Biochimica et Biophysica Acta 1850 (2015) 1215-1223

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbagen

Na, 1.5 channels can reach the plasma membrane through distinct
N-glycosylation states

@ CrossMark

Aurélie Mercier ?, Romain Clément ?, Thomas Harnois *°, Nicolas Bourmeyster *®,
Patrick Bois ?, Aurélien Chatelier **
2@ Laboratoire Signalisation et Transports loniques Membranaires (STIM), ERL CNRS 7368, Université de Poitiers, Pole Biologie Santé, Batiment B36, 1 rue Georges Bonnet, TSA 51106,

86073 Poitiers Cedex 9, France
b CHU de Poitiers, 1 rue de la Milétrie, 86021 Poitiers CEDEX, France

ARTICLE INFO ABSTRACT

Article history:

Received 16 June 2014

Received in revised form 26 January 2015
Accepted 16 February 2015

Available online 23 February 2015

Background: Like many voltage-gated sodium channels, the cardiac isoform Na, 1.5 is well known as a glycopro-
tein which necessarily undergoes N-glycosylation processing during its transit to the plasma membrane. In some
cardiac disorders, especially the Brugada syndrome (BrS), mutations in Na, 1.5 encoding gene lead to intracellular
retention and consequently trafficking defect of these proteins. We used two BrS mutants as tools to clarify both
Na, 1.5 glycosylation states and associated secretory behaviors.

Methods: Patch-clamp recordings and surface biotinylation assays of HEK293T cells expressing wild-type (WT)

Keywords: . . .
Voltage gated sodium channel and/or mutant Na, 1.5 proteins were performed to assess the impact of mutant co-expression on the membrane
Na,1.5 activity and localization of WT channels. Enzymatic deglycosylation assays and brefeldin A (BFA) treatments

were also employed to further characterize recombinant and native Na,1.5 maturation.

Results: The present data demonstrate that Na, 1.5 channels mainly exist as two differentially glycosylated forms.
We reveal that dominant negative effects induced by BrS mutants upon WT channel current result from the ab-
normal surface expression of the fully-glycosylated forms exclusively. Furthermore, we show that core-
glycosylated channels can be found at the surface membrane of BFA-treated or untreated cells, but obviously
without generating any sodium current.

Conclusions: Our findings provide evidence that native and recombinant Na, 1.5 subunits are expressed as two
distinct matured forms. Fully-glycosylated state of Na, 1.5 seems to determine its functionality whereas core-
glycosylated forms might be transported to the plasma membrane through an unconventional Golgi-
independent secretory route.

General significance: This work highlights that N-linked glycosylation processing would be critical for Na,1.5
membrane trafficking and function.
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1. Introduction

Na, 1.5 channels represent one of the nine functionally pore-forming
«a-subunits (Na,1.1-Na,1.9) constituting the voltage-gated sodium
channel (VGSC) family [1]. Each Na, channel exists as multimeric com-
plexes presumably composed of one a-subunit and one or several reg-
ulatory Na,B-subunits (Na,31-Na,p4) [2,3]. As the predominant
cardiac VGSC isoform, Na, 1.5 channels play a key role in cardiac excit-
ability and conduction as carrying large inward depolarizing sodium

Abbreviations: BFA, Brefeldin A; BrS, Brugada syndrome; EndoH, endoglycosidase H; ER,
endoplasmic reticulum; HEK, human embryonic kidney cells; HMW, high-molecular
weight; LMW, low-molecular weigh; PNGase, peptide N-glycosidase F; VGSC, voltage-
gated sodium channel; WT, wild-type
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currents responsible for cardiac action potential initiation. During their
biosynthetic trafficking, these transmembrane proteins are subject to
extensive post-translational modifications like phosphorylations [4-8],
methylations [9,10] as well as glycosylations [11-13].

VGSC a isoforms are assumed to be heavily glycosylated proteins
containing approximately 20-30% by weight of carbohydrates
[14-16]. Interestingly, Na, 1.5 channels might be considered as an ex-
ception since only 5% of their mature mass could be attributed to N-
linked oligosaccharides [11]. The post-translational N-glycosylation of
nascent Na, channels would be initiated in the endoplasmic reticulum
(ER). Sialic acid residues which account for 40% of Na, complex carbo-
hydrates [15,17] are thought to be subsequently transferred to acceptor
oligosaccharides, presumably into the trans-Golgi subcompartment.

Previous reports indicated that N-glycans and particularly capping
sialic acids could modulate the gating of different Na, channels, includ-
ing the cardiacisoform [12,13,16,18,19]. However, the presence of these
residues does not seem to be not required for their proper membrane
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expression in native cardiac tissues [20]. Intriguingly, the modulation of
Na, 1.7 membrane expression and resulting sodium current density was
shown to be glycosylation-dependent [21]. Moreover, the completion of
N-glycosylation process would be essential for proper membrane local-
ization of other voltage-gated channels like potassium and more
recently calcium channels [22-26]. Thus, studying the impact of N-
glycosylation modifications in channel folding, trafficking and function
allows to refine the understanding of the regulation of membrane
excitability.

Several previous studies have already highlighted the existence of a
negative dominance observed for Na, 1.5 mutants found in Brugada syn-
drome (BrS) patients over WT channels [27-31]. All findings suggest
that this deleterious impact would be correlated with an alteration of
wild-type (WT) channel trafficking. However, to date, the underlying
causes and the fate of retained WT proteins remain unknown. The pres-
ent study was initiated to provide a comprehensive understanding of
membrane Na, 1.5 transport and maturation in the context of physiolog-
ical or pathological situations such as BrS.

2. Experimental procedures
2.1. Genetic constructs

Co-transfection conditions involved the use of several plasmid
vectors encoding WT or mutant Na,1.5 channels and their auxiliary
1-subunit. The cloning of the full length SCN5A/WT and SCN5A/
R1432G into pcDNA vectors was described previously [32]. The cDNA
encoding SCN5A/L325R subcloned in the plasmid pcDNA3 was a gener-
ous gift of Dr. Hugues Abriel (University of Bern, Bern, Switzerland). The
human sodium channel Na,31-subunit and CD8 were constructed in
PIRES bicistronic vector (pCD8-IRES-{31).

2.2. Cell culture, transfection and treatments

Human embryonic kidney (HEK) 293T cells were grown in Dulbecco's
modified Eagle's medium (DMEM, BioWhittaker) containing 10% fetal bo-
vine serum (Biowest), 100 pg/mL streptomycin and 100 U/mL penicillin
(Gibco). In parallel, a stable cell line expressing Na, 1.5 (kindly provided
by Prof. Mohamed Chahine, Laval University, QC, Canada) was maintained
using identical culture conditions.

Plasmid constructs were transiently transfected into HEK293T cells
using the calcium phosphate method as detailed in our previous study
[31]. For biochemical and patch-clamp experiments, each transfection
condition was adjusted to include 2.4 pg of DNA per 60 mm dish with
HEK cells at 30% confluence. Transfection conditions were mimicking ei-
ther monoallelic states (WT/(—), (—)/L325R, (—)/R1432G; with 0.6 ug
SCN5A plasmids and 0.6 pg empty vectors) or patient heterozygosity
(WT/L325R, WT/R1432G; with equivalent amounts (0.6 pg) of WT and
mutant SCN5A constructs).

In indicated experiments and immediately after transfection,
HEK293T cells were incubated with 50 to 500 ng/mL brefeldin A (LC
Laboratories) or with ethanol vehicle at 37°C for 24 or 48 h before cell
lysis or patch-clamp recordings.

For protein glycosylation inhibition, transfected cells were also treat-
ed in culture with tunicamycin (Sigma-Aldrich) for 18 h at varying con-
centrations (0.2, 0.5 or 1 pg/mL).

2.3. Protein extraction

Stably and transiently transfected cells were washed with cold PBS
and lysed by scraping the cells into lysis buffer (10 mM Tris, 1% Nonidet
P-40, 0.5% deoxycholic acid) supplemented with protease inhibitor
cocktail (Sigma-Aldrich). Cell lysates were then incubated for 30 min
on ice and centrifuged at 20,000g for 5 min at 4 °C.

An alternative protocol was applied for the solubilization of cardiac
tissue proteins. Human right atrial biopsies were removed during

heart bypass surgery procedures as previously described [33-35]. All
procedures were performed in accordance with the Declaration of
Helsinki. Each biopsy was cut into small pieces in lysis buffer and then
incubated under rotation at 4°C for 2 h. Samples were ground with a tis-
sue grinder, and centrifuged at 250g during 5 min to remove tissue frag-
ments. The homogenates were cleared by centrifugation at 20,000g for
10 min prior to determine protein contents in the supernatants.

Protein contents were measured using DC protein assay (Biorad)
with BSA as a reference. Cleared cell lysates were denatured in 2 x sam-
ple buffer (126 mM Tris HCl, 20% glycerol, 4% SDS and 0.02%
bromophenol blue, pH 6.8) containing 5% 1-thioglycerol (Sigma-Al-
drich) for 60 min at 37°C.

2.4. Deglycosylation assays

For deglycosylation experiments, peptide N-glycosidase F (PNGase F,
cat. G5166, Sigma-Aldrich) and endoglycosidase H (Endo H, cat. 11 088
726 001, Roche Applied science) were used according to the
manufacturer's instructions with some modifications.

Total cell lysates from transfected HEK293T cells (125 pg) or from car-
diac biopsies (225 pg) were heated at 37°C for 30 min in denaturating
phosphate buffer (0.1% SDS, 0.05% B-mercaptoethanol, 7 mM KH,PO,,
43 mM Na,HPO,, pH 7.5). After cooling on ice, denaturated proteins
were supplemented first with 0.15% Triton X-100 and then with either
5 units of PNGase F or equivalent volume of phosphate buffer. Samples
were finally incubated at 37°C for 5 h before denaturation step in 2 x sam-
ple buffer and SDS-PAGE analysis.

For Endo H enzymatic assays, same protein lysate amounts were
previously placed in denaturating sodium buffer (0.1% SDS, 0.05% [3-
mercaptoethanol, 10 mM C,H3NaO,, 5 mM EDTA, 0.2% Nonidet P-40,
pH 5.5) and then 100 milliunits of Endo H or sodium buffer were
added to achieve similar final volumes. Enzymatic reactions were car-
ried out as described for PNGase treatments.

2.5. Cell surface biotinylation

Biotinylation experiments were carried out on transfected HEK293T
cells grown at 80-90% confluence in 60-mm dishes.

Forty-eight hours post-transfection, the cells were washed twice
with ice-cold PBS (Phosphate Buffered Saline: 137 mM Nacl, 1.5 mM
KH,POy4, 2.7 mM KCI and 8 mM Na,HPO,, pH 7.4) and once with PBS
containing 0.5 mM CaCl, and 1 mM MgCl,, pH 8 (PBSCM). Plates were
incubated with 0.5 mg/mL EZ-Link Sulfo-NHS-SS-Biotin (Pierce) freshly
diluted in PBSCM for 30 min at 4°C. The biotinylation reaction was
ended by washing the cells three times 5 min with PBSCM containing
50 mM glycine and 5 mg/mL BSA. After three PBS washes, cells were
scraped in lysis buffer containing protease inhibitor cocktail (Sigma).
Cell lysates were then incubated on ice for 30 min and clarified at
20,000g for 5 min at 4°C. Biotinylated proteins were isolated by incubat-
ing overnight cleared lysates (100 pg of proteins) with 15 pL of
streptavidin-agarose resins (Pierce) at 4°C in lysis buffer. Beads were
pelleted by centrifugation and washed three times with NET buffer
(50 mM Tris, 150 mM NaCl, 5 mM EDTA and 0.05% Nonidet P-40,
pH 7.4). Biotinylated cell surface proteins were eluted at 37°C for
60 min in 15 pL of 2 x sample buffer containing 5% 1-Thioglycerol
(Sigma). Total cell lysates and biotinylated proteins were subjected to
SDS-PAGE before immunoblotting analysis as described below.

2.6. Immunoblotting

Proteins from biotinylated samples and cell lysates were separated by
SDS-PAGE using 5% polyacrylamide gels and transferred to 0.45 um nitro-
cellulose sheets. Membranes were blocked 1 h in TBS-Tween blocking so-
lution (100 mM Tris-HCl, 150 mM NaCl and 0.1% Tween-20, pH 7.6) with
5% nonfat dry milk and then probed overnight at 4 °C with primary anti-
bodies rabbit polyclonal SP19 anti-pan-Na, (1:1000, Alomone Labs),
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mouse anti-Na™/K*-ATPase a1 subunit (1:1000, Santa Cruz), mouse
monoclonal anti-f3-actin (1:10,000, Sigma) or mouse anti-Ezrin (1:250,
BD Transduction Laboratories). Membranes were washed and incubated
for 1 h at room temperature with anti-rabbit or anti-mouse horseradish
peroxidase-conjugated secondary antibodies (1:10,000, Interchim).
Membranes were washed with TBS-Tween and revealed with ECL chemi-
luminescent substrate (GE Healthcare). For biotinylation assays, signal in-
tensities of bands in the immunoblots were quantified using Scion image
analysis software (Scion Corp). After background subtraction, a rectangu-
lar region of interest was set to include one or both signals corresponding
to distinct Na, 1.5 glycosylated products. For each transfection condition,
surface Na, 1.5 density value was then normalized to the corresponding
total “two bands” Na, 1.5 density.

2.7. Patch clamp recordings

HEK293T cells were used for electrophysiology assays 48 h post-
transfection and 24 h after plating by trypsinization into 35-mm dishes.
Sodium currents were recorded in the whole-cell patch-clamp configura-
tion as previously described [31].

Briefly, whole-cell currents were filtered at 5 kHz and acquired at
100 kHz using an Axopatch 200A amplifier (Molecular Devices) and
Clampex 10.2 acquisition software (Molecular Devices). Low-resistance
pipettes (1.5-2 MQ) were pulled from borosilicate glass capillary tubes
(GC150T-10, Harvard Apparatus) and coated with HIPEC® R6101 (Dow
Corning, Midland, MI, USA). Pipette solution contained (35 mM NaCl,
105 mM CsF, 10 mM EGTA and 10 mM HEPES, pH adjusted to 7.4 with
CsOH). The bath solution had the following composition: (60 mM Nadl,
2 mM KCl, 1.5 mM CaCl,, 1 mM MgCl,, 10 mM glucose, 10 mM HEPES
and 90 mM CsCl, pH adjusted to 7.4 with NaOH). The liquid junction po-
tential of 4 mV was corrected prior to experiments. Capacity transients
were canceled and voltage errors were minimized using 80% series resis-
tance compensation. Leak-subtracted (P/4) sodium currents were evoked
from a holding potential of —140 mV using 50-ms depolarizing steps
from —100 to 30 mV in 10-mV increments every 5 s. Current density-
voltage relationships were determined by normalizing the peak currents
to cell capacitance (pA/pF) plotted versus the applied voltage.

2.8. Data analysis and statistics

Data were analyzed using Clampfit 10.2 (Molecular Devices), Origin
8.0 (Microcal Software), and Microsoft Excel. Statistical analyses were
performed with Student t-test or one-way analysis of variance (ANOVA)
with Bonferroni's post hoc tests for multiple mean comparisons using Or-
igin 8.0 (Microcal Software, Inc.). Differences were considered statistically
significant at p values <0.05. Results were reported as mean + SEM for
the number of observations indicated.

3. Results

3.1. Distinct mutations on Na, 1.5 extracellular loops alter WT sodium cur-
rent densities

We began our study by reproducing the heterozygosity of Brugada pa-
tients carriers of two specific Na, 1.5 mutations that were partially charac-
terized [29,31,32,36]. The L325R and R1432G mutations display the
particularity to occur within distinct extracellular S5-S6 loops of the
Na,1.5 a subunit, into DI and DIIl domains respectively. A similar strategy
used in our previous work for the R1432G mutant [31] was reiterated to
assess the influence of L325R channels on the WT proteins. Transient
transfections were carried out to express either WT (WT/(—)) or mutant
channels alone ((—)/L325R; (—)/R1432G) or both WT and mutant to-
gether (WT/L325R; WT/R1432G) in HEK293T cells. Whole-cell current re-
cordings were then performed. All considered conditions presented
typical Na, 1.5 sodium currents and current voltage relationships with

an activation that began at a potential of approximately —80 mV and a
peak current density observed at ~ —40 mV (Fig. 1A & B).

When L325R was expressed alone ((—)/L325R), transfected cells
displayed a small peak current density of 71.2 + 8.9 pA/pF (n = 9)
equal to 21% of mean current density measured in WT/(—) condition
(n = 12, Fig. 1B and C). As expected, this mutant induced a clear domi-
nant negative effect when co-expressed with WT channels. Indeed, WT/
L325R conditions induced a significant reduction of 40% in membrane
current density (196.2 + 29.4 pA/pF, n = 9) compared to WT/(—)
(327.6 4+ 23.0 pA/pF, n = 12, P < 0.01, t-test) (Fig. 1C).

For experiments involving R1432G expression, we have already
shown that the mutant R1432G expressed alone ((—)/R1432G, n = 7)
did not produce any membrane current while its co-expression signifi-
cantly reduced the WT current density by 65% in comparison with WT/
(-) condition (n = 11, p < 0.01, t-test) (Fig. 1C) [31].

Based on all these results, we clearly demonstrate the occurrence of a
strong dominant negative effect of both R1432G and L325R upon total
membrane current density when co-expressed with the WT protein in
our cell model.

3.2. Dominant negative effect is associated with the alteration of Na, 1.5
maturation pattern

The luminometric surface assay have already been carried out to es-
tablish a link between the functional dominant-negative R1432G mutant
and the disruption of WT channel trafficking [31]. To further analyze the
impact of L325R and R1432G mutants on Na, 1.5 expression, we next in-
vestigated the level of surface protein expression using the surface bio-
tinylation technique.

Immunoblots illustrated in Fig. 2A show total and surface Na,1.5 ex-
pression observed in total cell lysates and biotinylated protein fractions,
respectively. In order to ensure that the biotinylation reflects the specific
labeling of proteins expressed at the membrane, immunoblots were also
probed with anti-ezrin antibody which specifically binds to an intracellu-
lar protein. As expected, no ezrin signal was detected in biotinylated frac-
tions compared to positive immunoblot observed for total lysate (Fig. 2A).

First, it is particularly interesting to note that total Na, 1.5 expression
patterns seem similar among all transfection conditions, except for (—)/
L325R which is characterized by a drastic reduction of the upper band in-
tensity (Fig. 2A). As for the biotinylated protein fraction, Na, 1.5 mutants
expressed either alone or with WT forms exhibit broadly reduced signal
intensities compared to WT channels. To estimate Na, 1.5 membrane ex-
pression levels, surface/total ratios were then calculated using densito-
metric analysis of the two major bands (Fig. 2A, green and purple
arrows) observed at approximately 250 kDa (Fig. 2B). Expression of WT,
mutant or combined forms did not significantly modify Na, 1.5 amount
at the cell surface, except for (-)/R1432G where it was reduced by 53%
compared with WT/(—) (P < 0.01, ANOVA).

However, because the Na, 1.5 signal is composed of two bands which
presumably correspond to distinct maturation states, we re-analyzed bio-
tinylation immunoblots by discriminating each form of Na, 1.5 (Fig. 2C
and D).

Interestingly, we obtained significant differences in membrane ex-
pression level of the high-molecular weight (HMW) channels between
the tested transfection conditions (Fig. 2C). Expression of L325R or
R1432G mutants alone resulted in a significant reduction of membrane
HMW forms by respectively 61% and 90% compared with WT/(—) condi-
tion (P < 0.001, ANOVA). When WT and mutant channels were co-
expressed, this expression level was reduced to 56% and 54% of WT/(—)
for WT/L325R and WT/R1432G (P < 0.05, ANOVA). By contrast, no signif-
icant variation in membrane low-molecular weight (LMW) form expres-
sion was detected between all conditions (Fig. 2D).

The observed decrease in the amount of membrane HMW channels
could result either from a trafficking defect of this particular form or
from a decreased intracellular maturation process. As noted above, except
for (—)/L325R condition, the densitometric analysis of the expression
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Fig. 1. Distinct Na, 1.5 mutants exhibit similar dominant negative effects upon WT sodium current. (A) Representative whole-cell recordings were shown for HEK2 93T cells expressing WT
and/or mutant channels. Heterozygous transfection conditions consisted in expressing WT channels with empty vector (WT/(—)), WT and mutant channels (WT/R1432G; WT/L325R) or
mutant channels with empty vector ((—)/R1432G); (—)/L325R). Sodium current traces were obtained using the voltage-clamp protocol shown in the inset and are presented as mem-
brane current densities. (B) Peak current-voltage relationships of Na, 1.5 currents recorded from 9-12 cells using the protocol as shown in Fig. 1A. Only transfection and co-transfection
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level of HMW Na, 1.5 did not reveal any statistical variation between all
total protein fractions (data not shown). In the specific case of L325R mu-
tant, HMW protein amount was shown to be limited in both total and sur-
face membrane fractions. As a consequence, the differences in membrane
HMW Na, 1.5 expression were not directly correlated to maturation de-
fect of the proteins.

Our results indicate that dominant-negative effects of both mutants
on WT channels result in reduced cell surface expression of HMW forms
exclusively.

3.3. Na, 1.5 exhibits two major glycosylated states in vivo and in vitro

Next, because the Na, 1.5 signal is characterized by the presence of
these two particular bands, we further studied the nature of this
double-band signal.

First of all, in order to ensure that this characteristic was not related
to our heterologous expression system, Na, 1.5 protein expression pat-
tern was compared between transiently and stably transfected
HEK?293T cells and native human cardiac biopsies (Fig. 3A).

Theoretically, the 4.2-kb cDNA used for transfections encodes a pro-
tein of 2016 amino acids, with a calculated molecular weight of 227 kDa
[37]. However, the present results show that Na,1.5 channels are
expressed as distinct forms with molecular weights exceeding
250 kDa (Fig. 3A). Indeed, immunoblots revealed the presence of two
bands named A and B which migrated at 270 and 250 kDa respectively.
Interestingly, these two matured forms were found to exist in both
HEK293T cells and native tissue models. It should be specified that the
signal intensity ratio of A-band to B-band was found to be inverted

between HEK293T cells and cardiac biopsies as determined by densi-
tometric measurements (0.4 + 0.1 vs 4.5 + 1.2, n = 3, p <0.05,
t-test). The difference observed between these immunoreactive
channels and the predicted molecular weight Na,1.5 is probably
due to posttranslational modifications conferring them their final
maturation state.

N-linked glycosylation sites present on human Na, 1.5 polypeptide
(GenBank accession number M77235) was predicted using the
NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc). Only
Asn-Xaa-Ser/Thr motifs (where Xaa denotes any amino acid except pro-
line) located on extracellular loops and with a prediction score superior
to 0.5 were withheld as putative N-glycosylation sites (Fig. 3B) [38]. It
should be noted that L325R substitution occurred on the edge of four
clustered potential glycosylation sequences and might prevent mutant
Na, 1.5 maturation. Indeed, contrary to R1432G and WT channels,
L325R protein pattern exhibits a unique Na, signal band in total fraction
(Fig. 2A). This intriguing observation led us to investigate the two main
maturation states of Na, 1.5 channels (bands A and B, in Fig. 3A).

First, tunicamycin, an antibiotic blocking oligosaccharide synthesis,
was used to prevent N-glycosylation process of nascent polypeptide
chains at an early stage [39]. Tunicamycin treatment was applied in cul-
ture to HEK293T cells expressing WT Na, 1.5 channels at increasing con-
centrations from 0.2 to 1 pg/mL for 18 h (Fig. 3C). Interestingly, the
lowest concentration of tunicamycin was sufficient to eliminate Na,, B-
band and to diminish A-band intensity. In addition, the use of higher con-
centrations of tunicamycin resulted in abolishing the A- and B-band sig-
nals, but also in producing non-glycosylated forms (~230 kDa) of Na,1.5
channels.
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condition; ANOVA).

As the two distinct A and B maturation forms seem to be modified by
N-glycosylation, we further investigated the heterogeneity of attached
N-glycans. Two different enzymatic deglycosylation strategies were
employed on several protein lysates from transfected HEK293T cells
and human cardiac tissues (Fig. 3D). PNGase F was used to equally re-
lease high-mannose, hybrid and complex N-glycans from Na,1.5 pro-
teins whereas only high-mannose type oligosaccharides could be
specifically cleavable by Endo H. Typically, Na, 1.5 sensitivity to these
different enzymes would allow to discriminate between the ER-
localized channels modified by high-mannose sugars (PNGase and
Endo H sensitive) and those which have undergone post-cis-Golgi mat-
uration (PNGase sensitive and Endo H resistant). Our results showed a
shift in the migration of the two Na,1.5 bands in PNGase F-treated ly-
sates compared to untreated protein samples from both heterologous
expression systems and native tissues (Fig. 3D, upper immunoblots). In-
deed, PNGase F treatment reduced these immunoreactive bands that
were converted into a single ~235-kDa deglycosylated band (red
arrow). Concerning the Endo H deglycosylation assays (Fig. 3D, lower
immunoblots), the B-band was found to be sensitive to enzymatic di-
gestion in all treated lysates contrary to the A-band which appeared
broadly unaffected. Note that only the HMW subunits (A-band),
which are largely expressed in cardiac atrial tissues, could be examined
under our experimental conditions.

Taken together, these findings suggest that native as well as recom-
binant Na,1.5 subunits are expressed as two differentially N-
glycosylated forms. The LMW channels (B-band) would acquire an “im-
mature” glycosylation state typical for ER compartment, whereas the A-
form could be considered as the mature form of Na, 1.5 modified with
complex oligosaccharide chains.

3.4. Na, 1.5 channels may reach the plasma membrane via the classical and
an unconventional pathway

We therefore examined the link existing between the glycosylation
modifications of Na,1.5 channels and their membrane transport
through the secretory pathway. To this end, cell treatment with the fun-
gal metabolite brefeldin A (BFA) was used as a common strategy to
block classical membrane protein trafficking without interfering with
unconventional secretory routes [40].

In our experimental conditions, HEK293T cells were simultaneously
transfected with WT sodium channels and incubated with 50 or
500 ng/mL BFA during 24 to 48 h. Na, 1.5 maturation states and their
sensitivity to BFA-treatment were then monitored by analyzing total
and membrane protein fractions and whole-cell sodium current density
(Fig. 4).
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Fig. 3. The two major Na, 1.5 forms are differentially N-glycosylated. (A) Comparative expression patterns of WT Na, channels expressed in HEK293T cell line and native cardiac tissues.
Whole cell extracts of transfected HEK293T cells (15 pg) and human atrial biopsies (100 pg) were separated by 5% SDS-polyacrylamide gel electrophoresis, blotted and probed with rabbit
polyclonal anti-pan sodium channel (top) and mouse monoclonal anti-Na/K-ATPase a1 (bottom). The two distinguishable forms (A and B) of the Na,1.5 a-subunit are indicated with
arrows. (B) Membrane topology of Na, 1.5 channels and relative positions of L325R and R1432G mutations. The 11 putative N-glycosylation sites, determined by the NetNGlyc 1.0 algo-
rithm, are indicated with treelike structures ({s). (C) Prevention of Na, 1.5 N-glycosylation. Representative western blot showing the effect of treatment with tunicamycin. HEK293T cells
expressing WT Na, 1.5 channels were incubated with 0.2, 0.5 or 1 pug/mL tunicamycin or with DMSO vehicle for 18 h. The red arrow indicates the bands corresponding to non-glycosylated
channels. (D) Deglycosylation assays of Na, channels with endoglycosidase treatments. Digestions were performed using cell lysates of transiently or stably transfected HEK293T cells
(n = 3) and from human atrial tissues. Protein samples were treated (+) or not (—) with peptide N-glycosidase F (PNGase F) and endoglycosidase H (Endo H) prior to gel electrophoresis
and immunoblotting.
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Fig. 4. Effects of Brefeldin A on WT Na, 1.5 expression, membrane transport and current density. (A) Representative western blots showing the effects of treatment with brefeldin A (BFA at
50 or 500 ng/mL for 24 or 48 h) on HEK293T cells transiently expressing WT Na, 1.5 channels. The main Na, 1.5 forms are indicated with arrows. (B) Representative immunoblot of three
independent experiments showing total and membrane biotinylated Na, 1.5 channels. Cell lysates were obtained from transfected cells incubated with 50 ng/mL brefeldin A (BFA) or eth-
anol (CTRL) for 48 h. To ensure that biotin labeling of membrane proteins was specific to the cell membrane surface, 3-actin was used as a negative intracellular marker. (C) Representative
whole-cell current traces of HEK293T cells transiently expressing WT and L325R Na, 1.5 channels and previously treated with BFA 50 ng/mL or vehicle (CTRL) for 48 h. Current amplitudes
were elicited from a holding membrane potential of —140 mV to various test potentials (see inset) and then normalized to cell capacitance. (D) Statistical analysis of peak current densities
obtained at —40 mV from whole-cell recordings in BFA-treated and control transfected HEK293T cells. ***, p < 0.001 (n = 6, student t-test).
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Our first finding revealed that both HMW and LMW Na, 1.5 channels
remained unaffected after BFA treatment for all tested concentrations
and incubation durations (Fig. 4A). However, more interestingly, sur-
face biotinylation assays show a specific BFA-mediated impact on the
HMW matured forms (Fig. 4B). In fact, the B-band signals corresponding
to the membrane LMW proteins seems to be unaffected in BFA-treated
condition (p = 0.79; t-test) whereas in contrast, the surface amount of
HMW channels were found to be reduced to 44% of control condition
(p<0.05; t-test). This latter observation must be related to the function-
al alteration of sodium current measured in cells upon BFA incubation
for 48 h at 50 ng/mL (Fig. 4C and D). Indeed, whole-cell mean current
density recorded in BFA-treated transfected cells (75.4 + 23.9 pA/pF,
n = 6) was significantly reduced by 84% compared to control cells
(466.6 £ 69.5 pA/pF; n = 6, P < 0.001, t-test). BFA-treatment was reit-
erated on L325R/Na, 1.5-expressing cells and was found to fully abolish
Na + currents observed in control conditions (2.0 £+ 1.0 pA/pF vs
32,5 + 3.8 pA/pF recorded from untreated cells, n = 6, P < 0.01, t-test).

Finally, our findings suggest that (i) the LMW Na, 1.5 proteins would
be early N-glycosylated channels generated in the ER that could reach
the plasma membrane through an unconventional Golgi-independent
pathway, (ii) the BFA-sensitive HMW forms could represent the mature
and functional channels which traffic to the cell surface via the classical
secretory transport route.

4. Discussion

4.1. BrS negative dominance as result of Na, 1.5 late trafficking disruption?
This study provides new insights into the maturation states of native

and recombinant Na, 1.5 channels which mainly exist as two differen-

tially glycosylated forms. As illustrated in Fig. 5, these proteins can be
modified by sequential N-glycan addition and processing during their

transit through the ER and Golgi apparatus. Interestingly, we show
that both fully and partially glycosylated channels are expressed at the
plasma membrane in HEK293T cells.

However, in this work, we demonstrate that the negative dominance
of both R1432G and L325R mutants occurs through an alteration in the
secretory membrane traffic of the HMW WT proteins exclusively. Fur-
thermore, our findings suggest that the attached N-glycans on these
particular forms would undergo terminal maturation into late Golgi
compartment. Previous studies by our group and others have demon-
strated the occurrence of cardiac a-a subunit interactions underlying
the deleterious impact of BrS Na, 1.5 mutations on WT channels [30,
31,41]. Accordingly, the biotinylation experiments strongly suggest
that this a—a physical association would be downstream of the termi-
nal maturation process although this does not preclude an earlier inter-
action mechanism between Na, 1.5 channels. Intriguingly, Na,1.5 o-
subunit oligomerization has shown to be modulated by Na,f subunits.
Indeed, we previously showed that a-« interactions would only occur
in the presence of Na,31 subunits whereas another recent study report-
ed that Na,f33 subunits could form trimeric clusters also including
Na, 1.5 subunits [31,42]. Interestingly, these two auxiliary subunits
were found as differentially modulating N-glycosylation of another so-
dium channel isoform Na, 1.7 [21]. As a consequence, strong consider-
ation should be given to further investigation for their regulatory role
in Na, maturation and trafficking.

4.2. Co-existence of two distinct pools of membrane Na,1.5: what about
their activities?

As N-linked glycosylations affect and promote the proper folding of
nascent polypeptide chains [43], our study was oriented to address
the functional significance of each maturation state of Na, 1.5 channels.

Endoplasmic reticulum

MATURATION PROCESS

| SYNTHESIS & EARLY |

TERMINAL
GLYCOSYLATION

Plasma
membrane

Fig. 5. Hypothetical model of the maturation and the trafficking of Na, 1.5 mutants and wild-type (WT) proteins. After their synthesis, Na, 1.5 channels are located into the endoplasmic
reticulum (ER) where the first N-glycosylation step (a) is completed, producing low-molecular weight (LMW) Na, 1.5 mutant (red) and WT (green) proteins. Afterward, LMW glycosylated
channels are transported to the Golgi apparatus in which attached N-glycans could be further trimmed and modified (c), this terminal glycosylation process conferring a resistance to
Endo-H digestion. Then, WT and mutant Na, 1.5 channels may have multiple fates depending on the cellular expression context. While the membrane transport of the HMW mutant chan-
nels is entirely abolished (d), these proteins can still exert a dominant negative effect on the terminal trafficking of equivalent WT forms (e). This results in reduced surface localization of
Na, 1.5 channels compared to cells exclusively expressing WT proteins (f). Alternatively, both WT and mutant channels are also found at the cell surface in their low-molecular weight
(LMW) forms. Indeed, after reaching an “immature” glycosylated state in the ER, these channels could use a BFA-insensitive trafficking pathway (g). Note that although our experimental
conditions included the co-expression of the regulatory subunit Na,{31, its potential involvement in the trafficking, the maturation or the physical association of a-subunits is not illustrat-

ed here.
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Patch-clamp and biochemical results indicate that both studied mu-
tants, especially non-functional R1432G channels, are present at the
plasma membrane but only in their LMW forms. Intriguingly, as small
currents were recorded from L325R Na, 1.5 expressing cells we suggest
that a minority of HMW mutants could reach efficiently the surface
membrane but obviously would remain undetectable under our bio-
tinylation experiments. The alteration of total and surface HMW
L325R channels could be explained either by the ER retention of these
mutants downstream of final N-glycosylation process or by the direct
disruption of this maturation step. Thus, discrepancies between
R1432G and L325R expression patterns would imply that fully-
glycosylated state might not be sufficient to proper Na,1.5 surface
membrane expression. In addition, the BFA-induced reduction of WT
sodium current densities is associated with the loss of membrane
HMW channels exclusively. Thus, it seems reasonable to postulate that
immature LMW Na, 1.5 proteins are totally non-functional. Moreover,
the abolition of the current observed when L325R/Na, 1.5-expressing
cells were treated with BFA confirmed the hypothesis that in control
conditions, a limited amount of HMW forms should reach the plasma
membrane and support the small currents recorded. However, this hy-
pothesis contrasts with previous studies which suggest the inability of
N-glycans to affect VGSC functionality, although N-glycosylations
would be required for their surface transport or even could influence
their stability and their gating [13,44,45]. One possibility would be
that early N-glycosylation would be sufficient for cell surface trafficking
of Na, 1.5 channels, although extensive trimming and remodeling of
their N-glycans and/or additional posttranslational maturations into
Golgi compartments appear to be required for the channel functionality.
Therefore, it would be of great interest to identify the N-glycan struc-
tures found in the two LMW and HMW channels. This is particularly es-
sential considering that Na, 1.5 proteins are differentially glycosylated
depending on the cardiac chamber and the considered developmental
stage [12,46].

4.3. Evidence for a novel unconventional route for immature Na,1.5
channels

An important and interesting insight provided by our study concerns
the differential sensitivity of LMW and HMW forms to BFA treatment.
While the fully-glycosylated channels seem to be typically transported
through the classical Golgi-mediated pathway, a pool of immature
forms that have not undergone their terminal maturation could also
travel to the plasma membrane via an unconventional route (Fig. 5). Al-
though the underlying secretory mechanisms remain to be character-
ized for VGSC, it should be mentioned that such alternative Golgi-
independent targeting has already been reported for other ion channels
like K,4 voltage-gated potassium channels or the cystic fibrosis trans-
membrane conductance regulator [47-49]. These previous results are
consistent with the existence of multiple early secretory routes that
could ensure the ER escape and then the membrane transport of native
core-glycosylated Na, 1.5 proteins. However, further studies are needed
to prove that this alternative anterograde protein flow is not directly
linked to our cell model but could also exist in native tissues under
physiological or pathological conditions. If that was the case, this export
pathway would potentially be used for the clearance of accumulating
proteins in the ER and may represent a constitutive response to relieve
or to prevent ER stress. However, in pathological conditions, accumula-
tion of non-functional proteins to the plasma membrane would also be
problematic for membrane organization and function.

In summary our results raise questions about the role of N-
glycosylations on Na,1.5 channels. Although much remains to be done
including the identification of sugar attachment sites and oligosaccha-
ride structures, the present study suggests that these posttranslational
modifications could not be limited to track Na, 1.5 progression through
the secretory pathway. In addition to contribute to their functionality,
N-glycans might be crucial for controlling Na,1.5 folding, trafficking

and maybe their membrane stability. As a consequence, additional
work in native tissues would be required to address the involvement
of N-glycosylation in the cellular fate of VGSC.
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