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Abstract: Calmodulin (CaM) is a small protein that acts as a ubiquitous signal transducer and regu-
lates neuronal plasticity, muscle contraction, and immune response. It interacts with ion channels
and plays regulatory roles in cellular electrophysiology. CaM modulates the voltage-gated sodium
channel gating process, alters sodium current density, and regulates sodium channel protein traffick-
ing and expression. Many mutations in the CaM-binding IQ domain give rise to diseases including
epilepsy, autism, and arrhythmias by interfering with CaM interaction with the channel. In the
present review, we discuss CaM interactions with the voltage-gated sodium channel and modulators
involved in CaM regulation, as well as summarize CaM-binding IQ domain mutations associated
with human diseases in the voltage-gated sodium channel family.

Keywords: calmodulin; voltage-gated sodium channel; IQ domain; sodium channel isoform;
genetic mutation

1. Introduction

The voltage-gated sodium channel (Nay) plays a vital role in the generation and
propagation of action potential in excitable cells such as neurons and cardiac myocytes [1].
The family of voltage-gated sodium channels has nine members named Nay1.1 through
Nay1.9 [2]. Among them, Nay1.1, Nay1.2, Nay1.3, and Nay 1.6 are predominantly expressed
in neurons of the central nervous system [3,4]. Three isoforms (Nay1.7, Nay1.8, and Nay1.9)
are widely expressed in neurons of the peripheral nervous system, such as dorsal root
ganglia (DRG) neurons [5-7]. The isoform Nay 1.4 is responsible for upstroke of the action
potential in skeletal muscle [8], and Nay1.5 is a cardiac-specific isoform known as cardiac
sodium channel (Figure 1) [9].

An essential property of voltage-gated sodium channels is “inactivation”, which
prevents the reopening of the channel until complete recovery [10]. The inactivation
regulates the frequency of action potential firing initiated by sodium channels in excitable
cells. It reduces the breakdown of ionic gradients and cell death.

All voltage-gated sodium channels contain a calmodulin (CaM)-binding 1QQ domain
necessary for the channel inactivation [11]. CaM is a small protein expressed in all eukary-
otic cells [12]. It acts as a ubiquitous signal transducer and regulates essential processes
such as neuronal plasticity, muscle contraction, and immune response [13]. CaM has two
globular domains (i.e., N-terminal lobe and C-terminal lobe) connected by a linker. Each
lobe contains two EF-hand motifs binding to Ca?* [14]. In the Ca%*-free state, the EF-hands
are collapsed in a compact configuration. When Ca?* is bound to CaM, a conformational
change occurs in the protein and rearranges the structural information of CaM.
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—— Na,1.6 Central nervous system
Na,1.2 Central nervous system
Na,1.1 Central nervous system
Na,1.3 Central nervous system
] Na,1.7 Peripheral nervous system
Na, 1.4 Skeletal muscle
Na,1.8 Peripheral nervous system
Na,1.9 Peripheral nervous system

Figure 1. A phylogenetic tree and tissue distribution of voltage-gated sodium channels. Isoforms
predominantly expressed in the central nervous system (blue), peripheral nervous system (green),
skeletal muscle (red), and cardiac muscle (orange) are highlighted.

The CaM-binding IQ domain is located within the C-terminal domain of the voltage-
gated sodium channel. It contains around 25 residues with two highly conserved amino
acids, isoleucine (I) and glutamine (Q), in the middle of the motif. The residues in the
IQ domain form a seven-turn a-helix binding to CaM in a Ca?*-independent manner. In
addition to the IQ domain, a globular domain in the C-terminus of voltage-gated sodium
channel consists of EF hand-like (EFL) motifs that interact with CaM in the absence of
Ca?* [15,16], whereas an intracellular loop connecting domains IIT and IV (III-IV linker)
in some isoforms of the sodium channel is shown to interact with CaM in the presence of
Ca%* [17].

2. CaM Regulation of Voltage-Gated Sodium Channel

CaM binds to the voltage-gated sodium channel and modulates the sodium channel
gating process [15], alters sodium current density [18], and regulates sodium channel
protein trafficking and expression [19].

One of the CaM modulations of voltage-gated sodium channel gating is inactivation
(Figure 2). Voltage-gated sodium channel has two different types of inactivation, known
as fast inactivation and slow inactivation. Fast inactivation occurs by occlusion of the
intracellular pore by an “inactivation gate” formed by the cytoplasmic III-IV linker [10,20].
Slow inactivation is related to conformational rearrangements of the selectivity filter of
the channel [21,22]. CaM mediates the fast inactivation by an interaction between III-IV
linker and C-terminal domain of the voltage-gated sodium channel [23]. It enhances the
slow inactivation by inducing a hyperpolarized shift of voltage dependence of inactivation
and reducing the channel’s availability. CaM interaction with the sodium channel affects
channel inactivation kinetics. It strengthens the development of inactivation and slows the
recovery from inactivated state of the sodium channel.

In some isoforms of the voltage-gated sodium channels, CaM influences the activation
process. It was reported that co-expression of CaM and Nay1.1 produced a hyperpolarized
shift of the voltage dependence of activation of the Nay1.1 sodium channel [24].
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Figure 2. CaM regulation of sodium channel function by interaction with the IQ domain. (a-c) Voltage-gated sodium

GIG

channel (Nay) has three states known as “close” (a), “open” (b), and “inactivation” (c). Several functional parts (inactivation

u "o

gate, activation gate, and selectivity filter) are involved in channel gating. The “+”an represent charge separation

across the membrane. Differences in charges on opposite sides of the cellular membrane generate the membrane potential.
At rest, the activation gate is closed (a). When the membrane is depolarized, the activation gate opens and allows Na*
to enter (b). At the same time, depolarization of the membrane causes the inactivation gate to close and induces the fast
inactivation. The channel also shows slow inactivation related to conformational rearrangements of the selectivity filter
(highlighted in yellow arrows in c). (d-f) CaM binds to the voltage-gated sodium channel IQ domain and modulates the
sodium channel inactivation. CaM affects channel’s fast inactivation kinetics (e) by an interaction between the inactivation
gate formed by cytoplasmic III-IV linker and the C-terminal domain of the channel (d). CaM enhances the slow inactivation
(highlighted in bigger yellow arrows in d). It induces a hyperpolarized shift of voltage dependence of inactivation and
reduces the channel’s availability (f).

Moreover, CaM can modulate sodium channel current density [18]. Studies reported
that CaM regulation of sodium current density is Ca?*-dependent [24,25]. CaM does not
affect sodium current amplitude in the absence of Ca?*. In contrast, it increases the current
density in the presence of a high concentration of Ca?*

In addition to modulation of the gating process of the voltage-gated sodium channel,
CaM influences sodium channel protein trafficking and expression. It was shown to
mediate the cell surface expression of Nay 1.4 protein through the interaction with the 1Q
domain of the sodium channel [19].

3. Modulators Involved in CaM Regulation of Sodium Channel

There are several cellular partners involved in CaM regulation of the voltage-gated sodium
channel function such as FHF (fibroblast growth factor homologous factor) [26]. CaMKII
(calcium/calmodulin-dependent protein kinase II) [27], and cations (Ca2+, Mg2+) [11,28,29].

The most crucial regulator is Ca?* [11,28]. In the presence of Ca?*, Ca?* /CaM (Ca?*-
binding form of CaM) has a different regulation of sodium channel function compared with
apo-CaM (Ca?* free CaM), and Ca?* binding to CaM induces rearrangements between the
voltage-gated sodium channel and CaM lobes. In the absence of Ca®*, the N-lobe of CaM
does not target the IQ domain (Figures 3a and 4a,b). In the presence of Ca?*, the structure
of the N-lobe is rearranged by Ca?*. It generates an allosterically conformational change
binding to the distal IQ domain of the channel (Figures 3b and 4c). However, the C-lobe
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of CaM can bind to the voltage-gated sodium channel IQ domain in a Ca?*-independent
manner.

a b

1Q domain 1Q domain

+ Ca?

Na,1.2-CaM Na,1.2-Ca%*/CaM

Figure 3. CaZ* modulates the interaction between CaM and Nay1.2 IQ domain. The NMR structures
showed Nay1.2 IQ domain (blue) in complex with CaM (green) in the absence (a) or presence (b)
of Ca2*. Two lobes (N-lobe and C-lobe) of CaM are indicated. C-lobe of CaM bound to the Na, 1.2
channel IQ domain independent of Ca?* concentration. In the absence of Ca2*, the N-lobe of CaM
did not interact with the IQ domain (PDB: 2KXW) (a). When binding to CaZ*, the N-lobe of CaM was
induced to interact with the distal IQ domain of Nay 1.2 channel (PDB: 2M5E) (b).

i L)%,/ 1Q domain
N-lobe . 4@ .

Na,1.5-CalV] FGF-Na,1.5-CaM FGF-Na,1.5-Ca?*/CaM

Figure 4. FGF and Ca?* modulate the interaction between CaM and Nay1.5 IQ domain. (a) The structure of the complex of
the C-terminal domain of Nay 1.5 with CaM showed C-lobe of CaM bound to the IQ domain, and N-lobe of CaM interacted
with EFL (PDB: 40VN). (b) Crystal structure showed the interactions between the C-terminal domain of Nay1.5, FGF, and
CaM (PDB: 4DCK). When FGF bound to the channel, the N-lobe of CaM was rearranged. It did not make contact with EFL
and was free to interact with other parts of the channel complex. The N-lobe of CaM likely interacted with the inactivation

gate of the sodium channel and modulated the channel’s inactivation. (c) In a high concentration of Ca?*, the N-lobe of
CaM was induced to interact with the distal IQ domain of Nay 1.5 channel (PDB: 4JQO0).

The FHFs were shown to form a complex with CaM and modulate CaM regulation
of Nay 1.5 function [26]. A recent study discovered fibroblast growth factor homologous
factor FGF13 (fibroblast growth factor 13, also known as FHF2) tuned arrhythmogenic late
sodium currents in CaM binding-deficient channels in cardiac myocytes [26]. The crystal
structures in Figure 4 showed that FGF and Ca?* mediated the interaction between CaM
and Nay1.5 IQ domain. It indicated that the N-lobe of CaM interacted with the EFL of the
channel in the absence of FGF. However, when FGF was bound to the channel, the N-lobe
of CaM was rearranged. It did not make contact with the EFL and was free to interact with
other parts of the channel complex. The N-lobe of CaM likely interacted with the III-IV
linker of the sodium channel and modulated the channel’s inactivation.
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In addition, CaMKII has been reported to influence CaM interaction with the sodium
channel. One study found CaMKII-mediated phosphorylation of the Nay1.1 sodium chan-
nel IQ domain increased CaM binding affinity to the channel [27]. Three phosphorylation
sites (T1909, S1918, and T1934) were identified in the Nay1.1 IQ domain. Other studies
demonstrated that CaMKII phosphorylated Nay1.5 at residue S571 to decrease channel
availability. The CaMKII phosphorylation site S571 is located at the intracellular DI-DII loop
of the Nay1.5 sodium channel, and mutation at position S571 abolished the hyperpolarized
shift of the voltage dependence of inactivation produced by CaMKII phosphorylation. The
effects of CaMKII-mediated phosphorylation of IQ domain on sodium currents have not
been characterized. CaMKII-dependent IQ domain phosphorylation might confer normal
sodium currents important for the function of cells where the Na, channels are expressed.
The CaMKII-mediated effect seems to be isoform-specific. CaMKII phosphorylation en-
hances CaM affinity for sodium channel Nay1.1 but not for Na,1.2 [27,30].

Moreover, Mg2+ is involved in the CaM-mediated modulation. In some neurons,
low Mg?* treatment increases the effects of CaM on the voltage-gated sodium channel
activity [29].

With these partners, CaM regulates voltage-gated sodium channel function by altering
channel gating, sodium current density, and expression of the sodium channel protein.
Studies have shown that CaM has isoform-specific modulation of voltage-gated sodium
channel function [31-34].

4. Interaction between CaM and Sodium Channel Isoforms
4.1. Na,1.1

Na,1.1 is one of the voltage-gated sodium channels predominantly expressed in the
central nervous system [35]. It is known to be highly expressed in the soma and apical
dendrite of the Purkinje cells.

The effect of CaM on Nay 1.1 channel function is Ca?*-dependent. CaM does not
affect sodium current density of wild-type Nay1.1 channel in the absence of Ca?* [25].
but significantly increases Nay1.1 current density in the presence of 10uM intracellular
CaZ* [24].

CaM mediates Nay1.1 channel gating process when binding to the IQ domain, and
overexpression of CaM induces a hyperpolarized shift of the voltage dependence of ac-
tivation of Nay1.1 [24]. However, it does not generate significant effects on the voltage
dependence of inactivation at high intracellular Ca?* concentration but accelerates inacti-
vation process of Na, 1.1 with low Ca2* [24].

A GST pull-down assay reported CaM interaction with Nay1.1 sodium channel 1Q
domain [27]. The Nay1.1 IQ domain preferentially binds to apoCaM than Ca?*/CaM. In
the absence of Ca?*, C-lobe of CaM is the predominant domain binding to Nay1.1, and
N-lobe of CaM is proposed to interact with other parts of the channel [36]. In the presence
of Ca%*, N-lobe of CaM is shown to be the predominant domain binding to Na,1.1 [27].
Moreover, one study reported that CaMKII-mediated phosphorylation of Nay1.1 enhanced
CaM interaction with IQ domain of the Nay 1.1 channel [27].

4.2. Nay1.2

The neuronal sodium channel Nay 1.2 is expressed in granule cells and interneurons
in the central nervous system [37], and plays roles in excitatory neurons in the neocortex
and hippocampus [38].

CaM has been shown to mediate Ca?*-dependent regulation of the Nay 1.2 channel [39].
CaM binding to Nay1.2 reduces Ca?* binding affinity in the CaM-binding sites [40]. Al-
though there is a Ca?*-binding EFL motif upstream of the IQ domain in the Nay1.2 channel,
the Ca?"-mediated changes in modification of Nay1.2 function are proposed to be likely
from the interaction between CaM and Nay1.2 IQ domain when CaZ* binding to CaM. The
Nay 1.2 channel EFL motif was indicated to enhance Ca?* binding to CaM interacting with
the channel [41].
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Structural study analysis showed the C-lobe of CaM anchored to the Nay 1.2 channel
IQ domain independent of Ca%* concentration. In the absence of Ca?*, the N-lobe of CaM
did not interact with the IQ domain. When binding to Ca?*, the N-lobe of CaM was
induced to interact with the distal IQ domain of the Nay1.2 channel (Figure 3) [42].

CaM has no notable effects on the Na, 1.2 current density. Overexpression of CaM does
not significantly decrease the peak sodium current amplitude of the Nay1.2 channel [43].

4.3. Nay1.3

Although Nay1.3 is a neuronal sodium channel [44], the first paper reporting CaM
regulation of Nay1.3 is from a study on microvessels of the kidney [45].

The study examined the expression of Nay1.3 in rat descending vasa recta, a series of
blood vessels that perfuse the renal medulla. Further, it verified that CaM binding to the C-
terminus of Nay 1.3 by pull-down and immunoprecipitation assays [45]. The voltage-gated
sodium currents in the vasa recta pericytes were remarkably suppressed by CaM inhibitors
CIP (calmodulin inhibitory peptide) and W7 (N-(6-aminohexyl)-5-chloro-1-naphthalene-
sulphonamide hydrochloride). However, CIP or W7 did not generate alteration of gating
process of endogenous voltage-gated sodium currents in vasa recta cells [45].

Another study in hippocampal neurons showed that CaM regulates Na, channel
function in an Mg?*-dependent manner. The Nay 1.3 activities, together with Nay1.1 and
Na, 1.2, were more sensitive to Ca?* /CaM regulation in a low-Mg?* environment than
normal neurons [29].

4.4. Nay1.4

Nay 1.4 is the predominant subtype of sodium channel initiating skeletal muscle action
potential [8]. Nay1.4 mutations associated with periodic paralysis disorders affect skeletal
muscle excitability [46].

CaM influences the gating process of the Nay1.4 sodium channel, and the effects of
CaM on Nay 1.4 inactivation are related to CaZ* [31]. In the presence of Ca?*, CaM shifts
the voltage dependence of inactivation of the channel to hyperpolarizing direction. When
the free Ca?* is removed, the CaM-induced shift of the steady-state inactivation curve is
attenuated [31].

CaM regulates Nay 1.4 sodium current density. The decreased sodium currents caused
by Nay 1.4 IQ mutations were shown to be rescued by overexpression of CaM. However,
CaM does not significantly affect the sodium current density of the wild-type Nay1.4
channel [32].

In addition to functional regulation, CaM influences Nay 1.4 channel trafficking and
expression. One study demonstrated an intimate relationship between intact Nay1.4
channels and CaM in live cells and revealed that CaM participated in the regulation of cell
surface expression of Nay 1.4 protein through the interaction with the Nay1.4 channel 1Q
domain [19].

4.5. Nay1.5

The most well-studied voltage-gated sodium channel interacting with CaM is the
Nay1.5. The cardiac sodium channel Nay1.5, encoded by the SCN5A gene, plays a critical
role in the fast depolarization of the cardiac action potential [47]. Cardiac sodium channel
dysfunction caused by Nay 1.5 mutations was reported to remodel abnormal action potential
underlying arrhythmias [48].

CaM binds to Na, 1.5 C-terminal domain and enhances the inactivation of Na, 1.5 chan-
nel. It shifts the steady-state inactivation to hyperpolarization and influences inactivation
kinetic [49]. CaM mediates Ca?* regulation of Nay 1.5 sodium channel function [50]. In the
presence of Ca?*, CaM is promoted to bind to the Nay 1.5 inactivation gate. Perturbation of
the interaction between the gate and CaM generates a decreased recovery from inactivation
of the Nay1.5 channel [51,52].



Int. J. Mol. Sci. 2021, 22,9798

7 of 16

The sodium channel Nay 1.5 IQ domain mutations associated with arrhythmia reduce
CaM binding affinity. In HEK293 cells, overexpression of CaM attenuates late sodium
currents caused by Na, 1.5 IQ domain mutations [43]. CaM binding to Nay1.5 channel IQ
domain also modifies late sodium currents in cardiac myocytes [26]. Study in transgenic
mouse models showed FHFs tuned cardiac late sodium currents in ventricular myocytes.
FHFs diminished late sodium current of the Na 1.5 channel IQ/AA mutation (substitution
of two conserved residues isoleucine (I) and glutamine (Q) with double alanines (AA) in
the IQ domain), IQ/AA mutation has been reported to disrupt CaM binding to the 1Q
domain of voltage-gated sodium channels.

Studies in guinea-pig ventricular myocytes revealed CaM enhances the cardiac sodium
current density [53]; this is different from the result that CaM does not influence on
sodium current amplitude when co-expressing with Nay 1.5 channel in HEK293 cells [43]. It
indicates that some environmental factors in cardiac tissues are involved in CaM regulation
of Nay function.

Additionally, a recent study proposed CaM can bind to the N-terminal domain of
the cardiac Nay1.5 channel, wherein one Brugada syndrome-associated mutation in the
N-terminal domain of Nay 1.5 was shown to weaken the interaction between CaM and
Nay, 1.5 N-terminal domain [54].

4.6. Nay1.6

Nay1.6 is the primary voltage-gated sodium channel at the myelin-sheath gaps. It
is important in the generation and propagation of the action potential along myelinated
axons [55].

CaM binding to Nay 1.6 is crucial for functional sodium current expression [32]. Disrup-
tion of CaM binding to the Nay 1.6 channel significantly reduces sodium current amplitude.
Overexpression of CaM rescues the decreased sodium currents caused by Nay1.6 chan-
nel CaM-binding domain mutations. CaM enhances the rate of Nay1.6 inactivation and
switches Nay1.6 channel from fast mode to slow mode. It has no effects on the voltage
dependence of activation of Na,1.6 [32].

The structural study reported that CaM interacted with different residues of the
Nay 1.6 channel, depending on the absence or presence of Ca’*. However, three key
residues (Arg1902, Tyr1904, and Arg1905) in the Nay 1.6 channel IQ domain were identified
to interact with CaM in a Ca2+—independent manner [56].

4.7. Nay1.7

The voltage-gated sodium channel Na, 1.7 is highly expressed in nociceptive dorsal
root ganglion (DRG) neurons and superior cervical ganglion (SCG) neurons [57].

The electrophysiological study on CaM interacting with Nay1.7 has not yet been
determined. One nuclear magnetic resonance (NMR) study analyzed complexes of calcium-
free CaM bound to peptides of IQ motifs of Nay1.7. It showed C-lobe of CaM contributed to
the interface with the IQ motif of Na, 1.7 and the N-lobe of CaM interacted with other parts
of the sodium channel [36]. These results are consistent with findings in other voltage-gated
sodium channels and suggest that an interaction interface between CaM and IQ domain of
voltage-gated sodium channels is highly conserved in the C-lobe of CaM.

4.8. Na,1.8

Nay 1.8 channel is expressed in dorsal root ganglia (DRG) neurons [6], and genetic
research has shown this channel is also implicated in cardiac function [58], in which
Nay 1.8 was identified in cardiomyocytes and intracardiac neurons, contributing to cardiac
repolarization [59].

CaM is a functional partner of Nay 1.8 sodium and interacts with Na, 1.8 in vivo [18].
It was found that CaM can coimmunoprecipitate with endogenous Na, 1.8 channels from
native DRG. CaM mediated a frequency-dependent inhibition of sodium channels in the
DRG neurons. The sodium currents in neurons were significantly decreased in the presence
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Channel
Na,1l.1
Nayl.2
Na,1.3
Na,l1l.4
Na,1.5
Na,1l.6
Na,1l.7
Na,1.8
Na,1.9

of high cellular Ca?* (10 uM free Ca?*) and CaM antagonist calmodulin-binding peptide
(CBP), suggesting CaM modulated Nay1.8 current density in neurons [18].

A recent study demonstrated the CaM enhanced slow inactivation of the Nay1.8 chan-
nel and reduced channel availability. It modulated Nay1.8 function through its interaction
with the IQ domain. CaM mediated regulation was abrogated in mutations disrupting
CaM binding to the channel [60].

4.9. Na,1.9

Nay1.9 is expressed in sensory neurons of the DRG and trigeminal ganglion [61].

To date, there is no study investigating the interaction between CaM and Na,1.9
channel. The Nay1.9 IQ domain shares high sequence homology with other sodium
channels (Figure 5). It remains to be determined if CaM regulation of Nay 1.9 channel plays
a role in channel function in sensory neurons.

Gene **

SCN1A 1912 RKQEEVSAVIIQRAYRRHLLKRTVKQA 1938
SCN2A 1902 RKQEEVSAIIIQRAYRRYLLKQKVKKV 1928
SCN3A 1897 RKQEEVSAAIIQRNFRCYLLKQRLKNI 1923
SCN4A 1724 RKHEEVCAIKIQRAYRRHLLQRSMKQA 1750
SCN5A 1898 RKHEEVSAMVIQRAFRRHLLQRSLKHA 1924
SCNSA 1892 RKQEEVSAVVLQRAYRGHLARRGFICK 1918
SCN9A 1886 RKQEDVSATVIQRAYRRYRLRQNVKNI 1912
SCN10OA 1848 WKQEDISATVIQKAYRSYVLHRSMALS 1874
SCN11A 1730 RKEEERGAAIIQKAFRKYMMKVTKGDQ 1756

* %

Figure 5. Alignment of voltage-gated sodium channel family IQ domain and CaM-binding IQ domain mutations. Sodium

channel mutations in the IQ domain associated with human diseases are highlighted in yellow. The conserved residues Ile
(I) and Glu (Q) are indicated by stars.

5. CaM-Binding IQ Domain Mutations in Voltage-Gated Sodium Channel

A large number of voltage-gated sodium channel mutations have been linked with
disorders of the nervous and cardiovascular systems [62]. Some mutations are located in
the highly conserved CaM-binding IQ domain and cause severe neurological diseases and
cardiac arrhythmia (Figure 5, Table 1).

Table 1. CaM-binding IQ domain mutations in Nay channels.

Pathological Mutation in

CaM-Binding IQ Domain Change in Nucleotide Phenotype Effect On Nay Function
Nay1.1-11922T ¢.5765T>C Dravet syndrome unknown
Familial epilepsy syndrome
Nay1.1-R1928G .5782C>G Familial hemiplegic migraine unknown
Cryptogenic epileptic syndrome
Dravet syndrome
(1) Abolished Ca?*-dependence of
CaM binding; (2) Induced
Nay1.2-R1902C c.5704C>T Familial autism hyperpolarization shift of the
voltage dependence of activation
and inactivation of the channel.
(1) Induced an increased late
. . . . sodium current; (2)
Nay1.2-R1918H ¢.5753G>A Idiopathic generalized epilepsy Overexpression of CaM reduced
the late sodium current.
Nay1.5-R1898C ¢.5692C>T Brugada syndrome unknown
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Table 1. Cont.

Pathological Mutation in

CaM-Binding IQ Domain Change in Nucleotide Phenotype Effect On Nay Function
(1) Caused a reduction in peak
Arrhythmogenic right sodium current; (2) Caused a
Nay1.5-R1898H c.5693G>A ventricular structural deficit and decreased
dysplasia/cardiomyopathy abundance of Nay1.5 and
N-Cadherin clusters.
Nay1.5-E1901K c.5701G>A Brugada syndrome unknown
(1) Induced an increased late
sodium current; (2)
Nay1.5-E1901Q ¢.5701G>C Long QT syndrome Overexpression of CaM reduced
the late sodium current.
(1) Reduced binding affinity
y Long QT syndrome between channel and CaM; (2)
Nay1.5-51904L cS7HCT Brugada syndrome Induced an increased late sodium
current.
Long Q syndrome () ed o s
Nay1.5-Q1909R c.5726A>G Sudden infant death . ¢
svndrome Overexpression of CaM reduced
yn the late sodium current.
(1) Induced an increased late
sodium current; (2)
Nay1.5-R1913H c.5738G>A Long QT syndrome Overexpression of CaM reduced
the late sodium current.
Nay, 1.5-R1919C .5755C>T Long QT syndrome unknown
Brugada syndrome
(1) Induced a hyperpolarization
shift in voltage-state activation; (2)
Nay1.5-A1924T c.5770G>A Brugada syndrome Generated a reduced slow
inactivation that was rescued by
CaM.
(1) Reduced CaM-induced
hyperpolarization shift of the
Nay1.8-R1863Q ¢.5588 G>A Brugada syndrome voltage dependence of
inactivation of the channel.
(1) Disrupted CaM-induced
hyperpolarization shift; (2)
Na,1.8-R1869C ¢.5605 C>T Brugada syndrome Attenuated effects of CaM on
development and recovery from
slow inactivation.
(1) Disrupted CaM-induced
hyperpolarization shift; (2)
Nay1.8-R1869G ¢.5605 C>G Atrial fibrillation Attenuated effects of CaM on

development and recovery from
slow inactivation.

5.1. Na,1.1 Mutations

Nay1.1 mutations are associated with familial epilepsies. The Nay1.1-11922T was
identified in patients with Dravet syndrome [63,64]. In this mutation, highly conserved
residue isoleucine (I) that plays a critical role in CaM binding to the IQ domain was
substituted by threonine (T). Another mutation, Na,1.1-R1928G, is linked with cryptogenic
epileptic syndrome [65], and characterized in patients diagnosed with generalized epilepsy
with febrile seizures plus (GEFS+) [66], familial hemiplegic migraine (FHM) [67], and
severe myoclonic epilepsy of infancy (SMEI) [68].
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Additionally, CaM was reported to generate partially functional rescue of Nay1.1-
M1841T, an epileptogenic mutation located upstream of the CaM-binding IQ domain of the
Nay1.1 channel [25]. M1841T was characterized as a loss-of-function mutant and generated
very small sodium currents. Co-expression of CaM with M1841T partially rescued the loss
of function of the channel and induced a 3.5-fold increase in sodium current amplitude [25].

5.2. Na,1.2 Mutations

The Nay 1.2 mutation R1902C has been identified in patients with familial autism [69].
Nay1.2-R1902C perturbed Ca®*-dependent changes in the regulation of Nay1.2 func-
tion [39]. Protein pull-down assays showed R1902C abolished Ca?*-dependence of CaM
binding [30]. In the presence of Ca?*, Nay1.2-R1902C induced a hyperpolarization shift of
the voltage dependence of activation and inactivation of the channel [42].

The mutation Nay1.2-R1918H was associated with idiopathic generalized epilepsy [70].
This mutation produced a pathogenically increased late sodium current, indicating a gain-
of-function mechanism in Nay 1.2 mutations associated with epilepsy. The enhanced late
sodium current mediated by Na,1.2-R1918H was able to be rescued by CaM overexpres-
sion [43].

5.3. Na,1.5 Mutations

The Nay1.5-R1898H is a mutation located at the N-terminal end of the CaM-binding
IQ domain of the Nay 1.5 channel and was characterized in a patient with arrhythmogenic
right ventricular dysplasia/cardiomyopathy (AVRD/C) [71]. A study assessed this muta-
tion’s cellular and molecular phenotype using an induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs) approach. It showed that R1898H was a loss-of-function muta-
tion that caused around 40% reduction in peak sodium current [71]. Three-dimensional
super-resolution fluorescence microscopy (3D-SRFM) experiments showed a structural
deficit of Nay1.5 and N-cadherin clusters in the R1898H mutation cells, indicating a role
that Nay 1.5 dysfunction associated with R1898H mediated cardiomyopathy [71]. Another
mutation at the same position, R1898 (Na,1.5-R1898C), was identified in a patient with
Brugada syndrome [72]. It should be noted that the Nay1.5-R1898C corresponds to the
autism mutation Na,1.2-R1902C (Figure 5). In Nay1.2, the mutation (Na,1.2-R1902C)
affected the gating process of the channel and perturbed Ca®*-dependent regulation of
Nay1.2 function [42]. It is likely that the same mutation in the Nay1.5 (Na,1.5-R1898C)
generated similar consequences on the Nay 1.5 function and played similar roles in cardiac
diseases.

There are two mutations at the position Na,1.5-E1901 [73,74]. The Na,1.5-E1901K was
associated with Brugada syndrome [74], and Na, 1.5-E1901Q was identified in a patient with
type 3 of the long-QT syndrome (LQT3). Na,1.5-E1901Q was shown to cause an increased
late sodium current [73]. In the absence of Ca?*, the negative residue Glu at the position
1901 (E1901) might couple with a positive residue of CaM to form charge—charge interaction,
stabilizing CaM binding to the IQ domain of the channel [75]. Replacement of Glu with
GIn (E1901Q) or Lys (E1901K) likely disrupted the salt bridge formed by the charge-charge
interaction between CaM and Nay1.5 IQ domain and produced a perturbation of CaM
regulation of the channel, providing an explanation for the pathological roles of those
mutations in Brugada syndrome and LQT3 syndrome.

The Nay 1.5 mutation S1904L was associated with Brugada and long-QT syndromes [74,76].
The position of Ser1904 was proposed to use hydrogen bonds to interact with the main chain of
the C-lobe of the CaM. Mutation at the position of 1904 (51904L) perturbed the Na, 1.5 channel
interaction with CaM. In the absence of Ca?*, a flow cytometric FRET two-hybrid analysis
between the S1904L and CaM demonstrated a weaker affinity compared to the wild-type
Nay, 1.5 channel [15]. Additionally, S1904L induced an enhanced late sodium current, indicating
a delayed inactivation of the channel caused by CaM dysregulation of the channel in this
mutation [76].
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Na,1.5-Q1909R was linked with sudden infant death syndrome (SIDS) and LQT3 syn-
drome [77,78]. Functional studies showed that Q1909R is a gain-of-function mutation [79].
Ventricular action potential (AP) simulations showed a frequency-dependent reduction
of AP duration in Q1909R carriers [79]. Moreover, Q1909R resulted in an increase in late
sodium current. Co-expression of CaM or higher intracellular Ca?* reduced the enhanced
late sodium currents [43,79].

The mutation Nay1.5-R1913H was identified in a patient with LQT3 syndrome [80].
In the absence of Ca?*, the position Argl1913 interacts with negative residues of C-lobe
of CaM. Mutation at this position (R1913H) resulted in an enhanced late sodium current,
and overexpression of CaM can reduce the enhanced late sodium current [43]. Another
mutation (R1919C) was reported to be associated with Brugada syndrome and Long-QT
syndrome [81].

A Brugada syndrome mutation A1924T is located at the C-terminal end of the IQ
domain. Na,1.5-A1924T induced a negative shift in voltage-state activation, which would
cause some persistent depolarization of the channel [82]. Nay1.5-A1924T showed a reduced
slow inactivation, and application of CaM rescued the decreased slow inactivation caused
by Nay1.5-A1924T [49].

In addition to IQ domain mutations in the cardiac Nay 1.5 channel, there are several
mutations in other domains of Nay 1.5 involved in the regulation of CaM interaction with the
sodium channel. In the N-terminal domain of the Nay 1.5 channel, one Brugada syndrome
mutation R121W was reported to weaken the interaction between CaM and the channel [54].
In the III-IV linker of the Nay1.5 channel, Brugada syndrome mutation K1493del (a Lys
was deleted at the position 1493) decreased Ca?*-dependent CaM-interaction with Nay1.5
channel [83]. Brugada syndrome mutations Y1494N and I1521K were shown to cause
domain-specific perturbations of the interaction with CaM [51]. In the EF hand-like (EFL)
motifs upstream of the IQQ domain of Nay 1.5 channel, mutations (L1825P and Y1795insD)
associated with LQT and Brugada syndromes perturbed CaM regulation of the channel
function [84]. The persistent sodium currents produced by another Brugada syndrome
mutation E1784K in the EFL motif were modulated by CaM overexpression [23]. Moreover,
the mutation F1759A near the EFL motifs tuned the late sodium currents in CaM binding-
deficient channels in cardiac myocytes [26].

5.4. Na,1.8 Mutations

Nay 1.8 channel IQ domain mutations were reported to be linked with cardiac arrhyth-
mias. One clinical research reported Nay1.8-R1863Q mutation in a patient with Brugada
syndrome (BrS) [85]. The Na,1.8 mutation R1869C was identified in an index case with
atrial fibrillation (AF) and BrS [86]. In addition, mutation Na,1.8-R1869G was identified to
co-segregate with familial AF [87].

All IQ domain mutations influence CaM interaction with the Nay 1.8 channel. Na,1.8-
R1863Q reduced the CaM-induced hyperpolarization shift of the voltage dependence of
inactivation of the channel. Na,1.8-R1869C and Na,1.8-R1869G disrupted CaM-induced
hyperpolarization shift and attenuated effects of CaM on development and recovery from
slow inactivation [60]. These results suggested that Na, 1.8 IQ domain mutations weakened
the interaction between CaM and Na, 1.8 channel and perturbed CaM regulation of Na,1.8
function.

6. Conclusions and Perspectives

We have described the interaction between CaM and each isoform of voltage-gated
sodium channel family and summarized mutations associated with human diseases in
CaM regulation of voltage-gated sodium channels.

The effects of CaM on the sodium channels are complex. They are not only involved
in various regulation ways but also related to multiple factors in the cells. CaM regulates
Nay channel gating by binding to the IQ motif of the channel. Intracellular Ca®* is also
reported to modulate cardiac Nay 1.5 channel inactivation by binding to an EF hand-like
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(EFL) motif of the sodium channel. The multiple binding sites of Ca?* (either in the EFL
of Nay channel or in the EF-hand of CaM) and ability of CaM binding to the IQ domain
of the Na, channel result in various regulations of Ca** and/or CaM on the Na, channel
function. Therefore, delineating Na, modulation by CaM will require developing novel
approaches that exclude or minimize other factors’ modulation on CaM regulation of
sodium channel function. In addition, studies have shown that CaM has isoform-specific
modulation of voltage-gated sodium channels [31-34]. Because sodium channel isoforms
have specific tissue distribution (Figure 1), whether environmental factors in different
tissues are involved in CaM regulation of Nay function remains unclear. Studies in the
field will help explore the regulatory mechanism underlying distinct properties of CaM
modulation of voltage-gated sodium channel function. Moreover, although the canonical
binding site of CaM is the C-terminal domain of the sodium channel, a recent study showed
another interaction site between CaM and the channel. A putative CaM-binding sequence
comprising 26 amino acids is located at the N-terminal domain of the sodium channel [54].
Future studies on the complexes of a Nay N-terminal domain and CaM will extend and
provide a complete understanding of the contribution of CaM on the Nay function.

In summary, CaM plays a critical regulatory role in cellular electrophysiology by its
ability to bind to voltage-gated sodium channels. Understanding how it regulates sodium
channel function is a crucial step towards developing treatments for diseases associated
with sodium channel mutations.
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Abbreviations
Nay Voltage-gated sodium channel
CaM Calmodulin

Apo-CaM  Ca’*-free CaM
Ca?*/CaM  Ca®*-binding CaM
IQ domain A domain with highly conserved residues isoleucine (I) and glutamine (Q)

CBP Calmodulin-binding peptide

CIP Calmodulin inhibitory peptide

EFL EF hand-like motifs

FHF Fibroblast growth factor homologous factor
FGF Fibroblast growth factor

CaMKII Calcium/calmodulin-dependent protein kinase II
AP Action potential

DRG Dorsal root ganglia

SCG Superior cervical ganglion

NMR Nuclear magnetic resonance

GEFS+ Generalized epilepsy with febrile seizures plus
FHM Familial hemiplegic migraine

SMEI Severe myoclonic epilepsy of infancy

SIDS Sudden infant death syndrome

LQT3 Type 3 of long-QT syndrome

References

1.  Xu, L.; Ding, X.; Wang, T.; Mou, S.; Sun, H.; Hou, T. Voltage-gated sodium channels: Structures, functions, and molecular
modeling. Drug Discov. Today 2019, 24, 1389-1397. [CrossRef]

2. Wood, ].N,; Iseppon, F. Sodium channels. Brain Neurosci. Adv. 2018, 2, 2398212818810684. [CrossRef] [PubMed]

3. Encinas, A.C.; Watkins, J.C.; Longoria, I.A.; Johnson, ].P.; Hammer, M.F. Variable patterns of mutation density among NaV1.1,
NaV1.2 and NaV1.6 point to channel-specific functional differences associated with childhood epilepsy. PLoS ONE 2020, 15,
€0238121. [CrossRef]


http://doi.org/10.1016/j.drudis.2019.05.014
http://doi.org/10.1177/2398212818810684
http://www.ncbi.nlm.nih.gov/pubmed/32166153
http://doi.org/10.1371/journal.pone.0238121

Int. J. Mol. Sci. 2021, 22, 9798 13 of 16

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

Wang, Z.; Kuang, P; Lin, Y,; Liu, W.; Lao, W.; Ji, Y.; Zhu, H. Re-expression of voltage-gated sodium channel subtype Nav1.3 in the
substantia nigra after dopamine depletion. Neurosci. Lett. 2018, 687, 146-152. [CrossRef]

Wang, ].T.; Zheng, YM.; Chen, Y.T.; Gu, M.; Gao, Z.B.; Nan, E]J. Discovery of aryl sulfonamide-selective Nav1.7 inhibitors with a
highly hydrophobic ethanoanthracene core. Acta Pharmacol. Sin. 2020, 41, 293-302. [CrossRef]

Xiao, Y.; Barbosa, C.; Pei, Z.; Xie, W.; Strong, J.A.; Zhang, ]. M.; Cummins, T.R. Increased Resurgent Sodium Currents in Nav1.8
Contribute to Nociceptive Sensory Neuron Hyperexcitability Associated with Peripheral Neuropathies. J. Neurosci. 2019, 39,
1539-1550. [CrossRef]

Bai, Q.; Shao, J.; Cao, J.; Ren, X.; Cai, W.; Su, S.; George, S.; Tan, Z.; Zang, W.; Dong, T. Protein kinase C-alpha upregulates sodium
channel Nav1.9 in nociceptive dorsal root ganglion neurons in an inflammatory arthritis pain model of rat. J. Cell Biochem. 2020,
121, 768-778. [CrossRef]

Mannikko, R.; Wong, L.; Tester, D.J.; Thor, M.G.; Sud, R.; Kullmann, D.M.; Sweeney, M.G.; Leu, C.; Sisodiya, S.M.; FitzPatrick, D.R,;
et al. Dysfunction of NaV1.4, a skeletal muscle voltage-gated sodium channel, in sudden infant death syndrome: A case-control
study. Lancet 2018, 391, 1483-1492. [CrossRef]

Turan, N.N.; Moshal, K.S.; Roder, K.; Baggett, B.C.; Kabakov, A.Y.; Dhakal, S.; Teramoto, R.; Chiang, D.Y.; Zhong, M.; Xie, A.; et al.
The endosomal trafficking regulator LITAF controls the cardiac Nav1.5 channel via the ubiquitin ligase NEDD4-2. J. Biol. Chem.
2020, 295, 18148-18159. [CrossRef]

Nakajima, T.; Kaneko, Y.; Dharmawan, T.; Kurabayashi, M. Role of the voltage sensor module in Nav domain IV on fast
inactivation in sodium channelopathies: The implication of closed-state inactivation. Channels (Austin) 2019, 13, 331-343.
[CrossRef] [PubMed]

Gabelli, S.B.; Yoder, ].B.; Tomaselli, G.E.; Amzel, L.M. Calmodulin and Ca(2+) control of voltage gated Na(+) channels. Channels
(Austin) 2016, 10, 45-54. [CrossRef]

O’Day, D.H.; Taylor, R.].; Myre, M.A. Calmodulin and Calmodulin Binding Proteins in Dictyostelium: A Primer. Int J. Mol. Sci.
2020, 21, 1210. [CrossRef]

Zoidl, G.R.; Spray, D.C. The Roles of Calmodulin and CaMKII in Cx36 Plasticity. Int . Mol. Sci. 2021, 22, 4473. [CrossRef]
Villalobo, A.; Ishida, H.; Vogel, H.].; Berchtold, M.W. Calmodulin as a protein linker and a regulator of adaptor/scaffold proteins.
Biochim. Biophys. Acta Mol. Cell Res. 2018, 1865, 507-521. [CrossRef]

Kang, PW.; Chakouri, N.; Diaz, J.; Tomaselli, G.E; Yue, D.T.; Ben-Johny, M. Elementary mechanisms of calmodulin regulation of
NaV1.5 producing divergent arrhythmogenic phenotypes. Proc. Natl. Acad. Sci. USA 2021, 118. [CrossRef] [PubMed]

Gabelli, S.B.; Boto, A.; Kuhns, V.H.; Bianchet, M.A.; Farinelli, F.; Aripirala, S.; Yoder, J.; Jakoncic, J.; Tomaselli, G.F.; Amzel, L.M.
Regulation of the NaV1.5 cytoplasmic domain by calmodulin. Nat. Commun. 2014, 5, 5126. [CrossRef] [PubMed]

Sarhan, M.E; Tung, C.C.; Van Petegem, F.; Ahern, C.A. Crystallographic basis for calcium regulation of sodium channels. Proc.
Natl. Acad. Sci. USA 2012, 109, 3558-3563. [CrossRef] [PubMed]

Choi, J.S.; Hudmon, A.; Waxman, S.G.; Dib-Hajj, S.D. Calmodulin regulates current density and frequency-dependent inhibition
of sodium channel Nav1.8 in DRG neurons. . Neurophysiol. 2006, 96, 97-108. [CrossRef]

Biswas, S.; Deschenes, I; Disilvestre, D.; Tian, Y.; Halperin, V.L.; Tomaselli, G.F. Calmodulin regulation of Nav1.4 current: Role of
binding to the carboxyl terminus. J. Gen. Physiol. 2008, 131, 197-209. [CrossRef] [PubMed]

Li, Z; Jin, X.; Wu, T.; Zhao, X.; Wang, W.; Lei, J.; Pan, X.; Yan, N. Structure of human Nav1.5 reveals the fast inactivation-related
segments as a mutational hotspot for the long QT syndrome. Proc. Natl. Acad. Sci. USA 2021, 118. [CrossRef]

Catterall, W.A.; Lenaeus, M.J.; Gamal El-Din, T.M. Structure and Pharmacology of Voltage-Gated Sodium and Calcium Channels.
Annu Rev. Pharmacol Toxicol. 2020, 60, 133-154. [CrossRef] [PubMed]

Chatterjee, S.; Vyas, R.; Chalamalasetti, S.V.; Sahu, 1.D.; Clatot, J.; Wan, X.; Lorigan, G.A.; Deschenes, I.; Chakrapani, S. The
voltage-gated sodium channel pore exhibits conformational flexibility during slow inactivation. J. Gen. Physiol. 2018, 150,
1333-1347. [CrossRef]

Gade, A.R.; Marx, S.0,; Pitt, G.S. An interaction between the III-IV linker and CTD in NaV1.5 confers regulation of inactivation
by CaM and FHE. . Gen. Physiol. 2020, 152. [CrossRef] [PubMed]

Gaudioso, C.; Carlier, E.; Youssouf, F,; Clare, ].].; Debanne, D.; Alcaraz, G. Calmodulin and calcium differentially regulate the
neuronal Nav1.1 voltage-dependent sodium channel. Biochem. Biophys Res. Commun. 2011, 411, 329-334. [CrossRef]

Rusconi, R.; Scalmani, P.; Cassulini, R.R.; Giunti, G.; Gambardella, A.; Franceschetti, S.; Annesi, G.; Wanke, E.; Mantegazza,
M. Modulatory proteins can rescue a trafficking defective epileptogenic Nav1l.1 Na+ channel mutant. J. Neurosci. 2007, 27,
11037-11046. [CrossRef] [PubMed]

Abrams, ].; Roybal, D.; Chakouri, N.; Katchman, A.N.; Weinberg, R.; Yang, L.; Chen, B.X.; Zakharov, S.I.; Hennessey, ]J.A.;
Avula, UM.R; et al. Fibroblast growth factor homologous factors tune arrhythmogenic late NaV1.5 current in calmodulin
binding-deficient channels. JCI Insight 2020, 5. [CrossRef]

Li,J; Yu, Z; Xu, J.; Feng, R.; Gao, Q.; Boczek, T.; Liu, J.; Li, Z.; Wang, Q.; Lei, M.; et al. The Effect of Ca(2+), Lobe-Specificity, and
CaMKII on CaM Binding to NaV1.1. Int |. Mol. Sci. 2018, 19, 2495. [CrossRef]

Johnson, C.N. Calcium modulation of cardiac sodium channels. J. Physiol. 2020, 598, 2835-2846. [CrossRef]

Guo, E; Zhou, PD.; Gao, Q.H.; Gong, J.; Feng, R.; Xu, X.X.; Liu, S.Y.; Hu, H.Y,; Zhao, M.M.; Adam, H.C.; et al. Low-
Mg(2+) treatment increases sensitivity of voltage-gated Na(+) channels to Ca(2+)/calmodulin-mediated modulation in cultured
hippocampal neurons. Am. J. Physiol. Cell Physiol. 2015, 308, C594—C605. [CrossRef] [PubMed]


http://doi.org/10.1016/j.neulet.2018.09.052
http://doi.org/10.1038/s41401-019-0267-z
http://doi.org/10.1523/JNEUROSCI.0468-18.2018
http://doi.org/10.1002/jcb.29322
http://doi.org/10.1016/S0140-6736(18)30021-7
http://doi.org/10.1074/jbc.RA120.015216
http://doi.org/10.1080/19336950.2019.1649521
http://www.ncbi.nlm.nih.gov/pubmed/31357904
http://doi.org/10.1080/19336950.2015.1075677
http://doi.org/10.3390/ijms21041210
http://doi.org/10.3390/ijms22094473
http://doi.org/10.1016/j.bbamcr.2017.12.004
http://doi.org/10.1073/pnas.2025085118
http://www.ncbi.nlm.nih.gov/pubmed/34021086
http://doi.org/10.1038/ncomms6126
http://www.ncbi.nlm.nih.gov/pubmed/25370050
http://doi.org/10.1073/pnas.1114748109
http://www.ncbi.nlm.nih.gov/pubmed/22331908
http://doi.org/10.1152/jn.00854.2005
http://doi.org/10.1085/jgp.200709863
http://www.ncbi.nlm.nih.gov/pubmed/18270170
http://doi.org/10.1073/pnas.2100069118
http://doi.org/10.1146/annurev-pharmtox-010818-021757
http://www.ncbi.nlm.nih.gov/pubmed/31537174
http://doi.org/10.1085/jgp.201812118
http://doi.org/10.1085/jgp.201912434
http://www.ncbi.nlm.nih.gov/pubmed/31865383
http://doi.org/10.1016/j.bbrc.2011.06.142
http://doi.org/10.1523/JNEUROSCI.3515-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17928445
http://doi.org/10.1172/jci.insight.141736
http://doi.org/10.3390/ijms19092495
http://doi.org/10.1113/JP277553
http://doi.org/10.1152/ajpcell.00174.2014
http://www.ncbi.nlm.nih.gov/pubmed/25652447

Int. J. Mol. Sci. 2021, 22, 9798 14 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Jia, W.; Liu, J.; Yu, Z.; Zhang, X.; Xu, X.; Wang, Y.; Gao, Q.; Feng, R.; Wan, Y.; Xu, ].; et al. Properties of Calmodulin Binding to
NaV1.2 IQ Motif and Its Autism-Associated Mutation R1902C. Neurochem. Res. 2021, 46, 523-534. [CrossRef]

Deschenes, I.; Neyroud, N.; DiSilvestre, D.; Marban, E.; Yue, D.T.; Tomaselli, G.F. Isoform-specific modulation of voltage-gated
Na(+) channels by calmodulin. Circ. Res. 2002, 90, E49-E57. [CrossRef]

Herzog, R.L; Liu, C.; Waxman, S.G.; Cummins, T.R. Calmodulin binds to the C terminus of sodium channels Nav1.4 and Nav1.6
and differentially modulates their functional properties. J. Neurosci. 2003, 23, 8261-8270. [CrossRef] [PubMed]

Ben-Johny, M.; Yang, P.S.; Niu, J.; Yang, W.; Joshi-Mukherjee, R.; Yue, D.T. Conservation of Ca2+/calmodulin regulation across Na
and Ca2+ channels. Cell. 2014, 157, 1657-1670. [CrossRef] [PubMed]

Yoder, J.B.; Ben-Johny, M.; Farinelli, F,; Srinivasan, L.; Shoemaker, S.R.; Tomaselli, G.F,; Gabelli, S.B.; Amzel, L.M. Ca(2+)-
dependent regulation of sodium channels NaV1.4 and NaV1.5 is controlled by the post-IQ motif. Nat. Commun. 2019, 10, 1514.
[CrossRef]

Martinez-Losa, M.; Tracy, T.E.; Ma, K.; Verret, L.; Clemente-Perez, A.; Khan, A.S.; Cobos, I.; Ho, K.; Gan, L.; Mucke, L.; et al.
Navl.1-Overexpressing Interneuron Transplants Restore Brain Rhythms and Cognition in a Mouse Model of Alzheimer’s Disease.
Neuron 2018, 98, 75-89. [CrossRef] [PubMed]

Isbell, H.M,; Kilpatrick, A.M.; Lin, Z.; Mahling, R.; Shea, M.A. Backbone resonance assignments of complexes of apo human
calmodulin bound to IQ motif peptides of voltage-dependent sodium channels NaV1.1, NaV1.4 and NaV1.7. Bionmol. NMR Assign.
2018, 12, 283-289. [CrossRef]

Nunes, D.; Kuner, T. Axonal sodium channel NaV1.2 drives granule cell dendritic GABA release and rapid odor discrimination.
PLoS Biol. 2018, 16, €2003816. [CrossRef]

Hu, X.L.; Wang, X.X.; Zhu, YM.; Xuan, L.N.; Peng, LW.; Liu, Y.Q.; Yang, H.; Yang, C.; Jiao, L.; Hang, P.Z.; et al. MicroRNA-132
regulates total protein of Nav1.1 and Nav1.2 in the hippocampus and cortex of rat with chronic cerebral hypoperfusion. Behav.
Brain Res. 2019, 366, 118-125. [CrossRef] [PubMed]

Kim, J.; Ghosh, S.; Liu, H.; Tateyama, M.; Kass, R.S.; Pitt, G.S. Calmodulin mediates Ca2+ sensitivity of sodium channels. J. Biol.
Chem. 2004, 279, 45004-45012. [CrossRef]

Theoharis, N.T.; Sorensen, B.R.; Theisen-Toupal, J.; Shea, M.A. The neuronal voltage-dependent sodium channel type II IQ motif
lowers the calcium affinity of the C-domain of calmodulin. Biochemistry 2008, 47, 112-123. [CrossRef]

Mahling, R.; Hovey, L.; Isbell, H.M.; Marx, D.C.; Miller, M.S,; Kilpatrick, A.M.; Weaver, L.D.; Yoder, ].B.; Kim, E.H.; Andresen,
C.N.J,; et al. NaV1.2 EFL domain allosterically enhances Ca(2+) binding to sites I and II of WT and pathogenic calmodulin
mutants bound to the channel CTD. Structure 2021. [CrossRef]

Wang, C.; Chung, B.C.; Yan, H.; Wang, H.G.; Lee, S.Y,; Pitt, G.S. Structural analyses of Ca(2)(+)/CaM interaction with NaV
channel C-termini reveal mechanisms of calcium-dependent regulation. Nat. Commun. 2014, 5, 4896. [CrossRef] [PubMed]

Yan, H.; Wang, C.; Marx, S.O.; Pitt, G.S. Calmodulin limits pathogenic Na+ channel persistent current. J. Gen. Physiol. 2017, 149,
277-293. [CrossRef]

Ghovanloo, M.R.; Peters, C.H.; Ruben, P.C. Effects of acidosis on neuronal voltage-gated sodium channels: Nav1.1 and Nav1.3.
Channels (Austin) 2018, 12, 367-377. [CrossRef] [PubMed]

Lee-Kwon, W.; Goo, ].H.; Zhang, Z.; Silldorff, E.P,; Pallone, T.L. Vasa recta voltage-gated Na+ channel Nav1.3 is regulated by
calmodulin. Am. J. Physiol. Renal Physiol. 2007, 292, F404-F414. [CrossRef]

Horie, R.; Kubota, T.; Koh, J.; Tanaka, R.; Nakamura, Y.; Sasaki, R.; Ito, H.; Takahashi, M.P. EF hand-like motif mutations of Nav1.4
C-terminus cause myotonic syndrome by impairing fast inactivation. Muscle Nerve 2020, 61, 808-814. [CrossRef]

Dong, C.; Wang, Y.; Ma, A.; Wang, T. Life Cycle of the Cardiac Voltage-Gated Sodium Channel NaV1.5. Front. Physiol. 2020, 11,
609733. [CrossRef]

Hong, L.; Zhang, M.; Ly, O.T.; Chen, H.; Sridhar, A.; Lambers, E.; Chalazan, B.; Youn, S.W.; Maienschein-Cline, M.; Feferman, L.;
et al. Human induced pluripotent stem cell-derived atrial cardiomyocytes carrying an SCN5A mutation identify nitric oxide
signaling as a mediator of atrial fibrillation. Stem Cell Rep. 2021, 16, 1542-1554. [CrossRef] [PubMed]

Tan, H.L.; Kupershmidt, S.; Zhang, R.; Stepanovic, S.; Roden, D.M.; Wilde, A.A.; Anderson, M.E.; Balser, ].R. A calcium sensor in
the sodium channel modulates cardiac excitability. Nature 2002, 415, 442—-447. [CrossRef] [PubMed]

Shah, V.N.; Wingo, T.L.; Weiss, K.L.; Williams, C.K,; Balser, J.R.; Chazin, W.J. Calcium-dependent regulation of the voltage-gated
sodium channel hH1: Intrinsic and extrinsic sensors use a common molecular switch. Proc. Natl. Acad. Sci. USA 2006, 103,
3592-3597. [CrossRef] [PubMed]

Johnson, C.N.; Potet, F.; Thompson, M.K.; Kroncke, B.M.; Glazer, A.M.; Voehler, M.W.; Knollmann, B.C.; George, A.L.; Chazin,
W.J. A Mechanism of Calmodulin Modulation of the Human Cardiac Sodium Channel. Structure 2018, 26, 683-694. [CrossRef]
Potet, E; Chagot, B.; Anghelescu, M.; Viswanathan, P.C.; Stepanovic, S.Z.; Kupershmidt, S.; Chazin, W.J.; Balser, ].R. Functional
Interactions between Distinct Sodium Channel Cytoplasmic Domains through the Action of Calmodulin. J. Biol. Chem. 2009, 284,
8846-8854. [CrossRef] [PubMed]

Aiba, T.; Hesketh, G.G,; Liu, T; Carlisle, R.; Villa-Abrille, M.C.; O'Rourke, B.; Akar, EG.; Tomaselli, G.F. Na+ channel regulation
by Ca2+/calmodulin and Ca2+/calmodulin-dependent protein kinase II in guinea-pig ventricular myocytes. Cardiovasc. Res.
2010, 85, 454-463. [CrossRef]


http://doi.org/10.1007/s11064-020-03189-7
http://doi.org/10.1161/01.RES.0000012502.92751.E6
http://doi.org/10.1523/JNEUROSCI.23-23-08261.2003
http://www.ncbi.nlm.nih.gov/pubmed/12967988
http://doi.org/10.1016/j.cell.2014.04.035
http://www.ncbi.nlm.nih.gov/pubmed/24949975
http://doi.org/10.1038/s41467-019-09570-7
http://doi.org/10.1016/j.neuron.2018.02.029
http://www.ncbi.nlm.nih.gov/pubmed/29551491
http://doi.org/10.1007/s12104-018-9824-5
http://doi.org/10.1371/journal.pbio.2003816
http://doi.org/10.1016/j.bbr.2019.03.026
http://www.ncbi.nlm.nih.gov/pubmed/30885820
http://doi.org/10.1074/jbc.M407286200
http://doi.org/10.1021/bi7013129
http://doi.org/10.1016/j.str.2021.03.002
http://doi.org/10.1038/ncomms5896
http://www.ncbi.nlm.nih.gov/pubmed/25232683
http://doi.org/10.1085/jgp.201611721
http://doi.org/10.1080/19336950.2018.1539611
http://www.ncbi.nlm.nih.gov/pubmed/30362397
http://doi.org/10.1152/ajprenal.00070.2006
http://doi.org/10.1002/mus.26849
http://doi.org/10.3389/fphys.2020.609733
http://doi.org/10.1016/j.stemcr.2021.04.019
http://www.ncbi.nlm.nih.gov/pubmed/34019817
http://doi.org/10.1038/415442a
http://www.ncbi.nlm.nih.gov/pubmed/11807557
http://doi.org/10.1073/pnas.0507397103
http://www.ncbi.nlm.nih.gov/pubmed/16505387
http://doi.org/10.1016/j.str.2018.03.005
http://doi.org/10.1074/jbc.M806871200
http://www.ncbi.nlm.nih.gov/pubmed/19171938
http://doi.org/10.1093/cvr/cvp324

Int. J. Mol. Sci. 2021, 22, 9798 15 of 16

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Wang, Z.; Vermij, S.H.; Sottas, V.; Shestak, A.; Ross-Kaschitza, D.; Zaklyazminskaya, E.V.; Hudmon, A.; Pitt, G.S.; Rougier, ].S.;
Abriel, H. Calmodulin binds to the N-terminal domain of the cardiac sodium channel Nav1.5. Channels (Austin) 2020, 14, 268-286.
[CrossRef] [PubMed]

Chen, L.; Huang, J.; Benson, C.; Lankford, K.L.; Zhao, P.; Carrara, ].; Tan, A.M.; Kocsis, ].D.; Waxman, S.G.; Dib-Hajj, S.D. Sodium
channel Nav1.6 in sensory neurons contributes to vincristine-induced allodynia. Brain 2020, 143, 2421-2436. [CrossRef] [PubMed]
Reddy Chichili, V.P; Xiao, Y.; Seetharaman, J.; Cummins, T.R.; Sivaraman, J. Structural basis for the modulation of the neuronal
voltage-gated sodium channel NaV1.6 by calmodulin. Sci. Rep. 2013, 3, 2435. [CrossRef]

Chen, L.; Wimalasena, N.K.; Shim, J.; Han, C.; Lee, S.I.; Gonzalez-Cano, R.; Estacion, M.; Faber, C.G.; Lauria, G.; Dib-Hajj, S.D.;
et al. Two independent mouse lines carrying the Nav1.7 I1228M gain-of-function variant display dorsal root ganglion neuron
hyperexcitability but a minimal pain phenotype. Pain 2021, 162, 1758-1770. [CrossRef]

Macri, V.; Brody, J.A.; Arking, D.E.; Hucker, W.J.; Yin, X,; Lin, H.; Mills, RW.; Sinner, M.E,; Lubitz, S.A.; Liu, C.T.; et al. Common
Coding Variants in SCN10A Are Associated With the Nav1.8 Late Current and Cardiac Conduction. Circ. Genom. Precis. Med.
2018, 11, e001663. [CrossRef] [PubMed]

Odening, K.E. The Role of Nav1.8 in Cardiac Electrophysiology-a Matter of the Heart or the Nerve? Cardiovasc. Drugs Ther. 2019,
33, 645-647. [CrossRef]

Hong, L.; Zhang, M.; Sridhar, A.; Darbar, D. Pathogenic mutations perturb calmodulin regulation of Nav1.8 channel. Biochem.
Biophys. Res. Commun. 2020. [CrossRef]

Bonnet, C.; Hao, J.; Osorio, N.; Donnet, A ; Penalba, V.; Ruel, J.; Delmas, P. Maladaptive activation of Nav1.9 channels by nitric
oxide causes triptan-induced medication overuse headache. Nat. Commun. 2019, 10, 4253. [CrossRef] [PubMed]

Matthews, E.; Balestrini, S.; Sisodiya, S.M.; Hanna, M.G. Muscle and brain sodium channelopathies: Genetic causes, clinical
phenotypes, and management approaches. Lancet Child Adolesc. Health 2020, 4, 536-547. [CrossRef]

Lossin, C. A catalog of SCN1A variants. Brain Dev. 2009, 31, 114-130. [CrossRef] [PubMed]

Harkin, L.A.; McMahon, ].M.; Iona, X.; Dibbens, L.; Pelekanos, J.T.; Zuberi, S.M.; Sadleir, L.G.; Andermann, E.; Gill, D.; Farrell, K;
et al. The spectrum of SCN1A-related infantile epileptic encephalopathies. Brain 2007, 130, 843-852. [CrossRef] [PubMed]
Zucca, C.; Redaelli, F,; Epifanio, R.; Zanotta, N.; Romeo, A.; Lodi, M.; Veggiotti, P.; Airoldi, G.; Panzeri, C.; Romaniello, R.;
et al. Cryptogenic epileptic syndromes related to SCN1A: Twelve novel mutations identified. Arch. Neurol. 2008, 65, 489-494.
[CrossRef] [PubMed]

Wallace, R.H.; Scheffer, L.E.; Barnett, S.; Richards, M.; Dibbens, L.; Desai, R.R.; Lerman-Sagie, T.; Lev, D.; Mazarib, A.; Brand, N.;
et al. Neuronal sodium-channel alphal-subunit mutations in generalized epilepsy with febrile seizures plus. Am. . Hum. Genet.
2001, 68, 859-865. [CrossRef] [PubMed]

de Vries, B.; Freilinger, T.; Vanmolkot, K.R.; Koenderink, J.B.; Stam, A.H.; Terwindt, G.M.; Babini, E.; van den Boogerd, E.H.; van
den Heuvel, ].J.; Frants, RR,; et al. Systematic analysis of three FHM genes in 39 sporadic patients with hemiplegic migraine.
Neurology 2007, 69, 2170-2176. [CrossRef]

Depienne, C.; Trouillard, O.; Saint-Martin, C.; Gourfinkel-An, I.; Bouteiller, D.; Carpentier, W.; Keren, B.; Abert, B.; Gautier, A.;
Baulac, S.; et al. Spectrum of SCN1A gene mutations associated with Dravet syndrome: Analysis of 333 patients. . Med. Genet.
2009, 46, 183-191. [CrossRef]

Weiss, L.A.; Escayg, A.; Kearney, ].A.; Trudeau, M.; MacDonald, B.T.; Mori, M.; Reichert, J.; Buxbaum, ].D.; Meisler, M.H. Sodium
channels SCN1A, SCN2A and SCN3A in familial autism. Mol. Psychiatry 2003, 8, 186-194. [CrossRef]

Haug, K.; Hallmann, K.; Rebstock, J.; Dullinger, J.; Muth, S.; Haverkamp, E,; Pfeiffer, H.; Rau, B.; Elger, C.E.; Propping, P; et al.
The voltage-gated sodium channel gene SCN2A and idiopathic generalized epilepsy. Epilepsy Res. 2001, 47, 243-246. [CrossRef]
Te Riele, A.S.; Agullo-Pascual, E.; James, C.A.; Leo-Macias, A.; Cerrone, M.; Zhang, M.; Lin, X.; Lin, B.; Sobreira, N.L.; Amat-
Alarcon, N.; et al. Multilevel analyses of SCN5A mutations in arrhythmogenic right ventricular dysplasia/cardiomyopathy
suggest non-canonical mechanisms for disease pathogenesis. Cardiovasc. Res. 2017, 113, 102-111. [CrossRef]

Selga, E.; Campuzano, O.; Pinsach-Abuin, M.L.; Perez-Serra, A.; Mademont-Soler, I.; Riuro, H.; Pico, E; Coll, M; Iglesias, A.;
Pagans, S.; et al. Comprehensive Genetic Characterization of a Spanish Brugada Syndrome Cohort. PLoS ONE 2015, 10, e0132888.
[CrossRef]

Kapplinger, ].D.; Tester, D.J.; Salisbury, B.A.; Carr, J.L.; Harris-Kerr, C.; Pollevick, G.D.; Wilde, A.A.; Ackerman, M.]. Spectrum
and prevalence of mutations from the first 2,500 consecutive unrelated patients referred for the FAMILION long QT syndrome
genetic test. Heart Rhythm 2009, 6, 1297-1303. [CrossRef]

Kapplinger, J.D.; Tester, D.].; Alders, M.; Benito, B.; Berthet, M.; Brugada, J.; Brugada, P; Fressart, V.; Guerchicoff, A.; Harris-Kerr,
C,; et al. An international compendium of mutations in the SCN5A-encoded cardiac sodium channel in patients referred for
Brugada syndrome genetic testing. Heart Rhythm 2010, 7, 33-46. [CrossRef]

Pitt, G.S.; Lee, S.Y. Current view on regulation of voltage-gated sodium channels by calcium and auxiliary proteins. Protein Sci.
2016, 25, 1573-1584. [CrossRef]

Bankston, ].R.; Sampson, K.J.; Kateriya, S.; Glaaser, L W.; Malito, D.L.; Chung, WK.; Kass, R.S. A novel LQT-3 mutation disrupts an
inactivation gate complex with distinct rate-dependent phenotypic consequences. Channels (Austin) 2007, 1, 273-280. [CrossRef]
Winkel, B.G.; Yuan, L.; Olesen, M.S.; Sadjadieh, G.; Wang, Y.; Risgaard, B.; Jabbari, R.; Haunso, S.; Holst, A.G.; Hollegaard, M.V,;
et al. The role of the sodium current complex in a nonreferred nationwide cohort of sudden infant death syndrome. Heart Rhythm
2015, 12, 1241-1249. [CrossRef]


http://doi.org/10.1080/19336950.2020.1805999
http://www.ncbi.nlm.nih.gov/pubmed/32815768
http://doi.org/10.1093/brain/awaa208
http://www.ncbi.nlm.nih.gov/pubmed/32830219
http://doi.org/10.1038/srep02435
http://doi.org/10.1097/j.pain.0000000000002171
http://doi.org/10.1161/CIRCGEN.116.001663
http://www.ncbi.nlm.nih.gov/pubmed/29752399
http://doi.org/10.1007/s10557-019-06931-8
http://doi.org/10.1016/j.bbrc.2020.08.010
http://doi.org/10.1038/s41467-019-12197-3
http://www.ncbi.nlm.nih.gov/pubmed/31534133
http://doi.org/10.1016/S2352-4642(19)30425-0
http://doi.org/10.1016/j.braindev.2008.07.011
http://www.ncbi.nlm.nih.gov/pubmed/18804930
http://doi.org/10.1093/brain/awm002
http://www.ncbi.nlm.nih.gov/pubmed/17347258
http://doi.org/10.1001/archneur.65.4.489
http://www.ncbi.nlm.nih.gov/pubmed/18413471
http://doi.org/10.1086/319516
http://www.ncbi.nlm.nih.gov/pubmed/11254444
http://doi.org/10.1212/01.wnl.0000295670.01629.5a
http://doi.org/10.1136/jmg.2008.062323
http://doi.org/10.1038/sj.mp.4001241
http://doi.org/10.1016/S0920-1211(01)00312-6
http://doi.org/10.1093/cvr/cvw234
http://doi.org/10.1371/journal.pone.0132888
http://doi.org/10.1016/j.hrthm.2009.05.021
http://doi.org/10.1016/j.hrthm.2009.09.069
http://doi.org/10.1002/pro.2960
http://doi.org/10.4161/chan.4956
http://doi.org/10.1016/j.hrthm.2015.03.013

Int. J. Mol. Sci. 2021, 22, 9798 16 of 16

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Tester, D.J.; Will, M.L.; Haglund, C.M.; Ackerman, M.]. Compendium of cardiac channel mutations in 541 consecutive unrelated
patients referred for long QT syndrome genetic testing. Heart Rhythm 2005, 2, 507-517. [CrossRef] [PubMed]

Abdelsayed, M.; Baruteau, A.E.; Gibbs, K.; Sanatani, S.; Krahn, A.D.; Probst, V.; Ruben, P.C. Differential calcium sensitivity in
NaV 1.5 mixed syndrome mutants. J. Physiol. 2017, 595, 6165-6186. [CrossRef] [PubMed]

Napolitano, C.; Priori, S.G.; Schwartz, PJ.; Bloise, R.; Ronchetti, E.; Nastoli, J.; Bottelli, G.; Cerrone, M.; Leonardj, S. Genetic testing
in the long QT syndrome: Development and validation of an efficient approach to genotyping in clinical practice. JAMA 2005,
294, 2975-2980. [CrossRef] [PubMed]

Ackerman, M.].; Splawski, I.; Makielski, ].C.; Tester, D.J.; Will, M.L.; Timothy, K.W.; Keating, M.T.; Jones, G.; Chadha, M.; Burrow,
C.R,; et al. Spectrum and prevalence of cardiac sodium channel variants among black, white, Asian, and Hispanic individuals:
Implications for arrhythmogenic susceptibility and Brugada/long QT syndrome genetic testing. Heart Rhythm 2004, 1, 600-607.
[CrossRef]

Rook, M.B.; Bezzina Alshinawi, C.; Groenewegen, W.A; van Gelder, 1.C.; van Ginneken, A.C.; Jongsma, H.].; Mannens, M.M.;
Wilde, A.A. Human SCN5A gene mutations alter cardiac sodium channel kinetics and are associated with the Brugada syndrome.
Cardiovasc. Res. 1999, 44, 507-517. [CrossRef]

Nof, E.; Vysochek, L.; Meisel, E.; Burashnikov, E.; Antzelevitch, C.; Clatot, J.; Beinart, R.; Luria, D.; Glikson, M.; Oz, S. Mutations
in NaV1.5 Reveal Calcium-Calmodulin Regulation of Sodium Channel. Front. Physiol. 2019, 10, 700. [CrossRef] [PubMed]
Gardill, B.R; Rivera-Acevedo, R.E.; Tung, C.C.; Okon, M.; McIntosh, L.P.; Van Petegem, F. The voltage-gated sodium channel
EF-hands form an interaction with the III-IV linker that is disturbed by disease-causing mutations. Sci Rep. 2018, 8, 4483.
[CrossRef] [PubMed]

Fukuyama, M.; Ohno, S.; Makiyama, T.; Horie, M. Novel SCN10A variants associated with Brugada syndrome. Europace 2016, 18,
905-911. [CrossRef]

Hu, D.; Barajas-Martinez, H.; Pfeiffer, R.; Dezi, F; Pfeiffer, J.; Buch, T.; Betzenhauser, M.].; Belardinelli, L.; Kahlig, K.M.; Rajamani,
S.; et al. Mutations in SCN10A are responsible for a large fraction of cases of Brugada syndrome. J. Am. Coll. Cardiol. 2014, 64,
66-79. [CrossRef]

Savio-Galimberti, E.; Weeke, P.; Muhammad, R.; Blair, M.; Ansari, S.; Short, L.; Atack, T.C.; Kor, K.; Vanoye, C.G.; Olesen, M.S.;
et al. SCN10A /Nav1.8 modulation of peak and late sodium currents in patients with early onset atrial fibrillation. Cardiovasc. Res.
2014, 104, 355-363. [CrossRef]


http://doi.org/10.1016/j.hrthm.2005.01.020
http://www.ncbi.nlm.nih.gov/pubmed/15840476
http://doi.org/10.1113/JP274536
http://www.ncbi.nlm.nih.gov/pubmed/28734073
http://doi.org/10.1001/jama.294.23.2975
http://www.ncbi.nlm.nih.gov/pubmed/16414944
http://doi.org/10.1016/j.hrthm.2004.07.013
http://doi.org/10.1016/S0008-6363(99)00350-8
http://doi.org/10.3389/fphys.2019.00700
http://www.ncbi.nlm.nih.gov/pubmed/31231243
http://doi.org/10.1038/s41598-018-22713-y
http://www.ncbi.nlm.nih.gov/pubmed/29540853
http://doi.org/10.1093/europace/euv078
http://doi.org/10.1016/j.jacc.2014.04.032
http://doi.org/10.1093/cvr/cvu170

	Introduction 
	CaM Regulation of Voltage-Gated Sodium Channel 
	Modulators Involved in CaM Regulation of Sodium Channel 
	Interaction between CaM and Sodium Channel Isoforms 
	Nav1.1 
	Nav1.2 
	Nav1.3 
	Nav1.4 
	Nav1.5 
	Nav1.6 
	Nav1.7 
	Nav1.8 
	Nav1.9 

	CaM-Binding IQ Domain Mutations in Voltage-Gated Sodium Channel 
	Nav1.1 Mutations 
	Nav1.2 Mutations 
	Nav1.5 Mutations 
	Nav1.8 Mutations 

	Conclusions and Perspectives 
	References

