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Background: Voltage-gated Na+ channels (Nav) are responsible for the initiation and conduction of neuronal and
muscle action potentials. Nav gating canbe altered by sialic acids attached to channelN-glycans, typically through
isoform-specific electrostatic mechanisms.
Methods: Using two sets of Chinese Hamster Ovary cell lines with varying abilities to glycosylate glycoproteins,
we show for the first time that sialic acids attached to O-glycans and N-glycans within the Nav1.4 D1S5–S6 linker
modulate Nav gating.
Results: All measured steady-state and kinetic parameters were shifted to more depolarized potentials under
conditions of essentially no sialylation. When sialylation of only N-glycans or of only O-glycans was prevented,
the observed voltage-dependent parameter values were intermediate between those observed under full versus
no sialylation. Immunoblot gel shift analyses support the biophysical data.
Conclusions: The data indicate that sialic acids attached to both N- and O-glycans residing within the Nav1.4
D1S5-S6 linker modulate channel gating through electrostatic mechanisms, with the relative contribution of si-

alic acids attached to N- versus O-glycans on channel gating being similar.
General significance: Protein N- and O-glycosylation canmodulate ion channel gating simultaneously. These data
also suggest that environmental, metabolic, and/or congenital changes in glycosylation that impact sugar sub-
strate levels, could lead, potentially, to changes in Nav sialylation and gating that wouldmodulate AP waveforms
and conduction.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The regulated gating and expression of voltage-gated ion channels
(VGICs) are vital to cardiac, neuronal, and skeletal muscle electrical sig-
naling primarily through the generation of action potentials (AP).
Voltage-gated Na+ channels (Nav) are responsible for the initiation
and conduction of the AP. AP waveforms and conduction can be modu-
lated through physiological and (remodeled through) pathological
changes in ion channel expression and/or function [1–3].
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VGICs are heavily glycosylated, with upwards of 30% of the mature
channel structure comprised of extracellular carbohydrate. It is
established that gating of many Nav and voltage-gated K+ channel
(Kv) isoforms can be altered directly by small changes in ion channel
glycosylation (for additional details, please refer to [4]) [4–26].

Most studies established that sugar-dependent gating effects were
imposed primarily by the terminal residue, sialic acid. An electrostatic
mechanism was often assigned, with negatively charged sialic acids
contributing to the surface potential, causing channels to gate following
smaller depolarizations. Data also suggest that altered Nav sialylation
directly impacts cardiac and neuronal excitability [4,17,27–36].

Previously, the impact of sialic acids on gating of the human adult
skeletal muscle voltage-gated Nav channel, Nav1.4 (hSkM1) was de-
scribed, showing that sialic acids modulated all measured voltage-
dependent gating parameters similarly [5,6]. That is, reductions in sialic
acids shifted channel activation, inactivation, and recovery from inacti-
vation toward depolarized potentials, likely through electrostatic
mechanisms in which sialic acids contributed to a negative external
surface potential. The D1S5–S6 extracellular loop of Nav1.4 is heavily
N-glycosylated, containing eight putative N-glycosylation sites,
five of which are localized within a 24–30 amino acid repeat se-
quence that is unique to Nav1.4. Interestingly, the deletion of this
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heavily N-glycosylated D1S5-S6 repeat region was sufficient to elimi-
nate only ~1/2 of the effects of sialic acids on Nav1.4 gating as observed
in the sialic acid deficient Lec2 CHO cell line, or following enzymatic
desialylation using neuraminidase [6]. The additional effect of sialic
acids on Nav1.4 gating was explained at the time by a potential impact
of the additional N-glycosylation sites within the Nav1.4 primary
sequence.

Later, all functionally relevant (to gating) sialic acid residues were
shown to be localized to the Nav1.4 DIS5–S6 extracellular loop using a
set of Nav1.4 andNav1.5 chimeras [5]. Specifically, sialic acids had no im-
pact on gating of an Nav1.4 chimera in which the DIS5–S6 loop of the
major cardiac isoform Nav1.5, which is typically not affected by sialic
acids when expressed in CHO cells, replaced the analogous Nav1.4
loop. Thus, as expressed in CHO cells, all functionally relevant sialic
acids were shown to be localized to theNav1.4 DIS5–S6 loop.Mutagenic
studies indicated that ~ ½ of the effect of sialic acids on Nav1.4 gating is
localized to the five N-glycan structures within the D1S5–S6 loop [6].
The source of the remaining effect of D1S5–S6 sialic acids on Nav1.4
gating remains unknown.

Glycoproteins contain extracellular glycans attached to the protein
through N- and O-linkages, with most previous efforts focusing on the
role of N-glycans in VGIC gating. One reason for this is that there is
a well-established consensus sequence required for N-glycosylation,
but no such conserved sequence has been established as required for
O-glycosylation, with the exception of an extracellular serine or threo-
nine residue [37]. Thus, while determining putative N-glycosylation
sites is obvious, it is not straightforward to determine potential O-
glycosylation sites, particularly for VGIC with large extracellular loops
that contain many serine and threonine residues.

Recently gating of three Kv isoforms, Kv2.1, Kv4.2, and Kv4.3, were
shown to be modulated by sialic acids attached to O-glycans [13].
None of the three isoforms are N-glycosylated.When channel sialylation
was reduced, gating of each Kv isoformwas modulated through electro-
static mechanisms resulting in a depolarizing shift in channel activation
voltage but with no effect on steady state inactivation.

It is clear from previous work that sialic acids attached to D1S5–S6
N-glycans contribute significantly to Nav1.4 gating. O-glycans can also
contribute to voltage-gated ion channel activity, at least to Kv channel
activity [13,38]. Here we question whether sialic acids attached to
Nav1.4 O-glycans are responsible for the additional effect of D1S5–S6
sialic acids on Nav1.4 gating. The D1S5–S6 linker of hNav1.4 contains
10 serine and 13 threonine residues, which could serve as potential
attachment sites for O-linked sialic acids. Using two sets of CHO cell
lines with varying abilities to sialylate and to N- and O-glycosylate pro-
teins, we show for the first time that sialic acids attached to N- and O-
glycans within the D1S5-S6 linker of Nav1.4 modulate Nav gating
through electrostatic mechanisms. Future efforts that question the im-
pact of glycans on ion channel activity should include studies to deter-
mine the functional role of sialic acids attached to both N- and O-
glycans.

2. Materials and methods

2.1. Nav1.4 constructs and CHO cell transfections

The two Nav1.4 constructs used here, Nav1.4 and Nav1.4/1.5DIS5–6,
were constructed as described previously as hSkM1 and hSkM1P1,
respectively [5]. Briefly, the wild type hNav1.4 (hSkM1) construct and
an Nav1.4 chimera, Nav1.4/1.5DIS5–6, in which the D1S5–S6 loop of
hNav1.5 replaced the hNav1.4 loop, were inserted into the pCDNA3.1
vector (Invitrogen), andwere expressed in two sets of Chinese Hamster
Ovary (CHO) cell lines, the Pro5/Lec2/Lec1 cell lines, and the LdLD cell
lines [39–41]. Both sets of cell lines are well established systems useful
in questioning the impact of extracellular glycosylation on glycoprotein
or cellular activity because the different cell lines express glycoproteins
under variable levels of N- and O-glycosylation [5–15,17,18,39–41].
The LdLD cell line allows expression of Nav under conditions of full or
partial N- and/or O-linked glycosylation as illustrated in Fig. 1. The LdLD
cell line is mutant in the 4-epimerase enzyme, responsible for the
epimerization of glucose into galactose residues [39–41]. Galactose
(Gal) is added to N- and O-linked structures just prior to addition of si-
alic acid. Cells can be grown in the absence or presence of galactose,
thereby putatively producing Nav with truncated (no galactose or sialic
acids) or full N-glycosylation, respectively. Similarly, O-linked glycosyl-
ation can be controlled through incubation with N-acetylgalactosamine
(GalNac), with full N- and O-glycosylation achieved by incubating cells
with saturating levels of GalNac andGal. Here, three different conditions
were used: 1) Fully glycosylating/sialylating (both galactose sugars in
medium), 2) Full N-, no O-glycosylation/sialylation (just Gal in medi-
um), or 3) No sialic acids added to N- or O-glycans (neither galactose
sugar added). Theoretically, the addition of GalNac only could produce
N-glycanswith sialic acids attacheddirectly toGalNac residues. However,
it was shown previously that CHO cell N-glycans do not contain GalNac
linked to N-glycan structures, and thus, adding only GalNac is effectively
the same as adding no sugars relative to the state of channel sialylation
[42]. Nonetheless, this condition was studied, and consistent with previ-
ous reports indicating that CHO cells do not form N-acetylglucosamine
(GlcNac)/GalNac linkages, all biophysical measurements made here for
the GalNac incubated hSKM1 (and Nav1.4/1.5DIS5–6) were nearly
identical to those observed for the channels expressed in the absence of
galactose sugars. Therefore, the condition of adding only GalNac is not in-
cluded in the subsequent data.

LdLD cells were grown in Ham's F-12 medium (CellGro), fortified
with 2 mM Glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin
and 10% Fetal Bovine Serum (FBS). Following transfection of LdLD
cells, no FBS was added to the growth medium, only the relevant galac-
tose residue(s), using 20 μM Gal and 400 μM GalNac.

The Pro5 cell line represents the control, or fully glycosylating line
[43]. The Lec2 cell line is deficient in the CMP-sialic acid transporter
and produces glycoproteins with essentially no sialic acid attached to
either N- or O-glycans, and serves as a model for congenital disorders
of glycosylation (CDG) type IIf [42–44]. The Lec1 line is deficient in the
transferase, N-acetylglucosaminyltransferase I (GlcNAc-T1), interrupting
the production of complex N-glycans being added to glycoproteins,
thereby producing fewer complex, but mannose-rich N-glycosylation
structures [42,43]. Thus, comparison of the impact on Nav gating as
expressed in Lec2 versus Lec1 cells allows one to characterize the effect
of reduced sialylation on both N- and O-glycans (Lec2 expression — no
N- or O-linked sialic acids) versus sialic acids attached to N- or O-
glycans only (Lec1 cells allow normal O-glycosylation, but produce trun-
cated N-glycosylation, and therefore, no N-linked sialic acids), and then
compared to the fully sialylated (in Pro5 cells).

For Pro5, Lec1, and Lec2 cell lines, the growing medium included
alpha Minimum Essential Medium (αMEM) with (Pro5, Lec1) ribo- or
deoxyribonucleosides (Lec2) (Invitrogen), and 100 U/ml penicillin and
100 mg/ml streptomycin and 10% FBS.

CHO cells were transiently transfected as described previously [5].
Briefly, cells were exposed to 1mlOpti-MEM (Invitrogen)medium con-
taining 8 μl lipofectamine (Invitrogen) and 1–2 μg DNA, consisting of
about 12% EGFP vector (Clontech) and about 88% sodium channel
expression vector. Following a 5–24 h incubation at 37 °C in a 5% CO2

humidified incubator, the medium was exchanged for normal, non-
selective cell growing medium, and transfectants were used for experi-
ments 48 (for biochemical analysis) or 72 (for electrophysiological anal-
ysis) hours post-transfection.

2.2. Immunoblot analysis

Immunoblot analysis was performed on Pro5 whole cell lysates
exactly as described previously [5], loading 10–30 μg protein/lane.
Briefly, lysates were prepared, denatured, and then loaded into the
lanes of a minigel cast from 4.5–5% acrylamide. Blots were incubated
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Fig. 1. Predicted N- and O-glycoprotein structures produced in LdLD cells when grown with and without galactose sugars. Left, predicted N-glycan structure. Right, predicted O-glycan
structure. The residues that would not be added to the N- and O-glycans under each condition are boxed (Galactose) or encircled (GalNac).
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with a pan-specific anti-Nav antibody overnight (1:200 dilution in 5%
milk/HBS, as originally described in Bennett, 1999 [45]), followed by in-
cubation with donkey anti-rabbit horse radish peroxidase secondary
antibody (Amersham; 1:5000 dilution in 5% milk/HBS) for 2 h. Bands
were visualized using a Pierce chemiluminescence kit. Because of the
low levels of Nav expression that results from the growth of cells with-
out serum, it was not possible to perform biochemical studies on the
transfected LdLD cells. Glycosidase treatments,which included sialidase
A (to remove all sialic acids), N-glycanase (to remove N-linked glycan
structures) and O-glycanase (to remove O-linked glycan structures)
followed the manufacturer's published protocols (Glyko), incubating
1–2 μl glycosidase/sample for 1–3 h at 37 °C. Specifically, we incubated
using the following units (U) glycosidase/sample: 0.01 U Sialidase A;
5.0 mU N-glycanase; 2.5 mU O-glycanase. Prior treatment with
Sialidase A was necessary to remove terminal sialic acids in order for
the O-glycanase to access and remove the underlying O-glycans. Rela-
tive apparent molecular weight (MW) was determined as previously
described [34]. Briefly, scanned film was analyzed using ImageJ. The
log of each MW marker was plotted versus its distance in arbitrary
units traveled into the gel. A linear regression was then performed
and used to calculate the MW of glycosidase-treated and untreated
protein and to compare shifts inMWamong treated and untreated con-
ditions (in kilodaltons; kD).

2.3. Whole cell Na+ current recordings

Transfected cells were studied using the patch-clamp whole-cell
recording technique as previously described [5]. Experiments were
done using an Axon Instruments 200B patch-clamp amplifier with a
CV203BU headstage (Axon Instruments) used in combination with a
Nikon TE300 inverted microscope at room temperature (22 °C). The
pulse protocols were generated using pulse acquisition software
(HEKA). The resulting analog signals were filtered at 5 kHz and
then digitized using the ITC-16 AD/DA converter (Instrutech). A mi-
cromanipulator (MP-285 Sutter, Novato, CA, USA) was used to place
the electrode on the cell. Electrode glass (Drummond capillary
tubes) was pulled using a Sutter (model P-87) electrode puller to re-
sistances of 1–2 MΩ. All data were series resistance compensated to
95–98%. If proper compensation was not achieved, the data were not
analyzed.

The external solution usedwas (mM): 224 Sucrose, 22.5 NaCl, 4 KCl,
2.0 CaCl2, 5 glucose, and 5 Hepes, while the internal solution used was
(mM): 120 sucrose, 60 CsF, 32.5 NaCl, and 5 Hepes (titrated with 1 N
NaOH to pH 7.4 at room temperature. Although series resistance was
compensated 95–98% for all experiments, the smaller current produced
using the low [Na+] solutions further minimized any remaining error
due to series resistance to b1 mV, as described by us previously [46] .
Current densities measured showed no systematic variation with
respect to the glycosylation level of a specific isoform. Current ampli-
tudes appeared to vary randomly as would be expected with transient
transfections.

For experiments shown in Fig. 4 in which external Ca2+ levels were
changed, seals were formed using the solutions described above. The
lower external Ca2+ solution (0.2 mM) was then perfused at about
0.4 ml/min through a 100 mm pipette onto the cell starting at least
5 min following attainment of the whole cell configuration. At the
start of perfusion, immediate measurements under 2.0 mM external
Ca2+ were made — possible because of a small ‘dead space’ of approxi-
mately 0.6 mls in the perfusion apparatus filled with control solution.
This protocol allowed measurements of control (2.0 mM Ca2+)
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conditions during perfusion just prior to measurements made under
lowered external Ca2+ conditions, removing any artifacts due to chang-
es in pressure caused by the perfusion. The measured shifts in the volt-
ages of half-activation (Va) with changing external Ca2+ levels were
reversible.

2.4. Pulse protocols

2.4.1. Conductance–voltage (G–V) relationship
Pulse protocols were performed as previously described [5] using a

−120 mV holding potential. Lec1 cell line electrophysiology experi-
ments were performed concurrently with the Pro5 and Lec2 cell lines
studies that were previously reported [5]. The cells were stepped for
10 ms from the holding potential to various depolarized potentials,
ranging from −100 mV to +40 mV in 10 mV increments. Consecutive
pulseswere stepped every 1.5 s and the data were leak subtracted using
the P/4method, stepping negatively from the holding potential. At each
test potential, steady-state whole-cell conductance was determined by
measuring the peak current at that potential and dividing by the driving
force (i.e., difference between the membrane potential and the ob-
served reversal potential). Peak conductance as a function ofmembrane
potential was plotted. The maximum sodium conductance for a single
cell was determined following single Boltzmann fits to the data
(Eq. (1), solving for maximum conductance). The mean Va ± SEM and
Ka ± SEM values shown in Tables 1, 2 and listed in the legend to
Fig. 5, were determined from these data fits. From the Boltzmann fits,
the normalized data were then averaged with those from other cells,
and the resultant average conductance–voltage curve was determined
using the following Boltzmann relation fit to the data:

Fraction of maximal conductance ¼ 1þ exp− V−Va=Kað Þð Þ½ �−1 ð1Þ

where V is the membrane potential, Va is the voltage of half activation,
and Ka is the slope factor.

2.4.2. Steady-state inactivation (SSI) curves
Cells were first prepulsed for 500 ms from the holding potential to

the plotted potentials ranging from −130 to −20 mV in 10 mV incre-
ments, then to a +40 mV test pulse for 5 ms. Currents from each
cell were normalized to the maximum current measured by single
Boltzmann fits to the data from a single cell (Eq. (2), solving for maxi-
mum current), from which the mean Vi ± SEM and Ki ± SEM values
shown in Tables 1, 2 and listed in the legend to Fig. 5, were determined.
As with steady state activation, the slope factors (Ki) were not signifi-
cantly different among conditions.
Table 1
Themean ± SEM gating parameter values measured for Nav1.4 and Nav1.4/1.5DIS5–6 as expre
half inactivation voltage; Ki, Boltzmann slope factor for inactivation; τinact, time constant for fast
for recovery from fast inactivation at a−100 mV recovery potential. Significance (p b 0.05) tes
between conditions of reduced sialylation (#).

Condition n Va

(mV)
Ka(mV)

Nav1.4
(Full)

7 −31.2 ± 1.6 8.3 ± 0.4

Nav1.4
(N-linked only)

10 −24.8 ± 2.8⁎,# 9.4 ± 0.5

Nav1.4
(No N- or O-linked)

13 −14.1 ± 1.5⁎,# 9.7 ± 0.7

Nav1.4/1.5DIS5–6
(Full)

4 −20.2 ± 2.8 10.6 ± 0.7

Nav1.4/1.5DIS5–6
(N-linked only)

6 −19.9 ± 3.8 10.4 ± 0.9

Nav1.4/1.5DIS5–6
(No N- or O-linked)

7 −18.8 ± 2.2 10.5 ± 0.3
From the Boltzmann fits, the normalized data for many cells were
then averaged and the following Eq. (2) was fit to these data to produce
the least squares fit curves:

Fraction of maximum current ¼ 1þ exp− V−Við Þ=Kið Þð Þ½ �−1
; ð2Þ

where V is themembrane potential, Vi is the voltage of half inactivation,
and Ki is the slope factor.

2.4.3. Measurement of inactivation time constants (τh)
Inactivation time constants were determined by fitting to single ex-

ponential functions the attenuating portions of the current traces used
to measure the G–V relationships.

2.4.4. Recovery from inactivation
Cells were held at−120mV, pulsed to +40mV for 10ms, and then

stepped to the−100mV recovery potential for 1 to 20ms in 1ms incre-
ments, with a 1.5 s delay between consecutive pulses. Following the re-
covery pulse, the potentialwas again stepped to+40mV for 10ms. The
peak currents measured during the two +40 mV depolarizations were
compared to determine the fractional current (recovery)measured dur-
ing the second pulse. The fractional current was plotted as a function of
the recovery time (in ms) between the two test pulses to +40 mV.
Single exponential functions were fit to the data to determine the
time constants for recovery from fast inactivation, τrec.

2.5. Statistical analysis

For data collected, themean±SEMwere determined. ANOVA, tukey
test, and Student's t-test were used where applicable and p b 0.05 was
considered statistically significant.

3. Results

3.1. Galactose sugars added to LdLD cell medium resulted in altered Nav1.4
gating with no impact on gating of the chimera, Nav1.4/1.5DIS5–6

To question whether sialic acids attached to N-glycans within the
DIS5–S6 linker are responsible fully for the impact of sialic acids on
Nav1.4 gating, we expressed Nav1.4 in LdLD cell lines in the presence
and absence of galactose sugars to produce Nav1.4 under three
glycosylation/sialylation conditions as described in the Materials and
methods section and illustrated in Fig. 1. All three sets of conditions pro-
duced voltage-gated Na+ currents with similar characteristics and of
ssed in LdLD cells. Va, half activation voltage; Ka, Boltzmann slope factor for activation; Vi,
inactivation at−40 mV for Nav1.4 and−30 mV for Nav1.4/1.5DIS5–6; τrec, time constant
ted comparing full glycosylation to each condition of reduced sialylation (*) and comparing

Vi

(mV)
Ki

(mV)
τinact
(ms)

τrec
(ms)

−75.9 ± 2.0 −7.0 ± 0.6 2.2 ± 0.2 6.9 ± 0.6

−69.3 ± 2.7⁎,# −7.8 ± 0.5 3.6 ± 0.5⁎,# 4.0 ± 0.2⁎,#

−61.1 ± 1.8⁎,# −7.3 ± 0.3 6.4 ± 0.8⁎,# 3.2 ± 0.1⁎,#

−75.0 ± 3.7 −7.7 ± 0.7 3.0 ± 0.6 5.1 ± 0.6

−76.9 ± 1.6 −7.4 ± 0.4 3.0 ± 0.7 5.2 ± 0.5

−77.1 ± 2.1 −7.6 ± 0.3 3.1 ± 0.4 5.1 ± 0.4



Table 2
The mean ± SEM gating parameter values measured for Nav1.4 and Nav1.4/1.5DIS5–6 as expressed in CHO cells. Va, half activation voltage; Ka, Boltzmann slope factor for activation; Vi,
half inactivation voltage; Ki, Boltzmann slope factor for inactivation; τinact, time constant for fast inactivation at −40 mV; τrec, time constant for recovery from fast inactivation at a
−100 mV recovery potential. Significance (p b 0.05) tested comparing full glycosylation to each condition of reduced glycosylation (*) and comparing between conditions of reduced
glycosylation (#). +Note, the data listed for Pro5 and Lec2 cells are italicized to reflect the fact that they were previously published (see Bennett, 2002 [5]).

Condition n Va

(mV)
Ka(mV) Vi

(mV)
Ki

(mV)
τinact
(ms)

τrec
(ms)

Pro5+ 9 −31.3 ± 2.0 7.4 ± 0.3 −71. 5 ± 3.3 −5.9 ± 0.3 2.4 ± 0.4 3.62 ± 0.03
Lec1 4 −22.8 ± 2.4⁎,# 8.9 ± 1.0 −64.1 ± 1.7⁎ −6.9 ± 0.4⁎ 3.5 ± 0.3⁎,# 2.99 ± 0.07⁎,#

Lec2+ 9 −16.7 ± 1.7⁎,# 8.7 ± 0.6 −60.8 ± 1.5⁎ −8.3 ± 0.5⁎,# 7.9 ± 1.1⁎,# 2.21 ± 0.03⁎,#
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similar densities. Fig. 2A shows typical whole cell current traces from
LdLD cells following incubation with both or no galactose sugars.

Steady-state voltage dependent channel gating was compared
among glycosylation conditions to question whether variable glycosyla-
tion and sialylation achieved through incubation with different (or no)
galactose sugars can lead to altered Nav gating (Fig. 2, Table 1). The Nav
conductance–voltage (G–V) relationships were directly impacted by
the varied conditions for glycosylation (Fig. 2B). Compared to fully glyco-
sylating conditions (saturating levels of both galactose sugars), the G–V
curve and voltage of half activation (Va, see Table 1) were depolarized
by ~17 mV in the absence of galactose sugars (no Nav sialylation), and
by ~7 mV in the presence of Gal only (this should allow full N-
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Fig. 2. Sialic acids attached to N-glycans account for only a portion of the effect of sialic acids on
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reduced sialylation (*) and comparing between conditions of reduced sialylation (#). n = 4–1
glycosylation and sialylation but no O-glycosylation). Therewas nomea-
surable impact of variable glycosylation on Nav1.4/1.5DIS5–6 gating
(Figs. 2D, E) indicating, as shown previously, that all functional Nav1.4 si-
alic acids are localized to the D1S5–S6 linker. In addition, because both
Nav constructs were expressed under identical conditions in the same
cell line with Nav1.4 gating but not Nav1.4/1.5DIS5–6 gating affected by
variable glycosylation, the data also suggest that there is minimal to no
effect of CHO cell sialolipids on Nav gating. Together, these data suggest
that sialic acids attached to D1S5–S6 N-glycans account for only ~1/2
of the effect of full D1S5–S6 sialylation on Nav1.4 activation gating.

Previously, we showed that reduced channel sialylation modulates
all voltage-dependent Nav1.4 gating parameters similarly [5,6]. Thus,
)
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we measured and compared the voltage dependence of Nav1.4 and
Nav1.4/1.5DIS5–6 steady-state inactivation (SSI) under the three glyco-
sylation conditions (Fig. 2C, E). Note that the SSI and voltage of half-
inactivation (Vi, see Table 1) for Nav1.4 were also shifted toward
depolarized potentials under conditions of no and N-only glycosylation
compared to fully glycosylating/sialylating conditions (15 and 7 mV,
respectively). There were no differences in the Nav1.4/1.5DIS5–6 SSI
curves among glycosylating conditions (Figs. 2E). These data indicate
that the functional D1S5–S6 Nav1.4 sialic acids impact SSI gating simi-
larly to their effect on steady state channel activation, and that sialic
acids linked to N-glycans account for only ~1/2–2/3 of the effect of sialic
acids on Nav1.4 steady-state inactivation.

The rates at which Nav1.4 and Nav1.4/1.5DIS5–6 inactivate and
recover from fast inactivation under the three conditions of glycosyla-
tion were also measured (Fig. 3). The data indicate that the kinetics of
channel gating are similarly impacted by sialic acids, and that sialic
acids linked to Nav1.4 N-glycans account for ~1/2–2/3 of the effect of
sialic acids on channel kinetics. Similar to steady state gating, Nav1.4/
1.5DIS5–6 gating kinetics were unaffected by variable glycosylation.
Table 1 lists the measured mean steady-state and kinetic gating param-
eters± SEM for Nav1.4 andNav1.4/1.5DIS5–6 as expressed in LdLD cells
under each glycosylation condition.

3.2. Sialic acids attached to N- and O-glycans modulate Nav1.4 gating
through apparent electrostatic mechanisms

To determine whether the dominant effect of variable sialylation
on hSKM1 gating was conferred through electrostatic mechanisms,
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Nav1.4 G–V relationships in LdLD cells under different glycosylating
conditions at two different external Ca2+ concentrations were deter-
mined (Fig. 4). Similar to our previous studies [5,6], the Nav1.4 Va

under fully glycosylating conditions was most shifted at lower Ca2+

concentrations (~20mV). There was only an ~7mV shift in Va observed
under conditions of no sialylation, while the shift in Va observed under
conditions that allowed sialic acids to be attached to N-glycans was
~16 mV, intermediate between the shifts in Va observed under fully
and non-sialylated conditions. These data are completely consistent
with our previous work and suggest that the functional sialic acids
attached to theNav1.4 D1S5–S6 linkermodulate channel gating through
electrostaticmechanisms regardless ofwhether or not they are attached
to N-glycans.

3.3. Nav1.4 expressed under conditions that allow sialylation of O-glycans
but not N-glycans also gate at voltages between those observed under
conditions of full and no sialylation

The data generated using the LdLD cell line and incubatingwith var-
iable types of galactose sugars clearly indicated that D1S5–S6 N-glycan
sialic acids account for≤2/3 of the total impact of sialic acids on channel
gating. It is possible that sialic acids attached to lipids that surround the
channel protein could impact voltage-dependent channel gating [47].
However, as discussed previously, this is unlikely, as all experiments
were performed on Nav1.4 and Nav1.4/1.5DIS5–6 under the same lipid
environments, yet Nav1.4/1.5DIS5–6 showed no sensitivity to changes
in sialylation. These data indicate strongly that any contribution of
sialolipids toNav gating in this system is immeasurable. Thus,we sought
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to question whether sialic acids attached to O-glycans also contribute
to channel gating. For this, we expressed Nav1.4 in the Lec1 CHO cell
line, which, as described in the Methods section, is deficient in the
transferase, N-acetylglucosaminyltransferase I (GlcNAc-T1), thereby
interrupting the production of complex, but mannose-rich N-glycans
[42,43]. By comparing Nav1.4 gating in the Pro5 (fully glycosylating/
sialylating parental CHO cell line), Lec2 (globally reduced sialylation,
from both N- and O-glycans), and Lec1 (sialic acids attached only
to O-glycans), we can question whether sialic acids attached to
O-glycans contribute to Nav1.4 gating, and if so, to what extent. Fig. 5A
shows the predicted N- and O-glycan structures produced by each cell
line as described in more detail in the Methods section. Expression of
Nav1.4 in Lec1 cells produced Na+ currents with voltage-dependent
steady state gating characteristics intermediate between those reported
previously for Nav1.4 expressed in the Pro5 and Lec2 cell lines (Figs. 5B,
C) [5]. These data indicate that sialic acids attached to O-glycans are also
responsible for modulating Nav1.4 gating. Specifically, the Va and Vi for
Nav1.4 expressed in Lec1 cells were 9 and 7 mV more depolarized than
that observed for Nav1.4 expressed in the fully sialylating Pro5 cells and
were 6 and 3 mV more hyperpolarized than that observed for Nav1.4
expressed in the non-sialylating Lec2 cells, respectively, with all mea-
sured voltage shifts being significant. The rates of fast inactivation and
recovery from fast inactivation were affected similarly and consistently
(See Table 2 for a summary of all mean± SEM gating parameters mea-
sured). Specifically, fast inactivationwas significantly slower and recov-
ery from fast inactivation was significantly faster in the less sialylated
and less N-glycosylated CHO cells lines (Lec2 and Lec1, respectively)
than that observed in the fully glycosylating Pro5 cell line. Further, the
Nav1.4 inactivation and recovery rates as expressed in Lec1 cells were
intermediate between the rates observed for Nav1.4 expressed in Pro5
versus Lec2 cells and were significantly different from the Pro5 and
Lec2 data. Together, thedata strongly suggest that Nav1.4 D1S5–S6 sialic
acids attached to O-glycans contribute to voltage-dependent channel
gating, accounting for ~1/3–1/2 of the total effect of sialic acids on
channel gating.

3.4. Sialic acids reside on N- and O-glycans attached to Nav1.4

The biophysical data presented here indicate that Nav1.4 is N- and
O-glycosylated within the D1S5–S6 linker, and that sialic acids attached
to N- andO-glycansmodulate channel gating. To questionmore directly
whether Nav1.4 is N- and O-glycosylated and sialylated, we performed
immunoblot gel shift analyses on Pro5 cells expressing Nav1.4 (Fig. 6),
similar to our previous efforts [35,36]. Here the gel shifts measured fol-
lowing sialidase and N-Glycanase treatments were similar to those re-
ported by us previously for ventricular myocyte Nav N-glycosylation
[35,36]. A typical immunoblot is shown,with predicted apparentmolec-
ular weight (MW) calculated for each lane using Image J software listed
at the bottom of each lane (see Methods for details). Table 3 lists the
mean ± SEM measured MW under each condition for 4–11 samples.
The data indicate that Nav1.4 D1S5–S6 contains N- and O-glycans that
have sialic acids attached. Specifically, the mean, significant shift in
MW for Nav1.4 observed was 14 kD following sialidase treatment used
to remove sialic acids, 37 kD following removal of sialic acids and
O-glycans, 42 kD following removal of full N-glycans, and 51 kD follow-
ing removal of sialic acids, O- and N-glycans. Together the data suggest
that Nav1.4 is N- and O-glycosylated, with both N- and O-glycans being
sialylated.
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4. Discussion

4.1. Sialic acids attached to N- and O-glycans within the Nav1.4 D1S5–S6
region modulate channel gating through electrostatic mechanisms

Here we demonstrate that the Nav1.4 D1S5–S6 linker is N- and
O-glycosylated and that the sialic acids attached to both N- and
O-glycans modulate Nav1.4 gating when expressed in two sets of CHO
cell lines with varied abilities to glycosylate (and thereby sialylate) gly-
coproteins. The data clearly indicate that neither set of sialic acids
(linked to N- or to O-glycans) can account fully for the impact of sialic
acids on channel gating, but when attached to both N- and O-glycans,
the full effect is realized (Figs. 2, 3, 5, 7). Further, sialic acids attached
to N- and O-glycans within the Nav1.4 D1S5–S6 linker modulate
Nav1.4 gating through electrostatic mechanisms, with sialic acids
attached to N- and O-glycans contributing approximately equally to
channel gating.

4.2. Implications for future studies

The findings here have implications for future studies related
to VGIC structure and function. That is, if N- and O-glycans can each
contribute to VGIC gating and activity, then future studies investigating
this phenomenon, should consider the impact of both N- and
O-glycosylation. For example, we recently reported that sialic acids
attached to the human ether-a-go-go (hERG) channel directlymodulate
hERG channel gating, effectively limiting hERG channel activity,
resulting in a likely extension of the AP with increased sialylation [14].
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Fig. 6. Nav1.4 is N- and O-glycosylated and sialylated. Representative immunoblot of Nav1.4
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molecular weights of the top band are listed at the bottom of each lane.
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No one prior to our recent study, questioned whether O-glycans at-
tached to hERG also contribute to channel gating. We compared hERG
channel gating as expressed in Pro5, Lec2, and Lec1 CHO cells lines,
and showed that hERG channels gated similarly in the two sialic acid
deficient cells lines (Lec2 and Lec1) compared to the fully sialylating
cell line (Pro5). As described here, expression in the Lec2 cell line pre-
vents sialylation of both N- and O-glycans, while expression in Lec1
cells allows sialic acids to attach to O-, but not N-glycans. Because
hERG channels behaved similarly as expressed in both cell lines (unlike
here), we can conclude that any sialic acids attached to hERG channel
O-glycans do not contribute (measurably) to channel gating.

4.3. Nav1.4 gating can bemodulated by altering the level/types of substrates
of N- and O-glycosylation

In addition to the novel finding that both N- and O-glycans contrib-
ute to Nav1.4 gating, this is the first report to show that VGIC gating can
be modulated by simply adding specific and different sugar residues to
the culture medium of a mutant CHO cell line. Specifically, we showed
in the LdLD cell line, that by adding galactose sugars to the culture
medium, all measured voltage-dependent gating parameters for
Nav1.4 shifted to more hyperpolarized potentials compared to those
measured under conditions with no galactose sugars added (Figs. 2, 3,
7 and Table 1). When N-acetylgalactosamine and galactose were
added to the culture medium, Nav1.4 SSA gating shifted to even more
hyperpolarized potentials (by ~17 mV) compared to SSA gating in the
absence of galactose sugars. These data suggest that simply by altering
the availability of certain sugar substrates that are used in the glycosyl-
ation process, Nav gating can be modulated, at least under conditions of
genetically reduced glycosylation (for e.g., in individuals with Congeni-
tal Disorders of Glycosylation — see below). Apparently, because the
voltage-dependentmechanisms of Nav1.4 are finely tuned, verymodest
Table 3
Themean ± SEMapparentmolecularweights (MW) following glycosidase treatment(s) (in
kD; n = 4–11). Significance (p b 0.05)was tested comparingMWmeasuredwith full glyco-
sylation to theMWmeasured under each conditionof reducedglycosylation (*), and theMW
measured under non-sialylating conditions to theMWmeasured following removal of O- or
N-glycans or both (#). The right column lists the average shift in MWmeasured following
glycosidase treatment.

Condition
Nav1.4

n MW
(kD)

ΔMW
(kD from control)

Full Glycosylation 11 249 ± 1.9 N/A
Sialidase treated (SA-) 11 236 ± 2.5⁎ 13
O-Glycanase treated (O-) 11 212 ± 2.5⁎,# 37
N-Glycanase treated (N-) 7 207 ± 3.7⁎,# 42
N- and O-Glycanase treated (N-/O-) 4 198 ± 1.9⁎,# 51
changes in the amount/type of sugars that are attached to the channel
can directly modulate channel gating and activity.

The Nav window current, which is the region under the overlapping
portions of the G–V and SSI curves, indicates the range of voltages and
the extent to which Nav are constitutively active. Any changes in Nav
window current would likely lead to altered channel activity that
would modulate the overall electrical activity of a cell by impacting
such parameters as threshold potential, action potential duration, etc.
In Fig. 7, note how the voltage ranges of the peak window currents
under conditions that allow sialic acids to be attached to either N- or
O-glycans, are shifted to more depolarized potentials compared to the
window current for Nav functioning under fully glycosylating condi-
tions. Further, under conditions of no channel sialylation, the window
current is further shifted to the right, suggesting that sialic acids at-
tached to each glycan type contribute to thewindow current and there-
by to the constitutive activity of Nav and the overall excitability of a cell.

4.4. Physiological and pathophysiological implications

We previously showed that developmentally regulated changes in
Nav glycosylation and specifically in Nav sialylation, account fully for
the differences in Nav gating among cardiomyocyte types [36]. We
went on to show that the cardiac glycome varies between atria and
ventricles, and changes differentially during development of each cardi-
ac chamber [35]. Our data also illustrated that the regulated expression
of a single glycogene, the polysialyltransferase ST8Sia2, which in the
mouse, is only expressed in the neonatal atria, was sufficient to modu-
late cardiomyocyte excitability [35]. That is, AP waveforms and gating
of less sialylated Nav were altered consistently in neonatal atrial
myocytes but not in ventricular myocytes, when the ST8Sia2 gene was
deleted.

There are a number of pathological states of reduced glycoprotein
glycosylation, including a large family of congenital disorders of glyco-
sylation (CDG) that contain approximately 40 different types resulting
in multi-system effects and high infant mortality [48–62]. CDG, which
are characterized by the glycogene that is mutated, cause variable but
relatively modest reductions in glycoprotein N- or O-glycosylation,
with reduced glycoprotein sialylation common to nearly all CDG.
Those who suffer from CDG often present with severe cardiac and
neuromuscular deficits, with the mechanisms responsible not fully un-
derstood. In a recent study, we began to question how the reduced
sialylation that occurs in CDG patients might impact cardiac function.
Thus, we showed that gene deletion of a single sialyltransferase that is
uniformly expressed in the heart throughout development, ST3Gal4,
was sufficient to reduce Nav sialylation thereby resulting in modulated
Nav gating and reduced cardiomyocyte and epicardial refractory periods
such that cardiomyocyte and ventricular conduction in the ST3Gal4−/−

animals were compromised, resulting in increased susceptibility to
arrhythmias [34].

While this previous report focused on cardiac sialylation and its
regulation as well as the pathophysiology associated with reduced, ab-
errant cardiac sialylation, there is little question that the skeletalmuscle
and neuronal glycomes are regulated as well [16]. Dietary and environ-
mental factors such as alcohol abuse, obesity, smoking, and diabeteswere
also shown to contribute to altered glycosylation, suggesting that meta-
bolic and/or environmental factors can contribute to glycosylation-
induced pathologies [63]. With regulated and aberrant glycosylation,
Nav gating would likely be modulated, at least with respect to changes
in channel sialylation. Thus, potential therapies could be developed
exploiting the apparent susceptibility of Nav to altered glycosylation
such that any genetic and/or environmental factors that contribute to
aberrant Nav gating might be overcome, or at least attenuated, through
therapies designed to alter Nav glycosylation and thereby “return” Nav
gating back toward physiologic activity.

In our previous Nav studies, we did not question whether sialic acid
residues attached to N- versus O-glycans were both impacted and
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Fig. 7.Nav1.4window current is shifted tomore depolarized potentials under conditions of reduced levels of sialic acids attached to N- and/or O-glycans. A: Larger scale of the overlapping
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thereby altered Nav gating [34–36]. Interestingly, the data shown here
bolster the need to understand specifically the impact of N- versus
O-glycosylation on Nav gating, and how N- versus O-glycosylation
changes physiologically and with disease. For example, because CDG
typically affect either N- or O-glycosylation (both, in a few cases), the
impact of CDG on Nav gating and excitability would likely be dependent
on the extent to which the CDG type limits sialylation of N- or
O-glycans. Thus, our data here provide additional insight into amodula-
tory role for sialic acids attached to Nav N- and O-glycans, and under-
score the need of future studies to consider and characterize potential
differential regulation and roles for sialic acid residues attached to N-
versus O-glycans.

4.5. Summary and conclusions

Here we show for the first time that sialic acid residues attached to
N- and O-glycans localized to the Nav1.4 D1S5–S6 linker contribute to
Nav gating through electrostatic mechanisms. The relative contribution
of sialic acids attached toN- versus O-glycans to the voltage dependence
of Nav1.4 gating was similar. Specifically, conditions that allow sialic
acids to be attached to N- but not O-glycans or O- but not N-glycans,
each produced intermediate shifts in voltage-dependent gating param-
eters compared to the shifts observed when sialylation was completely
prevented. These data also indicated that there was no measurable im-
pact of sialolipids on Nav gating in this system. Immunoblot gel shift
analyses support the biophysical data, suggesting that the Nav1.4
D1S5–S6 linker has sialic acids attached to both N- and O-glycans.
Together, the data indicate that sialic acids attached to the Nav1.4
D1S5–S6 linker through N- and O-linkages contribute concurrently to
channel gating through electrostaticmechanisms. Future studies should
question the impact of both N- and O-glycans on VGIC gating and activ-
ity. In addition, as one questions how regulated and aberrant changes in
cardiac, skeletal muscle, and neuronal glycosylation impact VGIC activ-
ity and overall excitability, relative changes in N- and O-protein glyco-
sylation should be considered. Finally, these data suggest that Nav
gating can bemodulated by exposure to altered levels of sugar residues
that serve as substrates forN- andO-glycosylation, at least under certain
conditions of reduced glycosylation. If intracellular sugar substrate
levels are altered in disease states such as diabetes, the glycosylation
process would be affected, likely resulting in altered Nav sialylation
leading to modulated channel gating, AP waveforms and conduction.
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