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Sodium channels are fundamental signaling molecules in
excitable cells, and are molecular targets for local anesthetic
agents and intracellular free Ca2� ([Ca2�]i). Two regions of
NaV1.5 have been identified previously as [Ca2�]i-sensitive
modulators of channel inactivation. These include a C-terminal
IQ motif that binds calmodulin (CaM) in different modes
depending on Ca2� levels, and an immediately adjacent C-ter-
minal EF-hand domain that directly binds Ca2�. Here we show
that amutation of the IQ domain (A1924T; Brugada Syndrome)
that reduces CaM binding stabilizes NaV1.5 inactivation, simi-
larly and more extensively than even reducing [Ca2�]i. Because
the DIII-DIV linker is an essential structure in NaV1.5 inactiva-
tion, we evaluated this domain for a potential CaM binding
interaction. We identified a novel CaM binding site within the
linker, validated its interactionwithCaMbyNMRspectroscopy,
and revealed its micromolar affinity by isothermal titration cal-
orimetry. Mutation of three consecutive hydrophobic residues
(Phe1520–Ile1521–Phe1522) to alanines in this CaM-binding
domain recapitulated the electrophysiology phenotype ob-
servedwithmutationof theC-terminal IQdomain:NaV1.5 inac-
tivation was stabilized; moreover, mutations of either CaM-
binding domain abolish the well described stabilization of
inactivation by lidocaine. The direct physical interaction of
CaM with the C-terminal IQ domain and the DIII–DIV linker,
combined with the similarity in phenotypes when CaM-binding
sites in either domain are mutated, suggests these cytoplasmic
structures could be functionally coupled through the action of
CaM. These findings have bearing upon Na� channel function
in genetically altered channels and under pathophysiologic con-
ditions where [Ca2�]i impacts cardiac conduction.

Voltage-gated sodium (Na�) channels underlie the rapid
upstroke and propagation of action potentials in excitable cells
and are therefore important targets for drug therapy in disor-
ders of the nervous system as well as muscle. The cardiac Na�

channel (NaV1.5, SCN5A) is the primary molecular species

generating cardiac rhythm and has been implicated in various
forms of sudden cardiac death due to ventricular fibrillation (1).
In this study, the effects of mutations within two CaM-bind-

ing domains, one in the NaV1.5 C terminus, and one in the
DIII–DIV linker (see schematic, Fig. 3B) were studied in low or
high [Ca2�] by comparing steady-state availability of mutants
to wild-type (WT)2 NaV1.5. The availability of both variants is
greatly influenced by [Ca2�]i, and involves channel structures
that are important in channel inactivation. Inactivation, a
highly voltage-dependent conformational change elicited by
depolarization, truncates the duration of channel opening and
terminates Na� conduction.
Site-directed mutagenesis of cloned Na� channel isoforms

has shown that the cytoplasmic linker between homologous
domains III and IV (DIII–DIV linker, see Fig. 3B) is a crucial
component of the channel inactivation machinery (2, 3). Non-
conservative mutation of DIII–DIV linker amino acid residues
disrupts inactivation; however, this disruption is partly repaired
by addition of local anesthetics (LA) (4). The action of LAmol-
ecules on NaV1.5 hinges critically upon transitions among dis-
tinct conformational states (2, 3). LA compounds “stabilize”
Na� channel inactivation through an allosteric effector mech-
anism, i.e. they shift the conformational state equilibrium from
rested to inactivated states (4). Finally, a number of mutations
in theNa� channel C terminus alsomodulate both inactivation
and LA action, suggesting the C terminus functionally interacts
with the DIII–DIV linker during inactivation (5, 6).
The Brugada syndrome, a rare autosomal dominant disorder

of idiopathic ventricular fibrillation, has been attributed to
alterations in Na� channel function arising from mutations in
NaV1.5 (7). Functional analysis of recombinant Na� channels
that carry these mutations, particularly those in the C terminus
(8–10), reveals familiar changes in inactivation that resemble
the inactivation-stabilizing effects of LA agents.
Intracellular free Ca2� concentration ([Ca2�]i) fluctuates as

a function of excitation-contraction coupling, and when cells
are subjected to ischemia or traumatic injury (11). NaV1.5
exhibits sensitivity to [Ca2�]i in a complexmanner through the
dual action of an “IQ-type” calmodulin (CaM)-binding domain
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in the C terminus (8, 12, 13). This domain exhibits multiple
CaM binding modes, which are influenced by [Ca2�]i (14), as
well as an interaction with a C-terminal EF-hand domain that
directly binds the IQ domain (15). In conditions where [Ca2�]i
is elevated, interaction between the EF-hand and the IQ
domain “destabilizes” channel inactivation, i.e. reduces the like-
lihood channels will occupy the inactivated state at the rest-
ingmembrane potential (14). Hence, the effects of increasing
[Ca2�]i on Na� channel inactivation are opposite to those of
LA drugs.
Using varying [Ca2�]i and LA as molecular probes, we show

here that CaM binding to specific domains within the C termi-
nus and DIII–DIV linker both influence inactivation of NaV1.5.
Patch-clamp studies revealed that the effects of lowering
[Ca2�]i can be reproduced by site-directed mutagenesis in the
C-terminal IQ domain. We also used NMR to show a direct
interaction between CaM and the DIII–DIV linker, and
sequence analysis and isothermal calorimetry revealed an
embedded high affinity CaM-binding domain in the linker
region. Mutation within this site, like the IQ domain, recapitu-
lated the effects of lowering [Ca2�]i and abolished the stabiliza-
tion of inactivation by LA in patch clamp experiments, suggest-
ing the C-terminal and DIII–DIV linker CaM-binding domains
may be functionally coupled.
These results provide important insights into the molecular

mechanisms that modulate inactivation through Ca2�-regu-
lated CaM binding to the NaV1.5 C terminus and DIII–DIV
linker. CaM interaction with the inactivation mechanism of
NaV1.5 may provide a novel therapeutic strategy for conditions
caused by sodium channel dysfunction in the heart and brain.

MATERIALS AND METHODS

Plasmid Construction, Cell Culture, and Transfection—Site-
directed mutagenesis was carried out on SCN5A cDNA sub-
cloned into GFP-IRES vector for the bicistronic expression of
the channel protein and green fluorescent protein, as described
previously (16). Mutation sites and the whole gene sequence
were verified by resequencing. Cultured cells (tsA201) were
transiently transfectedwith 1.5�g of either wild type ormutant
(A1924T) cDNA.Green fluorescent cells were selected for elec-
trophysiological analysis 24 h later. The cells were maintained
in tissue culture dishes using Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and 1% penicillin-strep-
tomycin. Cells were transfected with LipofectamineTM
(Invitrogen) according to the manufacturer’s instructions.
Electrophysiology—INa was recorded at 22 °C and analyzed as

described (16). The voltage-clamp protocols used are shown in
Fig. 1. A Boltzmann function (I� 1/[1� exp(Vt �V1⁄2)/�)]) was
fitted to the availability curves to determine the membrane
potential eliciting half-maximal inactivation (V1⁄2), where � is
the slope factor. The pipette solution used to approximate zero
[Ca2�]i contained (in mM): 10 sodium fluoride, 100 caesium
fluoride, 20 CsCl, 20 BAPTA, 10 HEPES, adjusted to pH 7.35
with CsOH. For high [Ca2�]i (1 �M free Ca2�), 1 mM BAPTA
was used with 0.9 mM Ca2�. The extracellular (bath) recording
solution contained (in mM): 145 NaCl, 4 KCl, 1 MgCl2, 10
HEPES, and 1.8 CaCl2, adjusted to pH 7.35 with CsOH. To
avoid the time-dependent shift of the INa availability curve

commonly observed during patch clamp experiments, voltage-
dependent inactivation was assessed within 2min after rupture
of the membrane. Due to this experimental set-up, we did not
attempt to compare conditions with and without lidocaine in
the same cell, and instead utilized cell-to-cell comparisons.
Patch clamp measurements are presented as the mean � S.E.
Comparisons were made using Student’s t test, with p � 0.05
considered significant.
Protein Production and Purification—The DIII–DIV linker

(Asp1471–Asp1523) was expressed from pET15b constructs in
BL21(DE3) strain cells at 37 °C in LB media. After centrifuga-
tion, cells pellets were resuspended in 50 mM Tris (pH 7.5), 50
mMNaCl, and 5mM �-mercaptoethanol (lysis buffer). The cells
were lysed by sonication and concentrated. Filtered cell lysate
was loaded onto a Ni2�-affinity column equilibrated with lysis
buffer, washed, and the protein was eluted with a gradient of 50
mM Tris (pH 7.5), 50 mM NaCl, 5 mM �-mercaptoethanol, and
300 mM imidazole. The protein was cleaved from the His tag
using thrombin, then purified over a second Ni2� column. A
final purification step involved ion exchange chromatography,
with the protein eluted in a gradient from lysis buffer into 50
mM Tris (pH 7.5), 1 M NaCl, and 5 mM �-mercaptoethanol.

CaMwas subcloned into the in-house pBG100 vector, which
expresses the native protein of interest. CaM was expressed in
BL21(DE3) host cells at 37 °C in LBmedia orM9media supple-
mented with 15NH4Cl for 15N labeling. The protein was puri-
fied over a phenyl-Sepharose column (17). CaM concentration
was determined by A276, using an extinction coefficient of � �
3,006 M�1 cm�1.
Nuclear Magnetic Resonance—15N-1H heteronuclear single

quantum coherence (HSQC) NMR spectra were recorded at
37 °C on a 500 MHz Bruker AVANCE spectrometer equipped
with a cryoProbe. CaM and the DIII–DIV linker were dialyzed
against 5mMMES, 10mMBisTris (pH 6.5), 5mMCaCl2, and 0.1
mM NaN3. NMR titrations were performed in a solution of 200
�M 15N-CaM, adding increasing amounts of DIII–DIV linker to
final concentrations of 50, 100, 200, and 400 �M. Chemical
shifts deposited for CaM in the BioMagResBank (code 6541)
(18) were used for resonance assignments. Spectra were pro-
cessed using NMRPipe (19) and analyzed with Sparky (T. D.
Goddard andD.G.Kneller, SPARKY3,University ofCalifornia,
San Francisco, CA).
Isothermal Titration Calorimetry—ITC measurements were

carried out with a VP-ITC MicroCalorimeter (MicroCal, Inc.,
Northampton, MA). Titration experiments were performed in
50 mM Tris (pH 7.5) containing 50 mM NaCl and 1 mM CaCl2.
Protein and peptidewere dialyzed against this buffer. DIII–DIV
or peptide fragments at 42–62 �M in the calorimetric cell was
titrated by a series of injections of CaM (649–795 �M). The
binding isotherms, �H versusmolar ratio, were analyzed with a
single-site binding model usingMicroCal Origin software. The
association constant, kawas directly obtained from the fit to the
data points and converted to the dissociation constantKd (Kd �
1/ka).
Peptide Synthesis—Peptides were synthesized by Sigma-Ge-

nosys. Peptides were purified by reversed-phase high perform-
ance liquid chromatography and analyzed by mass spectrome-
try to confirm purity and molecular weight.
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RESULTS

C-terminal Ca2�-sensing Domains Mediate Responses to
[Ca2�]1, CaM, and LA in an Interdependent Fashion—Whole
cell Na� current (INa) was recorded in voltage-clamped tsA201
(HEK) cells transiently transfected with WT NaV1.5 cDNA.
Voltage-dependent inactivation was assessed by plotting INa
during an activating pulse to �20 mV (Fig. 1A) as a function of
the preceding membrane potential. The voltage-dependent
availability curves reflect the fraction of channels available to
open and thus the proportion of channels not inactivated at
each membrane potential. A right shift in the curve indicates a
larger number of channels available to open at any given volt-
age, whereas a left shift indicates the opposite. Brief clamp
pulses of 50mswere utilized to exclude slowly developing inac-
tivation processes that involve extracellular domains (20). Fig.
1A demonstrates that the likelihood of voltage-dependent inac-

tivation of NaV1.5 is reduced at any given voltage by increasing
[Ca2�]i, as such, the availability of channels to open is
enhanced (14, 15). Hence, in elevated (1 �M free) [Ca2�]i, INa is
increased when elicited from a voltage near the cardiac cell
resting potential (compare �80 mV small traces, Fig. 1B). At
this [Ca2�]i, lidocaine had an opposing effect, left-shifting the
voltage-dependent inactivation curve of NaV1.5. This classic
effect of the LA reduces NaV1.5 channel availability and INa at
voltages near the cell resting potential (Fig. 1B), consistent with
a stabilizing effect on inactivation (21, 22). Table 1 provides
statistical comparisons of the voltage at which channels studied
in various conditions are 50% inactivated (V1⁄2).

Remarkably, when [Ca2�]i was clamped to low-nanomolar
concentrations using 20 mM BAPTA, we found that the lido-
caine-induced left-shift in the voltage dependence of inactiva-
tion was greatly reduced (Fig. 1A), suggesting that sensitivity of
NaV1.5 inactivation to LA and Ca2�-CaM are interdependent

(compare open symbols to filled tri-
angles, Fig. 1A). Neither changing
[Ca2�]i nor exposure to lidocaine
altered the rate of NaV1.5 inactiva-
tion (Fig. 1B; time constants for INa
decay provided in legend). Further-
more, use-dependent lidocaine
action linked to kinetically slower
inactivation processes (20, 23) was
not altered by changing [Ca2�]i (10
Hz pulse train, Fig. 1C), suggesting
the effects of [Ca2�]i are specific for
the voltage dependence of the fast,
primary inactivation process. Stabi-
lization of fast inactivation through
lidocaine action largely involves
cytoplasmic structures such as theC
terminus and interdomain linkers,
and is manifest as an equilibrium
shift with more channels inactivat-
ing from closed, rested states (6). In
contrast, the development of use-
dependent block (Fig. 1C) has a dis-
tinctive pharmacology and struc-
tural relationships involving the
amino acid residues lining the outer
pore (20).
The Na� channel variant

A1924T, isolated from a Brugada
syndrome patient exhibiting the

FIGURE 1. Effects of lidocaine on NaV1.5 in the presence and absence of Ca2�. A, voltage dependence of
inactivation in cells expressing NaV1.5 in the absence or presence of 300 �M lidocaine in high (1 �M) [Ca2�]i or
a nominally Ca2�-free solution (plus 20 mM BAPTA). In high [Ca2�]i, V1⁄2 was �71.3 � 0.9 mV (F; n � 24) in the
absence, and �79.6 � 1.7 mV (E; n � 15) in the presence of lidocaine (p � 0.001). In low [Ca2�]i, V1⁄2 was
�79.6 � 1.0 mV (Œ; n � 22) in the absence and �83.0 � 0.8 mV (�; n � 18) in the presence of lidocaine (p �
0.05). Inset, voltage clamp protocol used to assess the voltage-dependent inactivation. Current amplitude
measured during an activating pulse to �20 mV (arrow) as a function of the preceding membrane potential
(from �160 to �20 mV) were used to construct the steady-state inactivation curve. B, representative currents
in high and low [Ca2�]i in the presence or absence of lidocaine. For each condition, the largest current traces
show recordings obtained at �20 mV following a prepulse to �160 mV and smaller lines show recordings
obtained after a prepulse at �80 mV. Decay rates of the currents at �20 mV after a prepulse at �160 mV were
fit with the sum of two exponential components. The rates of current decay measured in high [Ca2�]i (�f � 0.55 �
0.02; �s � 2.7 � 0.14), high [Ca2�]i plus lidocaine (�f � 0.59 � 0.06; �s � 2.72 � 0.33), in low [Ca2�]i (�f � 0.53 � 0.02;
�s � 2.68 � 0.2) and low [Ca2�]i plus lidocaine (�f � 0.51 � 0.03; �s � 2.48 � 0.35) were not different (p � NS).
C, dose-response curve for use-dependent block of NaV1.5 WT, A1924T, and FIF/AAA at pulse number 50. Use
dependence was induced by depolarizing channels to 10 mV for 20 ms from a holding potential of 120 mV at 10 Hz.

TABLE 1
Effects of �Ca2�	i and lidocaine on the V1⁄2 of steady-state inactivation for NaV1.5
WT, A1924T and FIF/AAA. All data represent the mean � S.E. The V1⁄2 for WT, A1924T, and FIF/AAA in high �Ca2�	i were not different.

WT A1924T FIF/AAA
1 �M Ca2� �71.3 � 0.9 mV �74.7 � 1.9 mV �73.7 � 1.0 mV
1 �M Ca2� � lidocaine �79.6 � 1.7 mVa �75.4 � 1.4 mVb �74.1 � 0.6 mVb

20 mM BAPTA �79.6 � 1.0 mVc �87.4 � 1.2 mVc,d �85.9 � 0.9 mVc,d

20 mM BAPTA� lidocaine �83.0 � 0.8 mVa,c �85.5 � 1.5 mVb,c

a p � 0.05 versus same condition without lidocaine.
b p � NS versus same condition without lidocaine.
c p � 0.05 versus same condition as in 1 �M Ca2�.
d p � 0.05 versusWT � 20 mM BAPTA.
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attendant diagnostic changes in the surface electrocardiogram,
resides in the C-terminal IQ domain of NaV1.5 and reduces the
CaM affinity of the IQmotif 10-fold (14). To probe whether the
effect of changing [Ca2�]i is mediated through CaM binding to
NaV1.5, we examined A1924T in varying Ca2� and lidocaine
conditions. As shown in Fig. 2A and Table 1, in low [Ca2�]i the
V1⁄2 of inactivation for WT shifts to the left (compare open and
filled circles). The V1⁄2 of inactivation for the A1924T mutant
also shifts to the left in response to lowering [Ca2�]i (compare
filled and open triangles), indicating that Ca2� responsiveness
of the EF-hand motif is intact. However, the A1924T mutant
experiences a left-shift that goes beyond what is observed for
WT (compare open circles and triangles; see also Table 1). This

“super-shift” suggests that inWT channels, and in low [Ca2�]i,
CaM binding plays an important role in limiting the develop-
ment of inactivation. In high [Ca2�]i themutant andWT chan-
nels have nearly identical voltage-dependent inactivation pro-
files, and the kinetics of the mutant channel are also not
changed (see Fig. 2B, insets).Moreover, the voltage dependence
of A1924T inactivation was no longer sensitive to lidocaine,
even at high [Ca2�]i (Fig. 2, B and D, and Table 1). As summa-
rized in Fig. 2D, the voltage dependence of A1924T inactivation
was remarkably insensitive to lidocaine (concentrations up to 2
mM were tested). In contrast, the dose dependence of use-de-
pendent block of A1924T was indistinguishable fromWT (Fig.
1C). These results suggest that CaM binding to the IQ domain
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FIGURE 2. CaM-binding domains in the C terminus and DIII--DIV linker region control the effects of lidocaine on NaV1.5 steady-state availability. A,
voltage dependence of inactivation in cells expressing WT, A1924T, or FIF/AAA (1.5 �g cDNA each) in low or high [Ca2�]i. In high [Ca2�]i, WT, A1924T, and
FIF/AAA V1⁄2 of inactivation were not significantly different (�71.3 � 0.9 mV (F; n � 24), �74.7 � 1.9 mV (Œ; n � 13), and �73.7 � 1.0 mV (f; n � 13),
respectively (p � NS)). In low [Ca2�]i, the V1⁄2 of inactivation of WT significantly differed from A1924T and FIF/AAA (�79.6 � 1.0 mV (E; n � 22), �87.4 � 1.2 mV
(‚; n � 11; p � 0.05), and �85.9 � 0.9 mV (�; n � 9; p � 0.05), respectively). B, V1⁄2 for A1924T in the absence or presence of lidocaine in high [Ca2�]i was �74.7 �
1.9 mV (F; n � 13) and �75.4 � 1.4 mV (E; n � 9), respectively (p � NS). Left inset, voltage-dependent inactivation for WT NaV1.5 under the same conditions.
Right inset, representative current traces in 1 �M [Ca2�]i, in the presence (left) or absence (right) of lidocaine. Black traces show currents obtained at �20 mV after
a prepulse at �160 mV, the small lines show the currents obtained after a prepulse at �80 mV. Decay rates of the currents at �20 mV after a prepulse to �160
mV were fit with the sum of two exponential components. The biexponential decay rates of A1924T in high [Ca2�]i in the absence (�f � 0.51 � 0.02; �s � 2.46 �
0.17) and presence of lidocaine (�f � 0.57 � 0.05; �s � 2.42 � 0.26) were not different (p � NS). C, voltage-dependent inactivation of NaV1.5 FIF/AAA in the
absence or presence of lidocaine in high [Ca2�]i. V1⁄2 was �73.7 � 1.0 mV (F; n � 13) in the absence and �74.1 � 0.6 mV (E; n � 5) in the presence of lidocaine
(p � NS). Left inset, same as in B. Right inset, representative NaV1.5 FIF/AAA currents in 1 �M Cai, in the presence (left) or absence (right) of lidocaine. Color coding
is as described in B. The biexponential decay rates of NaV1.5 FIF/AAA in high [Ca2�]i in the absence (�f � 0.54 � 0.03; �s � 2.7 � 0.33), and presence of lidocaine
(�f � 0.52 � 0.05; �s � 2.27 � 0.42) were not different (p � NS). D, shifts in the V1⁄2 of steady-state inactivation of NaV1.5 WT, A1924T, and FIF/AAA with or without
50, 300, or 2000 �M lidocaine in high [Ca2�]i from B and C and Fig. 1A.
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in low Ca2� is key to controlling fast inactivation. Given that
[Ca2�]i regulates CaM binding to the IQ domain (14), we con-
clude that the functional effects of CaM binding to the C-ter-
minal IQ domain are influenced by [Ca2�]i, and involve inacti-
vation structures that are also responsive to LA.
Although these results suggest that CaM binding influences

LA action on inactivation, a potential alternative explanation is
that A1924T modifies LA affinity for the rested (closed) state.
We measured the effects of lidocaine on INa under conditions
where inactivation would be negligible, by holding the mem-
brane at �120 mV. At this potential, inhibition by lidocaine
should solely be a function of resting state affinity. Under these
conditions, lidocaine block of WT and A1924T were identical
(percent inhibition of peak current measured at �20 mV using
300 �M lidocaine was 41 � 2 and 38 � 7%, n � 5, p � NS,
respectively), indicating that the rested state affinity was not
altered in the mutant.
A CaM-binding Domain in the DIII–DIV Linker Has Corre-

sponding Effects on Inactivation Gating—Although the C-ter-
minal region is involved in regulation of inactivation by CaM,
the DIII–DIV linker is the primary structure responsible for
Na� channel fast inactivation. In addition, the DIII–DIV linker
has recently been implicated as a site for CaM interaction (13,
14, 24).Moreover, it has been proposed that CaM is required to
stabilize the interaction of the C terminus with the DIII–DIV
linker (13). These observations suggest a direct role for CaM in
modulating the action of the DIII–DIV linker in the inactiva-
tion of NaV1.5.
To test for direct physical interaction, NMR chemical shift

perturbation analysis was performed using 15N-enriched CaM.
Fig. 4A shows an overlay of 15N-1H HSQC spectra acquired for

200 �M Ca2�-loaded CaM with concentrations up to 
400
�M DIII–DIV linker added to the solution. The highlighted
region of the spectrum shown in the figurewas selected to show

perturbed resonances in the well
resolved downfield region of the
spectrum. The observation of a
change in an NMR signal over the
course of the titration is an
extremely sensitive reporter on
inter-molecular interactions and
structural perturbations. Hence,
these data demonstrate the exist-
ence of a direct physical interaction
between CaM and the DIII–DIV
linker. There are almost no differ-
ences in the NMR spectrum with

200 and 
400 �M DIII–DIV
linker added, which indicates that
the titration is complete at a 1:1
ratio. Note that only a subset of the
NMR signals is affected throughout
the course of titration, which indi-
cates a specific binding event is
being monitored. To quantify the
affinity of Ca2�-loaded CaM for the
DIII–DIV linker, isothermal titra-
tion calorimetry (ITC) was used to

measure heat evolution over the course of a titration (Fig. 4B).
Fitting of the data to the standard binding equation provided a
dissociation constant (Kd) of 0.6 �M and a stoichiometry of 1.
To search for the CaM binding site in the DIII–DIV linker, the

sequence of NaV1.5 was analyzed using the Calmodulin Target
Database (25).ACaM-bindingdomainwaspredictedat theC-ter-
minal endof theDIII–DIV linker just as it re-enters themembrane
(Fig. 3A, shaded gray). To validate this prediction, a correspond-
ing 21-residue peptidewas synthesized and its affinity forCa2�-
bound CaM was measured using ITC (Fig. 4C). Fitting of this
data to a standard single site binding equation provides a Kd of
8.2 �M.

To further localize the determinants of this interaction, spe-
cific mutations were introduced into the CaM-binding domain
within the DIII–DIV linker. Interaction between CaM and its
binding partners is oftenmediated by hydrophobic interactions
(25). Of particular note in the DIII–DIV CaM-binding domain
are three consecutive hydrophobic residues (Phe1520–Ile1521–
Phe1522) (Fig. 3, underlined residues). Mutations of these resi-
dues to alanines (FIF/AAA) were found to decrease the affinity
of the CaM-binding domain peptide 
10-fold; an ITC experi-
ment performed under identical conditions to that used for the
wild-type peptide gave a Kd of 66 �M (Fig. 4D). These results
suggest that the FIF motif plays a significant role in mediating
the interaction between CaM and the DIII–DIV linker of
NaV1.5.
To test the functional importance of the CaM-binding

domain within the DIII–DIV linker, the FIF/AAA mutations
were engineered into NaV1.5 and the behavior of the WT and
mutant constructs were compared. As shown in Fig. 2A and
Table 1, in elevated [Ca2�]i the voltage-dependent inactivation
of the FIF/AAA channel was indistinguishable from WT or
A1924T. Furthermore, like WT or A1924T, FIF/AAA displays
the typical left-shift in the inactivation curve when [Ca2�]i is

FIGURE 3. Schematic diagram of hH1 domains and sequence details. A, sequence and secondary structure
prediction of the DIII–DIV linker. The 1520FIF1522 region is underlined, the CaM-binding domain is highlighted in
gray. Gray cylinders represent the transmembrane regions and green and violet cylinders represent predicted
helical regions of the DIII–DIV linker. B, schematic representation of the DIII, DIV, and C-terminal domains of
hH1. DI and DII are not represented, EF-hand domain, and IQ motif of the C-terminal domain are colored blue.
Predicted helical regions of the DIII–DIV linker are colored as in A.
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lowered (Fig. 2A and Table 1). Importantly, as we observed for
A1924T, FIF/AAA displayed an even more marked left shift in
V1⁄2 of inactivation than WT (Fig. 2A, compare filled and open
squares, andTable 1). Thus, as for theC-terminal CaM-binding
motif, CaM binding to the FIF/AAA motif plays an important
role in limiting the development of inactivation at low [Ca2�]i.
Moreover, like theC-terminalA1924Tmutant, FIF/AAAchan-
nel voltage-dependent inactivation was insensitive to lidocaine
in elevated [Ca2�]i (Fig. 2C and Table 1). These results suggest
that these sites in the C terminus andDIII–DIV linker are coor-
dinately regulated by Ca2�-sensitive CaM binding, and involve

structures that are responsive to LA. These findings are also
consistent with our data demonstrating that the DIII–DIV
linker binds CaM specifically and with high affinity. In combi-
nation, our findings suggest that CaM may serve as a “func-
tional bridge” between the C terminus and the primary struc-
ture responsible for Na� channel inactivation: the DIII–DIV
linker.

DISCUSSION

Human cardiac Na� channels, whereas functioning in the
myocardium as the primary scaffold for cardiac conduction,

FIGURE 4. NMR titration and isothermal titration calorimetry analysis of interactions between CaM and the III–IV linker. A, overlay of 1H-15N HSQC NMR
spectra of 15N-enriched CaM at 200 �M with different concentrations of III–IV linker (black, 0 �M; blue, 50 �M; cyan, 100 �M; orange, 200 �M; and red, 400 �M). CaM
resonance assignments were made using the entry from the BioMagResBank (code 6541). B–D, isothermal titration calorimetry measurements of the binding
of CaM interaction to III–IV linker (B), WT CaM-binding domain (C), and FIF/AAA mutant CaM-binding domain (D). The upper and lower panels show the raw ITC
data and a plot of the integrated area of each peak, respectively.
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also exhibit exquisite sensitivity to a variety of intracellular
mediators (26). Here, we perform electrophysiology and phys-
ical interaction studies that reveal CaM-dependent functional
interactions involving the C terminus and the DIII–DIV linker,
using Ca2� and lidocaine as molecular probes.

A mutation in the C-terminal IQ domain (A1924T) associ-
ated with the Brugada arrhythmia syndrome (8) recapitulated
effects of [Ca2�]i removal on Na� channel inactivation and lid-
ocaine action, supporting the dual [Ca2�]i sensor role proposed
for the IQ domain and a central role for CaM. Using NMR
spectroscopy, a novel CaM binding site was mapped to the
DIII–DIV linker inactivation particle. A number of Brugada
syndrome and Long QT syndrome mutations have been
mapped close to or within this domain (27, 28). Alanine substi-
tution (FIF/AAA) within the CaM-binding domain markedly
reduced CaM affinity as determined by ITC, and in NaV1.5
channels eliminated lidocaine effects in the same manner as
Ca2� removal.
Mutations in the C-terminal IQ domain (A1924T) or the

newly identified CaM-binding domain in the DIII–DIV linker
(FIF/AAA) have no perceptible effects on the voltage depend-
ence of channel inactivation at high [Ca2�]i (Fig. 2A and Table
1). However, removing [Ca2�]iwith BAPTA results in amarked
left shift in V1⁄2 in both mutants (Fig. 2A), implying that the
voltage dependence of channel inactivation is influenced by
CaMbinding.We have previously shown that the affinity of the
WT IQ domain for CaM is decreased in the presence of Ca2�

(14). It is therefore not surprising that in high [Ca2�]i, differ-
ences in channel availability betweenWT and the A1924T and
FIF/AAACaMbindingmutants are abolished.We also showed
that theC-terminal IQmotif acts as amolecular switch between
the intrinsic EF-hand domain apparatus and the extrinsic Ca2�

sensor, CaM (14). Mutations in the EF-hand domain have
effects comparable with the A1924T mutation on inactivation
and LA action (not shown). Although the direct coupling of
these two Ca2� sensors is unique among knownCa2� signaling
systems, neither themechanism for this coupling, nor theman-
ner in which these two Ca2� sensor elements modulate inacti-
vation are known.
The observation that CaM binding to either the DIII–DIV

linker or the C terminus has similar effects on voltage depend-
ence of channel inactivation (Fig. 2A) and on Ca2�-dependent
lidocaine action (Fig. 2, B and C) is consistent with numerous
studies showing thatmutations in the two cytoplasmic domains
have concordant effects on the voltage dependence of inactiva-
tion, and suggests functional interaction between these regions
(9, 29–31). Moreover, evidence has accumulated in support of
interactions between CaM, the C terminus, and the DIII–DIV
linker (13, 24).
It is noteworthy that the N-terminal portion of the CaM-

binding motif in the DIII–DIV linker (Fig. 3) includes a proline
residue (Pro1511), which prior mutational studies have shown
disrupts the interaction of the DIII–DIV linker with the NaV1.5
C terminus in glutathioine S-transferase pull-down assays (24).
Our NMR and ITC results provide definitive evidence for a
Ca2�-dependent interaction between CaM and the DIII–DIV
linker. The fact that mutations in the IQ domain (A1924T) and
the DIII–DIV linker CaM-binding domain “knock-out” the

same lidocaine action without eliciting baseline effects on inac-
tivation or [Ca2�]i sensitivity confirms the critical role for CaM
in channel inactivation as well as the exquisite selectivity for its
effect. Our results also support the proposal that CaM serves as
a functional and possibly even a structural bridge between theC
terminus and the DIII–DIV linker. To fully understand the
mechanism of the Ca2� sensitivity of NaV1.5, it is important to
also consider that interactions between the C-terminal
EF-hand and the IQ motif will likely impact the equilibrium of
CaM binding to these cytoplasmic domains (14, 15).
Although mutations disrupting the CaM-binding domains

render channels resistant to LA effects on voltage-dependent
availability, it was remarkable that neither these mutations nor
altering [Ca2�]i modified LA-associated use-dependent block.
“Use-dependent” or “phasic” block develops with sustained,
repeated depolarizations. Although use dependence of Na�

channel blocking drugs is of primary importance for the thera-
peutic efficacy of LA in the context of cardiac arrhythmias, it
can elicit paradoxical and unwanted pro-arrhythmic side
effects (4, 32–34). In addition, there is a non-rate dependent
“tonic block,” measured during infrequent stimulation, that
causes the stabilizing “left shift” in the voltage dependence of
fast inactivation we studied here (35).
A consequence of tonic block is a reduction in membrane

excitability, as a larger portion of channels are fully inactivated
at the resting membrane potential, and are thus unavailable to
open in response to a stimulus. Some LA (e.g. lidocaine) pro-
duce little tonic andmuch use-dependent block, but the inverse
can also occur (36, 37). For example, the neutral LA benzocaine
acts almost exclusively through tonic block (38). To avoid the
pro-arrhythmic potential of use-dependent Na� channel block
in the development of specific therapeutic applications such as
pain treatment, it will therefore be important to determine the
molecular details of tonic block.
It is known that treatment with LA can exacerbate arryth-

mias during conditions of ischemia (32). Our previous results
indicate that oxidative stress reduces INa availability (23).
Treatment of NaV1.5-expressing heterologous cells with the
general oxidant t-butyl hydroperoxide (t-BHP) resulted in a�7
mV hyperpolarizing shift of the V1⁄2 of inactivation that is rem-
iniscent of the�8mV shift we observe upon shifting from high
to nominally Ca2�-free conditions in the current study (Table
1). The rise in [Ca2�]i during an ischemic eventwould therefore
be expected to counteract the effects of oxidative damage on
Na� channel availability and restore conduction. In contrast,
application of therapeutic lidocaine following an ischemic
event would be expected to aggravate the effects of oxidative
damage by shifting the availability curve to the left, and coun-
terbalance the ameliorating effects of rising intracellular
[Ca2�]i.

To understand the potential impact of these effects on car-
diac conduction, wemodeled the effects of oxidation, changing
intracellular [Ca2�]i and LA exposure in a cable model of sim-
ulated cardiac ventricular myocytes. The results are summa-
rized in Fig. 5, which shows action potentials from themiddle of
the fiber for the different conditions. The inset shows the
upstroke at greater magnification to illustrate changes in
upstroke velocity, which are a primary determinant of conduc-
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tion velocity, and are heavily influenced by the magnitude of
INa. As expected, the effects of lowering [Ca2�]i or adding
t-BHP, conditions that elicit left shifts in the Na� channel V1⁄2,
had a negative impact on the rate of action potential upstroke
and conduction velocity in the model fiber. Conversely, eleva-
tion of [Ca2�]i resulted in increased upstroke velocity and faster
conduction compared with the Ca2�-free condition in non-
oxidative conditions (panel A), and had the same salutatory
effect in oxidative conditions (panel B, compare t-BHP � Ca2�

to t-BHP�BAPTA). However, elevating [Ca2�]i could not res-
cue conduction when the fiber was exposed to both LA and
oxidative conditions. These simulations suggest that Ca2�-de-
pendent as well as drug-dependentmodulation of Na� channel
inactivation could critically influence conduction during oxida-
tive stress. Heterogeneities in the action potential duration,
coupledwith conduction velocity changes could lead tomarked
dispersion of repolarization and unidirectional conduction
block, especially in the ischemic myocardium and border zone,
a substrate that favors the development of re-entrant arrhyth-
mias (39, 40).
In summary, these findings suggest a functional interaction

between the C terminus and the DIII–DIV linker, revealed
through complementary responses to [Ca2�]i and lidocaine,
which is dependent onCaM.Therapeutic intervention targeted
to the [Ca2�]i-dependent mechanisms that modulate Na�

channel function may be a useful approach for treating genetic
and pathophysiologic conditions where [Ca2�]i impacts car-
diac conduction.
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FIGURE 5. Effects of intracellular Ca2�, oxidation, and local anesthetics on
action potential (AP) conduction using the Luo-Rudy model. Action
potentials from the middle of the one-dimensional fiber for the different con-
ditions are overlaid to illustrate changes in action potential duration and
upstroke velocity. The inset shows the AP upstroke at greater magnification.
The conduction velocities computed from the fiber in high [Ca2�] (D), high
[Ca2�](D) plus oxidant, low [Ca2�] (D) plus oxidant and high [Ca2�] (D) plus
oxidant plus LA were 67, 64, 0, and 4 cm/s, respectively. The following values
for the V1⁄2 were used to generate the data: �71.3 mV in high [Ca2�]i; �75.2
mV in high [Ca2�]i plus t-BHP; �86.7 mV in low [Ca2�]i plus t-BHP; �80.3 mV in
high [Ca2�]i plus t-BHP plus LA.
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