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We identify a human mutation (E1053K) in the ankyrin-binding
motif of Na,1.5 that is associated with Brugada syndrome, a fatal
cardiac arrhythmia caused by altered function of Na,1.5. The
E1053K mutation abolishes binding of Na,1.5 to ankyrin-G, and
also prevents accumulation of Na,1.5 at cell surface sites in ven-
tricular cardiomyocytes. Ankyrin-G and Na, 1.5 are both localized at
intercalated disc and T-tubule membranes in cardiomyocytes, and
Na,1.5 coimmunoprecipitates with 190-kDa ankyrin-G from deter-
gent-soluble lysates from rat heart. These data suggest that Na, 1.5
associates with ankyrin-G and that ankyrin-G is required for Na, 1.5
localization at excitable membranes in cardiomyocytes. Together
with previous work in neurons, these results in cardiomyocytes
suggest that ankyrin-G participates in a common pathway for
localization of voltage-gated Na, channels at sites of function in
multiple excitable cell types.
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Voltage-gated Na (Nay) channels initiate rapid and highly co-
ordinated waves of depolarization that are essential for rhyth-
mic beating of the heart (1). Mutations in Na,1.5 (encoded by
SCN5A), the major voltage-gated Na* channel isoform in adult
heart, can cause a dominantly inherited cardiac arrhythmia known
as Brugada syndrome (2). Brugada syndrome is characterized by
incomplete right bundle branch block and increased risk of sudden
cardiac death as a result of ventricular fibrillation (2).

Ability of Na,1.5 to generate physiologically effective action
potentials is determined by its cellular localization as well as its
channel properties. Na,1.5 is concentrated at intercalated discs,
which are specialized sites of contact between cardiomyocytes
and are enriched in gap junctions. Proximity of Na,1.5 to gap
junctions, which provide rapid ion exchange between adjacent
cells, allows efficient transcellular propagation of the action
potential. In addition, Na,1.5 is localized in cardiomyocyte
T-tubules adjacent to voltage-gated Ca?>* channels, and thus is
well positioned to initiate the calcium-induced calcium release
that triggers contraction (3, 4).

Although little is known about the mechanism for strategic
targeting of Na,l1.5 in cardiomyocytes, clustering of voltage-
gated Na channels in the nervous system at axon initial segments
requires association with ankyrin-G. Targeted knockout of
ankyrin-G in the mouse cerebellum abolishes restriction of
Na,1.6 and 1.2 to axon initial segments of Purkinje and granule
cell neurons (5, 6). Ankyrin-G associates with the pore-forming
a-subunit of Nay1.2 through a 9-aa motif on loop 2 (VPIAL-
GESD; refs. 7 and 8). This sequence is required for association
between ankyrin-G and Na,1.2, and for targeting of Na,1.2 to
axon initial segments of cultured hippocampal neurons (7, 8).
Na,1.5 contains a nearly identical sequence in loop 2 (see Fig.
2A; VPIAVAESD), suggesting that Na,1.5 also could associate
with ankyrin-G. Here we report the interaction and colocaliza-
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tion of Na,1.5 and 190-kDa ankyrin-G in heart, and present
evidence that a human Na,1.5 mutation associated with Brugada
syndrome that blocks ankyrin-G binding, also disrupts Na,1.5
surface expression in cardiomyocytes.

Materials and Methods

Antibodies. Affinity-purified ankyrin-G polyclonal antibody was
generated against recombinant 190-kDa ankyrin-G death do-
main/regulatory domain. The protein was injected into rabbits
and sequentially adsorbed by (i) GST-affinity column, (i)
ankyrin-B C-terminal affinity column, and (ii7) affinity isolation
by using an ankyrin-G C-terminal affinity column. Ankyrin-G Ig
was used at 0.5 ug/ml (IF) and 0.25 ug/ml (IB). Other antibodies
include mouse anti-connexin 43 (2 pg/ml, Chemicon), goat
anti-desmoplakin (2 pug/ml, Santa Cruz Biotechnology), mouse
anti-Z0O-1 (1 ug/ml, Zymed), goat and rabbit anti-N-cadherin (2
wng/ml, Santa Cruz Biotechnology), goat anti-B-catenin (2 ug/
ml, Santa Cruz Biotechnology), Na,1.5-specific antibodies SH1
(IB, 1 pg/ml; IF, 2 pg/ml, a generous gift from William
Catterall, University of Washington, Seattle; ref. 9) and hH1 (2
png/ml, Alomone), and affinity-purified hemagglutinin (HA)
monoclonal antibody (2 ug/ml). Na,1.5 antibodies were tested
by using WT HEK293 cells or HEK293 cells expressing Nay1.5.
For both Na,1.5 antibodies (SH1, hH1) we observed intercalated
disk and T-tubule staining.

Lentiviral Expression. HA Na,1.5 and HA Na,1.5 E1053K were
TOPO-cloned into pLenti6 V5-D for expression in cardiomyo-
cytes by using Virapower Expression system (Invitrogen).
PLenti6 HA/V5 Na,1.5 and HA/V5 Na,1.5 E1053K were
cotransfected with pLP1, pLP2, and pLP/VSVG (packaging
plasmids) into 293FT cells (5 X 10° cells) by using Lipo-
fectamine. After 24 h, the medium was replaced. Seventy-two
hours after transfection, 293FT cell supernatants were har-
vested, centrifuged to remove cell debris, and titered by using
serial-dilutions of the virus on NIH 3T3 cells to determine the
number of Blasticidin-resistant colonies. Because of the large
size of Na,1.5, viral titers were low. Equal titers of WT or mutant
viral supernatants were added to freshly isolated adult rat
ventricular cardiomyocytes for 18 h. Three days after transduc-
tion (4-day-old cells), cardiomyocytes were lysed to determine
relative expression of HA/V5 Na,1.5 and HA/V5 Na,l1.5
E1053K. Three days after transduction (4-day-old cells), cells
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were detached from the plates and protein localization was
determined by immunofluorescence.

Expression of Recombinant Na* Channels. Na channels were ex-
pressed in HEK293 cells as described (10). Briefly, transient
transfection was carried out with equal amounts of Na* channel
a-subunit cDNA (WT or mutant, EK), and h3; cDNA subcloned
into the pcDNA3.1 vector (total cDNA, 2.5 pg). In addition the
same amount of CD8 cDNA was cotransfected as reporter gene.
Expression of channels was studied by using patch clamp pro-
cedures 48 h after transfection. Targeting assays were performed
as above by using HA-tagged Na, channel constructs.

Adult Rat Cardiomyocyte Isolation. Animal care was in accordance
with institutional guidelines. Adult cardiomyocytes were pre-
pared as described (11). Cells were cultured in the presence of
1 wg/ml insulin, 0.55 ug/ml transferrin, 0.5 ng/ml selenium, and
10 mM 2,3-butanedione monoxime (Sigma; ref. 12).

Electrophysiology. Membrane currents were measured by using
whole cell patch-clamp, with Axopatch 200B amplifiers (Axon
Instruments). All measurements were obtained at room tem-
perature (22°C). Macroscopic whole cell Na*t current was re-
corded by using published solutions and protocols (10). PCLAMPS
(Axon Instruments, Union City, CA), EXCEL (Microsoft), and
ORIGIN 6.1 (Microcal Software, Northampton, MA) were used
for data acquisition and analysis. Data are represented as
mean = SEM. Two-tailed Student’s ¢ test was used to compare
means; P < 0.05 was considered statistically significant.

Immunoprecipitations. See Supporting Text, which is published as
supporting information on the PNAS web site.

Immunostaining. Freshly isolated or cultured adult rat cardiomy-
ocytes were fixed in cold ethanol (for permeabilized protocol) or
2% paraformaldehyde (for nonpermeabilized protocol) for 20
min. Cells were centrifuged 2 min at 200 X g and washed three
times with PBS (pH 7.4). Cells were blocked for 3 h in PBS with
0.025% Triton X-100/3% fish oil gelatin. Cells were stained
overnight in primary antibody (in blocking buffer) at 4°C on a
rotating platform. Cells were washed as above in blocking buffer.
Cells were incubated in secondary antibody (Alexa Fluor 488,
568, and 633) for 12 h at 4°C in blocking buffer. After washes,
buffer was removed and the pellet was resuspended in Vectash-
ield and plated onto Mattek 35-mm plates. For the nonperme-
abilized cell staining protocol, staining was performed at 4°C and
detergent was not included in any buffer. We also performed
permeabilized cell staining (HA antibody) in parallel with
nonpermeabilized staining to confirm that cells were expressing
the lentiviral-expressed WT and mutant HA-Na,1.5. Images
were collected on Zeiss 510 Meta confocal microscope (see
details on image collection and processing in Supporting Text).

Na,1.5 Constructs and Mutagenesis. Full-length human Na,1.5
cDNA was subcloned into pcDNA3.1 and sequenced to verify
that there were no mutations. DNA coding for an HA epitope
(YPYDVPDYA) was engineered in-frame into the extracellular
S5-S6 loop of Nay1.5 domain 1 by using QuikChange mutagen-
esis. This construct was used to generate Na,1.5 with human
Brugada mutation E1053K by QuikChange mutagenesis. WT
and mutant HA-tagged cDNAs were PCR-amplified and Topo-
cloned into pLenti6/V5 (Invitrogen), and the complete cDNAs
(=12 kb) were sequenced to confirm that no mutations were
introduced by PCR. NF/Na,1.5 chimeras were created as de-
scribed in ref. 7 by using loop 2 from Na,1.5 instead of Na,1.2.
The WT chimera was then altered by mutagenesis to create HA
NF-Na,1.5A and HA NF-Na,1.5 E1053K.
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Fig. 1. Brugada syndrome associated with SCN5A E1053K mutation. (A) ECG
monitor strip of the index patient carrier of the E1053K mutation showing
self-terminating polymorphic ventricular tachycardia recorded at the arrival
to the emergency room. (B) ECG recordingsin leads V1-V3 of the index patient
carrier of the E1053K mutation at baseline and during i.v. flecainide admin-
istration (2mg/kgin 10 min). (C) Human Na, 1.5 proposed secondary structure.
Potential ankyrin-binding motif is located in loop 2. Human Brugada mutation
E1053K is located within these nine amino acids.

Results

Brugada Syndrome Associated with Human SCN5A E1053K Mutation.
We identified a de novo SCN5A mutation in a 47-year-old female
with a history of palpitations with an unexplained syncopal spell
occurring at rest. Runs of polymorphic ventricular tachycardia
were observed at the arrival to the emergency room (Fig. 14).
Baseline ECG was within normal limits with the exception of a
1-mm ST segment elevation in lead V1 and incomplete right
bundle branch block (Fig. 1B). No cardiac abnormalities were
observed by echocardiogram, and programmed electrical stim-
ulation did not induce any clinically significant arrhythmias. The
diagnosis of Brugada syndrome was established by an i.v. fle-
cainide test, which revealed an abnormal response with the
induction of a 3-mm ST segment elevation in leads V1-V2 and
a typical coved type morphology (2). An implantable cardio-
verter defibrillator (ICD) was positioned. No ICD shock has
been delivered at 3-year follow up, and no ventricular arrhyth-
mias were detected.

All exons of SCN5A in this individual were analyzed by
DHPLC and direct DNA sequencing. A single G-to-A nucleo-
tide transition (G3157A) was identified leading to substitution of
a highly conserved glutamic acid with lysine (E1053K). Inter-
estingly, this mutation is localized in the predicted 9-aa ankyrin-
binding motif in the DII-IITloop of Na,1.5 (VPIAVX[E —K]SD)
(Figs. 1C and 24). Given that the E1053K mutation is associated
with Brugada syndrome and Brugada syndrome is caused by
altered or aberrant function of Na, 1.5, the E1053K mutation also
causes aberrant Na,1.5 function in vivo. However, the E1053
residue is not located near predicted channel pore-forming
regions or voltage-sensor, and is not found in the III-I'V linker
implicated in fast inactivation (13). Nevertheless, the DII-III
loop may directly affect the Na,1.5 channel activation voltage, as
suggested by a recent report studying Na,1.4/Na,1.5 channel
chimeras (14).
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Fig. 2. Human SCN5A mutation E1053K eliminates interaction with
ankyrin-G. (A) Alignment of ankyrin-binding motif from Na, 1.2 with other Na,
isoforms. Bottom is Na,1.5 amino acid alignment from human with Brugada
syndrome (E1053K). (B) NF/Nay 1.5 chimeras. A diagram of NF/Na,1.5 chimeras
using loop 2 sequence from Na,1.5, Na,1.5A (deletion of VPIAVAESD), or
Na,1.5 E1053K mutant is shown. Constructs were expressed in baby hamster
kidney cells and lysates incubated with GST-AnkG MBD(+)- or GST(-)-
conjugated beads. Bound protein (Left) or 6% of total lysate used (Right) was
analyzed by immunoblotting with HA-specific antibodies. The doublet ob-
served in immunoblots represents both glycosylated and nonglycosylated
forms of NF/Nay1.5 chimeras in total cell lysates (23). (C) Saccharomyces
cerevisiae was cotransformed with pBTM116-Na,1.5, pBTM116-Na,1.5A, or
pBTM116-Na,1.5 E1053K, and pGAD424 alone, and pGAD424-MBD. Cotrans-
formants were selected on —LT media and then tested for HIS3 reporter gene
activation. (D) 190-kDa ankyrin-G associates with Na,1.5 in vivo. Lane 1,
Coomassie blue stained gel of rat heart lysate. Lane 2, immunoblot analysis of
lane 1 by using ankyrin-G polyclonal Ig. (E) Adult rat ventricle detergent-
soluble lysate was incubated with affinity-purified ankyrin-G Ig conjugated to
beads or control Ig alone. Bound protein was eluted and analyzed by immu-
noblot analysis using Nay1.5-specific antibody (SH1). Input, 20% of soluble
protein.

Human SCN5A Mutation E1053K Eliminates Nay1.5 Interaction with
Ankyrin-G. We performed in vitro binding assays to determine
whether ankyrin-G associates with Na,1.5. A HA-tagged chi-
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mera of the extracellular and transmembrane domain of neuro-
fascin (NF) fused with loop 2 of Na,1.5 (see Fig. 2B) was
expressed in baby hamster kidney cells. Detergent-soluble lysates
from these cells were incubated with immobilized GST-
ankyrin-G membrane-binding domain (MBD) or GST alone.
Bound protein was examined by immunoblotting using HA
antibody. Like HA NF-Na,1.2 loop 2 (7), HA NF-Na,1.5 loop 2
associates with GST-MBD but not GST alone (Fig. 2B).

We next determined whether the VPIAVAESD motif in loop
2 (Fig. 2B) is necessary for ankyrin-G/Na,1.5 binding. A HA-
NF-Na,1.5 mutant chimera was created that lacked the VPIA-
VAESD motif (NF-Na,1.5 loop 2A; Fig. 2B). Although it is
expressed at similar levels as the WT chimera, NF-Na,1.5 loop
2A did not associate with ankyrin-G MBD (Fig. 2B). Addition-
ally, ankyrin-G MBD associates with Na,1.5 loop 2 but not
Na,1.5 loop 2A in yeast two-hybrid assays (Fig. 2C). Therefore,
similar to results with Na,1.2 in neurons (7), interaction of Na,1.5
with ankyrin-G membrane-binding domain requires the VPI-
AXXESD motif in loop 2.

We introduced the human E1053K mutation into HA NF-
Na,1.5 to evaluate the effect of this mutation on ankyrin-G
binding. HA NF-Na,1.5 loop 2 E1053K did not associate with
ankyrin-G MBD even though the mutant chimera was expressed
at similar levels as the WT chimera (Fig. 2B). Similar results
were observed when ankyrin-G MBD and Na, 1.5 loop 2 E1053K
were used in yeast two-hybrid assays (Fig. 2C). Therefore, the
mutation E1053K associated with Brugada syndrome also abol-
ishes interaction between Na,1.5 and ankyrin-G.

Ankyrin-G Associates with Nay1.5 in Heart Tissue. We determined
the ankyrin-G isoform(s) expressed in heart by using an affinity-
purified antibody (see Materials and Methods). Immunoblot
analysis using this Ig revealed that 190-kDa ankyrin-G is the
predominant ankyrin-G isoform in adult rat heart (Fig. 2D) as
well as adult mouse heart (data not shown). In contrast, 107-kDa
ankyrin-G, which is the predominant ankyrin-G isoform in
skeletal muscle (15, 16), was present at low levels.

The ability of 190-kDa ankyrin-G and Na,1.5 to associate in
heart was evaluated by coimmunoprecipitation experiments.
Detergent-soluble lysates from adult rat heart were incubated
with affinity-purified ankyrin-G Ig coupled to protein G Sepha-
rose. After extensive washes, protein specifically bound to the
beads was eluted and analyzed by SDS/PAGE and immunoblot-
ting using affinity-purified Na,1.5 antibody (SH1). Ankyrin-G
coimmunoprecipitates a significant fraction (=~10%) of total
soluble Na,1.5 (Fig. 2E). Therefore, ankyrin-G associates with
the a-subunit of the voltage-gated Na, channels in heart (Nay1.5,
Fig. 2E) as well as brain (Na,1.2 and Na,1.6; refs. 5, 6, and 8).

Ankyrin-G and Nay1.5 Are Localized at Intercalated Disc and T-Tubule
Membranes. Na, 1.5 is concentrated primarily at intercalated disc
and T-tubule membranes in ventricular cardiomyocyte (refs. 9
and 17, see also Fig. 3B). Ankyrin-G localization in adult
ventricle was assessed by using confocal imaging of adult rat
isolated ventricular cardiomyocytes using ankyrin-G affinity-
purified polyclonal Ig. Like Na, 1.5, ankyrin-G is highly expressed
at ventricular intercalated disc and T-tubule membranes (Fig.
34). Therefore, the localization of 190-kDa ankyrin-G and
Na,1.5 at intercalated discs and in T-tubules in ventricular
cardiomyocytes is consistent with an in vivo interaction between
these proteins.

Na,1.5 E1053K Is Not Expressed at the Membrane Surface of Cardio-
myocytes. The effect of the E1053K mutation on cellular
localization of Na,1.5 was assessed by expression of WT Na,1.5
and Na,1.5 E1053K in isolated adult rat cardiomyocytes.
Full-length human Na,1.5 cDNA was engineered to contain an
extracellular HA epitope (S5-S6 linker) at a site previously
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Fig. 3. One hundred ninety-kilodalton ankyrin-G is coexpressed with Na,1.5 at intercalated disc and T-tubule membranes and Na,1.5 E1053K mutant is

mislocalized from intercalated disc/T-tubule membrane of cultured adult rat cardiomyocytes. (A) Ankyrin-G localization (green) at intercalated disc and T-tubule
membranes of adult rat cardiomyocytes colabeled with N-cadherin (red). (Scale bar, 10 um.) (B) Na, 1.5 localization (green, SH1 antibody) at intercalated disc and
T-tubule membranes of adult rat cardiomyocytes colabeled with N-cadherin (red). (Scale bar, 10 um.) (C) Localization of N-cadherin (red) and lentiviral-expressed
WT HA-Na,1.5 (green, HA antibody) in 4-day cultured adult rat cardiomyocytes. (D) Localization of N-cadherin (red) and lentiviral-expressed WT HA-Na,1.5
E1053K (green, HA antibody) in 4-day-old adult rat cardiomyocytes. (E-G) High-magnification image of intercalated disk region of above images. Intercalated
disc marked by arrowhead. T-tubules are denoted by yellow arrows. Note small puncta near T-tubules in HA Na, 1.5 E1053K-transduced cell. (Scale bar, 10 um.)
(H) Localization of N-cadherin (red) and lentiviral-expressed WT HA-Na, 1.5 (green, HA antibody) in nonpermeabilized 4-day cultured adult rat cardiomyocytes.
Intercalated disc is marked by arrowhead. T-tubules are denoted by yellow arrows. (/) Localization of N-cadherin (red) and lentiviral-expressed WT HA-Na,1.5

E1053K in nonpermeabilized 4-day cultured adult rat cardiomyocytes. (Scale bar for Hand /, 10 um.)

shown to not affect channel localization or gating (HA Na,1.5,
see Fig. 1C) (18). HA-Na,1.5 E1053K was also created by using
site-directed mutagenesis. Each plasmid was completely se-
quenced (=12 kb) to ensure that no additional mutations were
introduced. Both cDNAs were cloned into a lentiviral expres-
sion plasmid, and lentivirus corresponding to both cDNAs was
generated and titered. Ventricular cardiomyocytes were iso-
lated from adult rat hearts and transduced with virus contain-
ing either HA-Na,1.5 or HA-Na,1.5 E1053K. At 2 days after
transduction (3-day-old cells), both proteins are made with the
correct molecular weight and at equivalent levels (data not
shown). Localization of each protein in adult ventricular
cardiomyocytes was determined in 4-day-old cardiomyocytes
by using affinity-purified HA antibody. Isolated 4-day cultured
adult cardiomyocytes transduced with lentivirus maintain vi-
ability based on the following criteria: First, transduced and
nontransduced adult cultured cardiomyocytes can “round up”
after 3—4 days in culture. Therefore, we only analyzed cardi-
omyocytes with normal rod-shaped morphology. Second,
transduced cardiomyocytes normally target intercalated disc,
T-tubule, sarcoplasmic reticulum, and other cardiomyocyte
proteins including desmoplakin, ZO-1, B-catenin, N-cadherin,
ryanodine receptor 2, SERCA2, a-actinin, and endogenous

17536 | www.pnas.org/cgi/doi/10.1073/pnas.0403711101

Nay1.5 (Fig. 3B and Fig. 6, which is published as supporting
information on the PNAS web site). Third, we observed no
significant differences in endogenous Na,l1.5 expression by
immunoblot or immunofluorescence after 1-4 days in culture
(data not shown).

Virally expressed HA-Na,l1.5, like endogenous Na,l.5, is
expressed on the membrane surface of nonpermeabilized car-
diomyocytes (Fig. 3H) and is targeted to both intercalated disc
and T-tubule domains (Fig. 3 B, C, E, and F). In contrast,
HA-Na,1.5 E1053K is minimally expressed on the surface
membrane of nonpermeabilized cardiomyocytes (Fig. 37), and
correspondingly is nearly absent from intercalated disc and
T-tubule membranes (Fig. 3 D and G). Instead, HA-Na,1.5
E1053K staining of permeabilized cells is limited to small
longitudinally oriented puncta throughout the cardiomyocyte
(Fig. 3G). These puncta are not evident in nonpermeabilized
cells and, therefore, may represent intermediates between the
endoplasmic reticulum and the Golgi apparatus, or potentially
post-Golgi intermediates normally destined for intercalated disc
or T-tubule membranes. Therefore, the Na,1.5 E1053K mutation
associated with Brugada syndrome eliminates ankyrin-G bind-
ing, and abolishes normal accumulation of the channel at the cell
surface of transfected cardiomyocytes.

Mohler et al.
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Fig.4. WT Na,1.5 and Na,1.5 E1053K voltage dependence of activation and
kinetics of inactivation. (A) Averaged and normalized current traces recorded
from WT (n = 33) and E1053K mutant channel (n = 18) obtained by applying
depolarizing steps (—45 mV, —40 mV, —35 mV, —20 mV, —15 mV) for 25 ms.
(B) Normalized current-voltage relationship for WT and E1053K recorded in
10mMNa* (n = 5for WT, n = 5 for E1053K). The protocol is shown in the Inset.
(C) Steady-state activation curve obtained by normalizing the peak current for
the conductance over a range of voltages from —100 mV to 15 mV (n = 5 for
WT and n = 5 for E1053K). Data are fitted with a Boltzmann function. (D)
Kinetics of the onset of inactivation measured as time to half-inactivation.
Given t; as the time to the maximum peak and t; as the time to 50% of current
inactivation (*), t, = (t; — t1). See Inset for protocol.

Na,1.5 E1053K Displays Altered Channel Properties in HEK293 Cells.
One explanation for the loss of Nav1.5 E1053K at the membrane
surface of cardiomyocytes is the possibility that E1053K repre-
sents a key structural mutation that significantly affects Na,1.5
folding and stability. We assessed this possibility by comparing
expression and electrophysiological properties of Na,1.5 and
Na,1.5 E1053K expressed in human embryonic kidney
(HEK293) cells. In contrast to cardiomyocytes, HEK293 cells
efficiently target both transfected Na,1.5 and Na,1.5 E1053K to
the plasma membrane. In fact, we observed no significant
difference in Nayl.5 and Na,1.5 E1053K current density in
HEK?293 cells (data not shown). Therefore, the E1053K muta-
tion is likely not a gross structural mutation that affects the
folding and/or the stability of the channel.

Interestingly, although displaying similar current density as the
WT channel, Na,1.5 E1053K expressed in cultured HEK293 cells
displays abnormal channel properties. Specifically, we observed
a significant hyperpolarizing shift of the E1053K mutant channel
activation curve [Vi2 = —41.8 = 1 mV, k = 6.4 £ 0.6 for the WT,
n="7"Vyp=-501x12mV (P =0.002),k =55 = 0.1 for
E1053K, n = 5; Fig. 4), that reveals that Na,1.5 E1053K channel
activates at more negative potentials (WT —55 mV vs. E1053K
—69mV; P = 0.0021). Additionally, Nay1.5 E1053K expressed in
HEK?293 cells displays a faster onset of inactivation (measured
as time to half activation), and slower recovery from inactivation
compared to WT Na,1.5. A 4-mV negative shift of the steady
state inactivation was observed for Na,1.5 E1053K [WT, Vi, =
—68.9 + 0.3,k =5.6 *0.2,n = 15; E1053K: V1, = —=73.6 £ 0.1
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Fig. 5. Na,1.5 E1053K displays abnormal inactivation properties compared
to WT Nay1.5. (A) The transition in the close-state inactivation is favored for
the E1053K mutant channel respect to WT (n = 13 for WT, n = 11 for E1053K).
(B) The recovery from fast inactivation is slower in the E1053K channel
compared to the WT channel (n = 9 for WT, n = 6 for E1053K). (C) Enhance-
ment of the intermediate inactivation state for Na,1.5 E1053K compared to
WT Nay1.5 (n = 10 for WT, n = 5 for E1053K). After 200 ms, there is 64%
available for E1053K vs. 83% of the WT. In each panel, see Inset for protocol.

(P = 69E-5), k = 6.3 = 0.1, n = 13) because of a significant
preferential transition into the close-state inactivation (Fig. 5).
These observations indicate that Brugada mutation E1053K
affects Na, 1.5 channel properties. Because HEK293 cells express
190-kDa ankyrin-G (data not shown), these observations suggest
a possibility that association of ankyrin-G with Na,1.5 may also
modulate channel properties. Alternatively, the E1053K muta-
tion could have a direct affect on Na,1.5 channel properties
independent of ankyrin-G activity. It will be of interest in the
future to explore effects of ankyrin-G on Na,1.5 under condi-
tions where ankyrin-G can be removed and reconstituted.

Discussion

This study identifies a human mutation (E1053K) in the ankyrin-
binding motif of Na,1.5 that is associated with Brugada syn-
drome, a fatal cardiac arrhythmia caused by altered function of
Na,1.5. The E1053K mutation does not affect channel expres-
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sion and ability to generate voltage-sensitive current in HEK293
cells and thus does not grossly perturb Na, 1.5 folding, processing
through the Golgi, or function. However, the E1053K mutation
does abolish binding of Na,1.5 to ankyrin-G, and also prevents
accumulation of Na,1.5 at cell surface sites in ventricular car-
diomyocytes. Moreover, we also report that ankyrin-G and
Na,1.5 are both localized intercalated discs and T-tubule mem-
branes in cardiomyocytes, and that Na,1.5 coimmunoprecipi-
tates with 190-kDa ankyrin-G from detergent-soluble lysates
from rat heart. It is possible that the E1053K mutation affects
activities of the channel in addition to ankyrin-G binding.
However, the most parsimonious interpretation of the data
considered together is that Na,1.5 associates with ankyrin-G and
that ankyrin-G is required for cell surface expression of Na,1.5
in cardiomyocytes. The ankyrin-G-binding motif (VPIAXX-
ESD) is conserved among Na,1.1, 1.2, 1.4, 1.5, and 1.6, and also
is required for Na, channel targeting in both neurons (7, 8).
Therefore, an ankyrin-G-based mechanism for Na, channel
targeting appears a conserved feature of both cardiomyocytes
and neurons. Ankyrin-G may also be required for targeting of
Na,1.1 to specialized sites in neurons and of Na,1.4 to the
neuromuscular junction in skeletal muscle. It is of interest in this
regard that ankyrin-G is located at the neuromuscular junction
in the postsynaptic domain enriched in Na, channels (16, 19, 20).

The pathway for restricting/targeting of Na,1.5 or other Na,
channels to the cell surface apparently operates in a cell-specific
manner. As noted above, the E1053K mutation, or deletion of
the 9-aa ankyrin-binding motif (Fig. 24) does not block targeting
of Nay1.5 to the cell surface of HEK293 cells (Fig. 7, which is
published as supporting information on the PNAS web site).
Moreover, delivery of Na,1.2 to unmyelinated axons of granule
cell neurons is unaffected by the absence of ankyrin-G (5), and
Na,1.2 lacking the ankyrin-binding motif is also efficiently
targeted to the plasma membrane of HEK293 cells (Fig. 7). An
additional targeting motif responsible for endocytosis from
dendritic membranes has been identified in Na,1.2 (21). The
distinct trafficking profile of Na,1.5 in cardiac myocytes com-
pared to HEK293 cells suggests the presence of highly special-
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ized protein targeting machinery in heart. In the future, it will be
important to use differentiated cardiomyocytes and neurons to
evaluate the molecular mechanisms for Na, channel targeting to
specialized domains such as intercalated discs and axon initial
segments.

The lack of surface expression of Na,1.5 E1053K in rat
ventricular cardiomyocytes suggests that patients heterozygous
for the SCN5A G3157A (E1053K) mutation would not display a
full complement of Na,1.5. Reduction in the number of Na,1.5
channels could result in Brugada syndrome, which occurs in
patients heterozygous for mutations causing loss of Na,l1.5
activity. Our functional data demonstrate that the Na,l.5
E1053K mutation also affects Na,1.5 channel properties (Fig. 5).
Therefore, although the majority of Na,1.5 E1053K does not
reach the membrane surface of cardiomyocytes, we cannot
exclude the possibility that residual Na,1.5 E1053K may reach
the cell surface. Enhanced inactivation of these residual chan-
nels, as demonstrated by our findings, could further contribute
to the Brugada phenotype because of an additional reduction in
sodium current.

In summary, this study provides evidence consistent with the
possibility that ankyrin-G participates in an unsuspected com-
mon pathway for restricting/targeting Na, channels to plasma
membrane sites in cardiomyocytes as well as initial segments of
nerve axons. An unresolved question for the future is whether
ankyrin-G acts solely as a localized scaffolding protein that
stabilizes Na,1.5 at specialized sites once it is delivered to the
plasma membrane, or whether ankyrin-G also has a role in
sorting and trafficking of these channels. The recent finding that
ankyrin-G is required for biogenesis of the lateral membrane
domain of epithelial cells (22) suggests functions for ankyrin-G
that go beyond simple scaffolding.
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