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Abstract
Voltage-gated sodium and potassium channels underlie electrical activity of neurons, and are
dynamically regulated by diverse cell signaling pathways that ultimately exert their effects by
altering the phosphorylation state of channel subunits. Recent mass spectrometric-based studies
have led to a new appreciation of the extent and nature of phosphorylation of these ion channels in
mammalian brain. This has allowed for new insights into how neurons dynamically regulate the
localization, activity and expression through multisite ion channel phosphorylation.
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1. Introduction
Ion fluxes through voltage-dependent ion channels that are selectively permeable to sodium
and potassium ions underlie much of the electrical signaling in neurons. As such, voltage-
gated sodium channel (VGSC) and potassium channel (VGKC) activity is highly regulated
in both excitable and non-excitable cells. These ion channels exist as supramolecular protein
complexes composed of pore-forming transmembrane principal or α subunits, auxiliary or
regulatory β subunits [1], and a diverse array of interacting proteins [2]. VGSCs mediate the
rapid influx of Na+ that underlies action potential initiation and propagation, dendritic
excitability, and many other aspects of neuronal excitability. These channels consist of a
highly glycosylated 24 transmembrane segment α subunit of ≈260 kDa, associated with
smaller auxiliary single pass transmembrane Navβ subunits [3]. VGKCs are composed of
four pore-forming and voltage-sensing α subunits, each of which has six transmembrane
segments S1–S6, extensive cytoplasmic N- and C-termini, and intracellular linkers between
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transmembrane segments S2–S3 and S4–S5 [4]. VGKCs typically contain additional single-
pass transmembrane or cytoplasmic auxiliary subunits [1].

Diverse posttranslational events acting on components of VGSC and VGKC complexes can
dynamically regulate the expression, localization and function of these ion channels. While
numerous non-covalent mechanisms such as ligand binding, sensing of transmembrane
voltage, and interaction with other proteins can play prominent roles in regulating VGSCs
and VGKCs, direct covalent modification of components of these multiprotein ion channel
complexes represents a widely used and potent mechanism for neurons to achieve dynamic
and reversible changes in VGSC and VGKC function, and impact their contribution to
neuronal signaling.

Phosphorylation constitutes the most common covalent post-translational modification in
eukaryotes [5], with (as of early 2009) up to 25,000 described phosphorylation sites
(phosphosites) on 7,000 human proteins, out of an estimated 500,000 potential phosphosites
that exist in a cellular proteome {Lemeer, 2009 #109}. In neurons, reversible activity-
dependent phosphorylation represents a major mechanism of dynamic regulation of synaptic
development [6], potentiation, depression and homeostatic plasticity [7], through
phosphorylation of a large number of synaptic proteins including ligand-gated ion channels
[8]. Neurons also exhibit cellular plasticity at the level of intrinsic excitability, achieved
through phosphorylation of components of VGSC [9] and VGKC [10] channel complexes,
which localize in distinct neuronal compartments [9,11,12]. As opposed to the classical
approaches of in vivo or in vitro radiolabeling with 32P, peptide mapping and/or sequencing,
and site-directed mutagenesis [e.g., [13,14], mass spectrometry (MS)-based
phosphoproteomic techniques have recently emerged as the primary tool for the
identification phosphorylation on VGSC and VGKC subunits, and have revealed
unanticipated extent of multisite phosphorylation on both VGSCs and VGKCs. Here we
review the current state of how applying such approaches has impacted our view of the
extent and nature of phosphorylation of mammalian neuronal VGSC and VGKC, and
perspectives for future research into these important determinants of neuronal signaling.

2. Strategies to identify phosphorylation on brain VGSCs and VGKCs
2.1. Complexity and dynamics of brain proteome

Recent innovations in proteomics and bioinformatics have expanded our knowledge of the
mammalian brain proteome to include ≈10,000 different proteins [15]. It remains a major
challenge to overcome the high complexity of the brain proteome, and the dynamic nature of
reversible phosphorylation, to define the VGSC and VGKC phosphoproteome. To
understand how the signaling networks present in neuronal cells impinge on the expression,
localization and function of these ion channels, the need for comprehensive information on
VGSC and VGKC phosphosites is paramount. MS-based proteomic approaches represent a
powerful approach to define the VGSC and VGKC phosphoproteome, a critical first step in
understanding how dynamic changes in phosphorylation at specific sites impacts dynamic
plasticity in neuronal electrical activity. Proteomic analyses of a variety of VGSCs and
VGKCs, whose polypeptide sequences have been deduced from molecular cloning and
genomic studies, have led to the identification of a large and rapidly expanding set of
identified in vivo phosphosites. Here, we review these studies and discuss practical aspects
and implication of phosphosite identification of brain VGSC and VGKC proteins.

2.2. Sample preparation for phosphoproteomic analysis of brain ion channels
2.2.1. Antibody-dependent approaches—Given the high complexity of the brain
proteome, and highly variable expression levels of expression of different VGSCs and
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VGKCs, enrichment for specific channel subunits can greatly benefit attempts at a
comprehensive analysis of the extent and nature of their phosphorylation. Antibody based
approaches represent a powerful tool to directly isolate, as target antigens, specific ion
channel α subunits, auxiliary subunits or interacting proteins for subsequent analysis of
phosphosites. A suitable antibody can allow for the simple yet specific immunopurification
of the target VGSC or VGKC subunit directly from samples with a high degree of proteomic
complexity (e.g., crude brain preparations) as shown in Figure 1 (Path A). Following further
fractionation by preparative one-dimensional SDS-PAGE, VGSC or VGKC subunits can
then be subjected to MS analysis in a sample with a limited proteomic complexity. When
excised bands of immunopurified proteins are digested in gel slices, unmodified peptides, as
well as less abundant and more difficult to detect phosphopeptides, present in the sample in
femtomole levels, can be detected in conventional nano-liquid chromatography MS (LC-
MS) without any enrichment steps [16,17]. Further enrichment of phosphopeptides by
simple methods such as Immobilized Metal Affinity Chromatography (IMAC) can lead to
identification of additional phosphosites not detected in unenriched samples [16].

The antibody-dependent approach has been used in a number of recent studies employing
MS-based approaches to identify phosphosites on brain VGSC [16] and VGKC [17–19] α
subunits. This approach has also been applied to identification of phosphosites on co-
purifying interacting proteins, such as in the MS-based identification of phosphosites on the
auxiliary Kvβ2 subunit, following its copurification from brain with antibodies directed
against the Kv1.2 α subunit [20].

An alternative antibody-based approach is to use antibodies that recognize an entire family
of VGSC or VGKC proteins. A particularly useful set of such “pan” antibodies, targeting
VGSCs, has been raised by immunizing animals with the cytoplasmic linker region between
domains III and IV (i.e., the ID III-IV linker) that is absolutely conserved among all
vertebrate Nav channels. Polyclonal [21] and monoclonal [22] antibodies raised against this
segment have proven extremely useful in labeling VGSC α subunits on immunoblots and by
immunocytochemistry. The pan-VGSC α subunit monoclonal antibody K58/35 was recently
used in concert with a Nav1.2-specific monoclonal antibody in immunopurification of
mammalian brain VGSCs for MS-based studies of in vivo phosphorylation sites [16].

An even broader antibody-based approach uses anti-phosphotyrosine (anti-pTyr) antibodies
to isolate and identify pTyr-containing proteins, or from tryptic digests, pTyr-containing
phosphopeptides. Enrichment can be performed on material that has already been enriched
by other means (e.g., subcellular fractionation, immunopurification with specific antibodies,
etc.), on membrane fractions, or on whole brain extracts (Path B in Figure 1) in large-scale
proteomic studies. The latter approach was used to begin to define the extent and nature of
mouse brain tyrosine phosphorylation, and led to identification of 414 unique pTyr
phosphosites, including four sites on VGSC and VGKC subunits. Together, antibody-
dependent approaches have yielded valuable insights into the brain VGSC and VGKC
phosphoproteome.

2.2.2. Antibody-independent approaches—High throughput, antibody-independent
approaches represent a powerful approach to obtain important information on VGSC and
VGKC phosphorylation in the absence of suitable antibodies, or when one aims to obtain a
more global view of phosphorylation that does not focus on individual channel subunits. A
number of recent studies have effectively used antibody-independent approaches that
incorporate various fractionation procedures, as well as phosphoprotein/phosphopeptide
enrichment methods, to reduce the overall complexity of the sample. This has allowed for
detection of relatively low abundant VGSC and VGKC phosphopeptides. Such strategies are
outlined in Figure 1 as Path C.
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A number of key recent studies have provided important new information on the VGSC and
VGKC phosphoproteome, without having this as a specific focus per se. A global
phosphoproteomic analysis of mouse brain proteins present in synaptic membranes and/or
synpatosomes yielded 1,367 unique in vivo phosphosites, including a number of VGSCs and
VGKCs [23]. A more recent global analysis of the phosphoproteome of a mouse brain
extract yielded over 12,000 phosphosites on ≈4,600 brain phosphoproteins, using an
antibody-independent approach for pSer and pThr sites, and an antibody-dependent
approach for less abundant pTyr sites [24]. The complexity of whole brain proteins and
peptides was reduced by multiple fractionation steps (Path C in Figure 1), including strong
anion exchange (SAX), strong cation exchange (SCX), size exclusion chromatography
(SEC), and immobilized metal affinity chromatography (IMAC) and TiO2 phospho-peptide
enrichment. One item of note from these studies is that the overall ratio obtained for
pSer:pThr:pTyr phosphosites in these mouse brain samples was 85:14:1 [23] and 83:15:2
[24], comparable to those (86:12:2) obtained from previous studies on a human cell line
[25].

Together, the recent application of broader antibody-independent high-throughput
approaches, in combination with a more focused antibody-dependent approach, has proved
advantageous in identifying an unexpected wealth of phosphosites on brain VGSCs and
VGKCs.

3. Proteomic analyses of brain ion channel phosphorylation
In this section we review available data on phosphorylation of brain VGSCs and VGKCs,
focusing on data obtained in recent antibody-dependent and independent MS-based studies.
Note that this synopsis is assuredly not comprehensive, as there are likely other high-
throughput studies that have yielded data leading to identification of phosphosites that we
have not included in our analyses, which focuses on data from five recent antibody-
independent studies [23,24,26–28], and data obtained from recent antibody-dependent
approaches.

3.1. Voltage-gated Sodium Channels (VGSCs)
Antibodies recognizing specific VGSC α subunits have been used to define the expression
and localization Nav1.1, Nav1.2, Nav1.3 and Nav1.6 in mammalian brain [29]. Two distinct
monoclonal antibodies, one specific for Nav1.2, and one with pan-VGSC specificity, were
used in parallel immunopurification and MS analyses of rat brain VGSC phosphorylation
[16]. These studies identified fifteen phosphosites on Nav1.2, and three on Nav1.1
(Supplemental Table). Note that two sites (S468, S610) were only observed after additional
IMAC phosphopeptide enrichment following immunopurification [16]. Phosphorylation on
the cytoplasmic ID I-II linker (11 sites identified) is known to modulate Nav1.2 gating [9].
The C-terminus (three sites identified) is the site of G protein binding, which also impacts
Nav1.2 gating [30], however, whether phosphorylation affects G protein binding has not
been investigated. The Nav1.1 phosphosites, while in peptides unique to Nav1.1, are in
sequence alignments in positions identical to three of the phosphosites found on the Nav1.2
ID I-II linker [16], suggesting a conservation of VGSC modulation through phosphorylation
at these sites.

A recent antibody-independent global phosphoproteomics study on mouse brain [24]
identified 45 phosphosites on VGSC α subunits, and 3 phosphosites on Navβ subunits, as
shown in Supplemental Table. Eight phosphosites were identified on the Nav1.1 ID I-II
linker, including two of the sites (S551 and S607) identified in the antibody-dependent study
of rat brain Nav1.1 [16], suggesting conservation of phosphorylation between mouse and rat
Nav1.1. A total of twenty sites were identified on Nav1.2, including nine of the twelve sites
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within the ID I-II linker identified in the antibody-dependent study of rat brain [16], again
suggesting strong conservation of phosphorylation between mouse and rat Nav1.2 orthologs.
Note that previous biochemical studies [reviewed in [9]] had also demonstrated
phosphorylation on the Nav1.2 ID I-II linker at S579. Together, these antibody-dependent
and –independent studies together yielded a wealth of new phosphosites on Nav1.1 (11
sites) and Nav1.2 (29 sites).

MS-based phosphorylation site analysis has not been performed on other VGSC α subunits
purified from brain. However, recent antibody-independent analysis of the mouse brain
phosphoproteome employing FASP sample preparation [24] yielded a total of five Nav1.6
phosphosites, all in the ID I-II linker, and four sites on Nav1.9, two in the ID I-II linker, and
two in the ID II-III linker. This study also yielded the first data on phosphorylation of
auxiliary Navβ subunits. These data represent a huge advance in our understanding of
molecular determinants of VGSC modulation, and future studies are likely to yield
important information on the role of phosphorylation at these sites in regulating neuronal
excitability.

3.2. Voltage-gated potassium channels (VGKCs)
Phosphoproteomic analysis of VGKCs has also been accomplished using both antibody-
dependent [17–19,31] and antibody-independent [23,24,26,28] approaches. Kv1 channels
are predominantly localized in axons, with certain subunits present at high levels in
presynaptic terminals, the juxtaparanodes of nodes of Ranvier in myelinated axons, and
axon initial segments [29]. With the exception of Kv1.2, antibody-dependent approaches
have not been used to address the extent and nature of phosphorylation of brain Kv1 channel
subunits. MS analysis of Kv1.2 channels immunopurified from rat, mouse and human brain
identified four phosphosites (S434, S440, S441, and S449) in heterologous expression
systems [19]. Functional characterization of these residues demonstrated that
phosphorylation at S440/S441 is specifically associated with cell surface Kv1.2, while
phosphorylation at S449 is associated with newly synthesized, intracellular Kv1.2 [19].
These sites have also identified in antibody-independent phosphoproteome analyses from
mouse brain, which identified additional phosphosites T421, Y429, T433, and S447
[23,24,26,32]. Together, these studies have provided a total of eight phosphosites on brain
Kv1.2, all on the cytoplasmic C-terminal tail. The role of many of these sites is not known,
although mutation of the S440, S441 and S449 phosphosites negatively impacts biosynthetic
trafficking of Kv1.2 to the plasma membrane [19]. The location of these C-terminal
phosphosites in the Kv1.2 structure is also not known, as this domain is lacking in the
fragment of Kv1.2 used in crystallographic studies [33].

While antibody-dependent approaches have not been used in MS-based studies to
characterize phosphorylation on other Kv1 family α subunits, recent antibody-independent
phosphoproteomics analyses [23,24,26,28] have provided some initial data on their
phosphorylation status. These studies have identified N-terminal phosphosites on Kv1.1 (1
site), Kv1.4 (3 sites), and Kv1.6 (2 sites), and C-terminal phosphorylation of Kv1.5 (1 site).
It is intriguing that unlike Kv1.2, so many other Kv1 family members exhibit
phosphorylation on the N-terminus. The phosphosites identified on Kv1.4 are all located on
the so-called “chain” segment involved in the “ball and chain” mechanism of N-type
inactivation, and one of these sites (S122) is required for the CamKII-dependent modulation
of Kv1.4 inactivation kinetics [34] that mediates firing frequency-dependent inactivation of
Kv1.4-containing channels in presynaptic terminals [35]. The N-terminal phosphorylation of
Kv1.6 is also intriguing as it occurs within the so-called NIP domain that prevents N-type
inactivation in Kv1.6-containing Kv1 channels [36], suggesting that, as in Kv1.4-containing
channels, N-terminal phosphorylation of Kv1.6 may regulate channel inactivation. The Kv1
family associated auxiliary Kvβ1 and Kvβ2 subunits have also been found phosphorylated in
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vivo in mouse brain in a number of high throughput phosphoproteomic studies
[23,24,26,28,32,37].

The delayed rectifier Kv channel Kv2.1 plays a highly conditional role in determining the
firing of neuronal action potentials [38,39]. Kv2.1 channels are found in large plasma
membrane clusters in somatodendritic regions of neurons, with a minor population on axon
initial segments [29]. Early studies suggested that Kv2.1 is present in a highly
phosphorylated state in mammalian brain and that phosphorylation determines the voltage-
dependence of channel activity [40]. More recent studies revealed that changes in neuronal
activity during in vivo epileptic and hypoxic episodes, and upon glutamate stimulation of
cultured neurons, trigger Kv2.1 dephosphorylation [39,41–43]. Dephosphorylation is
mediated by the phosphatase calcineurin, and leads to dispersion of Kv2.1 clusters, and
hyperpolarizing shifts in voltage-dependent activation and inactivation of Kv2.1 channels
[39,41–43]. Similar phosphorylation-dependent modulation is seen for recombinant Kv2.1
expressed in heterologous cells [40,44,45].

An antibody-dependent approach was used to purify recombinant Kv2.1 protein from
heterologous cells, and endogenous Kv2.1 protein from rat brain [18,46]. Subsequent MS
analysis led to the initial identification of 21 Ser and two Thr residues (Table 1) as in vivo
phosphosites [18]. All phosphosites except two were located on the cytoplasmic C-terminus.
Stable Isotope Labeling with Amino acids in cell Culture (SILAC) allowed for quantitative
MS analysis of the subset of sites (9/16 sites identified in the original analysis) targeted
during calcineurin-mediated dephosphorylation [18]. Subsequent high throughput analyses
on mouse brain [23,24,26,28] have yielded seven additional Kv2.1 phosphosites (one N-
terminal and six C-terminal), as well as providing corroborating evidence for five of the
sixteen sites identified in the antibody-dependent analysis of rat brain Kv2.1 (Supplemental
Table). The recent antibody independent analysis of mouse brain phosphoproteome revealed
seven phosphosites on the Kv2.2 C-terminus; the functional significance of these new
phosphosites has not yet been determined. Two Kv2.2 phosphosites (S488 and S507) are
present in sequence alignments in positions identical to two of the phosphosites (S484 and
S503) that regulate Kv2.1 gating.

KCNQ/Kv7 α subunits form the VGKCs corresponding to the M-type current. These
channels localize in axon initial segments and nodes of Ranvier nodes throughout the
nervous system [29], modulate neuronal excitability, bursting, and neurotransmitter release,
and are subject to Gq/11 modulation [47]. One prominent form of these channels that is also
highly regulated by phosphorylation is formed by Kv7.2/Kv7.3 heteromers [48–50].
Phosphoproteomic analysis of recombinant human Kv7.2 and Kv7.3 expressed in
heterologous cells revealed phosphorylation T217 (in Kv7.2) and T246 (in Kv7.3), both
localized within the cytoplasmic S4–S5 linker, and S579 in the C-terminus of Kv7.3 [31].
High throughput phosphoproteomic studies have identified phosphorylation at a site
corresponding to human T579 on the mouse ortholog of Kv7.3 [24,28]. These studies and
others [23,26] identified numerous other sites (Supplemental Table), primarily on the Kv7.2
and Kv7.3 C-termini. Interestingly, one of these sites (i.e. S52) had been previously
identified as crucial to PKA-mediated activation of Kv7.2 channels in heterologous cells
[51]. A number of Kv7.2 phosphosites cluster near the C-terminal region proposed to
mediate PIP2 binding [52], which is required for Kv7 channel function [47]. How
phosphorylation at these sites on Kv7.2, and the others identified on Kv7 subunits in mouse
brain, affect PIP2 binding and other aspects of Kv7 function, is not known.

BK channels are composed of tetramers of a large α subunit that is encoded by a single gene,
termed Slo1, whose transcripts are subjected to extensive alternative splicing to generate
numerous BK channel isoforms [53]. BK channels are unique among VGKCs in that under
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physiological conditions they require both membrane depolarization and increased [Ca2+]i to
activate. The extended C-terminal region, a substrate for phosphorylation, is a major
determinant of BK channel function, as both a direct regulator of gating via calcium binding,
and as an organizing center for numerous protein-protein interactions that influence BK
channel function [54,55]. A recent study employing immunopurification of rat brain BK
channels, followed by analysis of in vivo phosphosites using MS analysis, identified 39 Ser/
Thr phosphosites [17]. Mutation of phosphosite S891 in the 1209 a.a. rat BK sequence Swiss
Prot Q62976-2 causes a hyperpolarizing shift in the voltage-dependent activation curve of
the channel, suggesting a role for phosphorylation at this site in modulating BK channel
gating. Interestingly, phosphorylation at this same site (the S924 residue in mouse Q08460-1
and the S885 position in mouse Q08460-2) was also identified in analyses of the
synaptosomal [37] and global [24] phosphoproteomes of mouse brain. Importantly, different
BK channel phosphosites can make stoichiometrically distinct contribution to function, with
certain sites exhibiting dominant and other recessive effects [56]. As such multisite BK
channel phosphorylation can have diverse effects on function. Moreover, the effects of
phosphorylation on BK channels can be impacted by changes in BK channel sequences
outside of the region containing the phosphosites themselves, through alternative splicing of
BK channel; mRNAs to alternative isoforms with different sensitivities to phosphorylation-
dependent modulation [57]. Recent high throughput proteomic analyses have allowed the
identification of a small number of additional phosphosites in BK channels [26,28,37].
However, changes in the in vivo phosphorylation state of BK channels at specific sites
during neuronal signaling events that regulated BK channel expression, localization and
function, have not been observed and remain an important topic for future experiments.

4. Useful phosphoproteomic technologies
The sections above detail recent studies that, through their increased coverage of VGSC and
VGKC sequences, and enhanced sensitivity, have allowed for identification of a wealth of
novel phosphosites. Advances in LC/MS-based phosphoproteomic technologies, and in
sample preparation, phosphopeptide enrichment, chemical tagging, etc. have and will
continue to impact studies of the VGSC and VGKC phosphoproteome. Here, we discuss
aspects of these methods and their impact on phosphoproteome analysis.

Filter-aided sample preparation (FASP), combines the advantages of in-gel and in-solution
protein digestion, and was developed specifically for MS-based proteomics [58]. Analyses
of the mouse brain phosphoproteome employing FASP led to the remarkable identification
of ≈5,000 phosphosites on ≈2,000 proteins in a single LC-MS experiment on one mg of
total mouse brain protein, representing an unprecedented depth of phosphoproteome
coverage [24]. Much of the data reviewed above came from this single study in which the
FASP technique was applied to analyses of the mouse brain phosphoproteome.

Based on the success of this study, FASP-based analyses will likely form the core of many
future phosphoproteome analyses, especially those targeting membrane proteins such as
VGSCs and VGKCs. Based on the strong chelating properties of these metals with
negatively charged phosphopeptides, immobilizing Fe3+ (in immobilized metal affinity
chromatography or IMAC), or TiO2 on beads allows for effective enrichment of
phosphopeptides from high complexity mixtures of digested peptides, and these methods
have achieved wide use for phospho-protein/peptide enrichment [59]. Hydrophilic
interaction chromatography (HILIC) can also be very advantageous for phosphopeptide
enrichment, due to the hydrophilic nature phosphopeptides. When HILIC is used prior to
IMAC, the selectivity of the metal affinity resin for phosphopeptides versus other acidic
peptides is improved to greater than 95% [60,61]. High-resolution MS instruments, such as
Orbitrap and LTQ-FT mass spectrometers, can help reduce false positives in phosphopeptide
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identification, due to the low part-per-million (ppm) precursor ion mass accuracy. As a
tagging method for quantitative analysis, iTRAQ and mTRAQ (Isobaric and multiple tags
for relative and absolute quantification) are useful tools [62] for quantifying changes in
phosphorylation at specific VGSC and VGKC phosphosites, and how this relates to their
dynamic regulation in mammalian brain.

5. What’s next?
Generation of antibodies against many of the principal and auxiliary subunits of VGSCs and
VGKCs has allowed not only for their detection on immunoblots and brain sections in
analyses of their expression and localization, but has also greatly facilitated their
purification. This provides a major opportunity for obtaining VGSCs and VGKCs in
sufficient quantities and purity for comprehensive MS-based phosphoproteomic studies.
However, validated antibodies suitable for purification are not available for every VGSC
and VGKC subunit expressed in brain. Moreover, each purification of the dozens of VGSC
and VGKC subunits represents a large undertaking. Improvements in high-throughput
proteomic methods are likely to allow for increased insights into the extent and nature the
brain VGSC and VGKC phosphoproteome; whether they are able to replace analyses based
on target protein purification and in themselves allow for a comprehensive data set remains
to be seen.

Since changes in phosphorylation status are dynamic and highly regulated processes, the
determination of different mechanisms of VGSC and VGKC phosphorylation related to
neurodegenerative diseases (e.g. Alzheimer’s Disease, Parkinson’s Disease and Multiple
Sclerosis) and psychiatric/psychological disorders (e.g. addiction, depression, autism and
schizophrenia) remain a major focus of ongoing research. Generation of phosphospecific
antibodies against specific brain VGSC and VGKC phosphosites may provide effective tools
for understanding the role of phosphorylation in the pathophysiology of these diseases, and
in some cases, as diagnostic tools for the diseases themselves. In this context, improvements
in generation of specific antibodies useful for VGSC and VGKC purification, and in general
membrane protein purification methods as they are applied to high-throughput MS
approaches are fundamental to increasing our knowledge of the VGSC and VGKC
phosphoproteome. Further proteomic method development may allow for quantitative
comparisons of VGSCs and VGKCs in small amounts of material from normal and diseased
brain, and allow the determination of specific changes associated with disease. The need for
normal and diseased brain tissue and detailed clinical histories underscores the importance
of high quality tissue banks, and highlights the importance of a close working relationship
between basic and clinical researchers. Another major focus is determining the role of
phosphorylation at these newly identified sites in regulating the expression, localization and
function of neuronal VGSCs and VGKCs, by careful analyses of channel isoforms with
phosphorylation-eliminating or –mimicking mutations at specific sites.

The power of sensitive antibody-dependent and independent MS-based analyses of the
VGSC and VGKC phosphoproteome represents a new world of possibilities for integrative
studies in neuroscience. It is important to remember that the biological significance of any
identified phosphosites still relies on careful analyses through classical methodologies such
as immunohistochemistry, biochemistry, site-directed mutagenesis, and electrophysiology,
and the generation of animal models expressing VGSC and VGKC subunits with altered
phosphorylation state.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flowchart for identification/characterization of phosphorylation in VGSCs and VGKCs.
Antibody-dependent (A, B) and -independent (C) approaches are shown (see text for
details). A. Conventional antibody-dependent method for purification of target proteins from
a complex sample. B. Enrichment of phosphopeptides from a complex sample using a
phosphospecific antibody (Filter aided antibody capturing and elution: FACE). C. High-
throughput strategy for phosphorylation identification from complex samples in the absence
of an antibody (FASP: filter aided sample preparation)
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Table I

Phosphorylation sites identified on VGSC and VGKC α subunits by MS.

α Subunit Total N-terminal Linker C-terminal

Nav1.1/Scn1a 11 0 10 1

Nav1.2/Scn2a1 29 1 24 4

Nav1.6/Scn8a 5 0 5 0

Nav1.9/Scn9a 4 0 4 0

Kv1.1/Kcna1 1 1 0 0

Kv1.2/Kcna2 8 0 0 8

Kv1.4/Kcna4 3 3 0 0

Kv1.5/Kcna5 1 0 0 1

Kv1.6/Kcna6 2 2 0 0

Kv2.1/Kcnb1 23 2 0 21

Kv2.2/Kcnb2 7 0 0 7

Kv3.1/Kcnc1 5 2 0 3

Kv3.2/Kcnc2 4 0 0 4

Kv3.3/Kcnc3 5 0 0 5

Kv3.4/Kcnc4 1 0 0 1

Kv4.1/Kcnd1 2 0 0 2

Kv4.2/Kcnd2 5 1 0 4

Kv4.3/Kcnd3 1 1 0 0

Kv7.2/Kcnq2 16 1 1 14

Kv7.3/Kcnq3 6 1 1 4

Kv7.5/Kcnq5 2 0 0 2

Slo1 BK/Kcnma1 37 2 2 33
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Table II

Phosphorylation sites identified on VGSC and VGKC auxiliary subunits by MS.

Auxiliary Subunit Total N-terminal Core C-terminal

Navβ2/Scn2b 2 0 0 2

Navβ3/Scn3b 1 0 0 1

Kvβ1/Kcnab1 2 0 1 1

Kvβ2/Kcnab2 8 5 2 1

KChIP2/Kcnip2 3 3 0 0

KChIP3/Kcnip3 1 1 0 0
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