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I n t R o d u c t I o n

Na+ influx through voltage-gated Na+ (NaV) channels 
drives the rapid rising phase of action potentials in neu-
rons, cardiac myocytes, and skeletal muscle. There are 
nine NaV channel family members that share a common 
structure composed of four homologous transmem-
brane repeats, each containing six transmembrane seg-
ments, arranged around a central ion-permeating pore. 
The four transmembrane repeats are joined by intracel-
lular loops, and the protein is capped on either end by 
intracellular N and C termini. These pore-forming sub-
units serve as the core of NaV channel macromolecular 
complexes containing components that allow targeting 
of NaV channels to specific subcellular domains such as 
the intercalated disks in cardiomyocytes or the axon ini-
tial segment in neurons and various regulatory proteins 
that fine-tune channel function. Among these critical 
regulatory proteins is calmodulin (CaM), which binds 
directly to the channel’s intracellular C-terminal do-
main (CTD). Although CaM is best appreciated for its 
ability to act as an intracellular Ca2+ transducer, for NaV 
channels growing evidence shows that Ca2+-free CaM 
also functions as both a structural component as well as 
a Ca2+ sensor, but the specific roles for CaM in NaV chan-
nel function are still not clearly understood (Pitt 
and Lee, 2016).

One strategy to define these NaV channel regulatory 
roles is to exploit disease mutations that affect CaM in-

teraction. Mutations within the NaV channel CTDs in 
the region where CaM binds have been linked to several 
disorders. In the cardiac NaV1.5 channel, these CTD 
mutations are associated with inherited arrhythmia syn-
dromes such as long QT type 3 (LQT3), and mutations 
in the central nervous system NaV1.2 and NaV1.6 chan-
nels are linked to various epilepsy syndromes. Common 
to these conditions is that the mutant NaV channels 
show a gain-of-function phenotype caused by a defect in 
channel inactivation. WT NaV channels activate rapidly 
in response to membrane depolarization and then 
quickly inactivate. For most of those mutant NaV chan-
nels, however, inactivation is defective, usually charac-
terized as an increased “persistent” or “late” Na+ current 
(Antzelevitch et al., 2014). This additional inward Na+ 
current in cardiomyocytes, for example, drives the pro-
longed action potential that is the substrate for the 
life-threatening cardiac arrhythmias accompanying 
LQT3. The detailed molecular mechanisms responsible 
for persistent Na+ current are not known except for a 
small subset of mutants. The prototypical LQT3 muta-
tion (ΔKPQ; Wang et al., 1995) in the NaV1.5 intracellu-
lar III-IV linker is a rare example. The III-IV linker is 
thought to serve as the inactivation particle, which is 
disrupted by the mutation. Although other LQT3 muta-
tions are also believed to affect movement of the III-IV 
linker, how mutations outside of the III-IV linker affect 
inactivation is generally unknown.

Increased “persistent” current, caused by delayed inactivation, through voltage-gated Na+ (NaV) channels leads 
to cardiac arrhythmias or epilepsy. The underlying molecular contributors to these inactivation defects are poorly 
understood. Here, we show that calmodulin (CaM) binding to multiple sites within NaV channel intracellular C-ter-
minal domains (CTDs) limits persistent Na+ current and accelerates inactivation across the NaV family. Arrhythmia 
or epilepsy mutations located in NaV1.5 or NaV1.2 channel CTDs, respectively, reduce CaM binding either directly 
or by interfering with CTD–CTD interchannel interactions. Boosting the availability of CaM, thus shifting its bind-
ing equilibrium, restores wild-type (WT)–like inactivation in mutant NaV1.5 and NaV1.2 channels and likewise di-
minishes the comparatively large persistent Na+ current through WT NaV1.6, whose CTD displays relatively low 
CaM affinity. In cerebellar Purkinje neurons, in which NaV1.6 promotes a large physiological persistent Na+ cur-
rent, increased CaM diminishes the persistent Na+ current, suggesting that the endogenous, comparatively weak 
affinity of NaV1.6 for apoCaM is important for physiological persistent current.

Calmodulin limits pathogenic Na+ channel persistent current

Haidun Yan,1* Chaojian Wang,1* Steven O. Marx,2,3 and Geoffrey S. Pitt1

1Ion Channel Research Unit, Duke University Medical Center, Durham, NC 27710
2Division of Cardiology, Department of Medicine and 3Department of Pharmacology, College of Physicians and Surgeons, 
Columbia University, New York, NY 10032

T
he

 J
o

u
rn

al
 o

f 
G

e
ne

ra
l 

P
hy

si
o

lo
g

y

© 2017 Yan et al. This article is distributed under the terms of an Attribution–Noncommercial–
Share Alike–No Mirror Sites license for the first six months after the publication date (see 
http ://www .rupress .org /terms /). After six months it is available under a Creative Commons 
License (Attribution–Noncommercial–Share Alike 4.0 International license, as described at 
https ://creativecommons .org /licenses /by -nc -sa /4 .0 /).

*H. Yan and C. Wang contributed equally to this paper.
Correspondence to Geoffrey S. Pitt: geoffrey.pitt@med.cornell.edu
G.S. Pitt’s present address is Cardiovascular Research Institute, Weill Cornell Medi-
cine, New York, NY 10021.

Abbreviations used: CaM, calmodulin; CTD, C-terminal domain; DSG, disuccin-
imidyl glutarate; ITC, isothermal titration calorimetry; LC-MS/MS, liquid chromatog-
raphy electrospray ionization tandem mass spectrometry; NaV, voltage-gated Na+; 
TTX, tetrodotoxin.

http://crossmark.crossref.org/dialog/?doi=10.1085/jgp.201611721&domain=pdf
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
mailto:


CaM regulates Na+ channel persistent current | Yan et al.278

Nevertheless, it is clear that the channel’s CTD and 
the associated CaM are important for persistent Na+ 
component. Truncation of the CTD to eliminate the 
CaM-binding site led to a marked enhancement of per-
sistent current (Cormier et al., 2002). Focusing more 
directly on the role for CaM, we engineered point mu-
tations in a NaV1.5 channel so that CaM binding to the 
CTD was diminished and observed a Ca2+-independent 
increase in the persistent Na+ current (Kim et al., 
2004a). Ca2+ may also contribute to the CTD’s role as 
suggested by a recent study (Potet et al., 2015). How-
ever, the underlying molecular mechanisms for how 
Ca2+ or CaM control influence the role of the CTD in 
the regulation of persistent Na+ current are not known.

Recent structural information derived from x-ray 
crystallography provides new insights into CaM interac-
tion with NaV channel CTDs (Wang et al., 2012, 2014; 
Gabelli et al., 2014) and offers novel opportunities to 
unravel the specific contributions of CaM to Na+ chan-
nel inactivation. Although some of these structures 
were obtained in the presence of fibroblast growth fac-
tor homologous factors, a set of NaV channel modula-
tors that fine-tune inactivation (Wang et al., 2011; 
Venkatesan et al., 2014; Yan et al., 2014), here we iso-
lated the effects of CaM by focusing on the structure 
obtained without a fibroblast growth factor homolo-
gous factor (PDB: 4OVN; Gabelli et al., 2014) and per-
formed detailed functional analyses in a mammalian 
cell system devoid of fibroblast growth factor homolo-
gous factors. We then validated our findings in neurons 
to demonstrate the functional significance holds also in 
the presence of fibroblast growth factor ho-
mologous factors.

We started our analysis by focusing on the binary 
structure of the NaV1.5 CTD (residues 1,776–1,929) as-
sociated with CaM. In this structure, the CTD is com-
prised of a globular-shaped domain followed by an 
extended α-helix termed the “IQ domain” (Fig. S1, A 
and B). CaM has multiple points of contact. Most prom-
inently, the NaV1.5 CTD IQ domain contains a canoni-
cal apoCaM “IQ” binding motif, represented by I1908 
and Q1909 in the NaV1.5 CTD that the CaM C-lobe bur-
ies. A similar interaction has been observed between 
the CaM C-lobe and the IQ motif of NaV1.2 CTD (Feld-
kamp et al., 2011) and the NaV1.6 CTD (Reddy Chichili 
et al., 2013), which has a Leu for Ile substitution in the 
signature Ile. The potential significance of the IQ motif 
interaction with the apoCaM C-lobe is highlighted by 
several observations. First, mutation of the IQ residues 
in NaV1.5 to alanines, which disrupted CaM interaction, 
led to increased persistent Na+ current in a Ca2+-inde-
pendent manner (Kim et al., 2004a). Second, a rare 
Q1909R mutation in NaV1.5 is associated with LQT3 
(Kapplinger et al., 2015) and sudden infant death syn-
drome, and the mutation increased persistent Na+ cur-
rent when examined in a heterologous expression 

system (Winkel et al., 2015). For NaV1.6, disruption of 
CaM interaction by mutation of the IQ residues re-
duced current density and slowed the rate of inactiva-
tion in a heterologous expression system (Herzog et al., 
2003). Outside of the signature IQ residues, other resi-
dues in the IQ domain that contact the CaM C-lobe also 
appear important for channel function. For example, 
the E1901Q and R1913H mutations in NaV1.5 (Fig. S1 
C) have been associated with LQT3 (Napolitano et al., 
2005; Kapplinger et al., 2009). Whether these muta-
tions affect CaM interaction and whether a perturbed 
interaction with CaM contributes more generally to the 
Na+ channel dysfunction are not known.

There are additional CaM interaction sites outside of 
the IQ domain, including the globular domain to which 
the CaM N-lobe binds (Fig. S1, B and D). The presence 
of LQT3 mutations within the globular domain 
(D1790G and Y1795C) raises the possibility that these 
mutations may also affect Na+ channel function through 
perturbation of CaM interaction. To the best of our 
knowledge, the contribution of CaM interaction in the 
context of these mutations has not been evaluated. Be-
yond the contacts between CaM and the NaV1.5 CTD 
mapped in the binary structure, another set of potential 
contacts include intercomplex interactions between the 
CaM C-lobe of one binary complex and the globular 
domain of a second binary complex. These interac-
tions, observed in the x-ray crystal structure within the 
asymmetric unit but not confirmed biochemically or 
functionally (Gabelli et al., 2014), result from the IQ 
domain of one NaV1.5 CTD fitting into a groove on the 
globular domain of a second NaV1.5 CTD (Fig. S1, E 
and F). Whether these interprotein CTD to CTD inter-
actions occur in vivo or have a consequence on channel 
function is not known. Nevertheless, previous studies of 
dominant-negative Brugada syndrome mutations hint 
that interprotein NaV1.5 α subunit interactions exist 
and influence channel function. Although those inter-
actions have only been found between the cytoplasmic 
NaV1.5 N termini (Clatot et al., 2012; Hoshi et al., 2014), 
interactions between CTDs of the homologous volt-
age-gated L-type Ca2+ channel family are proposed to 
affect channel function by coupling the gating proper-
ties of the interacting channels (Dixon et al., 2015; 
Moreno et al., 2016). Intriguingly, these inter-CTD in-
teractions and the consequent coupled gating in L-type 
Ca2+ channels are dependent on CaM, but the molecu-
lar details by which CaM affects coupling of CaV chan-
nels are not known.

M At e R I A l s  A n d  M e t h o d s

Molecular biology
Human NaV1.5 CTD (amino acids 1773–1940), human 
NaV1.2 (amino acids 1777–1937), and human NaV1.6 
CTD (amino acids 1769–1926) were cloned into pET28. 
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The NaV1.5 III-IV linker (amino acids 1471–1522) was 
cloned into pSMT. CaM was cloned into pSGC02 as pre-
viously described (Kim et al., 2004b). NaV1.2 and NaV1.5 
were cloned into pcDNA3.1 and subjected to site-di-
rected mutagenesis (C373Y in NaV1.5 to generate the 
tetrodotoxin [TTX]-sensitive NaV1.5TTX-S; Satin et al., 
1992). Human NaV1.6 (containing the substitution 
Y371C to make it TTX resistant) was generated by gene 
synthesis using optimized codons for mammalian ex-
pression (Genewiz) and cloned into pcDNA3.1. All 
site-directed mutagenesis for the various mutations 
tested was performed with QuikChange (Agilent Tech-
nologies), and the mutations were verified by sequenc-
ing. CaM for mammalian expression was cloned into pCI.

Recombinant protein expression and purification
Plasmids were transformed into BL-21 (DE3) Esche-
richia coli. Bacteria were grown in Luria broth me-
dium to OD600 = 0.6–0.8 before induction with 1 mM 
isopropyl-1-thio-β-d-galactopyranoside (IPTG) at 16°C 
for 48  h or 20°C for 16  h. Cells were harvested, and 
the initial purification was performed as previously de-
scribed (Wang et al., 2012). Additional purification 
was performed by gel filtration on a Superdex 200 
10/300L column on an AKTA FPLC (GE Healthcare) 
in a buffer containing 300 mM NaCl, 20 mM Tris-HCl, 
5  mM imidazole, and 5  mM EGTA, pH 7.5. Protein 
concentrations were determined by UV absorbance 
with a NanoDrop (Thermo Fisher Scientific). CaM 
protein was purified as previously described (Kim et 
al., 2004b) and further purified by FPLC with the 
above buffer. For the NaV1.5 III-IV linker interaction 
studies, the proteins were expressed and purified, 
mixed together in equimolar ratios, and incubated at 
4°C for 1  h before chromatography on a Su-
perdex S75 column.

Isothermal titration calorimetry (ITC)
Experiments were performed with an VP-ITC (Micro-
Cal) at 20°C, as previously described (Wang et al., 2012). 
In brief, the NaV CTDs (20–45 µM) were titrated with 1 
injection of 5 µl and 27 injections of 10 µl of solutions 
containing CaM (200–350 µM).

HEK293T cell culture and transfection
HEK293T cells were maintained in DMEM containing 
10% FBS at 37°C. The cells were plated on 60-mm tissue 
culture dishes, grown to 50–70% confluency, and trans-
fected with Lipofectamine 2000 (Invitrogen) in se-
rum-reduced medium (Opti-MEM; Invitrogen) 
according to the manufacturer’s instructions. The total 
amount of cDNA used per dish was 3 µg for NaV1.2, 
NaV1.5, or NaV1.6; 1.5 µg of NaV β1 (for NaV1.5) or 1.5 
µg of NaV β2 (for NaV1.2 or NaV1.6); 2 µg of CaM or 
empty vector in 5  ml of transfection medium. After 
24 h, the cells were replated on coverslips coated with 

50 µg/ml poly-d-lysine (Sigma-Aldrich) at a low density 
for electrophysiology.

Quantification of CaM overexpression in HEK293
CaM, NaV1.5, and NaV β1 were transfected into HEK293T 
cells. Cells were lysed in buffer containing 150  mM 
NaCl, 5 mM EGTA, and 50 mM Tris-HCl, pH 7.5, sup-
plemented with protease inhibitor (Roche) and 1% Tri-
ton X-100. Lysates were centrifuged at 4°C at 16,000 g 
for 10 min, and the protein concentration was deter-
mined by the bicinchoninic acid (BCA) assay (Thermo 
Fisher Scientific). A total of 20 µg of protein was loaded 
onto an 8–16% SDS-PAGE gel, and the proteins were 
subsequently transferred to a nitrocellulose membrane. 
CaM was identified by immunoblot with an anti-CaM 
antibody (EMD Millipore). A CaM standard was run on 
the same gel using purified recombinant CaM.

Protein cross-linking with disuccinimidyl glutarate (DSG) 
and liquid chromatography electrospray ionization 
tandem mass spectrometry (LC-MS/MS) analysis
The 6×His-tagged NaV1.5 CTD and CaM or NaV1.5 only 
were coexpressed and copurified by metal affinity chro-
matography as described in Recombinant protein ex-
pression and purification. The purified protein was 
exchanged into PBS buffer supplemented with 5 mM 
EGTA and concentrated ∼1,000-fold using 10K MWCO 
centrifugal filters (Amicon Ultra concentrator; EMD Mil-
lipore). DSG (Thermo Fisher Scientific) was added to 
the proteins (concentration ∼10 µM) at 0.1, 0.3, or 3 mM 
at 25°C for 45 min. Cross-linking was terminated by the 
addition of 1 M Tris-Cl, pH 7.5. The cross-linked proteins 
were separated by SDS-PAGE, and the bands were ex-
cised and processed for mass spectrometry by the Duke 
Proteomics Core facility. In brief, the excised bands were 
subjected to an in-gel reduction, iodoacetamide alkyla-
tion, and trypsin digestion as previously described (Wilm 
et al., 1996). Extracted peptides were lyophilized to dry-
ness and then resuspended in 20 µl of 2% acetonitrile, 
0.1% formic acid before LC-MS/MS analysis. Chromato-
graphic separation was performed on a Waters NanoAc-
quity UPLC equipped with a 1.7 µm BEH130 C18 75 µm 
I.D. X 250 mm reversed-phase column. The mobile 
phase consisted of (A) 0.1% formic acid in water and (B) 
0.1% formic acid in acetonitrile. After a 4-µl injection, 
peptides were trapped for 5 min on a 5 µm Symmetry C18 
180 µm I.D. X 20 mm column at 5 µl/min in 99.9% A. 
The analytical column was then switched in-line, and a 
linear elution gradient of 5% B to 40% B was performed 
over 90 min at 400 nl/min. The analytical column was 
connected to a fused silica PicoTip emitter (New Objec-
tive) with a 10-µm tip orifice and coupled to a Thermo 
QExactive Plus high-resolution accurate mass tandem 
mass spectrometer (Thermo Fisher Scientific) through 
an electrospray interface. The instrument was operated 
in data-dependent mode of acquisition with precursor 
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MS scans from m/z 375–1,600 and the top 10 most abun-
dant precursor ions being subjected to MS/MS fragmen-
tation. For all experiments, charge-dependent CID 
energy settings were used, and a 20-s dynamic exclusion 
was used for previously fragmented precursor ions.

Qualitative identifications and cross-linked peptide 
identification from raw LC-MS/MS data
Raw LC-MS/MS data files were processed in Mascot dis-
tiller (Matrix Science) and then submitted to indepen-
dent Mascot database searches (Matrix Science) against 
a Swiss-Prot human database appended with the reverse 
sequence of all of the forward entries. Search tolerances 
were 5 ppm for precursor ions and 0.02 D for product 
ions using trypsin specificity with up to two missed cleav-
ages. Carbamidomethylation (+57.0214 D on C) was set 
as a fixed modification, whereas oxidation (+15.9949 D 
on M) and hydrolyzed DSG (+114.031694 D on K) were 
considered as variable modifications. All searched spec-
tra were imported into Scaffold (Proteome Software), 
and protein confidence thresholds were set using a 
Bayesian statistical algorithm based on the Pepti-
deProphet and ProteinProphet algorithms, which 
yielded a peptide and protein false discovery rate <1% 
(Keller et al., 2002; Nesvizhskii et al., 2003). To identify 
cross-linked species, Mascot distiller–generated MGF 
files were submitted to MassMatrix (v 2.4.2, Feb 2012) 
searches against a forward/reverse database containing 
only the proteins of interest (Xu and Freitas, 2007). 
Search mass tolerances and modifications were as de-
scribed for Mascot searches, with the “advanced search” 
option enabled to allow for inter- or intrapeptide 
cross-linking of DSG (+96.0211 D). Specificity of the 
cross-linker was confined to lysine–lysine residues. Tryp-
sin rules were set to not allow cleavage at a cross-linked 
modified residue, and only one cross-link per peptide 
pair was allowed. A peptide match within MassMatrix 
was only considered if peptide scoring thresholds were 
above that required for a matching probability less 
than p-value <0.05.

Primary cerebellar culture and transfection
Primary dissociated cerebellar cultures were prepared 
using minor modifications of our previously described 
procedure (Yan et al., 2013, 2014). In brief, the cerebel-
lum cortex was dissected on ice from P6–P8 male or fe-
male WT C57BL/6J (The Jackson Laboratory), digested 
with 0.25% trypsin for 10–15 min at 37°C with Dulbec-
co’s modified Eagle’s medium (DMEM; Sigma-Aldrich), 
and dissociated into single cells by gentle trituration. 
The cells were seeded onto coverslips coated with 50 
µg/ml poly-d-lysine (Sigma-Aldrich) and 20 µg/ml 
laminin (Sigma-Aldrich) at a density of 2.5–3.0 × 105 
cells/per coverslip (12-mm diameter) in DMEM supple-
mented with 10% heat-inactivated FBS. The cells were 
maintained in a humidified incubator in 5% CO2 at 

37°C. After 15–16  h, the medium was replaced with 
basal medium Eagle (BME; Sigma-Aldrich) supple-
mented with 2% B27 (Invitrogen), 5% FBS, 25 mM uri-
dine, 70  mM 5-fluorodeoxyuridine, and 20  mM KCl. 
After 5–7 d in vitro (DIV), the neurons were transiently 
transfected with 1 µg plasmid DNA (CaM or empty vec-
tor; NaV1.6TTX-R or pcDNA3; and 0.1 µg pEGFP) per cov-
erslip with calcium phosphate. Recordings were 
performed 7–12 d after transfection.

Electrophysiological recordings
Whole-cell currents and membrane voltage from 
HEK293T cells and cerebellar neurons were obtained at 
room temperature (∼25°C) using an EPC 10 USB patch 
amplifier (HEKA). The signal was filtered at 2.9 Hz and 
digitized at 20 Hz. Transient and persistent Na+ currents 
were recorded from transfected HEK293T cells with an 
extracellular solution containing (mM) 124 NaCl, 5 
KCl, 2 CaCl2, 1 MgCl2, 20 TEA-Cl, 5 HEP ES, and 10 glu-
cose. Transient and persistent Na+ currents were re-
corded from cerebellar Purkinje neurons with the same 
solution supplemented with (mM) 0.3 CdCl2, 2 BaCl2, 
and 5 4-aminopyridine (4-AP), whereas the KCl and 
CaCl2 were removed. NaOH was added to achieve pH 
7.3 (300–310 mOsm). Borosilicate glass patch pipettes 
(resistance 2–3 MΩ for HEK293T cells and 3–4 MΩ for 
cultured cerebellar Purkinje neurons) were filled with 
the following internal solution (mM): 125 CsF, 10 NaCl, 
10 HEP ES, 15 TEA-Cl, 1.1 EGTA, and 0.5 Na-GTP, ad-
justed to pH 7.3 with CsOH (290–300 mOsm). All drugs 
were from Sigma-Aldrich, except for TTX (Abcam). 
The persistent Na+ current was isolated by subtraction 
after addition of 1 µM TTX. Series resistance was com-
pensated >80% for HEK293T cells and >70% for Pur-
kinje neurons. The liquid junction potentials 
were not corrected.

For peak current amplitude measurements, HEK293T 
cells and neurons were held at −120 mV and −90 mV, 
respectively. Persistent Na+ current was measured at 150 
ms during a 200-ms depolarizing pulse to −20 or −10 
mV (NaV1.6) and expressed as a normalized value to 
the peak Na+ current amplitude (percentage of peak 
Na+ current). The rate of decay (τ) of the NaV1.2 tran-
sient Na+ current (at −20 mV) was obtained by fitting 
with a single exponential function, I(t) = INa exp(−t/τ) + 
ISS, where I(t) is the amplitude of the current at time t 
and ISS is the steady-state current during a single voltage 
step. The transient Na+ current was elicited by depolar-
izing pulses of 40 ms from −120 (HEK293T) or −90 mV 
(cerebellar Purkinje neurons) to 55 mV in 5-mV incre-
ments. Current density was obtained by normalizing 
peak Na+ current to membrane capacitance. Na+ activa-
tion curves were obtained by transforming current data 
to conductance (G), with the equation G = INa/(Em − 
Erev), where INa is the peak current, Em is the membrane 
potential, and Erev is the reversal potential of INa, and 
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fitted with a Boltzmann equation of the form: G = Gmax/
[1 + exp(V1/2 − V)/k], where Gmax is the extrapolated 
maximum Na+ conductance, V is the test voltage, V1/2 is 
the half-activation voltage, and k is the slope factor. For 
Na+ steady-state inactivation, a voltage step to −20 mV 
for 20 ms was applied from a holding potential of −120 
mV (for HEK293T cells) or −90 mV (for cerebellar Pur-
kinje neurons) to preferentially activate INa after pre-
pulse conditioning voltage steps of 500 ms in duration 
(ranging from −110 or 90 mV to 20 mV) in 5-mV incre-
ments. Steady-state inactivation curves were constructed 
by plotting the normalized peak current amplitude elic-
ited during the test pulse as a function of the condition-
ing prepulse. A Boltzmann relationship, I/Imax = (1 + 
exp((V − V1/2)/k))−1 was used to fit the data, where Imax 
is current elicited by the test pulse after a −90-mV pre-
pulse, V1/2 is half-inactivation voltage, and k is the slope.

Statistical analyses
Data analysis was performed using FitMaster (HEKA), 
Excel (Microsoft), and Origin 8 software. All averaged 
data are presented as mean ± SEM. Statistical signifi-
cance was determined using Student’s t test or one-way 
ANO VA. Calculated p-values of ≤0.05 were accepted as 
evidence of statistically significant differences.

Online supplemental material
Fig. S1 shows CaM interaction with the NaV CTD. Fig. S2 
shows the measurement of persistent Na+ current from 
NaV1.5TTX-S. Fig. S3 shows structural parallels between 
the NaV1.5 and CaV1.1 CTDs.

R e s u lt s

LQT3 mutations within the IQ motif increase the 
persistent Na+ current and affect apoCaM interaction
We first tested the consequences of LQT3 mutations 
within the IQ motif, where the CaM C-lobe binds. We 
used a heterologous expression system in which we ex-
pressed a NaV1.5 mutant channel with a Y373C substitu-
tion that confers an ∼1,000-fold increase in TTX 
sensitivity. The Y373C mutant NaV1.5 channel 
(NaV1.5TTX-S) otherwise displays WT NaV1.5 channel 
properties (Satin et al., 1992), so the addition of TTX 
allows background subtraction and consequent accu-
rate quantification of the relatively small amplitude per-
sistent Na+ current that is characteristic of LQT3 
mutations (Fig. S2). All recordings were performed 
with CsF and EGTA in the patch pipette to chelate intra-
cellular Ca2+ and thereby remove any contribution of 
Ca2+ action through endogenous CaM. Under these 
conditions (and with coexpression of an empty plasmid 
“Con” as a control for experiments in which CaM is 
overexpressed; e.g., Fig. 2), the pseudo-WT NaV1.5TTX-S 
channel displayed a normalized (to the peak current) 
persistent Na+ current amplitude of 0.63 ± 0.08% (n = 

35), as shown in Fig. 1 A and Table 1. In contrast, the 
persistent Na+ current amplitude for the LQT3-associ-
ated mutant of the signature Gln residue within the IQ 
motif to Arg (Q1909R) was more than double (1.40 ± 
0.12%, n = 15, P < 0.01 compared with NaV1.5TTX-S; 
Fig. 1 A and Table 1), consistent with previous studies 
(Kapplinger et al., 2015; Winkel et al., 2015). Because 
the Q1909R mutation did not significantly alter peak 
current density (Fig. 1 A, inset; and Table 1), the muta-
tion-dependent increase in the normalized persistent 
Na+ current amplitude thus reflects a specific change in 
the persistent Na+ current properties. Two other LQT3 
mutations within the IQ motif (E1901Q and R1913H) 
also increased the persistent Na+ current amplitude 
(Fig. 1, B and C; and Table 1), again without any effect 
on the peak current density. As a control, we mutated 
L1917, which is just distal to the apoCaM C-lobe–bind-
ing site. Compared with NaV1.5TTX-S, a L1917K mutant 
channel did not show an increased persistent Na+ cur-
rent (Fig. 1, B and C; and Table 1). Peak current density 
was also unaffected.

Based on the previous observation that the result of 
mutation of I1908 and Q1909 to Ala (IQ/AA) was in-
creased persistent Na+ current and markedly reduced 
CaM binding to the NaV1.5 CTD (Kim et al., 2004a), we 
hypothesized that the LQT3 mutations within the IQ 
motif, associated with increases in persistent Na+ cur-
rent, adversely affected the affinity of CaM for the mu-
tant NaV1.5 CTD. In that previous study (Kim et al., 
2004a), we had tested whether CaM interacted with the 
NaV1.5 CTD by expressing both CaM and a 6×His-tagged 
NaV1.5 CTD in E. coli and assaying for copurification of 
the untagged CaM with the 6×His-tagged NaV1.5 CTD 
isolated by metal affinity chromatography. Although we 
observed stoichiometric purification of CaM with the 
WT NaV1.5 CTD, for the IQ/AA mutant, we detected no 
copurification of CaM. Here, we used ITC to obtain a 
quantitative assessment of binding. Experiments were 
performed in EGTA to mimic the functional studies and 
to eliminate any of the previously observed Ca2+-depen-
dent conformational changes between CaM and CTD 
(Wang et al., 2014). We measured a Kd of 99 ± 4 nM for 
the WT NaV1.5 CTD and apoCaM (Fig. 2 A and Table 2), 
in excellent agreement with previous measurements 
(Gabelli et al., 2014; Wang et al., 2014). Consistent with 
our previous result showing no apoCaM interaction with 
the IQ/AA mutant in the copurification assay (Kim et 
al., 2004a), we detected no apoCaM binding with an IQ/
AA NaV1.5 CTD mutant (Table 2) by ITC. Similarly, for 
the LQT3 mutant Q1909R, we detected only minimal 
apoCaM binding to the mutant CTD (Fig.  2  B and 
Table 2). We remain cautious about assigning a specific 
Kd to this mutant, however, because the Q1909R mutant 
CTD showed decreased solubility, as indicated by a rela-
tively poor recovery of the recombinant CTD protein 
from the high-speed supernatant compared with its 
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Figure 1. lQt3 mutations in the IQ domain increase the persistent na+ current amplitude. (A) Exemplar traces of the pseu-
do-WT NaV1.5TTX-S and Q1909R (magnified region on the right). Y axis of scale bars represents the percentage of persistent current 
amplitude normalized to the peak Na+ current. The inset shows I-V plots of peak current amplitude for NaV1.5TTX-S and Q1909R, 
demonstrating no significant difference in peak current amplitude between NaV1.5TTX-S and Q1909R. (B) Magnified region of ex-
emplar traces showing persistent Na+ current for the LQT3 mutations in the CaM C-lobe–binding site and the L1917K. (C) Quan-
tification of persistent Na+ current (as % peak of current). The white number in each bar indicates the number of cells, n. Data are 
presented as mean ± SEM. **, P < 0.01.

Table 1. Peak na+ current density and persistent na+ current

Na+ current tested Con CaM

Peak current density Persistent Na+ current n Peak current density Persistent Na+ current n

pApF % of peak pApF % of peak
NaV1.5TTX-S −210 ± 13       0.63 ± 0.08 35 −211 ± 16        0.54 ± 0.09 25
D1790G −170 ± 22       0.76 ± 0.11 22 −180 ± 22        0.57 ± 0.09 17
Y1795C −205 ± 21       1.74 ± 0.19a 18 −192 ± 12        0.48 ± 0.07 18
E1901Q −175 ± 18       2.47 ± 0.53a 13 −176 ± 24        0.30 ± 0.07 13
Q1909R −188 ± 21       1.40 ± 0.12a 15 −200 ± 28        0.50 ± 0.07 15
R1913H −184 ± 16       1.51 ± 0.21a 15 −188 ± 20        0.50 ± 0.08 15
L1917K −185 ± 21       0.27 ± 0.06 11 −175 ± 25        0.29 ± 0.06 11

ΔKPQ −171 ± 19       1.90 ± 0.19a 14 −170 ± 27        1.95 ± 0.21a 14
NaV1.2 WT −228 ± 37       0.66 ± 0.17 16 −193 ± 16        0.50 ± 0.13 16
H1853R −204 ± 17       1.41 ± 0.20b 15 −181 ± 27        0.61 ± 0.13b 15
R1918H −158 ± 27       3.17 ± 0.53b 20 −162 ± 27        0.80 ± 0.12b 20
NaV1.6 WT −70 ± 4.7     13.20 ± 2.34 24 −79 ± 13        5.01 ± 0.92c 24
NaV1.6TTX-R in Purkinje 
neurons

−119 ± 16       6.96 ± 0.91 12 −130 ± 10        3.36 ± 0.45c 10

Purkinje neurons −137 ± 13       9.03 ± 0.74 22 −132 ± 11        3.75 ± 0.54c 18

aP < 0.01 compared with NaV1.5TTX-S.
bP < 0.01 compared with NaV1.2.
cP < 0.01 compared with Con.
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abundance in the cell lysate (not depicted), analogous 
to our previous observation with the IQ/AA CTD (Kim 
et al., 2004a). Thus, folding of the Q1909R mutant CTD 
may be compromised, and the effect on apoCaM bind-
ing may be exaggerated. Supporting our overall hypoth-
esis, the apoCaM affinity was also reduced by the E1901Q 
and R1913H LQT3 mutations, albeit to levels that were 
measurable by ITC (Table 2). However, the effect of the 
R1913H mutation on the Kd value for apoCaM may be 
exaggerated, as the reduced n value (0.73 ± 0.03) com-
pared with the WT (0.99 ± 0.02) suggests that folding of 
the R1913H mutant NaV1.5 CTD may be compromised 
even though recovery of both R1913H and E1901Q mu-
tant CTD proteins in the high-speed supernatant was 
similar to the WT protein (not depicted). For the 
L1917K control, however, the affinity was similar to the 
WT NaV1.5 CTD (Table  2). Thus, LQT3 mutations 
within the apoCaM C-lobe–binding site on the NaV1.5 
CTD reduce apoCaM affinity.

We next investigated whether the decrease in apoCaM 
binding affinity was causal for the LQT3 mutants’ in-
creased persistent Na+ current by testing whether over-
expressed CaM could, by mass action, surmount the 

decreased apoCaM affinity and thereby reduce the per-
sistent Na+ current. We achieved a 107 ± 26% (n = 3) 
relative increase in cellular CaM concentration by over-
expression under the conditions used for electrophysi-
ology, as indicated by immunoblotting for CaM 
(Fig. 2 C). With this background, we then examined the 
normalized persistent Na+ current for the Q1909R mu-
tant and found that CaM overexpression reduced the 
persistent Na+ current to 0.50 ± 0.07% (Fig.  2  D and 
Table 1), a level similar to that observed for the pseu-
do-WT NaV1.5TTX-S in the absence of CaM overexpres-
sion. In contrast, we observed no effect on persistent 
Na+ current amplitude when CaM was overexpressed 
with NaV1.5TTX-S (0.54 ± 0.09% of peak current, n = 25; 
Fig. 2 E and Table 1). The two other mutants showing 
increased persistent Na+ current and decreased CaM 
binding affinity (E1901Q and R1913H) were also res-
cued by CaM overexpression, but persistent Na+ current 
for the control L1917K mutation that did not affect 
CaM binding affinity was not rescued by CaM overex-
pression (Fig. 2 F and Table 1). Thus, the mutation-in-
duced decrease in CaM affinity is causal for increased 
persistent Na+ current for these CTD mutants.

Figure 2. lQt3 mutations in the IQ domain decrease apocaM binding affinity and show reduced persistent na+ current 
after caM overexpression. (A and B) Exemplar ITC traces for apoCaM and a WT NaV1.5 CTD (A) or a Q1909R NaV1.5 CTD (B). (C) 
Western blot of CaM from lysates of HEK293T cells expressing NaV1.5TTX-S, NaV β1, and empty vector (−) or CaM (+). (D) Exemplar 
traces of NaV1.5TTX-S with an additional Q1909R mutation coexpressed with CaM (red) or empty vector (black), showing rescue of the 
persistent Na+ current. (E) Exemplar traces recorded from cells expressing the pseudo-WT NaV1.5TTX-S coexpressed with CaM (red) 
or empty vector (black), showing no effect on the persistent Na+ current. (F) Quantification of persistent Na+ current amplitude as 
a percentage of peak current after overexpression of CaM (red) compared with Con (black; data from Fig. 1 C). Data are presented 
as mean ± SEM. **, P < 0.01.
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A LQT3 mutation reveals CTD–CTD interactions that 
affect apoCaM and channel function
Because the CaM N-lobe contacts the NaV1.5 CTD glob-
ular domain (Fig. S1), we next tested whether an LQT3 
mutation in the globular domain also affected apoCaM 
binding and persistent Na+ current. We focused on the 
consequences of the well-characterized LQT3 mutation 
Y1795C in the globular domain. A previous investiga-
tion showed that Y1795C significantly increased the per-
sistent Na+ current amplitude (Rivolta et al., 2001), so 
we hypothesized that Y1795C likewise perturbed the in-
teraction between the NaV1.5 CTD and apoCaM. In-
deed, ITC showed that the mutant NaV1.5 CTD had a 
reduced affinity for apoCaM (Table 2). Y1795 sits atop 
of the globular domain and is remote from apoCaM in 
the NaV1.5 CTD–CaM binary complex (Fig. S1 D), yield-
ing no ready explanation for the mutant’s reduced 
apoCaM affinity except for an allosteric effect. However, 
when we focused on the location of Y1795 in the con-
text of the multiple interacting binary complexes ob-
served in the crystal’s asymmetric unit, in which Y1795C 
sits within a groove that envelopes the IQ domain of a 
second binary complex (Fig. S1 E; Gabelli et al., 2014), 
another possible rationale emerged. This arrangement, 
which nestles the apoCaM of the second binary com-
plex against the globular domain of the first (Fig. 3, A 
and B), suggested to us that Y1795C interfered with this 
intercomplex interaction and thus affected the interac-
tion between the globular domain of the CTD in one 
binary complex and the apoCaM of a second complex. 
Although size exclusion chromatography failed to de-
tect multimerization of binary complexes (Gabelli et al., 
2014), we reasoned that the interaction might be dy-
namic or that detection required conditions closer to 
those that supported the multimerization observed in 

the crystals than those used for chromatography. We 
therefore looked for any evidence of inter-CTD interac-
tion by using the lysine cross-linker DSG on concen-
trated recombinant material. Specifically, we attempted 
to exploit the proximity of Lys1878 on the surface of 
the globular domain of one NaV1.5 CTD and Lys1922 
on the IQ domain of a second NaV1.5 CTD (Fig. 3 B), 
two lysines that are otherwise remote within one CTD, 
but the only two lysines within an appropriate distance 
for intersubunit cross-linking. We coexpressed a 6×His 
tagged NaV1.5 CTD (∼23 kD) with an untagged CaM 
(∼17 kD), purified the complex by metal affinity chro-
matography as we previously reported (Kim et al., 
2004a), and concentrated the material to ∼10 µM. After 
adding DSG to the purified complex, we observed that 
some material migrated as a higher molecular mass spe-
cies of ∼45 kD (Fig. 3 C) on SDS-PAGE, consistent with 
a CTD–CTD interaction. Importantly, we did not ob-
serve a band near 40 kD or 34 kD, the expected sizes for 
a CaM–CTD cross-linking or a CaM–CaM cross-linking, 
respectively. The material was excised from the gel, sub-
ject to trypsin proteolysis, and analyzed by mass spec-
trometry. The detected peptides were scored for 
intensity in a pairwise analysis of all possible Lys–Lys 
interactions (Fig. 3 D). Analyses of these pairs revealed 
a low abundance of cross-linking of adjacent Lys resi-
dues in the CaM N-lobe (Lys22 to Lys31). We also ob-
served cross-linking of adjacent Lys residues in the 
NaV1.5 CTD (Lys1872 to Lys1878, or Lys1878 to Lys1886, 
which are in flexible loops within the CTD globular do-
main). Additionally, there was a low abundance of 
cross-linking of peptides in the CTD to CaM, such as 
Lys1922 in the IQ domain to Lys149 in the CaM C ter-
minus were detected. Notably, however, mass spectrom-
etry showed a relatively high abundance of cross-linking 

Table 2. summary of Itc data

Cell Kd (nM) ΔH ΔS n value n

Kcal/mol cal/mol/deg
naV1.5
WT 99 ± 4 −10.5 ± 0.1 −3.6 ± 0.2 0.99 ± 0.02 4
D1790G 128 ± 36 −10.5 ± 0.6 −2.4 ± 1.1 0.25 ± 0.04 3
Y1795C 283 ± 8a −7.43 ± 0.2 4.6 ± 0.5 0.92 ± 0.02 3
Y1795H 103 ± 4 −10.2 ± 0.2 −3.0 ± 0.6 0.76 ± 0.02 3
E1901Q 243 ± 9a −9.0 ± 0.2 −0.5 ± 0.6 0.85 ± 0.00 3
Q1909R 32,600 ± 1,300a −14.9 ± 3.9 −37 ± 10 0.04 ± 0.02 3
R1913H 2,980 ± 570a −9.0 ± 0.3 −5.3 ± 1.2 0.73 ± 0.03 3
L1917K 75 ± 29 −9.8 ± 1.0 −3.0 ± 0.6 0.98 ± 0.08 3
IQ/AA Not detected - - - 3
naV1.2
WT 36 ± 6 −4.54 ± 0.1 18.6 ± 0.6 1.02 ± 0.02 3
H1853R 172 ± 20a −8.3 ± 0.2 2.6 ± 1.0 0.30 ± 0.05 3
R1918H 112 ± 20a −7.5 ± 0.2 6.2 ± 0.9 0.90 ± 0.40 3

naV1.6
WT 276 ± 63b −17.5 ± 0.3 −29.5 ± 1.1 0.24 ± 0.01 3

IQ/AA, IQ1908-1909AA.
aP < 0.01 compared with WT.
bP < 0.01 compared with NaV1.5 WT.
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Figure 3. naV1.5 ctd–caM heterodimer interaction is disrupted by the Y1795c lQt3 mutation. (A and B) Proposed interac-
tion between two NaV1.5 CTD–CaM heterodimers and position of Y1795C in one of the NaV1.5 CTDs. The positions of Lys1878 in 
one NaV1.5 CTD globular domain (sky blue) and Lys1922 in the IQ domain of a second NaV1.5 CTD (green), which are available for 
cross-linking by DSG, are indicated. (C) Coomassie-blue–stained gel of NaV1.5 CTD and CaM after cross-linking with DSG or buffer 
control (Con). Molecular weight markers are indicated. (D and F) XMapper display of LC/MS data showing DSG cross-linked peptide 
1 for the WT NaV1.5 CTD and CaM (WT) and the Y1795C mutant NaV1.5 CTD and CaM. The intensity score (color code) indicates 
the number of peptides identified for each pairwise interaction. The position of cross-linking between Lys1878 and Lys1922 is cir-
cled and indicated by an arrow. (E) LC/MS data showing the cross-linked peptide. (G) Exemplar traces showing increased persistent 
Na+ current for the Y1795C and rescue by CaM overexpression. (H) Quantification of persistent Na+ current for the pseudo-WT 
NaV1.5TTX-S and the Y1795C NaV1.5 mutant with and without CaM overexpression. Data are presented as mean ± SEM. **, P < 0.01.
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between peptides containing Lys1878 and Lys1922 of 
the NaV1.5 CTD (Fig.  3 D, circle/arrow). Thus, these 
data suggest that binary CTD complexes can multim-
erize in solution, albeit at low efficiency.

With this demonstration, we then tested the conse-
quence of the Y1795C mutation on cross-linking. Simi-
lar to the WT, we observed that some material migrated 
around ∼45 kD. The pairwise interaction data in Fig. 3 E 
show cross-linking between CaM N-lobe lysines and 
NaV1.5 CTD adjacent lysines, similar to the patterns ob-
served for the WT NaV1.5 CTD. However, no detectable 
cross-linking was observed between Lys1878 in the 
NaV1.5 CTD globular domain and Lys1922 in the NaV1.5 
CTD IQ domain. Thus, the Y1795C-induced disruption 
of interaction between heterodimers and the conse-
quent loss of contact between a CTD of one heterodi-
mer and CaM in the other provide one possible 
explanation for the decreased affinity between apoCaM 
and the Y1795C mutant NaV1.5 CTD observed by ITC.

With this biochemical support, we then assessed 
whether the resultant decreased association between 
the NaV1.5 CTD and apoCaM was causative for the 
pathological persistent Na+ current by examining the 
consequences on the persistent Na+ current after CaM 
overexpression. As shown in Fig. 3 (E and F), CaM over-
expression reduced the persistent Na+ current for the 
Y1795C mutant to WT levels. Thus, these data suggest 
that the Y1795C may increase persistent Na+ current by 
reducing CaM interaction in an interchannel manner. 
Interestingly, mutation of the same amino acid to histi-
dine (Y1795H) is associated with Brugada syndrome 
rather than LQT3, and the Y1795H mutant channel 
showed a minimal effect on the persistent Na+ current 
(Rivolta et al., 2001). Our model then predicts that the 
Y1795H mutation would have a smaller effect on 
apoCaM affinity compared with Y1795C. Indeed, we ob-
served minimal consequences upon apoCaM affinity by 
ITC (Table  2) for the Y1795H mutant. Together, our 
results suggest that an allosteric effect of the Y1795C 
mutation on apoCaM interaction increases persistent 
Na+ current and provide an alternative mechanistic hy-
pothesis to the proposal that Y1795C increases per-
sistent Na+ current by forming an intrachannel disulfide 
bond with C1850 (Tateyama et al., 2004).

ApoCaM does not affect LQT3 mutations outside of 
the known apoCaM interaction sites
The remarkable ability of CaM to rescue functional de-
fects associated with various LQT3 mutations in the 
NaV1.5 CTD led us to consider whether CaM overex-
pression was a nonspecific stabilizer of NaV1.5 channel 
function rather than a rescuer of a reduced CaM affin-
ity. We therefore tested two additional LQT3 mutants to 
address this question. First, we examined D1790G, a 
mutation originally described in a large multigenera-
tional cohort (Benhorin et al., 1993, 1998). D1790 is 

located within the interior of the globular domain and 
distant from any CaM contact, and ITC measurement of 
apoCaM affinity did not show any defect for the D1790G 
mutant NaV1.5 CTD (Table 2). The biophysical defect 
associated with D1790G is atypical for a reported LQT3 
mutation, in that the D1790G channels display a β sub-
unit–dependent hyperpolarizing shift (compared with 
WT) in the V1/2 of steady-state inactivation and no effect 
upon persistent Na+ current (An et al., 1998). We ob-
served the same effect (Fig. 4 A and Tables 1 and 3). 
After CaM overexpression, the shifted V1/2 of steady-
state inactivation was unaffected (Fig. 4 B and Table 3). 
Thus, for a CTD mutant that does not perturb CaM 
binding, CaM overexpression does not affect 
NaV1.5 function.

We next evaluated whether CaM affected the proto-
typical LQT3 mutation (ΔKPQ) in the NaV1.5 intracel-
lular III-IV linker (Wang et al., 1995). Motivation for 
analyzing a mutation in the III-IV linker derived in part 
from the striking parallels revealed by the recent struc-
tural characterization of the homologous CaV1.1 Ca2+ 
channel (Wu et al., 2016). The proximal portion of that 
channel’s CTD shares an identical fold with the NaV1.5 
CTD globular domain (Fig. S3 A), and the CaV1.1 chan-
nel’s III-IV linker lies within a groove on CaV1.1 CTD, 
analogous to the manner in which the IQ domain of 
one NaV1.5 CTD fits into the globular domain of a sec-
ond NaV1.5 CTD (Fig. S3 B). In the context of this par-
allel is a previous report that the NaV1.5 III-IV linker 
can bind CaM in a Ca2+-dependent manner and a pro-
posed model in which CaM acts as a bridge between the 
NaV1.5 III-IV linker and CTD to influence NaV1.5 chan-
nel inactivation properties (Sarhan et al., 2012). We 
therefore tested whether CaM overexpression affected 
the persistent Na+ current associated with the ΔKPQ 
mutation. Although we recorded the expected large 
amplitude persistent Na+ current for ΔKPQ (1.90 ± 
0.19%), overexpression of CaM did not rescue it (1.95 ± 
0.21%), as shown in Fig. 4 C. Thus, the structural paral-
lels with the CaV1.1 channel may not include an interac-
tion between the CTD and the III-IV linker. Nevertheless, 
the ΔKPQ recordings were performed in Ca2+-free con-
ditions, yet central to the bridging model was a pro-
posed Ca2+-dependent ternary complex of Ca2+/CaM, 
the III-IV linker, and the NaV1.5 CTD. We therefore 
queried directly whether a ternary complex containing 
the NaV1.5 CTD, CaM, and the III-IV linker formed in 
the presence of Ca2+. Consistent with the previous study 
(Sarhan et al., 2012), we were able to generate a binary 
complex between CaM and the III-IV linker in the pres-
ence of Ca2+, but not in its absence: a fraction of a mix-
ture of CaM and a SUMO-tagged III-IV peptide (amino 
acids 1471–1522) eluted from a size exclusion column 
earlier than either of the individual components in Ca2+ 
(Fig. 4 D), but we observed no shift in elution volume 
when the experiment was repeated in EGTA (Fig. 4 E). 
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Table 3. Activation and inactivation

NaV1.5 channel (with control 
plasmid or CaM overexpression 
plasmid tested)

Activation Inactivation

V1/2 k n V1/2 k n

mV mV
NaV1.5TTX-S/Con      −48.9 ± 1.3 2.1 ± 3.1 15         −79.3 ± 1.2 4.7 ± 0.4 14
/CaM      −50.8 ± 1.2 1.8 ± 3.6 15         −81.2 ± 1.6 4.5 ± 0.2 10
D1790G/pcNDA      −43.8 ± 1.1 5.1 ± 0.3 15         −94.1 ± 1.6a 5.1 ± 0.2 15
/CaM      −44.1 ± 1.5a 5.3 ± 0.5 13         −94.4 ± 1.5a 5.1 ± 0.2 14
Y1795C/Con      −54.2 ± 1.6 1.6 ± 2.9 16         −82.4 ± 1.4 4.9 ± 0.3 15
/CaM      −50.1 ± 1.7 2.5 ± 4.0 15         −81.5 ± 1.1 4.3 ± 0.1 15
E1901Q/Con      −51.6 ± 1.9 2.2 ± 0.3 16         −84.0 ± 2.2 4.7 ± 0.1 13
/CaM      −51.0 ± 2.2 2.4 ± 0.4 16         −83.0 ± 1.8 4.6 ± 0.2 15
Q1909R/Con      −52.2 ± 1.5 1.8 ± 0.4 14         −84.9 ± 1.9 4.9 ± 0.3 13
/CaM      −49.6 ± 1.6 2.5 ± 0.3 16         −84.3 ± 1.2 4.6 ± 0.2 13
R1913H/Con      −51.4 ± 1.4 1.7 ± 0.3 17         −79.0 ± 0.9 4.7 ± 0.1 15
/CaM      −49.4 ± 1.6 2.0 ± 0.4 15         −82.5 ± 0.7 5.0 ± 0.2 15
L1917K/Con      −46.2 ± 1.7 2.5 ± 0.3 13         −74.2 ± 1.0 4.3 ± 0.2 13
/CaM      −46.3 ± 1.6 2.2 ± 0.3 16         −77.2 ± 1.2 4.0 ± 0.1 16

ΔKPQ/Con      −42.5 ± 1.3a 5.3 ± 0.4 15         −88.1 ± 1.6b 4.6 ± 0.1 15
/CaM      −42.3 ± 1.9a 4.8 ± 0.4 15         −84.8 ± 1.3 4.7 ± 0.2 14

aP < 0.01 compared with NaV1.5TTX-S.
bP < 0.05 compared with NaV1.5TTX-S.

Figure 4. caM overexpression does not affect chan-
nel function for mutants that do not display abnormal 
interactions with caM. (A) Exemplar traces showing no 
increased persistent Na+ current for the D1790G and 
no change after CaM overexpression. (B) Hyperpolar-
izing shift in the V1/2 of steady-state inactivation for the 
D1790G mutant NaV1.5 and absence of an effect by CaM 
overexpression. Data are presented as mean ± SEM. (C) 
Exemplar traces showing increased persistent Na+ cur-
rent for the ΔKPQ mutant and no change after CaM 
overexpression. (D) Gel filtration profiles of the III-IV 
linker fusion protein (green), Ca2+/CaM (red), and the 
mixture of the III-IV linker protein and Ca2+/CaM (black). 
(E) Gel filtration profiles of the III-IV linker fusion pro-
tein (green), apoCaM (red, treated with EGTA), and the 
mixture of the III-IV linker protein and apoCaM (black). 
(F) Gel filtration profiles of the III-IV linker fusion pro-
tein (green), the NaV1.5 CTD (amino acids 1773–1940) 
complexed with apoCaM (red), and a mixture of the 
III-IV linker protein and the NaV1.5 CTD–CaM after the 
addition of 5 mM Ca2+ (black). Insets show Coomassie 
blue–stained polyacrylamide gels; lane numbers corre-
spond to the fractions labeled in the chromatograms. 
Molecular weight markers are indicated.
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We then examined whether Ca2+ drove CaM binding to 
the III-IV linker when CaM is prebound to the CTD. We 
first generated a binary complex containing CaM and 
the NaV1.5 CTD without Ca2+, to which we then added 
the SUMO-tagged III-IV peptide in the presence of 
5 mM Ca2+. Fig. 4 F shows no evidence for interaction, 
as no material eluted earlier than the NaV1.5 CTD–CaM 
binary complex. Thus, our biochemical investigations 
did not support a model in which CaM bridges the 
III-IV linker to the CTD and therefore provide a ratio-
nale for the inability of CaM overexpression to rescue 
the ΔKPQ mutant.

CaM regulates persistent Na+ current in vivo and 
affects neuronal function
Having established a strong correlation among LQT3 
mutations within the NaV1.5 CTD, abnormal inactiva-
tion, and decreased apoCaM affinity, we wondered 
whether CaM similarly modulated the persistent Na+ 
current in other NaV channels and whether a change in 
CaM affinity was likewise associated with disease muta-
tions. We turned first to NaV1.2, for which epilepsy mu-
tations such as an Ohtahara syndrome mutation at 
H1853R in the globular domain (Martin et al., 2014) 

and an idiopathic generalized epilepsy mutation at 
R1918H (Haug et al., 2001) have been associated with 
an increase in the persistent Na+ current. Consistent 
with the overall pattern observed with LQT3 mutations 
in NaV1.5, we found that both of the NaV1.2 mutant 
channels showed increased persistent Na+ current and 
that this increased persistent Na+ current was rescued by 
CaM overexpression (Fig. 5, A–C). Moreover, the decay 
time of inactivation for both NaV1.2 mutants was pro-
longed, and CaM overexpression restored the decay 
time to the WT rate (Fig. 5 D). Additionally, both mu-
tant NaV1.2 CTDs displayed reduced CaM affinity com-
pared with the WT NaV1.2 CTD (Table  2), thereby 
extending the overall association of decreased CaM af-
finity and increased persistent Na+ current to NaV1.2.

We also tested whether CaM regulates the persistent 
Na+ current for NaV1.6. As shown by a study in NaV1.6 
knockout mice, NaV1.6 is the major contributor to the 
large overall NaV channel persistent Na+ current ob-
served in cerebellar Purkinje neurons (Raman et al., 
1997). The large contribution of NaV1.6 to the per-
sistent Na+ current becomes immediately obvious when 
analyzing the Na+ current of isolated NaV1.6 expressed 
in HEK293T cells (Fig. 5 E). Given the correlation be-

Figure 5. ApocaM regulates persistent na+ current in neuronal naV channels. (A and B) Exemplar traces for NaV1.2TTX-R (WT) and 
the NaV1.2 mutant R1918H showing increased persistent Na+ current for the R1918H mutant (but not for WT) and rescue by CaM 
overexpression for the R1918H mutant. (C) Summary data showing rescue by CaM for the NaV1.2 mutants H1853R and R1918H. (D) 
Summary data showing increased τ of inactivation and rescue by CaM for the NaV1.2 mutants H1853R and R1918H. (E) Exemplar 
traces for NaV1.6TTX-R (WT) expressed in HEK293T cells showing reduced persistent Na+ current by CaM overexpression. (F) Exemplar 
traces for NaV1.6TTX-R expressed in cultured cerebellar Purkinje neurons and reduced persistent Na+ current by CaM overexpression. 
(G) Exemplar traces of total NaV Na+ current in cultured cerebellar Purkinje neuron showing reduction in persistent Na+ current after 
CaM overexpression. The inset shows GFP-expressing cultured cerebellar Purkinje neuron. Bar, 20 µm. (H) Summary data for NaV1.6 
expressed in HEK293T cells or in cultured cerebellar Purkinje neurons or total NaV Na+ current in cultured cerebellar Purkinje neu-
rons. Data are presented as mean ± SEM. *, P < 0.05; **, P < 0.01.



289JGP Vol. 149, No. 2

tween decreased CaM affinity and an increased magni-
tude of persistent Na+ current established by our data 
with NaV1.5 and NaV1.2 mutants, we therefore expected 
that the WT NaV1.6 CTD had a lower affinity for CaM 
than NaV1.5 or NaV1.2 CTDs. Indeed, ITC measure-
ment showed a reduced affinity of CaM for the NaV1.6 
CTD compared with either the NaV1.2 or NaV1.5 CTDs 
(Table  2). To test whether this reduced CaM affinity 
contributed to the persistent Na+ current, we overex-
pressed CaM with NaV1.6 in HEK293T cells and mea-
sured the resulting effect on the late Na+ current. As 
with NaV1.5 and NaV1.2 disease mutants that had in-
creased persistent Na+ currents and decreased apoCaM 
affinity, CaM overexpression reduced the persistent Na+ 
current amplitude for NaV1.6 (Fig.  5, E and 
H; and Table 1).

The large amplitude persistent Na+ current from 
NaV1.6 offered an opportunity to test whether CaM 
modulated persistent Na+ current in native cells. First, 
we expressed a TTX-resistant NaV1.6 (NaV1.6TTX-R) in 
the cultured cerebellar Purkinje neurons and isolated 
this exogenous NaV1.6 current by applying TTX to si-
lence the endogenous NaV channels. The persistent Na+ 
current was then identified by background subtraction 
after application of 5 mM lidocaine to the remaining 
current. As in HEK293T cells, exogenous NaV1.6 
(NaV1.6TTX-R) expressed in cerebellar Purkinje neurons 
displayed a large amplitude persistent Na+ current that 
was reduced by CaM overexpression (Fig. 5, F and H). 
With this foundation, we then measured the endoge-
nous persistent Na+ current in cultured cerebellar Pur-
kinje neurons in the presence and absence of CaM 
overexpression. The large amplitude endogenous per-
sistent Na+ current observed at baseline in cultured cer-
ebellar Purkinje neurons was markedly reduced after 
CaM overexpression (Fig. 5, G and H).

d I s c u s s I o n

Our data demonstrate that the interaction between 
apoCaM and the NaV CTD regulates persistent Na+ cur-
rent and the rate of inactivation across multiple NaV 
family members. Specifically, we found that disease mu-
tations in NaV CTDs that are associated with perturbed 
inactivation—increased persistent Na+ current or 
slowed rate of inactivation—correlated with decreased 
CaM binding affinity and that CaM overexpression res-
cued the mutations’ effects. Thus, a decreased affinity 
for apoCaM binding appears to be a common feature 
for LQT3 mutations within the NaV1.5 CTD and epi-
lepsy mutations in the NaV1.2 CTD.

In this regard, our data showing the lack of an 
apoCaM influence on the D1790G mutation in NaV1.5 
are informative. Although originally identified in a 
large LQT3 cohort, this family was considered remark-
able for unusual phenotypic heterogeneity (Benhorin 

et al., 1993). Moreover, a recent study found that 
D1790G is relatively benign compared with other LQT3 
mutations (Wilde et al., 2016). With this context, previ-
ous analyses of D1790G (and recapitulated in our stud-
ies here; Fig.  4 and Table  3) showed that the most 
prominent biophysical defect, a β subunit–dependent 
hyperpolarizing shift in the V1/2 of steady-state inactiva-
tion (An et al., 1998), was atypical for LQT3. In fact, 
such a biophysical defect would cause decreased Na+ 
current at physiological membrane potentials—a loss-
of-function effect that is more consistent with a Brugada 
syndrome phenotype than LQT3. Recently, the D1790G 
mutation was indeed reported in a Brugada syndrome 
patient (Blich et al., 2015). Thus, the association with a 
relatively benign LQT3 phenotype and separately with 
Brugada syndrome, and the absence of increased per-
sistent Na+ current for the NaV1.5 D1790G mutant chan-
nel, suggest that this mutation more likely causes a 
mixed “overlap syndrome” (Remme, 2014) rather than 
a pure LQT3 phenotype and perhaps should 
be reclassified.

Our analyses also verified, functionally and biochem-
ically, the multiple apoCaM contacts observed in the 
crystal structure of the NaV1.5 CTD and apoCaM (Ga-
belli et al., 2014). Although the functional conse-
quences of the interaction between the apoCaM C-lobe 
and the IQ motif had been previously tested—and it was 
shown that disrupting CaM interaction through muta-
tion of the signature IQ residues increased persistent 
Na+ current (Kim et al., 2004a)—the consequences of 
perturbing neither the CaM N-lobe interaction with the 
globular domain nor the interaction between CaM 
from one binary complex to the CTD in a different bi-
nary complex had been examined. Our ability to detect 
the CTD–CTD interaction, not previously observed, 
likely derives from the use of DSG to trap what may be a 
dynamic and/or low-affinity interaction. Although inef-
ficient, these interactions may be functionally relevant. 
For channels with limited diffusion in the context of the 
plasma membrane, especially in certain subcellular do-
mains with highly concentrated Na+ channels like the 
intercalated disks in cardiac myocytes or the axon initial 
segment in neurons, the effective concentration may be 
closer to that in the crystal than in solution. Further-
more, previous studies investigating dominant-negative 
mutations in NaV1.5 reported interactions between in-
tact NaV1.5 channels through coimmunoprecipitation 
(Clatot et al., 2012; Ziyadeh-Isleem et al., 2014). 
Whether these interchannel interactions are mediated 
at least in part by the CTDs, as observed in the crystal 
structure, has not yet been determined, as previous 
studies have only reported such interactions between 
the cytoplasmic N termini of two intact channels (Clatot 
et al., 2012; Hoshi et al., 2014). Our findings provide 
the basis for testing additional domains and specifically 
whether mutations in the NaV1.5 CTD associated with 
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Brugada syndrome likewise exert a domi-
nant-negative effect.

Nevertheless, such interchannel interactions are of 
particular interest because their possible existence 
echoes recent findings of similar CTD to CTD interac-
tions between voltage-gated L-type Ca2+ channels. Re-
markably, although the molecular and structural details 
are not understood for the interchannel interactions 
between Ca2+ channels, those interactions are also de-
pendent on CaM (Navedo et al., 2010; Dixon et al., 
2015; Moreno et al., 2016). It is interesting to speculate 
that interactions between L-type Ca2+ channel CTDs use 
similar structural features to those observed for NaV1.5 
to NaV1.5 CTDs, a hypothesis supported by the struc-
tural homology between the globular domains of CaV1.1 
and NaV1.5 (Fig. S3). Although the CaV1.1 structure 
(Wu et al., 2016) revealed an interaction with the III-IV 
linker rather than a second CTD, the CaV1.1 structure 
likely differs from the CaV1.2 and CaV1.3 (the L-type 
channels in which interchannel interactions have been 
studied). Specifically, CaV1.1 CTD does not bind CaM 
despite the homology in the CaM-binding IQ domains 
(Ohrtman et al., 2008), and the structural homology 
between NaV1.5 and CaV1.1 diverges just before the IQ 
domains (Fig. S3). Perhaps for CaV1.2 and CaV1.3, 
which do bind CaM, the structural homology extends 
more distally and thereby provides an interaction for a 
second CTD analogous to NaV1.5.

Our data also highlight how the consequences of 
CaM regulation on persistent Na+ current extend be-
yond NaV1.5, namely to NaV1.2 and NaV1.6 that were 
studied here. Similar to our findings with LQT3 muta-
tions in NaV1.5, we observed a correlation between epi-
lepsy mutations in NaV1.2 that decreased apoCaM 
affinity and an increase in persistent Na+ current. Fur-
thermore, our data show that neuronal NaV channels 
are likewise sensitive to apoCaM (Fig. 5) and reveal a 
similar correlation between apoCaM affinity and per-
sistent current amplitude. Notably, NaV1.6 shows a rela-
tively large persistent current and a relatively low 
affinity for apoCaM.

On the one hand, the homologous function of 
apoCaM across multiple NaV channels is not surprising 
given the sequence similarity in the CTDs among the 
different NaV channels, particularly in the IQ domain to 
which the CaM C-lobe binds. This is echoed by the 
nearly identical structures of apoCaM interacting with 
the respective IQ domains of NaV1.2 and NaV1.5 (Cha-
got and Chazin, 2011; Feldkamp et al., 2011; Wang et 
al., 2012). On the other hand, previous studies have 
noted channel-specific differences. For example, Ca2+ 
confers a CaM-dependent fast regulation on the mus-
cle-specific NaV1.4, but not on the WT NaV1.5 (Ben-
Johny et al., 2014). Whether mutant NaV1.5 channels 
are also insensitive to Ca2+-CaM has not been tested, but 
it is possible that some NaV1.5 mutants may acquire 

Ca2+-dependent regulation. We previously observed that 
Ca2+ induced a CaM-mediated shift in steady-state acti-
vation and inactivation in an autism-associated NaV1.2 
mutant, whereas the WT NaV1.2 was insensitive (Wang 
et al., 2014). Thus, some regulatory features, while ap-
pearing lost in certain NaV isoforms, may be latent in 
the WT and only revealed by a mutation. Nevertheless, 
further evidence for some isoform-specific regulation 
comes from mutation of the CaM-binding IQ motif for 
NaV1.4 or NaV1.6, which reduced current density (Her-
zog et al., 2003), whereas here, we observed no decrease 
in current density for NaV1.2 or NaV1.5 mutations stud-
ied. Thus, determination that all of the features of 
apoCaM regulation are consistent across the family of 
NaV channels will require further structural and func-
tional interrogation, but initial hints provided by com-
paring the structure of CaM bound to the NaV1.6 IQ 
motif with CaM bound to NaV1.2 or NaV1.5 suggest 
some basis for the channel-specific differences (Reddy 
Chichili et al., 2013).

CaM, bound to the intracellular CTD and thus close 
to the membrane, is well positioned to regulate NaV 
channel inactivation. Although the specific orientation 
of the CTD in relation to the bulk of the channel in the 
membrane is not known, CTD–CTD interactions (Fig. 
S1, E and F) place limits that orient the long IQ domain 
helix closer to parallel with the plane of the membrane 
than perpendicular. Indeed, such an arrangement is 
compatible with the identified structural homology be-
tween the proximal portion of the NaV CTDs with the 
CaV1.1 CTD (Wu et al., 2016), especially in the context 
of the postulated flexibility between the NaV CTD glob-
ular domain and the long IQ domain (Wang et al., 
2014). In turn, this would locate CaM near the linkers 
between transmembrane repeats and the loops between 
individual transmembrane segments. In this regard, an 
interaction between the CTD-bound Ca2+/CaM and the 
III-IV intracellular linker, the putative inactivation parti-
cle, was an attractive hypothesis to explain how the CTD 
influenced inactivation and was supported by the 
demonstration that CaM can bind directly to the iso-
lated III-IV linker (Sarhan et al., 2009, 2012). We were 
unable to demonstrate a tripartite interaction for 
NaV1.5, however. Moreover, the affinity of CaM for the 
NaV1.5 CTD (∼100 nM whether in the absence or pres-
ence of Ca2+ for a longer, more complete CTD) suggests 
that CaM is unlikely to release from the CTD to form a 
micromolar Ca2+-dependent interaction with the III-IV 
linker as proposed for the tripartite interaction (Sarhan 
et al., 2012). Furthermore, if the structure of CaV1.1 (Wu 
et al., 2016) predicts salient features for NaV channels—
extending the observed structural homology between 
the proximal CaV1.1 CTD and the NaV CTDs—a tripar-
tite interaction including CaM appears unlikely because 
in CaV1.1 the CTD binds the III-IV linker precisely where 
Ca2+/CaM binds the homologous region of the isolated 
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III-IV linker peptide in NaV1.5 (Sarhan et al., 2012). An 
important caveat, however, is that our analyses elimi-
nated Ca2+; the presence of elevated Ca2+ could lead to 
structural rearrangements in the NaV1.5 channel that 
cannot be gleaned from the CaV1.1 structure. Neverthe-
less, the apoCaM–CTD complex, in close proximity to 
intracellular loops and at the end of the fourth trans-
membrane repeat (IV), is ideally situated to influence 
the actions of the S4 voltage sensor in the fourth trans-
membrane repeat (IVS4) that regulates NaV channel 
inactivation (Chahine et al., 1994; Sheets et al., 1999).

Although we observed a tight correlation between in-
creased persistent Na+ current and decreased apoCaM 
binding affinity among the mutants tested, our data sug-
gest that additional factors beyond apoCaM interaction 
with the CTD contribute to the regulation of NaV chan-
nel inactivation. For example, the relationship between 
the magnitude of apoCaM affinity and the amplitude of 
persistent Na+ current is not monotonic, as illustrated by 
a comparison of the E1901Q and Q1909R mutations. 
The E1901Q has a larger relative persistent Na+ current 
amplitude, yet the reduction in affinity caused by the 
E1901Q mutation is modest compared with Q1909R. 
The underlying reasons for the lack of a monotonic re-
lationship is not clear, and multiple factors may contrib-
ute on a mutation-specific basis. One possibility is that 
some of the mutations may adversely affect protein fold-
ing for the recombinant CTDs, thereby exaggerating the 
measured effect upon CaM binding. Another possibility 
is that specific locations may exert particularly potent 
effects on the persistent Na+ current. For example, 
E1901Q sits at a flexible hinge point between the IQ 
domain and the globular domain (Wang et al., 2014), so 
an effect on the inherent flexibility may impart the dis-
proportionally large persistent Na+ current for this mutant.

In conclusion, our data demonstrated an intimate re-
lationship between inactivation and apoCaM binding 
to the CTD. Disease mutation in the CTDs of NaV1.2 or 
NaV1.5 that reduce CaM affinity result in increased per-
sistent Na+ current or slower inactivation, and these ef-
fects are restored to WT levels by CaM overexpression. 
The functional significance of the interaction with CaM 
is underscored by the reduction in persistent Na+ cur-
rent and decreased action potential firing in cerebellar 
Purkinje neurons after CaM overexpression. Thus, our 
data show that CaM is a major regulator of inactivation 
properties across multiple members of the NaV 
channel family.
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