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Abstract

Voltage-gated sodium channels (VGSCs) are critical determinants of excitability.
The properties of VGSCs are thought to be tightly controlled. However, VGSCs
are also subjected to extensive modifications. Multiple posttranslational
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modifications that covalently modify VGSCs in neurons and muscle have been
identified. These include, but are not limited to, phosphorylation, ubiquitination,
palmitoylation, nitrosylation, glycosylation, and SUMOylation. Posttranslational
modifications of VGSCs can have profound impact on cellular excitability,
contributing to normal and abnormal physiology. Despite four decades of
research, the complexity of VGSC modulation is still being determined. While
some modifications have similar effects on the various VGSC isoforms, others
have isoform-specific interactions. In addition, while much has been learned
about how individual modifications can impact VGSC function, there is still
more to be learned about how different modifications can interact. Here we review
what is known about VGSC posttranslational modifications with a focus on the
breadth and complexity of the regulatory mechanisms that impact VGSC
properties.
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1 Brief Overview of VGSCs

Cell membrane forms the boundary of the cell and separates cells from their exterior
environment. The lipid bilayer of biological membranes has selective permeability
to different molecules (ions and polar molecules), controlling the flow of substance
across the membrane. There are different types of membrane transport proteins that
determine the membrane permeability. Among them, active transporters facilitate an
“active” transport of molecules (usually against their concentration gradient) using
cellular energy. Passive transporters (e.g., ion channels), on the other hand, allow the
“passive” diffusion of molecules (usually in the same direction as the concentration
or electrochemical gradient) without energy consumption. Ion channels are pore-
forming integral membrane proteins that gate the flow of ions across the cell
membrane and therefore contribute to setting the resting membrane potential and
determining cellular excitability. Landmark experiments by Hodgkin and Huxley
(1952) demonstrated that the transmembrane sodium and potassium currents were
responsible for the action potential generation. Moreover, they were able to identify
the influence of membrane potential on sodium current kinetics and quantitatively
describe the sodium conductance and gating mechanism. This work provided the
foundation for understanding action potential generation and propagation and paved
the way for later ion channel studies. Our knowledge of voltage-gated sodium channel
(VGSCO) proteins and mechanisms underlying membrane excitability has progressed
significantly over the last six-plus decades. As the result of the development of patch
clamp and other advanced techniques (Hamill et al. 1981; Payandeh et al. 2011;
Schmidt and Catterall 1986; Messner and Catterall 1985; Costa and Catterall 1984),
we now have a clearer understanding of sodium channel structure, kinetics, and
function. We also know that VGSCs are subject to extensive modulation which can
have significant impact on cell excitability. This review focuses on VGSC posttrans-
lational modifications, with specific attention to more recent discoveries and studies.
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VGSCs are integral membrane protein complexes that allow sodium ion flow
across the membrane and conduct transmembrane sodium currents in response to
changes in membrane voltage (Goldin 2001). VGSCs consist of the pore-forming o
subunit and one or more f auxiliary subunits that regulate functions of channels
(Catterall et al. 2005). Although P auxiliary subunits can be posttranslationally
modified (Malhotra et al. 2004), here we focus on posttranslational modification
(PTM) of « subunits. The VGSC a subunit consists of four transmembrane domains
(DI-DIV), with each containing six transmembrane segments (S1-S6, Fig. 1). S1—
S4 serve as voltage sensor and change confirmations in response to membrane
potential change. S5 and S6 form the pore of the channel, which allows ion
conduction through the channel (Corry and Thomas 2012). The N-terminus, C-ter-
minus, and large cytoplasmic linkers are frequent targets of PTMs. However,
smaller intracellular linkers can also be subject to modification. Extracellular
regions such as the linker between specific S5 segments and the pore loops that
form the selectivity filter can also be subject to important modifications. Indeed, a
subunits can be covalently linked to 2 and p4 subunits via disulfide bonds between
extracellular residues (Chen et al. 2012).

The VGSC family consists of nine members, and they share more than 50%
common amino acid sequence in transmembrane segments and extracellular
domains (Yu and Catterall 2003). The a subunit has a molecular weight of about
220-260 kDa (Payandeh et al. 2011; Catterall et al. 2005; Levinson and Ellory
1973). Some of the difference in molecular weight between isoforms and
preparations can arise from extensive PTMs. The other major difference in molec-
ular weight results from substantial differences in the length of the linker between
domains I and II, with Nav1.4 and Nav1.9 having significantly shorter linkers than
other mammalian isoforms. Numerous phosphorylation sites have been reported in
the DI-DII linkers from the longer isoforms (Berendt et al. 2010) (Fig. 1).

In general, studies of PTM consequences have focused on modulation of VGSC
gating properties and surface expression. In terms of gating, VGSCs have three
basic configurations: resting (closed), activated (open), and inactivated. At resting
membrane potential, VGSCs are closed. They activate (open) in response to the
membrane potential depolarization. When membrane depolarization begins, sev-
eral positively charged residues on the S4 segments are able to sense the membrane
potential change, which leads to outward movement of S4 segments and the
conformational change of VGSCs (Yarov-Yarovoy et al. 2012). The channel is
then in transition to activated (open) configuration, providing a conduction pathway
for the sodium currents through the channel pore (Stuhmer et al. 1989). Very soon
after channel activation (usually within milliseconds), the inactivation gate that
tethered to the sodium channel protein will block the channel and prevent sodium
conductance (Goldin 2003). VGSCs transition to a nonconducting, inactivated
conformation. This process is often referred to as “fast inactivation.” Structure
function studies revealed that the IFM motif (located in the intracellular linker of
DIII and DIV) with three hydrophobic amino acids isoleucine, phenylalanine, and
methionine is largely responsible for the channel fast inactivation (West et al.
1992). Modifications to fast inactivation can lead to altered persistent currents,
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Fig. 1 Schematic representation of the linear structure of o subunit for voltage-gated sodium
channels (VGSCs) with long I-II linkers. The a subunit consists of four homologous transmem-
brane domains (DI-DIV). Each domain contains six transmembrane segments (S1-S6). Among
all, S1-S4 serve as the voltage sensor of the channel and S5-S6 form the pore. The IFM
inactivation particle is located in DIII-DIV linker. The black circles represent likely phosphory-
lation sites in Navl.2 and the black star is S1506. The white triangles represent putative
palmitoylation sites in Nav1.5

also referred to as late or non-inactivating currents (Fig. 2a, b). There is also another
type of inactivation that develops in response to longer depolarization time periods
(usually hundreds of milliseconds) called “slow inactivation” (Silva 2014). Slow
inactivation will sustain for a few seconds or even tens of seconds and is associated
with altered excitability in neurons and myocytes, contributing to various disease
phenotypes such as hyperkalemic periodic paralysis and long QT syndrome (Vilin
and Ruben 2001). However, the detailed molecular mechanism of slow inactivation
is still unknown (Ulbricht 2005). Once VGSCs enter an inactivated configuration,
the channels are refractory to future stimuli and will not be able to open again until
the membrane potential has repolarized to negative potentials. This process is
called “recovery from inactivation,” which prevents the cells from premature re-
excitation and is critical in regulating action potential firing in excitable cells.
Alteration in recovery rate may contribute to a disrupted action potential generation
pattern. Previous study on skeletal muscle sodium channel reveals that defective
recovery from fast inactivation may lead to disease phenotype producing myotonic
discharges (Richmond et al. 1997). The voltage dependence of inactivation, and to a
lesser extent activation, can be modulated by posttranslational modifications. This
can change the degree of overlap between activation and steady-state inactivation
and impact window currents that typically are active near cell resting membrane
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Fig. 2 Impaired fast inactivation leads to the generation of persistent (late) sodium current. (a)
Representative current trace of normal fast inactivation. Sodium channels open and inactivate
quickly after opening. (b) Persistent current generation when sodium channel fast inactivation is
impaired, with the gray color indicating the non-inactivating persistent current. (¢) Representative
curves of cardiac sodium channel voltage dependence of activation and steady-state inactivation.
(d) Representative window current (gray area). Window currents can be observed at voltages that
are depolarized enough to activate a fraction of sodium channels but not sufficient to fully
inactivate all sodium channels

potential (Fig. 2¢, d). Window currents are related to classic persistent currents, but
result from distinct gating alterations.

2 Posttranslational Modifications of VGSCs

Sodium channels can be modulated by a number of substances. Calcium and
hydrogen ions can alter sodium channel gating. G proteins, ATP, cAMP, glycolytic
metabolites, and local anesthetics have all been reported to have modulatory effects
on sodium channels. VGSC function is determined by the intrinsic biophysical
properties (i.e., rapid activation and inactivation), but it can also be regulated by
posttranslational modifications.

Posttranslational VGSC modulation appears to be critically important in neurons
and cardiac tissue. It is less clear what the physiological role of sodium channel
modulation is in skeletal muscle, although it is likely to be involved in disease states
such as critical illness myopathy (Teener and Rich 2006). Neuronal sodium current
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can be downregulated by anoxia and cyanide (Cummins et al. 1991, 1993; O’Reilly
et al. 1997), and it is thought that this can be important in the anoxic response.
CaMKII phosphorylation of brain VGSCs has been implicated as a major regulator
of VGSC persistent currents and is likely to contribute to pathophysiologies such as
epilepsy. Cardiac sodium channel modulation is believed to be important in
rhythmogenesis (Schubert et al. 1990; Wagner et al. 2015). As a result, Navl.5
modulation has been extensively studied, and Nav1.5 is the target of a multitude of
posttranslational modifications including glycosylation, phosphorylation, methyla-
tion, acetylation, redox modifications, palmitoylation, and ubiquitination (Ashpole
et al. 2012; Pei et al. 2016; Marionneau and Abriel 2015). Because of modern
protein analysis technologies such as mass spectrometry, researchers are able to
better determine the precise location of post-translational modification sites and
consensus sequence among different VGSC subtypes, leading to a better under-
standing of the mechanistic details of these regulations.

2.1 Phosphorylation

Phosphorylation is the most extensively studied posttranslational modification of
VGSCs. Various protein kinases have been identified to modulate different aspects
of VGSC function through diverse pathways including Ca2+/calmodulin-
dependent serine/threonine protein kinase (CaMK) (Ashpole et al. 2012; Koval
et al. 2012; Aiba et al. 2010), protein kinase A and C (PKA and PKC) (Shin and
Murray 2001; Murray et al. 1997; Murray et al. 1994; Hallag et al. 2012),
phosphatidylinositol 3-kinase (PI3K) (Lu et al. 2013; Lu et al. 2012), and adenosine
monophosphate-activated protein kinase (APMK) (Wallace et al. 2003). These
kinases can add a negatively charged phosphate group to select serine, threonine,
or tyrosine residues. It is not possible to give a comprehensive review of all the
findings relating to this powerful form of VGSC modulation, so we will cover only
a few specific areas to provide highlights of what can be learned from the study of
VGSC phosphorylation. Many of the phosphorylation sites that have been identified
are located in the first intracellular linker loop (DI-DII linker, Fig. 1), and a number
of these are conserved among different species and subtypes (Marionneau et al.
2012). Early estimates indicated that the o subunit could be phosphorylated at
somewhere between 2 and 20 sites by protein kinase A (PKA), protein kinase C
(PKC), and possibly other protein kinases. Numann et al. (1991) studied the effect
of PKC on rat brain channels (Nav1.2) expressed in Chinese hamster ovary cells.
They reported that activation of PKC with a membrane-permeant agent, 1-oleoyl-2-
acetyl-sn-glycerol (OAG), both inhibited the peak current and slowed macroscopic
fast inactivation of rat neuronal sodium channels. West et al. (1991) reported that
phosphorylation of serine 1506 in the III-IV linker (shown by the black star in
Fig. 1) by PKC was responsible for the slowing of RIIA macroscopic inactivation.
After this potential PKC site, located in the III-IV linker, was removed by mutating
serine 1506 to an alanine, neither the slowing nor the inhibition by OAG was
observed. Additional experiments seemingly confirmed that phosphorylation of
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S1506 was necessary and sufficient for the observed slowing of inactivation.
However, while phosphorylation of S1506 was also necessary for the decrease in
current, it was not sufficient: phosphorylation of another site, possibly in the I-II
linker, also seemed to be needed for the inhibition (Li et al. 1993). However,
subsequent studies on PKC modulation of neuronal sodium channels in hippocam-
pal neurons did not observe pronounced slowing of inactivation (Chen et al. 2005).
This could be due to complex interactions between posttranslational modifications
and/or accessory subunits. The putative PKC site in the III-IV linker is conserved in
most VGSCs. The site is conserved in the cardiac sodium channel (Nav1.5), and
PKC phosphorylation of the corresponding residue in the III-IV linker causes a
major negative shift in the voltage dependence of inactivation (Qu et al. 1996).
Interestingly, this site is also conserved in Nav1.4, but while PKC also induces a
negative shift in the voltage dependence of inactivation for Nav1.4, this effect is not
dependent on the corresponding serine in the III-IV linker (Bendahhou et al. 1995).
Data from Xenopus oocyte experiments indicate that both Navl.7 and Navl.§
currents are inhibited by PKC activation and that this also shifts the voltage
dependence of activation in the depolarizing direction (Vijayaragavan et al.
2004). By contrast PKA activation enhanced Nav1.8 but inhibited Nav1.7 currents
in this experimental system. Recently it was shown that Nav1.7 resurgent sodium
currents are enhanced by PKC, and this effect is modulated by the state of the
corresponding III-IV linker residue in Navl.7 (Tan et al. 2014). This illustrates
some of the complexities of determining the functional consequences of VGSC
phosphorylation and comparing the effects on various isoforms in various tissues.
Mass spectrometry is providing enhanced estimates of VGSC phosphorylation.
Obtaining full coverage can be difficult with complex transmembrane proteins. In
one study of Navl.2 (Berendt et al. 2010), 66% coverage of the cytoplasmic
linkers was obtained. Fifteen sites were identified, 1 in the N-terminus, 11 in the
I-II linker, and 3 in the C-terminus. Unfortunately there was insufficient coverage
in the III-IV linker to determine if the conserved serine residue discussed above
was phosphorylated in the brain tissue. In a follow-up study on Navl.2 (Baek
et al. 2014), it was found that acute kainate-induced seizures induced a significant
reduction in phosphorylation of nine sites in Nav1.2. Not surprisingly, these are
primarily sites located in the I-II linker. However, this study also revealed that
this downregulation was due, at least in part, to an increase in methylated
arginines at three sites. Thus distinct regulation of phosphorylation and methylated
arginines in Navl.2 is likely to contribute to functional changes in Navl.2,
modulation of neuronal excitability, and perhaps seizure activity.
Calcium/calmodulin protein kinase II (CaMKII) is believed to be an important
regulator of excitability in neurons and muscle. CaMKII modulation of VGSCs has
also been implicated in physiological and pathophysiological control of excitability.
Increased CaMKII activity has been implicated in animal models of heart failure as
well as in studies of failing human hearts (Zhang et al. 2003; Hoch et al. 1999). In one
study of CaMKII and Nav1.5 (Ashpole et al. 2012), it was found that a negative shift in
Navl.5 steady-state inactivation resulted from CaMKII-dependent phosphorylation
of Navl.5 at two specific phosphor sites. However a mass spectroscopy analysis of
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human Nav1.5 purified from HEK293 cells with >80% coverage identified 23 sites
that could be phosphorylated by CaMKII in vitro (Herren et al. 2015). This suggests
that CaMKII can extensively modify VGSCs by phosphorylation. A study of sodium
currents in neurons from a SCN2a (Nav1.2) mutant mouse with epilepsy found that
CaMKII phosphorylation of Navl.2 increases persistent sodium currents and
excitability. Maltsev et al. (2008) reported that CaMKII can also increase persistent
sodium currents in cardiac myocytes. Burel et al. (2017) identified two distinct
CaMKII phosphor sites in the C-terminus of Nav 1.5 that contribute in part to increased
Navl.5 persistent currents; however this modulation involved altered binding of
FGF13 to Nav1.5. Interestingly, these two sites were not among the 23 sites identified
by Herren et al. Although several hundred studies have investigated how a multitude
of kinases modulate VGSC isoforms and a substantial amount of insight has been
gained, our knowledge of the interplay between different phosphor sites and how this
impacts interactions with accessory proteins is still incomplete.

2.2 Arginine Methylation

As mentioned above, VGSCs can also be modified at lysine residues by arginine
methylation. Much less is known about this compared to VGSC phosphorylation.
Arginine methylation of Nav1.5 in stable cell lines and human ventricles has been
examined using mass spectrometry (Beltran-Alvarez et al. 2015; Beltran-Alvarez
et al. 2014; Beltran-Alvarez et al. 2013). Studies revealed that arginine R513, R526,
and R680, located in the DI and DII intracellular linker of cardiac sodium channel,
are likely subject to arginine methylation. Nav1.5 methylation also enhances cell
surface expression and sodium current density. It is likely that other isoforms in
addition to Nav1.2 and Navl.5 are regulated by arginine methylation. Differential
expression of protein arginine methyl transferases may play a role in how VGSCs
are modulated in different tissue and cell compartments.

23 Glycosylation

Glycosylation, another common post-translational modification of ion channels, is
an enzymatic process that attaches glycans to ion channel proteins. These sugar
groups can be quite complex and extensive, making analysis complicated. Early
reports (Waechter et al. 1983) indicated that glycosylation of neuronal VGSCs
played a crucial role in biosynthesis, trafficking, and degradation of VGSCs. N-
linked glycans (attached to a nitrogen of asparagine) and O-linked glycans (attached
to the hydroxyl oxygen of serine, threonine) are often terminated by sialic acids
which can, at least in theory, alter VGSC function through their negative charges.
Glycosylation of Nav1.5 was determined 20 years ago by Cohen and Levitt (1993).
This study indicated that Nav1.5 mass was only increased by about 5% due to
glycosylation, compared to 25-30% increases observed with some other VGSC
isoforms. Despite the lesser degree of modification, there is still compelling evidence
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that glycosylation can be an important determinant of Nav1.5 membrane trafficking
(Mercier et al. 2015). Pathophysiologically, reduced cardiac sodium channel
sialylation has been shown to shorten the cardiomyocyte refractory time and enhance
susceptibility to ventricular arrhythmias by slowing fast inactivation and increasing
the rate of recovery from inactivation (Ednie et al. 2013). Glycosylation can also
impact functional properties for multiple VGSCs. It has been shown that sialylation
shifts the voltage dependence of activation and inactivation toward hyperpolarized
potentials, enhances the rate of fast inactivation, and reduces the rate of recovery
from fast inactivation (Johnson et al. 2004; Bennett et al. 1997). The impact on
Nav1.4 voltage dependence of activation and inactivation can be quite large (Ednie
et al. 2015), with sialylation, N-linked glycans, and O-linked glycans likely all
playing a role in this. The sensory neuronal channel Nav1.9 is also not extensively
glycosylated, yet changes in glycosylation can still impact voltage dependence of
steady-state inactivation, and this appears to be developmentally regulated (Tyrrell
etal. 2001). In addition to a subunits, it is well established that -subunits can also be
glycosylated (Laedermann et al. 2013a). However the extent to which glycosylation
is involved in control of excitability is not fully understood, and improved strategies
for determining how VGSC glycosylation is controlled will undoubtedly provide
invaluable insight in the near future.

24 Ubiquitination

Ubiquitination, another well-studied posttranslational modification of VGSCs,
refers to the enzymatic process in which an ubiquitin protein is attached to the
sodium channel protein. Ubiquitin is a small protein, only about 8.5 kDa, but is a
fairly large addition to a protein compared to most posttranslational modifications.
The addition can alter protein function in several ways. Ubiquitination can target
a protein to proteasomes and induce degradation. It can also alter localization of
proteins and/or their functional properties. Modifications can involve addition of a
single ubiquitin subunit or a chain of ubiquitin molecules. Addition of an
ubiquitin molecule involves three proteins with distinct functions. Abriel et al.
(2000) investigated the functional consequences of a PY (PPXY) motif in the
C-terminus region of Navl.5. This motif can bind Nedd4, an ubiquitin-protein
ligase. Interestingly Nav1.4 lacks a PY motif. Mutation of the PY motif in Nav1.5
increased current density. Overexpression of Nedd4 could decrease Navl.5 but
not Navl.4 current. This indicated that ubiquitination can be closely associated
with Navl.5 VGSC internalization. Ubiquitination of Navl.5 has been
demonstrated from both in vitro and in vivo studies (van Bemmelen et al. 2004;
Laedermann et al. 2014a). Rougier et al. (2005) noted that most VGSC isoforms
contain a PY motif (the exceptions being Navl.4 and Nav1.9). They found that
Nedd4-2 could downregulate Nav1.2, Navl.3, and Navl.5 currents in HEK293
cells with a corresponding reduction in surface expression. Fotia et al. (2004)
demonstrated that Nedd4-2 could downregulate Navl.7 and Navl.8 currents.
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While many studies have suggested that regulation of ubiquitination of VGSCs
could lead to an altered surface expression level of channels (Laedermann et al.
2014b; Rougier et al. 2013), the detailed mechanism involved in this process and
the study of its clinical relevance are still lacking. Interestingly, several studies
were able to demonstrate that reduced Nedd4-2 levels led to DRG hyperexcitabil-
ity, and conditions that increase pain in rodents downregulate Nedd4-2 expression
in DRG, indicating that reduced ubiquitination of VGSCs might be involved in
the development of neuropathic pain (Laedermann et al. 2013b; Cachemaille et al.
2012). Although Nav1.6 also has a PY motif in its C-terminus, it also appears to
have a potential Nedd4 binding site in the I-II linker. In an elegant study, Gasser
et al. (2010) demonstrated that downregulation of Nav1.6 can be enhanced by p38
kinase phosphorylation of the region involved in the I-II linker, indicating that
Nedd4-induced ubiquitination and subsequent internalization of Nav1.6 involve at
least two distinct Nedd4 binding sites and may be a stress response that limits cell
excitability under pathophysiological conditions.

25 SUMOylation

The small ubiquitin-like modifier (SUMO) protein can also be conjugated to
proteins, including ion channels. SUMO proteins are roughly 12 kDa in size and,
as with ubiquitin, are added to other proteins by enzymes. Plant et al. (2016) found
that adding SUMO protein to the pipet solution can increase the amplitude of
Navl.2-mediated currents in HEK293 cells. They also showed that SUMO
modulated Nav1.2 currents in cerebellar neurons. SUMOylation occurs on lysine
residues. Plant et al. reported that mutating K38 in the N-terminus of Navl.2
eliminated the effect of SUMO. Thus Navl.2 seems to be directly regulated by
SUMOylation. This increase in current due to SUMOylation occurred rapidly in
response to hypoxic conditions and may underlie some of the initial toxicity
associated with hypoxia. SUMOylation also shifted the voltage dependence of
activation and steady-state inactivation in the negative direction. While a negative
shift in activation can increase excitability, a negative shift in inactivation can
decrease excitability. SUMOylation has also been implicated in control of
excitability in sensory neurons (Dustrude et al. 2016). Reduced SUMOylation of
collapsin response mediator protein 2 (CRMP2) can alter CRMP2 binding to Nav1.7.
As a consequence, Nav1.7 membrane localization and current density is reduced.
CRMP2 enhances ubiquitination and endocytosis of Nav1.7. This illustrates the
sometimes complex web of posttranslational modifications that can influence
VGSCs.

2.6 Palmitoylation

Palmitoylation has been recognized as an important post-translational mechanism
for the regulation of various membrane proteins, but our knowledge of how
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palmitoylation regulates ion channels has been limited (Shipston 2011). Protein
S-palmitoylation involves the addition of a 16-carbon palmitic acid chain to an
intracellular cysteine residue through a thioester linkage (Fig. 3a). Recent studies
have shown that palmitoylation can have profound impact on VGSC properties.

S-palmitoylation is a reversible process (Fig. 3b) that can dynamically regulate
protein life cycle and function (Shipston 2011). Multiple enzymes that facilitate the
palmitoylation process have been identified in recent years. Palmitoyltransferases
(PATS), the catalytic enzymes for protein palmitoylation, form a diverse family of
proteins (23 members in mammals) (Fukata et al. 2004; Korycka et al. 2012). PATs
are characterized by the presence of an aspartate-histidine-histidine-cysteine
(DHHC) motif within a cysteine-rich domain. The reverse process, depalmitoylation,
is mediated by acyl protein thioesterases (APTs) (Zeidman et al. 2009). According to
previous studies, nonenzymatic palmitoylation could be possible but is very rare and
has only been reported in vitro.

B CoA-S-Palm CoA-SH

Palmitoyltransferase

CoA-SH CoA-S-Palm

Fig. 3 (a) Palmitoylation can provide additional anchors for intracellular linkers or termini of
channel proteins, depending on the location of the cysteine that is palmitoylated. (b) A cartoon
illustration of the dynamic regulation of proteins by palmitoylation. Palmitoylation is a reversible
process due to the labile nature of the thioester bond. Palmitoyltransferases mediate the
palmitoylation process with the presence of palmitoyl-CoA. Depalmitoylation is mediated by
thioesterases
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Palmitoylation is involved in various phases of ion channel life cycle, includ-
ing synthesis, maturation, trafficking, membrane targeting, internalization, and
recycling. The formation of ligand binding sites in nicotinic acetylcholine
receptors is regulated by palmitoylation (Drisdel et al. 2004; Alexander et al.
2010). Palmitoylation also regulates trafficking of AMPA receptors (Thomas et al.
2012; Hayashi et al. 2005) and the spatial organization of aquaporin channels
(Suzuki et al. 2008). The addition of palmitic acid also regulates protein
hydrophobicity and facilitates association to the membrane. However, few studies
have focused on how palmitoylation directly alters channel biophysical activity at
the membrane. Palmitoylation of the intracellular linker between S2 and S3 in
Kv1.1 has been shown to increase the intrinsic voltage sensitivity of the channel
(Gubitosi-Klug et al. 2005).

In 1987, brain sodium channel palmitoylation was identified to occur in the early
stages of biosynthesis (Schmidt and Catterall 1987). This biochemical study
indicated that brain sodium channels were palmitoylated after N-glycosylation of
the channels. The addition of palmitate had a negligible impact on channel mass. It
was not until over 30 years later that insight was gained into the functional
consequences of palmitoylation (Bosmans et al. 2011). Interestingly, the initial
functional work was on a recombinant channel that contained an early cloning
artifact. An artificial cysteine in Nav1.2 that introduced a palmitoylation site had
significant impact on the pharmacology of the channels. This indicated that lipid
modification, at least in theory, is capable of altering the pharmacological
properties of Nav1.2. Bosmans et al. also presented evidence that an endogenous
cysteine might impact channel functional properties based on whether or not it was
palmitoylated. However biochemical analysis of palmitoylation was not part of this
short report.

The functional effect of VGSC palmitoylation is likely dependent on both the
channel type and the location of the palmitoylation sites. Palmitate lipid may attach
to different locations of channels, including C-terminus, N-terminus, juxta-
transmembrane region, or intracellular loops (Fig. 3a), leading to the distinct
alteration in various aspects of ion channel protein function (Shipston 2014). It is
still unclear how palmitoylation alters the functional activity of VGSC protein. One
hypothesized mechanism is that the palmitate molecules interact with the mem-
brane lipids, changing the lipid membrane environment surrounding the targeted
channel as well as impacting protein configuration, thus potentially modulating
channel activity.

In recent years, the progress of ion channel palmitoylation research has been
facilitated by the development of new biochemical and proteomics tools and the
identification of palmitoyltransferases (Korycka et al. 2012). The traditional
method of detecting protein palmitoylation involves metabolic labeling of cells
with radioactive palmitate followed by immunoprecipitation and further identifica-
tion of target proteins by autoradiography (Schmidt et al. 1988). This can provide
direct evidence of protein palmitoylation. The development of the nonradioactive
acyl-biotin exchange (ABE) assay allows more rapid detection of protein palmitoy-
lation (Brigidi and Bamji 2013). This method provides higher sensitivity
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compared to traditional metabolic labeling and allows for quantitative estimates of
palmitoylation. However, one caveat of this methodology is the detection of all
existing S-acylated proteins, instead of more specific identification of protein
palmitoylation. Another commonly used nonradioactive assay for palmitoylation
detection is the click chemistry method. This method uses the alkyne fatty acid
analog 17-octadecynoic acid (17-ODYA), which can be metabolically incorporated
into endogenous cellular machinery at palmitoylation sites (Martin and Cravatt
2009). 17-ODY A-labeled proteins can be further linked to azide reporter tags by
copper-catalyzed click chemistry and visualized by in-gel fluorescence analysis.
One important advantage of this method is that it largely reduces the chance of false
positive results compared with ABE assay. The most convincing demonstration of
palmitoylation sites will be the mass spectrometry results. However, it is often
lacking in most studies due to the complexity of this lipid modification and
difficulties of resolving the palmitoylated peptides in mass spectrometry. Pei
et al. (2016) demonstrated palmitoylation of Nav1.5 using three lines of biochem-
istry evidence. Navl.5 palmitoylation was detected with tritiated palmitate, ABE
experiments, and 17-ODYA labeling. Although most biochemical work was done
in HEK293 cells with human Navl.5, they also confirmed that rodent cardiac
sodium channels were palmitoylated in myocytes (Fig. 4).

They also determined that Nav1.5 gating properties were modulated by palmitoy-
lation (Pei et al. 2016). Surprisingly, palmitoylation did not induce a significant
change in current density, indicating that palmitoylation has negligible impact on
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Fig. 4 Identification of Nav1.5 palmitoylation using an ABE assay. The left lane indicates total
input lysate. The middle lane (NH20H+) indicates palmitoylated protein. The right lane
(NH20H-) indicates the negative control group treated with tris solution. (a) Navl.5 is
palmitoylated in cardiac tissues. (b) Calmodulin is present but not palmitoylated in cardiac tissues.
(c) Caveolin is palmitoylated in cardiac tissues. Reprinted with permission from Pei et al. (2016)
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cell surface expression of Navl.5. Instead, the data demonstrated that Navl.5
palmitoylation has profound impact on channel availability by regulating the voltage
dependence of steady-state inactivation in both HEK293 cells and cardiomyocytes.
Navl.5 inactivation was shifted in the negative direction by approximately
15-20 mV with the palmitoylation inhibitor 2-Br-palmitate (Fig. 5b). In contrast,
Nav1.5 availability was significantly enhanced by palmitic acid treatment, increas-
ing the voltage range of where window currents could be generated (Fig. 5c).
Consistent with this, an elevated persistent sodium current was observed with
palmitic acid treatment (Fig. 5a). As palmitic acid is the substrate for palmitoylation,
this indicated that palmitoylation of Navl.5 can enhance late sodium currents in
myocytes. Together with the alteration in Nav1.5 inactivation, this could potentially
lead to the reactivation of Nav1.5 and enhancement of sodium conductance during
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Fig. 5 (a) Statistical analysis comparing the relative amplitude of persistent currents from the
control condition and treatment groups in neonatal cardiomyocytes. The persistent current was
measured as the percentage of peak current. The persistent current is 0.2 £ 0.2% (control, left bar);
0.8 £ 0.2% (palmitic acid, middle bar); 0.0 £ 0.3% (2-Br-palmitate, right bar); n = 10. The
difference between control group and palmitic acid treatment group is statistically significant
(p = 0.037). (b, ¢) Comparison of sodium channel voltage dependence of activation and steady-
state inactivation in neonatal cardiomyocytes. The black curves and symbols indicate the non-
treatment group. In (b) the gray curves and symbols indicate the 2-Br-palmitate treatment group.
In (c) the gray curves and symbols indicate the palmitic acid treatment group. Adapted with
permission from Pei et al. (2016)
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action potential phase 3 in cardiac myocytes. The opposite direction of changes in
sodium channel gating properties between these two treatment groups suggests that
palmitoylation can dynamically regulate Nav1.5 functions by altering channel inac-
tivation gating. In addition, a mutant Nav1.5 with four internal cysteines mutated to
alanine had a similar voltage dependence of activation to that obtained with wild-
type 2-Br-palmitate treatment, indicating that specific cysteine residues on Nav1.5
were involved in the modulation of inactivation.

Pei et al. also reported that palmitoylation of Nav1.5 has a pronounced impact on
cardiomyocyte excitability. Specifically, inhibiting palmitoylation greatly reduced
myocyte excitability. The treatment of myocytes with 2-Br-palmitate abolished
beating cells, and no action potential (spontaneously or stimulated) was observed.
In contrast, enhancing palmitoylation with excess substrate increased action poten-
tial duration (Fig. 6a, b). Computer simulations indicated that changes in Nav1.5
gating due to palmitoylation are sufficient to cause the excitability changes that
were observed in myocytes (Fig. 6¢). Bankston and colleagues reported that the
F1473C Nav1.5 mutation, a long QT mutation associated with a severe clinical
phenotype, had similar biophysical consequences to those of Pei et al. observed
with palmitic acid treatment (Bankston et al. 2007). The F1473C mutation shifted
the midpoint of Navl.5 inactivation in the depolarizing direction by 9 mV and
increased persistent (late) currents to ~0.6% of the peak current. All together these
data suggest that while depalmitoylation of Nav1.5 cysteine(s) can result in reduced
cardiac excitability similar to that observed with Brugada syndrome, excessive
palmitoylation of Navl.5 can lead to enhanced cardiac activity similar to that
observed with long QT syndrome mutations.

2.7 S-nitrosylation

Nitric oxide (NO) is known to be an important signaling molecule in many
physiological processes, including host defense, neuronal communication, and
vascular regulation. Renganathan et al. (2002) showed that an NO donor (papa-
NONOate) significantly inhibited fast TTX-sensitive, slow TTX-resistant, and
persistent TTX-resistant Na* currents in small diameter DRG neurons (Fig. 7).
The NO scavenger hemoglobin blocked this inhibition, indicating that NO or a
related molecule was responsible for the inhibition of multiple VGSCs (most likely
Navl.7, Navl.8, and Nav1.9). The inhibition was independent of guanylyl cyclase
and cGMP signaling pathways. Posttranslational modification of sulthydryl groups,
S-nitrosylation, can mediate the actions of NO and NO-related molecules (Stamler
1994). Renganathan et al. (2002) presented evidence indicating that S-nitrosylation
was likely to mediate the inhibition of three different types of Na™ channels, fast
TTX-sensitive, slow TTX-resistant, and persistent TTX-resistant Na* channels in
C-type DRG neurons via modification of sulthydryl groups on the VGSCs.

Thiol sites have been considered as selective bioregulatory targets for NO and
NO-related molecules. It has been proposed that protein targets of S-nitrosylation
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Fig. 6 Palmitoylation regulates cardiac action potential duration and firing frequency in
myocytes. (a) Representative action potential traces of cardiomyocytes with (blue) and without
(black) palmitic acid treatment. Palmitic acid (PA) treatment increases the action potential
duration. (b) Averaged APD measurements (from the beginning of depolarization phase to the
end of repolarization phase) from the spontaneous firing myocytes. Averaged APD is 563 ms in the
control group and 890 ms in the palmitic acid treatment group. (c¢) Simulated action potentials
from a modeled cardiac myocyte are shown. Action potentials were paced at 1 Hz in these
simulations, and the second and third action potentials are shown. The action potentials from
control Nav1.5 channels, Nav1.5 channels modeled to reflect the changes induced by enhanced
palmitoylation (palmitic acid) and Navl.5 channels modeled to reflect the changes induced by
depalmitoylation (2-Br-palmitate). Adapted with permission from Pei et al. (2016)

often contain a consensus nitrosylation motif consisting of a cysteine (C) flanked by
charged amino acids (Stamler et al. 1997). However, some proteins which do not
have a consensus sequence can also be modulated by NO and NO-related products.
Analysis of DRG sodium channel o subunits indicated the presence of cysteines
flanked by charged amino acids at —1,2 and +1,2 positions. While both Nav1.7 and
Nav1.8 are reported to have at least one consensus sequence for nitrosylation,
Navl.9 does not have a classic consensus sequence. The block of persistent
Nav1.9 currents by a NO donor indicates that partial consensus sequences may be
sufficient for nitrosylation of a resident cysteine and Na* channel block. The precise
cysteine sites involved have not yet been identified, but it was speculated that
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Fig. 7 Schematic illustration of relative inhibition of sensory neuron (a) TTX-sensitive, (b) slow
TTX-resistant, and (c) persistent TTX-resistant sodium currents after putative S-nitrosylation. All
three types of currents were reduced by 79-85% by nitric oxide donors in Renganathan et al.
(2002)

current inhibition could play a role in regulating the excitability of the DRG
neurons and might contribute to impaired impulse conduction in disease states.

As with phosphorylation, there is evidence that S-nitrosylation might differen-
tially impact distinct VGSC isoforms. Hammarstrom and Gage (1999) reported that
NO donors could increase persistent TTX-sensitive sodium currents in rat hippo-
campal neurons without impacting peak sodium current density. A two- to threefold
increase in persistent current was observed, and an increase of this magnitude
would undoubtedly contribute to increased excitability and thus could contribute
to pathophysiological activity associated with stroke or epilepsy.

Because the increase in persistent current was relatively stable, it was proposed
that a conformational change in the VGSC protein might have occurred as the result
of disulfide bond formation between two closely located S-nitrosylated thiols in
the VGSC.

S-nitrosylation has also been implicated in modulation of Nav1.5 cardiac sodium
channels. Ahern et al. (2000) reported that NO donors could increase persistent
currents by fivefold in both nerve terminals and myocytes. This effect was inde-
pendent of cGMP, was blocked by N-ethylmaleimide, and was proposed to also
involve S-nitrosylation. Interestingly, caveolin-3 activity seems to suppress
S-nitrosylation of Nav1.5 channels and thus attenuates Nav1.5 persistent currents.
However, LQT-9 mutations in caveolin-3 seem to disrupt this suppression, leading
to larger Nav 1.5 persistent currents and cardiac abnormalities (Cheng et al. 2013). It
is not clear if S-nitrosylation and palmitoylation can both impact specific cysteine
residues in VGSCs.

2.8 ROS Modifications

Reactive oxygen species (ROS) has also been implicated in regulation of VGSC
activity. It has long been known that mild oxidizing agents such as chloramine-T can
substantially impair sodium channel inactivation (Wang et al. 1985). Chloramine-T
can impair inactivation of Nav1.2, Nav1.4, Nav1.5, and Nav1.7 channels (Kassmann
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et al. 2008). Kassmann et al. found that chloramine-T removed more than 50% of
Nav1.4 inactivation but had negligible impact on current activation properties. The
effect on inactivation was not readily reversible. ROS can oxidize the sulfur-
containing amino acids cysteine and methionine. Chloramine-T is thought to prefer-
entially target methionines. By mutating intracellular methionines, Kassmann et al.
found that three specific methionines were responsible for the chloramine-T effect on
inactivation. One of these was the methionine in the IFM motif. The two other
methionines are located next to each other in the S4-S5 linker of DIV. Interestingly,
several disease mutations that impair inactivation occur at these positions. However,
it should be noted that there is indication that VGSCs may be differentially regulated
by ROS. Schluter and Leffler (2016) reported that chloramine-T enhances activation
in addition to impairing inactivation of sensory neuronal Nav1.7 and Nav1.8 VGSCs.
Normally the cytosol is a reducing environment, but it is speculated that increased
persistent sodium currents in response to ROS allow neurons and muscle to regulate
firing frequency when under conditions of oxidative stress. This could be adaptive in
some scenarios, but could also be problematic in other situations.

3 Conclusions

During over 40 years of research on VGSCs, we have learned that these crucial
regulators of cellular excitability are themselves subject to extensive modulation.
This review focused on a number of different covalent modifications of VGSCs. In
addition to the modifications discussed here, it is likely that VGSCs are subject to
other posttranslational modifications. Sulfation, lipoxidation, acetylation, and
amidation are possibilities. Protease modification of channel proteins is also an
important way to modulate their properties. The array of accessory proteins that can
modulate VGSC properties continues to expand. Much has been learned about
VGSCs using heterologous expression systems. However, it is clear that modula-
tion can depend on cellular background. Differences in protein partners and enzyme
activity can greatly impact the extent to which VGSCs are posttranslational
modified. Furthermore, posttranslational modifications can interact, and therefore
it is difficult to predict what impact a particular ensemble of modification will have
on VGSC properties. Regardless, it is clear that VGSCs can be extensively modified
and that this can alter trafficking, localization, gating, and pharmacology, among
other properties. Active research will continue to help us understand how VGSC
posttranslational modifications impact normal and abnormal excitability.
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