytoplasmic auxiliary subunits behaves similarly to the inactivation particle or ball domain
present on the N-terminus of Kv1.4, which rapidly occludes the pore of activated Kv1
channels [61]. It is now recognized that Kvf subunits are members of the extended
oxidoreductase protein superfamily [67]. Studies of Kv1 and Kvp2 have shown that the
conserved core domains are functional aldo-keto reductases (AKR) that use NADPH as a
cofactor [68, 69]. The AKR activity of the Kvp1 core and the ability of the Kvp1 N terminus
to induce channel inactivation seem to be linked [70]. Conversion of the bound NADPH to
NADP*, whether enzymatically by a substrate, nonenzymatically by an oxidant such as
H,0,, or by exchange with NADP*, leads to reduced inactivation and an increase in Kv1
current [68, 69]. Enzymatic activity of Kvp subunits against artificial substrates has recently
been demonstrated [68], but it is however still unclear whether Kvp subunits act in vivo as
genuine oxidoreductase enzymes.

In contrast to Kvp1 and Kvp3 subunits, Kv2 subunits lack an N-terminal ball domain and
as such do not dramatically affect the inactivation of Kv1 channels, but do control Kv1
axonal targeting, as detailed below. All Kvf subunit isoforms are able to promote
biosynthetic endoplasmic reticulum (ER) export of associated Kv1 channel complexes [71,
72]. Kvp1 knockout mice have deficiencies in learning and memory [73, 74]. Kvp2
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knockout and KvB1/Kvp2 double-knockout mice are characterized by a reduced life span,
an increased neuronal excitability, occasional seizures, and cold swim-induced tremors [75,
76]. Elimination of Kvp2 did not induce marked changes in the gross characteristics of
Kv1.2 glycosylation, indicative of a lack of a dramatic impact on intracellular trafficking of
Kv1.2, and Kv1.2 expression in cerebellar basket cell terminals and juxtaparanodes of nodes
of Ranvier was not detectably affected [75]. Kvp1/Kvp2 double-knockout mice did exhibit
variably reduced levels of Kv1.2 in basket cell terminals, suggesting altered expression and/
or trafficking of Kv1.2 from cerebellar basket cell sonata to terminals [76]. The impact of
genetic ablation of Kvp2 was markedly strain-dependent, with Kvp2 knockouts on the
C57BL/6 strain background showing a more pronounced phenotype and an increased
mortality compared to Kvp2 knockouts on the 129/SvEv background [76]. A recent study
revealed a pronounced behavioral phenotype in Kvp2 knockout mice maintained on the 129/
SvEv background, which exhibit deficits in associative learning and memory, and a
reduction in the slow afterhyperpolarization, and increased excitability, in neurons in the
lateral nucleus of the amygdala [77]. Some aspects of the phenotype resembled the cognitive
impairment observed in patients with 1p36 deletion syndrome [78], who lack portions of the
distal end of the short arm of chromosome 1 that in some patients includes the region
containing the Kvp2 gene. Clinical studies have suggested a strong association between the
severity of the seizures that are seen in many but not all of these patients, and the loss of the
Kvp2 gene [79]. Thus while initial studies of Kvp subunit knockout mice suggested a subtle
phenotype relative to mice lacking the Kv1.1 [80] and Kv1.2 [81] a subunits, which exhibit
severe epileptic phenotypes, these more recent studies suggest that the phenotype of these
mice may in fact support a fundamental role for these auxiliary subunits in regulating
neuronal excitability through effects on Kv1 channel expression, localization and function.
Acute knockdown of individual Kvf subunits /77 vivo will be revealing, as it will avoid
many of the potential mechanisms (e.g., upregulation of other Kvf subunits) that may act to
compensate for the loss of individual Kvp subunits, and obscure their role generating and
maintaining the normal expression, localization and function of Kv1 channels in brain
neurons.

Structural determination by X-ray crystallography of a truncated mammalian Kv2 subunit,
both alone [82] and in complex with Kv1.2 a subunits [83, 84], confirmed the stoichiometry
of the complex previously found in earlier biochemical and molecular biology studies. Kv1
channels function as supramolecular protein complexes, composed of four pore-forming and
voltage-sensing principal, or a subunits, with four Kv subunits. Biosynthesis studies of
Kv1 channels show that Kv1 a and Kvp subunits coassemble in the ER and remain together
as a permanent complex [71]. KvB-subunits primarily attach to the tetramerization domain
(or T1 domain) present on the cytoplasmic N-termini of Kv1 a subunits [83-85]. The amino
acid sequence of the contact loop is highly conserved among members of the Kv1 a subunit
family, providing a molecular explanation for the specificity of Kv1 a- and Kvp-subunit
interactions. The interaction of Kv1 channels with Kvp subunits extends the cytoplasmic
domains of the channel complex an additional ~100 A into the cytoplasm [84]., providing a
large surface for interaction with cellular proteins impacting channel function through
diverse signaling pathways (e.g., protein kinases, protein phosphatases, and other signaling
molecules).

Interplay between Kv1 and Kvf subunit phosphorylation regulates ER export and cell
surface trafficking

Biosynthesis studies showed that Kvp auxiliary subunits and Kv1 subunits co-assemble
before the resultant a4B4 channel complexes exit the ER [71, 86] and that Kvp2 association
is crucial for efficient cell surface trafficking of Kv1.2 [71, 72]. Recent /n vivoand in vitro
LC-MS/MS analyses of Kv1.2 [87] and Kvp2 [88] identified several phosphorylation sites
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crucial for delivery of Kv1.2-containing channel complexes to the plasma membrane. These
studies revealed that phosphorylation of Kv1.2 at S440 and S441 was specifically associated
with cell surface localized Kv1.2, while phosphorylation at S449 was associated with newly
synthesized and ER-localized Kv1.2 [87] (Fig. 3). Site-directed mutagenesis analysis
showed that Ser-to-Ala mutations at either S440 or S441 diminished Kv1.2 surface
expression levels, and increased the levels of intracellular Kv1.2, resulting in decreased
ionic current. Furthermore, mutation of S449 led to a decrease in phosphorylation at both
S440 and S441, and effects on trafficking similar to those seen in the S440A and S441A
mutants [87]. Co-expression of Kvp2 impacted Kv1.2 phosphorylation at S440 and S441,
either as a correlate or determinant of enhanced Kvp2-mediated Kv1.2 surface expression
[87]. Importantly, incorporation of Kv1.2 subunits into heteromeric Kv1 channel complexes
confers upon them phosphorylation-dependent trafficking regulation [87], suggesting that
Kv1.2 could play a role in contributing conditional, phosphorylation-dependent regulation to
the diverse forms of Kv1.2-containing Kv1 channels found in mammalian brain [62, 64, 65,
89, 90]. Similarly, mutation of Kvp2 phosphorylation sites S9 and S31 led to decreased
Kv1.2 surface expression levels resulting in reduced ionic current. Together, these
observations strongly suggest interplay between these phosphosites, in which a specific
phosphorylation event serves as a prerequisite for triggering the subsequent forward
trafficking step (Fig. 3). It is also important to highlight the role of phosphorylation as a key
mechanism for acute suppression of Kv1 channels. Tyrosine phosphorylation of Kv1.2 at
Y132, Y466 and Y482 leads to enhanced endocytosis of Kv1.2 channels [91, 92].
Phosphorylation of Kv1.2 at Y466 and Y482 partially released Kv1.2 from its interaction
with cortactin [92], triggering endocytosis, which was then dependent on phosphorylation at
Y132 [91]. As such, phosphorylation of Kv1.2 and KvB2 may play a general role in
providing phosphorylation-dependent regulation of the expression levels of the diverse
repertoire of Kv1.2-containing heteromeric Kv1 channel complexes present in mammalian
brain.

To date, few candidate signaling pathways responsible for dynamically regulating these
phosphosites have been identified. Kv1.2 S440 and S449 are substrates for PKA [93, 94],
and Kvp2 S31 is a substrate for CDK2 and CDKS5, and inhibition of CDKSs in heterologous
cells leads to a decrease in Kv1 surface expression [88]. This suggests that signaling
pathways leading to PKA and CDK activation could modulate expression of Kv1.2 through
effects on cell surface trafficking. Interestingly, Kvp2 subunits, which are also a substrate
for PKC [95], bind specifically to the PKC-zeta interacting protein or ZIP [96, 97]. ZIP
proteins act as a physical link between PKCC and Kvp2, providing a mechanism for
specificity and efficacy of PKCC-mediated Kv2 phosphorylation. However, the effects of
PKCC activation on Kv1 channels, and whether PKCC phosphorylates specific sites on
Kvp2, or on associated Kv1 a subunits, remain unclear.

KvB2 phosphorylation modulates Kv1 axonal targeting

In neurons, Kvp2 orchestrates axonal targeting of Kv1 channels [98], viaits interaction with
the microtubule plus-end tracking protein (+TIP) EB1 [99] and the microtubule-based
motors KIF3A [100]. KIF5B has also been shown to be required for efficient targeting of
Kv1 channels to axons [101], but any potential KvB2/KIF5B interaction has not yet been
characterized. A recent study [88] revealed a new regulatory mechanism for the targeting of
Kv1 complexes to the axonal membrane through the reversible phosphorylation-dependent
binding of Kvp2 auxiliary subunits to EB1 (Fig. 3). In this study, in vivo phosphosites (S9,
S20, S31 and S112) on Kvp2 purified from mammalian brain were identified using a
phosphoproteomic approach [88]. Site-directed mutagenesis analyses revealed that
mutations at two of the identified phosphosites, S9 and S31 in the unique Kvp2 N-terminus,
impact Kvp2-EBL1 interaction. Moreover, CDK-mediated phosphorylation of Kvp2
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negatively regulates its interaction with EB1 [88]. CDK2 and CDKS5 directly phosphorylated
Kvp2 in vitro, and pharmacological inhibition of CDKSs in heterologous cells led to an
increase of Kvp2 recruitment to MTs and a decrease of Kv1 surface expression [88].
Moreover, acute inhibition of CDKs in cultured hippocampal neurons led to an increase in
the levels of intracellular populations of axonal Kvp2, EB1 and Kv1 channels without
affecting the levels of either the surface population of Kv1 channels, or the Kv1 channel
anchoring protein PSD-93 [88]. This suggests a model whereby CDK-mediated
phosphorylation of Kvp2 on its unique N-terminal domain disrupts its binding to EB1,
which consequently releases the Kv1/Kvp2-containing vesicles from their association with
EB1 and axonal MTs (Fig. 3). Thus, it is likely that CDK activity at or near sites of high
densities of axonal Kv1 channels (e.g., axon initial segments, juxtaparanodes) spatially
restricts where the phosphorylation events that regulate Kvp2: EB1 interaction, and Kv1
unloading from MTs, will occur. This ensures that Kv1 channels are localized at the correct
subcellular locations, and prevents their ectopic expression at sites that could result in
deranged neuronal excitability. Similarly, tyrosine phosphorylation may play a central role
in clustering of axonal Kv1 channels at their proper locations. A recent study showed Kv1
channel clustering in myelinated axons was mediated by phosphorylation of Y458 on the
Kv1.2 C-terminus [102], near the previously identified cluster of Ser sites S440/S441 and
S449 [87]. Mutating Y458 altered TAG-1-induced clustering of Kv1.2 in axons in cultured
neurons, and a general anti-phosphotyrosine antibody showed staining that colocalized with
TAG-1 and Kv1.2 clusters [102], although the molecular identity of the tyrosine
phosphorylated proteins that were stained here was not determined. Long-term (48 h)
inhibition of tyrosine kinase activity decreased the coclustering of Kv1.2 and TAG-1 while
increasing overall levels of axonal Kv1.2. The latter result is consistent with previous studies
suggesting a role for tyrosine phosphorylation in Kv1.2 internalization [103]. However, the
model presented for tyrosine phosphorylation-dependent Kv1.2 clustering, namely that
TAG-1 aggregation recruits Kv1 channels containing Kv1.2 subunits phosphorylated at
Y458 and anchored to the actin cytoskeleton [102], is counter to a previous report that
showed that tyrosine phosphorylation triggered dissociation of Kv1.2 from the actin
cytoskeleton [92]. Future studies will help to solve the mechanism of phosphorylation-
dependent clustering of Kv1.2-containing Kv1 channels at precise sites in axons.

Modulation of auxiliary subunit-mediated inactivation of Kv1l channels by phosphorylation

Inactivation of voltage-gated Kv1 channels can be altered by certain Kvf subunits, which
contain an N-terminal ball domain that blocks the ion-conducting pore to induce a rapid N-
type inactivation [61]. Phosphorylation of the Kvp subunits themselves can influence the
extent of these Kvp subunit-mediated effects on Kv1 inactivation gating. Studies in Xenopus
oocytes and mammalian heterologous cell expression systems revealed that phosphorylation
of Kvp1.3 by PKA causes marked slowing of Kvp1.3-mediated fast inactivation, with a
resulting increase in total Kv1.5 current [104]. These effects were attributed to
phosphorylation of a specific PKA consensus site (S24) in the unique N- terminus of Kvp1.3
subunit by PKA [104]. Interestingly, Kvp1.2 was not modulated by PKA activation even
though it possesses an analogous PKA consensus site and has similar effects on Kv1.5
currents [104]. Conversely, activation of PKC led to a specific decrease of Kv1.5 current
only when Kv1.5 was coexpressed with Kvp1.2, but not with Kvp1.3, even though Kvg1.3
also contains PKC consensus sites [105]. It is intriguing that phosphorylation of the N-
terminus of Kv1.4, which also contains a ball inactivation domain, can modulate inactivation
of Kv1.4-containing Kv1 channels [106]. Together these observations underscore that
modulation of distinct Kvf subunits by specific protein kinases can yield diverse functional
responses. The diverse nature of the effects of phosphorylation-dependent modulation of
specific sites on a and/or auxiliary subunits represents a potent mechanism for regulating
the expression, localization and functional diversity of Kv1 channels /n vivo.
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Conclusions

A number of crucial events occur through the lifetime of a Kv channel (Fig. 4). At each step
in this timeline the channel's fate is determined by cellular mechanisms that operate via
molecular switches affecting protein-protein interactions, many of these are impacted by
auxiliary subunits. Reversible phosphorylation is a common mechanism to directly or
indirectly, dynamically, and reversibly flip molecular switches, and not surprisingly many of
the events in the lifetime of Kv channels are dynamically regulated by phosphorylation. For
example, Kv1.2 phosphorylation at S449 is associated with the newly synthesized
population of Kv1.2 present in the ER. Kvp2 phosphorylation at S9 and S31, and Kv1.2
phosphorylation at S440/S441 direct ER export and forward trafficking of Kv1.2: Kvp2-
containing channel complexes. Phosphorylation of Kvp2 also seems to be involved in
unloading of channel complexes from MT-based motors at sites of insertion.
Phosphorylation of Kv1.2 at S440/S441, and of Kv4.2 at S552, are associated with plasma
membrane channels, although the role of this phosphorylation is complex, as Kv4.2 S552
phosphorylation also directs Kv4.2 endocytosis, as does Kv1.2 phosphorylation at Y132.
Much recent data, as described in detail in the sections above, suggest that Kv channel
auxiliary subunits and phosphorylation exhibit complex interplay as fundamental modes of
Kv channel regulation. The underlying basis for auxiliary subunit-dependent changes in a
subunit phosphorylation is as yet unknown. On possibility is that association with auxiliary
subunits could generate conformational changes in the Kv1 and Kv4 a subunits that expose
domains containing phosphorylation sites, thereby making them accessible to protein kinase-
mediated phosphorylation. Alternatively, auxiliary subunit-dependent changes in the
intracellular trafficking of Kv1 and Kv4 channel complexes could result in their targeting at
specific cellular sites containing protein kKinases with a restricted compartmentalized
subcellular localization, for example those associated with a specific intracellular organelle,
with the plasma membrane, or in the case of neurons with a specific neuronal compartment
(e.g., the AIS). Another possibility is that auxiliary subunits are involved in the association
of Kv1 and Kv4 channel complexes with the modifying enzymes themselves, for example
by mediating associations with AKAPs or other protein kinase and protein phosphatase
scaffolds. Whatever the mechanism, the studies detailed above suggest that phosphorylation
of Kv channel auxiliary subunits, and auxiliary subunit-dependent phosphorylation of
principal subunits, are important determinants of the molecular events that act to shape the
expression, localization and function of neuronal Kv channels and critical aspects of
neuronal function. Future research will likely lead to new insights as to these mechanistic
details, as well as to how phosphorylation of Kv channel auxiliary subunits, and auxiliary
subunit-dependent phosphorylation of principal subunits, is dynamically regulated to impact
the crucial contributions made by Kv1 and Kv4 channels to neuronal function. Moreover, as
many of the studies described above have been undertaken in heterologous cell systems,
translating these findings into native systems remains an important future objective. Mass
spectrometry-based proteomic analyses of phosphorylation of Kv1 and Kv4 channels [107],
and of proteins associated with native Kv1 [108] and Kv4 [109] channel complexes purified
from brain, provide a strong foundation for future /n vivo studies of the complex and
dynamic interplay between phosphorylation and protein: protein interactions, including that
with auxiliary subunits, in regulating these important neuronal ion channels. Finally, it will
be of great interest to determine how the roles of Kv channel phosphorylation and auxiliary
subunit interaction are altered under conditions of disease and injury. Kv4.2 exhibits
enhanced phosphorylation by ERK in animal subjects during status epilepticus [110],
suggesting that acute modulation of Kv4 channels by phosphorylation could impact the
function of brain neurons under pathological conditions. While no disease causing human
mutations have been found in Kv1 or Kv4 phosphorylation sites, a recent large-scale
comparison of ion channel gene sequences in sporadic idiopathic epilepsy patients versus
unaffected controls suggests that even relatively severe ion channel mutations (e.g., large
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deletions or truncations) confer uncertain risk to an individual [111]. This may be related to
the fact that while a large number of human diseases linked to ion channel mutations
(channelopathies) have been identified, many of these are episodic or paroxysmal [112],
suggesting a conditional expression of the disease phenotype in the affected individual,
perhaps related to alterations in the dynamic regulation of ion channels by phosphorylation
and auxiliary subunit interactions.
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Fig. 1.

Cartoon of Kv4 and Kv1 channel localization in an idealized neuron. Kv4 channels (red) are
often found prominently expressed in distal dendrites, in some cases in a branch-specific
manner, where they impact dendritic excitability. Kv1 channels (green) are found
prominently on axons where they are clustered at high density at the axon initial segment, at
or near nerve terminals, and, in myelinated axons, at juxtaparanodes of nodes of Ranvier.
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Fig. 2.

Modulation of Kv4 channels. Left panel. Studies in heterologous cells have revealed diverse
roles for auxiliary subunit-dependent phosphorylation of Kv4.2, including forward
trafficking from ER though Golgi to the plasma membrane. T38 and S552 refer to Kv4.2
phosphorylation sites. Right panel. Activity-dependent changes in Kv4.2 phosphorylation,
mediated by enzymes associated with AKAP79/150, lead to changes internalization of
Kv4.2 channels via endocytosis.
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Modulation of Kv1 channels. Left panel. Studies in heterologous cells have revealed diverse
roles for phosphorylation of both Kv1.2 and Kvp2, including ER export, forward trafficking

to the plasma membrane, association with the actin-based cortical cytoskeleton, and

endocytosis. S9 and S31 refer to phosphorylation sites on Kvp2, and Y132, Y415, Y417,

S440/S441, and S449 on Kv1.2. Right panel. Altering phosphorylation of Kvp2 leads to

changes in binding to EB1 and dissocation of Kv1 channel complexes from MTs, allowing

for local insertion into the plasma membrane and direct or indirect association with
interacting proteins ADAM22, CASPR2, PSD93/95, and TAGL.
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Function
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Key events in the lifetime of a Kv channel. After translation, a series of events (black text)
occur in different subcellular compartments (red text) that define the expression, localization
and function of Kv channels. Recent studies have defined a series of phosphorylation events
on Kv1 and Kv4 channel principal and auxiliary subunits (blue text) that act as switches
(green text) to determine the outcome of these events. In many cases, the phosphorylation
events on the Kv1 and Kv4 a subunits can be influenced by auxiliary subunits.
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