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Cardiac conduction disorders slow the heart rhythm and cause
disability in millions of people worldwide. Inherited mutations in
SCN5A, the gene encoding the human cardiac sodium (Na+)
channel, have been associated with rapid heart rhythms that
occur suddenly and are life-threatening1±3; however, a chief func-
tion of the Na+ channel is to initiate cardiac impulse conduction.
Here we provide the ®rst functional characterization of an SCN5A
mutation that causes a sustained, isolated conduction defect
with pathological slowing of the cardiac rhythm. By analysing
the SCN5A coding region, we have identi®ed a single mutation
in ®ve affected family members; this mutation results in the

substitution of cysteine 514 for glycine (G514C) in the channel
protein. Biophysical characterization of the mutant channel
shows that there are abnormalities in voltage-dependent `gating'
behaviour that can be partially corrected by dexamethasone,
consistent with the salutary effects of glucocorticoids on the
clinical phenotype. Computational analysis predicts that the
gating defects of G514C selectively slow myocardial conduction,
but do not provoke the rapid cardiac arrhythmias associated
previously with SCN5A mutations.

We have studied a family who came to medical attention when the
proband, a 3-yr-old girl (pedigree: Fig. 1a, III-2), experienced
episodes of fainting during a febrile illness. Her 12-lead electro-
cardiogram (ECG) showed characteristics of slow conduction
throughout the atria and ventricles, including broad P waves, PR
interval prolongation, and a wide QRS complex (Fig. 1c). Contin-
uous heart rhythm monitoring (Fig. 1d) revealed episodes of severe
bradycardia (25 beats min-1), which might arise from a reduced
®ring rate by the sinus node (native cardiac pacemaker), or from
suppressed conduction through atrial tissues in the vicinity of the
sinus node. During these slow periods, the cardiac rhythm was
maintained by infrequent atrioventricular nodal `escape' impulses
(Fig. 1d, arrows).

The conduction disturbance persisted after the febrile illness
resolved, and we determined no evidence of structural heart disease
(echocardiography) or systemic diseases associated with conduc-
tion defects in children (viral infections, auto-immune or Lyme
disease, thyroid dysfunction). Therapeutic intervention with a dual-
chamber pacemaker was initially limited by inability to pace the
atrium (maximal stimulus: 10 V, 1 ms); however, this dif®culty
resolved with 1 week of empirical steroid treatment (given originally
to exclude an in¯ammatory aetiology for the conduction distur-
bance), which comprised intravenous methylprednisolone followed
by oral prednisone.

During the 4 years following diagnosis, the proband has
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Figure 1 Genotype and ECG phenotype. a, Pedigree (arrow, proband) shows individuals

consenting to SSCP analysis. +, carrier; -, non-carrier; square, male; circle, female;

diamond, anonymous; ®lled symbol, conduction disease. b, Sequence identi®cation of a G

to T transversion (arrow) of one SCN5A allele in an affected individual (both alleles shown),

causing replacement of glycine 514 by cysteine (G514C). c, Twelve-lead ECG of proband,

indicating sinus rhythm with prolonged PR and QRS intervals (age-corrected normal

values, 0.08±0.16 s and 0.03±0.07 s, respectively)24 and a rightward QRS axis shift, but

no signs of Brugada or long QT syndrome. The P wave and QRS interval re¯ect atrial and

ventricular conduction, respectively, and the PR interval re¯ects atrioventricular

conduction. The QTc re¯ects ventricular repolarization, and is the QT interval (indicated on

the ®gure) corrected for heart rate (QT/cycle length0.5). d, Rhythm strip of proband shows

typical bradycardia episode. The pauses after the last sinus beat (asterisk) are terminated

by escape beats from a subsidiary pacemaker.
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continuously required dual-chamber pacing. Examination of the
family revealed nearly identical ®ndings in a 6-yr-old sister (Fig. 1a,
III-1). She also underwent pacemaker implantation with episodes of
non-capture that reproducibly resolved with corticosteroid therapy.
Three other family members (Fig. 1a, I-2, II-2, II-3) with no
structural heart disease had ECG evidence of conduction slowing
(prolonged PR and QRS intervals), but did not experience brady-
cardia or require pacemaker implantation. Single-strand conforma-
tion polymorphism (SSCP) analysis of the coding region of SCN5A
identi®ed an aberrant conformer in exon 12 in all ®ve clinically
affected family members. DNA sequencing in each of these individ-
uals revealed a G to T transversion at the ®rst nucleotide of codon
514 (Fig. 1b), resulting in the replacement of glycine by cysteine
(G514C). The mutation was absent in 200 alleles from unaffected
control individuals. In the proposed topology of the voltage-gated
Na+ channel4, this mutation is located intracellularly in the I±II
interdomain linker.

To identify a functional mechanism for the slow-conducting
phenotype, we expressed wild-type and G514C Na+ channels in
tsA201 cells to allow voltage-clamp measurements. On depolariza-
tion, Na+ channels rapidly activate (open) and inactivate, producing
a transient inward whole-cell current (INa; Fig. 2a). G514C INa and
wild-type INa were similar in size (Fig. 2, legend), suggesting that the
mutation did not change expression; however, G514C INa decayed
more rapidly than wild-type INa (Fig. 2a). The decay rate was bi-
exponential (Fig. 2a), and the predominant, more rapid time

constant (tfast) was reduced by the mutation (Fig. 2b, -10 to
20 mV, P , 0.05), consistent with hastened inactivation of open
channels. In addition, the magnitude of INa was shifted by +10 mV
on the voltage axis (Fig. 2c, P = 0.0003), indicating a modi®ed
voltage dependence of activation. Both gating defects would reduce
the INa available to support cardiac impulse conduction.

Further studies indicated that there were counterbalancing
G514C gating effects that would increase the availability of INa

(Figs 3 and 4a). Although mutant open-state inactivation was
hastened (Fig. 2a, b), Na+ channels also inactivate at membrane
potentials below the opening threshold (so-called `closed-state'
inactivation)5. Examination of steady-state G514C availability at
potentials negative to the opening threshold (Fig. 3a) revealed a
+7 mV shift (P = 0.003 versus wild type), suggesting that closed-
state inactivation was reduced.

A more detailed kinetic analysis using a variable-duration pre-
pulse (Fig. 3b) found no signi®cant change in the inactivation time
constant (-90 mV: t = 75 6 5 ms for G514C versus 69 6 8 ms for
wild type; not signi®cant), but the extent of G514C closed-state
inactivation was reduced greatly (Fig. 3b, legend). Hence, the results
in Fig. 3 suggest that the mutant inactivated state (once occupied)
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Figure 2 G514C gating effects that reduce INa availability. a, Wild-type and G514C INa

transients are normalized to illustrate differences in decay rate. Peak INa density at 0 mV:

wild-type (n = 6), 0.76 6 0.10 nA pF-1; G514C (n = 7), 0.56 6 0.08 nA pF-1 (not

signi®cant). b, INa decay was ®tted by the function y = A1(1 - exp[-t/tfast]) + A2

(1 - exp[-t/tslow]). tfast, tslow are plotted for wild type (n = 6) and G514C (n = 7)

(*P , 0.05 versus wild type). At -10 mV: wild type, A1 = 0.89 6 0.03, A2 = 0.1160.03;

G514C, A1 = 0.94 6 0.01, A2 = 0.06 6 0.01 (not signi®cant). c, Voltage-dependence

of activation. Relative conductance was ®tted to a Boltzmann function

y = [1 + exp{(V - V1/2)/kB}]
-1. Wild type (n = 6) V 1/2 = -48.6 6 1.2 mV,

kB = 6.1 6 0.8; G514C (n = 7) V1/2 = -38.5 6 1.4 mV (P = 0.0003 versus wild type),

kB = 6.1 6 0.3. At 32 8C: G514C (n = 5; not shown) V1/2 = -37.9 6 3.2 mV (not

signi®cant versus 22 8C), kB = 5.6 6 0.9 (not signi®cant versus 22 8C).
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Figure 3 G514C gating effects that increase INa. a, The voltage dependence of steady-

state availability (protocol shown, see Methods), ®tted by a Boltzmann function (see

Fig. 2c). Wild type (n = 6) V1/2 = -92.0 6 1.7 mV, kB = 5.4 6 0.3; G514C (n = 7)

V1/2 = -85.1 6 0.9 (P = 0.003 versus wild type), kB = 5.2 6 0.3. At 32 8C: G514C (n = 5;

not shown) V1/2 = -84.1 6 2.1 (not signi®cant versus 22 8C), kB = 5.5 6 0.4 (not

signi®cant versus 22 8C). b, Closed-state inactivation at membrane potentials near Vrest

(protocol shown). Solid lines indicate least-squares ®ts to the function y = yo + Aexp(-t/t).

At -90 mV: wild type (n = 6) t = 69 6 8 ms, A = 0.56 6 0.05; G514C (n = 7)

t = 75 6 5 ms (not signi®cant versus wild type), A = 0.28 6 0.04 (P , 0.01 versus wild

type). At -100 mV: wild type t = 70 6 13 ms, A = 0.21 6 0.02; G514C t = 56 6 6 ms

(not signi®cant versus wild type), A = 0.08 6 0.01 (P , 0.001 versus wild type).
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was partly destabilized. Fig. 4a shows speeded recovery of inacti-
vated G514C channels during hyperpolarization, further indicating
that the mutant inactivated state was destabilized. Bath-applied
reduced glutathione (1 mM, n = 7) did not modify G514C gating
(data not shown), suggesting that these diverse functional defects
(Figs 2±4) did not result from cysteine oxidation, but rather from
allosteric effects caused by residue substitution that involve several
gating domains.

Given the clinical improvement of two patients receiving steroid
therapy, we analysed the effects of steroids on G514C gating. We
incubated G514C and wild-type cells with dexamethasone (1 mM)
for 48 h after transfection. Dexamethasone partially rescued the
mutation-induced shift in the voltage dependence of activation
(Fig. 4b, left), but did not change G514C inactivation (Fig. 4b, right)
and had no effect on wild-type gating (Fig. 4b). There was no effect
of steroid pretreatment on INa density (Fig. 4b, legend) or on the
rate of INa decay. Acute exposure of G514C to 1 mM dexamethasone
(# 30 min) through either the intracellular (pipette) or extracellular
solution had no effects (n = 6 in each case; data not shown),

suggesting that the selective effect on G514C activation gating did
not result from a direct interaction between dexamethasone and the
Na+ channel. The method whereby steroids in¯uenced G514C
gating remains speculative, but the requirement for sustained
exposure suggests that the mechanisms involve channel synthesis,
post-translational modi®cation, or modi®ed expression of auxiliary
subunits.

Studies of Na+-channel function suggest that Brugada syndrome
mutations reduce INa, hastening epicardial repolarization and caus-
ing idiopathic ventricular ®brillation6±8, whereas mutations that
evoke the long QT syndrome (LQT3) cause excessive INa, delaying
repolarization and causing a distinctive ventricular tachyarrhyth-
mia (Torsades de Pointes)1,2,9. G514C evokes gating effects reminis-
cent of both syndromes (an activation gating shift that tends to
reduce INa, and destabilized inactivation that tends to increase INa),
but G514C carriers do not exhibit characteristic features of either
LQT3 or Brugada syndrome (Fig. 1c). We thought that the `balance'
of the opposing G514C gating effects may produce isolated con-
duction slowing without evoking the Brugada syndrome or LQT3
repolarization defects.

We used computational studies to examine a model ®bre that
recapitulates layer-speci®c cardiac action-potential characteristics
and cell-to-cell conduction10. First, we examined whether the
G514C gating defects could reproduce the clinically observed
conduction delay. Experimental studies11,12 indicate that increasing
the voltage difference (DV) between the cardiac resting potential
(Vrest) and the Na+-channel activation (opening) threshold
decreases conduction velocity. We explored the isolated effect of
reducing DV by shifting the voltage dependence of activation (as in
G514C; Fig. 2c), rather than by depolarizing Vrest (with external K+

in the experimental studies)11,12. The model simulations (Fig. 5a)
show a striking decrease in conduction velocity (left ordinate) as
activation gating is shifted. There is also a marked increase in the
minimum voltage stimulus necessary to support conduction
through the ®bre (right ordinate). The second observation might
provide a rationale for the relative inexcitability of G514C carriers to
pacemaker stimulation, and might also link the dexamethasone
effects on G514C activation (Fig. 4b) to the improved pacemaker
response with steroid therapy.

Given that these simulations linked the G514C activation gating
defect to conduction slowing, we considered how the additional
inactivation gating defect (Fig. 3a) would in¯uence the model ®bre.
Epicardial cells exhibit a potassium current (Ito) that inscribes a
`notch' in the early plateau phase of the action potential (Fig. 5b,
left). This repolarizing force renders the action potential `sensitive'
to factors that reduce INa (ref. 13). As such, Na+-channel mutations
that reduce INa (that is, Brugada syndrome T1620M)3 severely
shorten the action potential in the epicardium, but not in the
inner-cell layers (Fig. 5b, middle). This layer-speci®c effect evokes a
gradient in membrane potential from the epicardial to inner-cell
layers, and may cause transmural current ¯ow suf®cient to induce
the ECG changes and ventricular arrhythmias of Brugada
syndrome14,15. Although G514C also exhibits gating defects that
reduce INa (Fig. 2), the mutation destabilizes closed-state inactiva-
tion at the resting membrane potential (Fig. 3a, b), an effect that
should increase Na+-channel availability. Incorporating these
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Figure 4 G514C inactivated-state instability, and steroid effects on gating. a, Recovery

from inactivation (protocol shown, see Methods), ®tted by the function y = yo + A1(1 -
exp[-t/t1]) + A2(1 - exp[-t /t2]). Wild type (n = 5) t1 = 4.5 6 0.2 ms, t2 = 81.7 6

17.3 ms, A1 = 0.82 6 0.04, A2 = 0.18 6 0.03; G514C (n = 7) t1 = 2.1 6 0.4,

t2 = 48.0 6 6.2, A1 = 0.84 6 0.01, A2 = 0.15 6 0.01 (t1, P = 0.007 versus wild type).

b, Effects of dexamethasone on G514C gating. Plotted are V1/2 for activation (left ordinate)

and inactivation (right ordinate) of wild type and G514C in the absence and presence of

dexamethasone. G514C caused depolarizing shifts (**P , 0.05 versus wild type) in V1/2

of activation and inactivation. Dexamethasone partially reversed the activation effect

(*P , 0.05), but did not change inactivation gating or INa density (0 mV) of G514C (control,

0.56 6 0.08 nA pF-1, n = 7; dexamethasone, 0.46 6 0.05, n = 7; not signi®cant) or wild

type (control, 0.76 6 0.10, n = 6; dexamethasone, 0.62 6 0.05, n = 4; not signi®cant).

Table 1 Transverse conduction velocity

Wild-type Brugada syndrome
(T1620M)

Conduction disease
(G514C)

G514C +
dexamethasone

.............................................................................................................................................................................

Endocardial 22.8 18.8 (18%) 20.0 (12%) 21.0 (8%)
Midmyocardial 21.4 17.0 (21%) 18.4 (14%) 19.5 (9%)
Epicardial 20.4 15.8 (23%) 17.3 (15%) 18.4 (10%)
.............................................................................................................................................................................

Calculated transverse conduction velocities (cm s-1) between 10 cells in epicardial, endocardial and
midmyocardial regions. The percentage change from wild-type value is given in parentheses.
Simulation conditions were those described in Fig. 5b, including the heterozygous state for T1620M
and G514C.
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opposing gating effects into the model restored normal epicardial
action-potential duration (Fig. 5b, right) while slowed conduction
velocity persisted (Table 1), consistent with the clinical phenotype.

An activation gating defect similar to G514C (Fig. 2c) has been
identi®ed in T1620M6, consistent with clinical reports indicating
that Brugada syndrome patients have marked abnormalities in
ventricular conduction16,17. In fact, the modelling results predict
that destabilized closed-state inactivation gating of G514C may
attenuate the ventricular conduction delay (Table 1, compare
G514C with T1620M). In the three adult G514C carriers, the QRS
intervals were 120 ms (Fig. 1a, pedigree I-2), 106 ms (II-2) and
110 ms (II-3)Ðvalues at the upper limit of normalÐwhereas the
QRS intervals in Brugada syndrome patients are generally more
prolonged. In the original report describing Brugada syndrome16,
the QRS intervals were well above 120 ms in 6 out of 8 patients, and
were 120 ms in the other 2 patients.

Analysis of the ECGs of G514C carriers indicates that steroid
therapy improves not only atrial, but also ventricular conduction. In
both children (Fig. 1a, III-1, III-2), the QRS duration during
spontaneously conducting (non-paced) periods was shorter (by
,40 ms) after steroid treatment. Moreover, incorporating the
antagonistic effect of dexamethasone on the G514C-induced acti-
vation shift (Fig. 4b) enhanced, but did not fully correct, the model
®bre conduction velocity (Table 1) as seen clinically. Conduction
velocity in the myocardium is heavily determined by the maximum

rate of rise of the action potential upstroke (Fig. 5b, boxed area on
wild-type and G514C action potentials). This portion of the action
potential is redrawn (Fig. 5b, inset) using an expanded time base to
provide intuitive insight into how the activation gating effects of
G514C and dexamethasone alter the conduction velocity in the
model ®bre. For the simulations shown, epicardial dV/dtmax was
306 V s-1 for wild type, but was only 242 V s-1 for G514C. The
reduced activation shift associated with dexamethasone treatment
of G514C yielded an intermediate dV/dtmax value (279 V s-1), con-
sistent with the model-predicted conduction velocities (Table 1).

The number of gating defects associated with the G514C muta-
tion provides a biophysical mechanism for the conduction defects
observed in this family. At the same time, SCN5A mutations have
been identi®ed in two families with inherited conduction disease
that might, on the basis of rather large deleted segments, produce
entirely non-functional Na+ channels18. Although functional data
are not available for these mutations, the lack of a tachyarrhythmia
phenotype indicates that `modi®er' genes, allele penetrance and/or
developmental factors may also in¯uence the relationship between
conduction disease and Na+-channel function. Nonetheless, the
G514C channel provides new evidence that Na+-channel gating
dysfunction can produce isolated conduction disease, with patho-
logical slowing of the heart rhythm. This inherited lesion suggests a
biophysical framework for understanding how the diverse func-
tional behaviour of a single ion channel may evoke a spectrum of
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Figure 5 Action potential propagation in a model ®bre. a, Model-predicted values for

conduction velocity and stimulus magnitude required to support conduction, as a function

of voltage dependence of activation. DV, difference (in mV) between activation V1/2

and Vrest (about -90 mV). Dotted lines indicate DV for wild-type (WT) and G514C

channels. b, Simulated endocardial and epicardial action potentials. Middle and Right

panels simulate the heterozygous condition (50:50 mixture of mutant and wild-type

channels). Left, wild-type action potentials; the epicardial `notch' due to Ito is indicated.

Middle, T1620M; V1/2 of activation shifted +10 mV and INa decay hastened to one-half of

wild-type value (ref. 6). Right, G514C; V1/2 of activation shifted +10 mV (Fig. 2c), INa decay

speeded to two-thirds of wild-type value (Fig. 2a), and V1/2 of inactivation shifted +7 mV

(Fig. 3a). b, Inset, action potential upstroke (boxed regions on wild-type and G514C action

potentials) shown on an expanded time base to illustrate dV/dtmax. Dotted line indicates

predicted G514C dV/dtmax in dexamethasone, where the G514C activation V1/2 shift is

reduced from +10 mV to +5 mV (Fig. 4b).
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deranged cardiac excitability, from conduction disease to sudden
cardiac death. M

Methods
Sequence analysis, mutagenesis and transfection

The entire coding region of SCN5A was screened by SSCP and direct sequence analysis as
described19, and site-directed mutagenesis was performed on SCN5A complementary
DNA cloned into the green ¯uorescent protein (GFP) expression vector pCGI (ref. 20) as
described21. Cultured cells (tsA201) were co-transfected with a 5:1 molar ratio of the Na+-
channel b1 subunit (provided by A. George, Vanderbilt University).

Electrophysiology

Unless otherwise indicated, INa was recorded at room temperature (22 8C) to optimize
voltage-clamp control using established recording conditions7. For all voltage-clamp
experiments, the pipette solution contained (in mM): NaF 10, CsF 110, CsCl 20, EGTA 10
and HEPES 10 (pH 7.35 with CsOH), and the bath solution contained: NaCl 145, KCl 4,
CaCl2 1.8, MgCl2 1, HEPES-NaOH pH 7.35. For voltage-dependent activation (Fig. 2c),
relative conductance was calculated by dividing the peak INa at each clamp potential by the
driving force (clamp voltage minus measured reversal potential), then normalizing to the
value at 0 mV. For voltage-dependent inactivation (Fig. 3a), relative currents were
calculated by normalizing peak INa (elicited by depolarization to -20 mV) to the value
recorded after holding at the most negative (-120 mV) conditioning voltage. The rate of
development of closed-state inactivation (Fig. 3b) was analysed using variable duration
pre-pulses to -90 or -100 mV. The kinetics of recovery from inactivation (Fig. 4a) were
assessed using a three-pulse clamp protocol. The ratio of the peak INa elicited by the P2

pulse, relative to the P1 pulse, was plotted as a function of the intervening recovery interval
at -140 mV.

Action potential simulations

The Luo±Rudy model10,22,23 of a mammalian ventricular myocyte action potential
provided the basis for the action potential simulations (Fig. 5), with Ito added as
described6. A one-dimensional ®bre10 consisting of endocardial (cells 1±80), midmyo-
cardial (81±110), and epicardial (111±190) cells was used to mimic in vivo conditions. A
stimulus was applied to cell no. 1 to simulate normal endocardial to epicardial impulse
propagation.
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Voltage-sensitive membrane channels, the sodium channel, the
potassium channel and the calcium channel operate together to
amplify, transmit and generate electric pulses in higher forms of
life. Sodium and calcium channels are involved in cell excitation,
neuronal transmission, muscle contraction and many functions
that relate directly to human diseases1±4. Sodium channelsÐ
glycosylated proteins with a relative molecular mass of about
300,000 (ref. 5)Ðare responsible for signal transduction and
ampli®cation, and are chief targets of anaesthetic drugs6 and
neurotoxins1. Here we present the three-dimensional structure
of the voltage-sensitive sodium channel from the eel Electrophorus
electricus. The 19 AÊ structure was determined by helium-cooled
cryo-electron microscopy and single-particle image analysis of the
solubilized sodium channel. The channel has a bell-shaped outer
surface of 135 AÊ in height and 100 AÊ in side length at the square-
shaped bottom, and a spherical top with a diameter of 65 AÊ .
Several inner cavities are connected to four small holes and eight
ori®ces close to the extracellular and cytoplasmic membrane
surfaces. Homologous voltage-sensitive calcium and tetrameric
potassium channels, which regulate secretory processes and the
membrane potential7, may possess a related structure.

Different approaches have provided information on the structure
of the sodium channel. Its function and folding topology have
been assessed by site-directed mutagenesis8,9 and peptide-
speci®c antibody binding10,11. The structure of a synthetic peptide
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