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Abstract. The role of glycosylation on voltage-
dependent channel gating for the cloned human cardiac
sodium channel (hH1a) and the adult rat skeletal muscle
isoform (ml) was investigated in HEK293 cells tran-
siently transfected with either hH1a orml cDNA. The
contribution of sugar residues to channel gating was
examined in transfected cells pretreated with various
glycosidase and enzyme inhibitors to deglycosylate
channel proteins. Pretreating transfected cells with en-
zyme inhibitors castanospermine and swainsonine, or
exo-glycosidase neuroaminidase caused 7 to 9 mV de-
polarizing shifts ofV1/2 for steady-state activation of
hH1a, while deglycosylation with corresponding drugs
elicited about the same amount of depolarizing shifts (8
to 9 mV) of V1/2 for steady-state activation ofml. El-
evated concentrations of extracellular Mg2+ significantly
masked the castanospermine-elicited depolarizing shifts
of V1/2 for steady-state activation in both transfected
hH1a andml. For steady-state activation, deglycosyla-
tion induced depolarizing shifts ofV1/2 for hH1a (10.6 to
12 mV), but hyperpolarizing shifts forml (3.6 to 4.4
mV). Pretreatment with neuraminidase had no signifi-
cant effects on single-channel conductance, the mean
open time, and the open probability. These data suggest
that glycosylation differentially regulates Na channel
function in heart and skeletal muscle myocytes.
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Introduction

The voltage-gated sodium channel mediates the rapid
influx of sodium that occurs in most excitable tissues
during the rising phase of the action potential. This es-
tablishes cell excitability and maintains the conduction
properties in heart, skeletal muscle, and neuronal tis-
sues. Sodium channels are heavily glycosylated integral
membrane proteins (Barchi, Cohen & Murphy, 1980;
Miller, Agnew & Levinson, 1983). About 20–30% of
the molecular weight of the rat brain and skeletal muscle
sodium channels is carbohydrate (Messner & Catterall,
1985). However, only about 5% of the molecular mass
of the rat cardiac sodium channels is carbohydrate
(Cohen & Barchi, 1993). Of the carbohydrate residues
about half are sialic acid residues. The highest concen-
tration of consensus glycosylation sites of the sodium
channels are located in the S5–S6 linker of domain I
(Catterall, 1992, Gellens et al., 1992). It is unclear what the
physiological role of the sugar residues are for sodium
channel function, and if the difference in the degree of
glycosylation between the cardiac and noncardiac sodium
channel isoforms affects the channel gating differently.

The general role of the glycosylation of membrane
proteins is considered to be involved in the protein
folding, sorting and membrane targeting (West, 1986;
Bradshaw, McAlister-Henn & Douglas, 1988; Matter &
Mellman, 1994; Schelffele, Peranen & Simons, 1995).
Removal of sialic acid residues has acute, functional ef-
fects on Ca channels (Fermini & Nathan, 1991). How-
ever, whether sugar residues also affect the voltage-
dependent channel gating for different sodium channel
isoforms is still poorly understood. The large number of
charged sialic acid residues on sodium channels raises
the possibility that charged sugar residues may electro-
statically interact with the channel. Changes in externalCorrespondence to:J. Satin
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surface charges associated with the channel protein or
adjacent membrane lipids could influence the electric
field in the region of the channel voltage sensor and thus
elicit a shift of the voltage dependence of channel gating
(Hanck & Sheets, 1992; Hille, 1992). Multivalent cations
added to channels reconstituted in a neutral bilayer
shifted steady-state activation and inactivation voltage
dependencies consistent with charges on the channel pro-
tein itself (Worley et al., 1992). Since sialic acid resi-
dues are negatively charged at physiological pH, a cloud
of negative charges close to the sodium channel may be
capable of reducing the local potential drop sensed by the
voltage sensor of the channel. The result of such an ef-
fect is that a smaller depolarizing step is necessary for
opening a given fraction of channels (Hille, 1992).

Treatment of eel electroplax or rat skeletal muscle
sodium channels (ml) with neuraminidase to strip the
negatively charged sialic acid from outside of the chan-
nel protein caused a large depolarizing shift of steady-
state activation (Recio-Pinto et al., 1990; Bennett et al.,
1997). Because of the different levels of glycosylation
as well as the possibly structural differences of the chan-
nel proteins between human cardiac Na channel (hH1a)
and skeletal muscle sodium channels (ml), we explored
and compared the effects of decreasing sugar residues on
the voltage dependent channel gating in these two so-
dium channel isoforms.

In the present study, we pretreated the cloned car-
diac sodium channel (hH1a) and skeletal muscle isoform
(ml), each heterologously expressed in the same mam-
malian cell line, with glycosidase or enzyme inhibitors to
evaluate the contribution of sugar residues to the voltage
dependence of channel gating. Under our control condi-
tions, the cardiac channel in heterologous expression sys-
tems gate similarly to native cardiac preparations (Satin
et al., 1992). In parallel, theml current expressed in the
HEK293 cells gates similarly to that in native tissues
(Chahine et al., 1994; Wang, George & Bennett, 1996);
this is in contrast toml current expressed inXenopus
oocytes (Trimmer et al., 1989). We found that treat-
ments designed to remove, or prevent addition of sugar
residues had similar effects on steady-state voltage de-
pendence of activation for the cardiac or skeletal muscle
channels. To study the possible surface charge effect of
sugar residues, we evaluated the effects of deglycosyla-
tion with increased external magnesium (Mg2+). Mg2+

can alter the negative external surface potential mainly,
but not exclusively, by screening the fixed negative
charge (Hanck & Sheets, 1992). We found that degly-
cosylation of channel proteins with either glycosidase or
enzyme inhibitors caused similar depolarizing shifts of
the voltage dependence for steady-state activation of
both hH1a andml through removal of negative surface
charges, whereas removal of sugar residues induced
quite a different effect on the voltage dependence of

steady-state inactivation and the macroscopic inactiva-
tion kinetics in hH1a andml.

Materials and Methods

HETEROLOGOUSEXPRESSIONSYSTEM: TRANSIENT

TRANSFECTION OF HH1A OR ml CDNA IN

HEK293 CELLS

Transient transfection was used to express hH1a orml cDNA in
HEK293 cells, which is a transformed human cell line stably express-
ing a SV40 T-antigen. Previous data showed thatml sodium channels
expressed in mammalian CHO (Bennett et al., 1997) or HEK293 cells
(Ukomadu et al., 1992) were glycosylated as those in native tissues
(Gordon et al., 1988). Although the levels of glycosylation in heter-
ologously expressed channels are less than those from native prepara-
tions (Gordon et al., 1988; Cohen & Levitt, 1993; Elmer et al., 1985),
the robust expression level and native gating properties of sodium
channels expressed in mammalian cells indicate that full glycosylation
patterns are not necessary for functional sodium channels (Bennett et
al., 1997; Ukomadu et al., 1992). Therefore, we expressed hH1a and
ml in HEK293 cells in this study. The HEK293 cells were grown in
high-glucose (4.5 mg/ml) Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 2 mM L-glutamine, 10% fetal bovine
serum, and 5mg/ml of gentamicin (GIBCO) in a humid atmosphere
incubator (37°C) supplied with 5% CO2 and 95% O2. Transfection of
HEK293 cells grown to∼60% confluence on a 35 × 10-mm cell culture
dish with 2 mg of plasmid DNA encoding either hH1a orml with a
standard calcium phosphate method. To increase the probability for
identifying the expressed cells, 2mg of plasmid DNA encoding green
fluorescence protein (GFP) was cotransfected. For patch-clamping ex-
periments, the cells were used 48 to 72 hr post-transfection.

EXPRESSIONCONSTRUCTS OF HH1A AND ml

The full lengthml cDNA was ligated into the expression vector RBG4
at the EcoRI site (kindly provided by Dr. J. Kyle, University of Chi-
cago). A full length hH1a cDNA was also inserted into a mammalian
expression vector, and verified by restriction analysis. The full length
GFPS65T cDNA was ligated into the expression vector Pci (a gift from
Dr. T. McClintock, University of Kentucky), and the plasmid GFP was
then used to cotransfect the HEK293 cells.

DEGLYCOSYLATION OF SODIUM CHANNELS

To remove the sialic acid residues from the transfected sodium chan-
nels, the exoglycosidase neuraminidase type X (Sigma) was used to
pretreat the transfected cells at 0.15 U/ml (800 U per mg of protein) for
5 hr at 37°C before the recording. Castanospermine (Sigma) and
swainsonine (Sigma) inhibit the enzymes involved in the early and late
steps of N-linked glycosylation and thus prevent the addition of car-
bohydrates to channel protein. Castanospermine and swainsonine were
used to pretreat the transfected cells at the concentrations of 100mg/ml
(0.53 mM/L) and 500 ng/ml (0.29mM/L) respectively for 48 hr at 37°C
before the patch-clamp studies. Drugs were washed out immediately
prior to recording with solutions listed below.

ELECTROPHYSIOLOGICAL RECORDING

Solutions

For whole-cell recording, the bath solution contained (in mM): NaCl
120; KCl 5; CaCl2 0.1; MgCl2: 1.0; CsCl 15; Tetraethylammonium
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chloride (TEA): 10; Dextrose: 10; Hepes: 10, pH 7.4 with CsOH. The
pipette solution contained (in mM): NaCl 10; CsCl: 132; MgCl2: 1;
EGTA: 3; Hepes: 10, pH 7.38 with CsOH. For cell-attached recording,
the depolarizing bath solution contained (in mM): KCl 140; CaCl2;
MgCl2 1; EGTA: 10; Dextrose: 10; Hepes; 10 (pH4 7.4 with CsOH).
The pipette (extracellular) solution is (in mM): NaCl 140; CaCl2: 0.1;
MgCl2 1; Tetraethylammonium chloride (TEA): 10; Hepes: 10, pH 7.4
with CsOH.

Voltage-Clamp Methods

Patch electrodes were made from borosilicate glass (Warner Instru-
ment) and coated with Sylgard (Dow-Corning, Midland, MI) to mini-
mize the capacitance of electrodes. A Model P-97 micropipette puller
(Sutter Instrument) was used to pull the electrodes. Macroscopic so-
dium currents from cells transiently transfected with ether hH1a orml
were recorded using the whole-cell configuration of the patch-clamp
technique. The electrodes filled with intracellular solution have resis-
tances ranging from 1.5 to 2.0MV. Voltage command pulses are gen-
erated by a microcomputer using pCLAMP software (v 6.03, Axon
Instruments, Foster City, CA). Recorded currents were filtered at 10
kHz (−3 dB). An Axopatch 200 patch-clamp amplifier was used with
series resistance compensation to about 80%. Single-channel record-
ing was performed using the cell-attached patch-clamp configuration.
The electrodes for cell-attached patch recordings had resistance in bath
solution of about 2.0MV. The data for single channel recording were
filtered at 2.0 kHz (−3 dB). The leak and capacitive current were
subtracted from the raw data either using the P/4 protocol for whole cell
recordings or by subtracting averages of traces without channel activity
for single channel recordings.

A 1 to 1.5 mV time-dependent, hyperpolarizing shifts of the
voltage dependence of steady-state activation and inactivation was ob-
served, every 10 minutes during 1 hr of whole-cell recording forml and
hH1a (data not shown), consistent with previous reports (Chahine et al.,
1996). The protocols used in this study utilized a uniform period of
recording time between 2 to 10 min, therefore time-dependent shift on
average were less than 2 mV. To further minimize this time-dependent
shift of the voltage dependence of steady-state activation and inactiva-
tion, sodium currents from control and drug-pretreated cells were uni-
formly recorded 10 min after breaking the seal, the period which shows
the largest shift after breaking the membrane.

Voltage protocols used for steady-state activation and inactiva-
tion of whole-cell recording and single channel recording are described
in detail in the figure legends. Whole-cell peak current from both
channel isoforms ranged from 0.8 to 3.5 nA (INa, hH1a4 1.86 ± 0.24,
n 4 9; INa, ml 4 1.89 ± 0.21,n 4 17); larger whole-cell currents were
discarded. For whole-cell recording, the following criteria were used
as a measure of adequate voltage control: (i) the mean slope for steady-
state activation of hH1a andml transfected in control HEK293 cells
were 6.16 ± 0.40 (n 4 9) and 6.23 ± 0.14 (n 4 17), and any recording
with a slope smaller than 5.5 was discarded; (ii) the time to peak current
for the test pulse of steady-state inactivation must be the same; and (iii)
small cells, with no processes, and with round or spindle-liked shapes
were used. Effects of series resistance on the membrane potential were
minimized by limiting analysis to those recordings in which uncom-
pensated series resistance contributed less than a 1.5 mV error. The
maximum series resistance (Rs) is 0.4 MV and the maximum voltage
error (Verror) is 1.4 mV. No corrections were made for liquid junction
potentials. The standard holding potential for all of the pulse protocols
was −120 mV. Experiments were carried out at room temperature
(22–25°C).

DATA ANALYSIS

Patch-clamp data were analyzed using a combination of pCLAMP
software (Axon Instruments), Origin (MicrocalTM Software) and a cus-
tom program written and supplied by David Piper (Webfoot software,
University of Utah, Salt Lake City). For statistical analysis of the data,
student’s unpairedt-test or one-way ANOVA together with post-hoc
test were used. AllP values were significant at 0.05 level or better.
Data are presented as mean ±SEM.

Results

STEADY-STATE ACTIVATION AND INACTIVATION OF HH1A

AND ml EXPRESSED INCONTROL HEK293 CELLS

In identical mammalian expression systems under iden-
tical conditions the voltage dependence of steady-state
activation and inactivation is shifted in the hyperpolar-
ized direction for the cardiac Na channel (hH1a) relative
to the adult skeletal muscle channel (ml). Figure 1A
shows the current traces for hH1a andml heterologously
expressed in control HEK293 cells. The current-voltage
relationships of control hH1a andml are shown in Fig.
1B. hH1a starts to activate around −75 mV, in contrast
ml starts to activate at about −50 mV. The mean peak
currents for hH1a andml were 1.86 ± 0.24 (n 4 9) and
1.89 ± 0.21 (n 4 17). The values of midpoint voltage
(V1/2) and slope for steady-state activation of either hH1a
or ml were obtained from fitting the conductance-voltage
curve with the Boltzmann equation. TheV1/2 and slope
for steady-state activation of hH1a are −47.8 ± 1.3 mV
and 6.2 ± 0.4 (n 4 9), and forml are −28.3 ± 0.9 mV and
6.2 ± 0.2 (n 4 17), respectively. For steady-state inac-
tivation of hH1a andml transfected in control HEK293
cells (Fig. 2), the data for midpoint voltage (V1/2) and
slope in both channel isoforms were obtained from Bolt-
zmann fits of steady-state inactivation curves. TheV1/2

and slope for steady-state inactivation of hH1a are −92.4
± 2.4 mV and 6.1 ± 0.3 (n 4 9), and −70.7 ± 0.8 mV and
6.2 ± 0.3 (n 4 17) for ml. These values forV1/2 and
slope for steady-state activation and inactivation of con-
trol hH1a andml are similar to previous data (Chahine et
al., 1996; Satin et al., 1992; Wang, George & Bennett,
1996). TheV1/2 values for both steady-state activation
and inactivation of control hH1a from this study were
shifted in the hyperpolarizing direction by about 20 mV
relative to those ofml.

DEGLYCOSYLATION OF SODIUM CHANNELS WITH EITHER

GLYCOSIDASE OR ENZYME INHIBITOR CAUSES

DEPOLARIZING SHIFTS OF STEADY-STATE ACTIVATION

FOR BOTH HH1A AND ml

To test whether sialic acid residues affect the voltage
dependence of channel gating, we pretreated cells with
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the exoglycosidase neuraminidase to remove sialic acid, or
with castanospermine and swainsonine to prevent the ad-
dition of sugar residues to either hH1a orml sodium chan-
nels. Removal of negatively charged sugar residues on the
extracellular face of sodium channels by deglycosylation
reduces the surface potential. If the voltage sensor is influ-
enced by the electric field created by sugar residues we
should observe a depolarizing shift for the voltage depen-
dence of channel activation following deglycosylation. In
hH1a transfected cells, the steady-state activation curves for
control, castanospermine, swainsonine, and neuraminidase-

pretreated groups are shown in Fig. 3A. The meanV1/2

values and slopes obtained from Boltzmann fits of steady-
state activation data are indicated in the Table. Castano-
spermine, swainsonine, and neuraminidase pretreatment
caused a significant depolarizing shift ofV1/2 for steady-
state activation of hH1a from −47.8 ± 1.3 mV (n 4 9) of
control to −40.9 ± 0.8 (n 4 8), −40.0 ± 0.6 (n 4 8) and
−39.0 ± 0.5 (n 4 6) mV, respectively, aDV ranging from
7 to 9 mV (Table). However, pretreatment with these en-
zynmes did not cause a significant change in the slope of
steady-state activation for hH1a (Table).

Fig. 1. (A) Steady-state activation of hH1a andml transfected in HEK293 cells under control condition. Left: hH1a. Right:ml. Currents were elicited
by a 40-msec depolarizing pulse to potentials ranging from −85 to +65 mV for hH1a and from −75 to +65 mV forml in 5 mV intervals from the
−120 mV holding potential. The interpulse interval was 1.5 sec. (B) Whole-cell current-voltage relationship for hH1a andml. The I-V curves were
constructed by plotting the peak currents shown in Fig. 1A against the membrane potentials. Open circle: hH1a. Solid square:ml. (C) Steady-state
conductance (G) −voltage (V) relationship of hH1a andml. Square:ml. Circle: hH1a. The steady-stateG-V data were transformed fromI-V data in
Fig. 1B based on the equationG 4 I/(V-Vrev), whereG is conductance andVrev is reversal potential. The solid and dotted curves are fits of the data
to the Boltzmann equation of the form:G/Gmax 4 1/(1 + exp(V1/2 − V)/k), whereGmax is maximum conductance,V1/2 is midpoint voltage, andk
is the slope. TheV1/2 and slope from Boltzmann fits of pooled steady-state activation of hH1a andml are shown in Table.
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Similar to hH1a, Fig. 3B shows the steady-state acti-
vation curves for control, and various drug-pretreatedml.
The pooled values ofV1/2 and slope for steady-state acti-
vation of control and deglycosylatedml acquired from Bolt-
zmann fits are indicated in the Table. Pretreatment with
castanospermine, swainsonine, or neuraminidase caused a
depolarizing shift ofV1/2 for steady-state activation ofml
ranging from 7.6 to 9.0 mV (Table). In contrast to the
effect of deglycosylation on the slope of the steady-state
activation of hH1a, deglycosylation ofml with different

drug treatments induced a significant reduction of the steep-
ness of steady-state activation, reflected as the increase in
the slope values of steady-state activation (Table).

HIGH EXTERNAL DIVALENT CATION CONCENTRATION

MASKS THE DEGLYCOSYLATION-INDUCED DEPOLARIZING

SHIFT FOR STEADY-STATE ACTIVATION

Increased extracellular concentration of divalent cations
(e.g., Ca2+ and Mg2+, etc.) elicits a depolarizing shift of

Fig. 2. Voltage dependence of sodium channel
availability (steady-state inactivation) for hH1a
andml transfected in HEK293 cells under control
condition. (A and B) Current traces of steady-state
inactivation of hH1a andml. The steady-state
inactivation was obtained using a double pulse
protocol from holding potential of −120 mV. The
membrane potential was changed to the level
displayed on the abscissa for a period of 500
msec. Subsequently, the membrane potential was
stepped to −20 mV for 40 msec; the interpulse
time was 10 sec. (C) Steady-state inactivation
curves of hH1a andml. Open circle: hH1a. Open
triangle:ml. The dotted and solid lines through
data points are fits of the data to single Boltzmann
distributions,I/Imax 4 {1 + exp(V − V1/2)/k} −1.
The V1/2 and slope for Boltzmann fits of pooled
steady-state inactivation data are shown in the
Table.

Table. Comparison of the steady-state parameters for hH1a andml transfected in HEK293 cell

Cells No. of cells Steady-state activation Steady-state inactivation

V1/2 (mV) Slope (mV) V1/2 (mV) Slope (mV)

Control hH1a 9 −47.8 ± 1.3 6.2 ± 0.4 −92.4 ± 2.0 6.1 ± 0.3
Castanospermine-treated hH1a 8 −40.9 ± 0.8*** 6.3 ± 0.1 −81.8 ± 0.7** 6.4 ± 0.3
Swainsonine-treated hH1a 8 −40.0 ± 0.6*** 6.2 ± 0.2 −81.2 ± 0.5*** 6.3 ± 0.3
Neuraminidase-treated hH1a 6 −39.0 ± 0.5*** 6.0 ± 0.2 −80.4 ± 1.7** 6.1 ± 0.4

Control ml 17 −28.3 ± 0.9 6.2 ± 0.2 −70.7 ± 0.8 6.2 ± 0.3
Castanospermine-treatedml 11 −19.4 ± 0.8*** 7.6 ± 0.2*** −74.3 ± 1.1** 6.3 ± 0.2
Swainsonine-treatedml 9 −19.5 ± 0.9*** 7.1 ± 0.2** −75.1 ± 1.7* 6.3 ± 0.3
Neuraminidase-treatedml 7 −20.7 ± 1.4*** 7.5 ± 0.4*** −74.9 ± 1.6* 6.3 ± 0.4

Values are the Mean ±SEM of the parameters described for each group. Groups pretreated with different glycosidases were compared with the control
group for corresponding sodium channel isoform to test significance as follows: ***P < 0.001; ** P < 0.01; *P < 0.05.
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the voltage dependence for steady-state activation of so-
dium channels mainly by screening or binding to the
negatively charged sites on the extracellular side of the
channel (Hille, Woodhull & Shapiro, 1975; Århem,
1980; Gilly & Armstrong, 1982; Neumcke & Stampfli,
1984; Sheets & Hanck, 1992). Therefore, if the degly-
cosylation-induced depolarizing shift of the voltage de-
pendence of steady-state activation for either hH1a orml
is due to removal of negative surface charge, addition of
an external divalent cation to the recording bath should
mask the shifting effects caused by enzymatic deglyco-
sylation. The increased external Mg2+ should titrate all
the remaining negative surface charge, by binding and/or
screening charges (including charged sugar residues).
Mg2+ in contrast to Ca2+, mainly causes screening ef-
fects, though not exclusively, in the concentration range

used (Nilius, 1988; Hille, 1992; Sheets & Hanck, 1992).
Figure 4 demonstrates that high external Mg2+ concen-
tration (10 to 30 mM) significantly masked the castano-
spermine-induced depolarizing shifts of the midpoint
voltage (V1/2) for steady-state activation of both hH1a
(Fig. 4A) andml (Fig. 4B). Also, the sensitivity of chan-
nel activation to magnesium shift was shown to be re-
duced in deglycosylated hH1a orml. The fact that high
Mg2+ shifted theV1/2 of activation of both control and
deglycosylated hH1a andml suggests the existence of
two types of surface charges on the channels, one due to
the negatively charged sugar residues, the other that is
influenced by Mg2+ but not by castanospermine. Never-
theless, the results from Fig. 4 suggest that channel as-
sociated sialic acid residues are sites of magnesium
screening or binding, and the effect of deglycosylation

Fig. 3. Deglycosylation with enzyme inhibitors or
glycosidase affects the steady-state activation of
hH1a andml transfected in HEK293 cells.
Steady-stateG-V curves shown inA andB are fits
of the data to the Boltzmann equation:g/gmax 4

1/(1 + exp(V1/2 − V)/k)). The values ofV1/2 and
slope from Boltzmann fits of steady-state
activation of pooled control and deglycosylated
hH1a orml are indicated in the Table. (A)
Deglycosylation caused the depolarizing shift of
steady-state activation of hH1a. Solid square:
control hH1a. Solid circle:
castanospermine-pretreated (100mg/ml) hH1a.
Solid up triangle: swainsonine-pretreated (500
ng/ml) hH1a. Solid down triangle:
neuraminidase-pretreated (0.15 U/ml) hH1a. (B)
Deglycosylation induces a depolarizing shift of
steady-state activation ofml. Solid square: control
ml. Solid circle: castanospermine-treated (100
mg/ml) ml. Open up triangle: swainsonine-treated
(500 ng/ml)ml. Open down triangle:
neuraminidase-treated (0.15 U/ml)ml.
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on shifting the voltage dependence of steady-state acti-
vation of sodium channels is due to the removal of the
negative surface charge contributed by sugar residues.

REMOVAL OF SUGAR RESIDUES OFSODIUM CHANNELS

CAUSES DIFFERENT EFFECTS ONSTEADY-STATE

INACTIVATION OF HH1A AND ml

The effect of sugar residues on steady-state inactivation
of either hH1a orml was also determined because the
inactivation process is coupled to activation (Armstrong
& Bezanilla, 1977; Aldrich, Corey & Stevens, 1983), and
to test whether an external field created by sugar residues
influences inactivation. Figure 5A andB are the steady-
state inactivation curves for hH1a andml in both control
and deglycosylated-groups. Pretreatment of cells with
castanospermine, swainsonine and exoglycosidase neur-
aminidase elicited about a 10.6 to 12 mV depolarizing
shift of midpoint voltage (V1/2) in hH1a transfected

groups (Table). However, deglycosylation with corre-
sponding drug pretreatment induced a small (DV 4 3.6
to 4.4 mV), but statistically significant hyperpolarizing
shift of V1/2 for ml transfected cells (Table). Deglyco-
sylation of sodium channels with glycosidase and en-
zyme inhibitors had no significant effects on the slope
for steady-state inactivation of either hH1a orml (see
Table).

The time course of decay of macroscopic current
following a depolarization is governed largely by the
inactivation process for large depolarizations, and is in-
fluenced by the slow kinetics of activation for smaller
depolarizations (Aldrich, Corey & Stevens, 1983). We
predict that deglycosylation will therefore shift thetdecay

of macroscopic current for small depolarizations, via the
same charge screening as for activation, but will have no
effect for large depolarizations unless inactivation is also
affected by glycosylation. hH1a required a bi-exponential
fit, as expected for a cardiac Na channel (Fig. 6). In general
the fast rate of macroscopic decay was more than two-
thirds of the total amplitude. The slow time constant was
unaffected by neuraminidase (Fig. 6A). In contrast, neur-
aminidase caused a +10 mV shift oftfast,hH1a-voltage curve,
as well as a slowing of decay kinetics, for hH1a for poten-
tials less than −20 mV (Fig. 6B). Similarly, neuraminidase
also caused about a +10 mV translation of the tau (V) curve
and/or slowing of time constants forml for potentials nega-
tive to −20 mV. However, neuraminidase has no effect on
hH1a positive to −20 (Fig. 6B), while for ml there is some
slowing of inactivation in this depolarized range (Fig. 6C).

GLYCOSIDASE EXERTS NO SIGNIFICANT EFFECTS ON

SINGLE-CHANNEL CONDUCTANCE, MEAN OPEN TIME

AND OPEN PROBABILITY

Recio-Pinto et al. (1990) reported that neuraminidase
treatment elicited an increase in the frequency of revers-
ible transitions to subconductance states of electroplax
sodium channels in planar lipid bilayer. This suggests
that removal of negatively charged sugar residues on
sodium channels may cause discrete conformational
changes in the channel protein, and such an instability of
protein structure might affect the conductance or gating
behavior at the single channel level. Therefore, we in-
vestigated the possible effects of neuraminidase pretreat-
ment on the single-channel properties including the con-
ductance, the mean open time, and the open probability
of ml. Figure 7A shows that neuraminidase pretreatment
did not significantly change the single channel conduc-
tance ofml, from 26.1 pS in control to 27.0 pS in neur-
aminidase-pretreated groups. Similarly, neuraminidase-
pretreatedml and controlml demonstrated the same mean
open times at test potentials of −60, −40, −20, or 0 mV

Fig. 4. High extracellular Mg2+ concentration diminishes the castano-
spermine-induced shifts of the midpoint voltage (V1/2) for steady-state
activation of both hH1a andml. The V1/2 for steady-state activation of
either hH1a (A) or ml (B) is plotted as a function of extracellular Mg2+

concentration. Open triangle: control. Solid square: castanospermine
(100 mg/ml)–pretreated. **P < 0.001vs. control with corresponding
extracellular Mg2+ concentration. All data are mean ±SEM.

201Y. Zhang et al.: Sugars Modify Cardiac Na Channels



(Fig. 7B). The nPo histories from patches of controlml
and neuraminidase-pretreatedml (Fig. 7C) indicate that
neuraminidase treatment did not exert a significant
change in the single channel open probability (Po). In
addition, the similar shapes of cumulativenPo from con-
trol and neuraminidase-pretreatedml (Fig. 7D) suggest
that neuraminidase did not induce alternative gating
modes. In summary, these data suggest that removal of
sugar residues onml sodium channels has no effect on
conductance or permeation properties and does not cause
a global disruption of channel conformation.

Discussion

In this study, we transfected cloned human cardiac
(hH1a) and rat skeletal muscle (ml) sodium channels into
a mammalian cell line to evaluate the effects of sugar
residues on voltage-dependent channel gating. Despite

the large difference in overall glycosylation of cardiac
vs. skeletal muscle Na channels, removal, or impairment
of addition of the sugar residues have similar acute ef-
fects on most biophysical properties of cardiac and skel-
etal muscle sodium channels. Our results show that: (i)
deglycosylation with either glycosidase or enzyme in-
hibitor causes a similar, significant depolarizing shift of
steady-state activation for both hH1a andml; (ii) the
effect of deglycosylation on steady-state activation of the
sodium channel is consistent with a surface charge
screening mechanism, alternatively, may be due to elec-
trostatic interaction with a Mg2+ binding site; (iii) re-
moval of sugar resides induced different effects on
steady-state inactivation for hH1a andml. Deglycosyla-
tion elicted a significant depolarizing shift of steady-state
inactivation for hH1a transfected cells, while there was a
small but significant hyperpolarizing shift of steady-state
inactivation inml transfected cells. Neuraminidase also
slowed the voltage-independent macroscopic inac-

Fig. 5. Removal of sugar residues with
glycosidase and enzyme inhibitors causes different
effects on steady-state inactivation of hH1a and
ml. Steady-state inactivation curves inA andB are
fits of the data to single Boltzmann distributions
as described in Fig. 2. The values ofV1/2 and
slope from Boltzmann fits of steady-state
inactivation of pooled control and deglycosylated
hH1a orml are shown in the Table. (A)
Deglycosylation causes a depolarizing shift of
steady-state inactivation of hH1a. Circle: control
hH1a. Up triangle: castanospermine (100
mg/ml)-pretreated hH1a. Down triangle:
swainsonine (500 ng/ml)-pretreated hH1a.
Diamond: neuraminidase (0.15 U/ml)-pretreated
hH1a. (B) Deglycosylation elicits the
hyperpolarizing shift of steady-state inactivation of
ml.
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tivation for ml, but not for hH1a; and (iv) neuraminidase
had no significant effect on the single channel conduc-
tance, the mean open time, and the open probability.
In summary, we propose that the major functional effect
of sugar residues is to provide surface potential for ac-
tivation for all Na channel isoforms. However, isoform-
specific interactions exist between sugar residues and
inactivation gating.

We show that deglycosylation of both cardiac and
skeletal muscle sodium channels with either enzyme in-
hibitors or glycosidase caused significant depolarizing
shifts of midpoint voltage for steady-state activation.

Castanospermine and swainsonine inhibit two spe-
cific oligosaccharide-processing enzymes which act at
early and late steps, respectively, in the processing path-
way of N-linked glycosylation. Specifically, castano-
spermine inhibits glucosidases I and II of the endoplas-
mic reticulum (Tulsiani & Touster, 1983), and swainso-
nine inhibits mannosidase II of Golgi (Tulsiani &
Touster, 1985). The manipulation with these two en-
zyme inhibitors interrupts the pathway that leads to fur-
ther processing, including the sialylation of N-linked oli-
gosaccharide chains.

Castanospermine prevents incorporation of approxi-
mately 81% of the sialic acid of native rat brain sodium
channel II (Schmidt & Catterall, 1987). The exoglyco-
sidase neuraminidase was also used to specifically re-
move negatively charged sialic acid residues (James &
Agnew, 1987). In the present study, either the castano-
spermin and swainsonine, or the neuraminidase pretreat-
ment elicited comparable 7 to 9 mV depolarizing shifts
of the steady-state activation curve for hH1a andml,
respectively. The consistent effects of different treat-
ments on shifting the voltage dependences of activation
curves suggest that various drugs used modified channels
through the same mechanism. One possibility for such a
common effect is that all these agents act by uniformly
desialylating the transfected sodium channels.

SUGAR RESIDUES AFFECT THE VOLTAGE DEPENDENCE OF

CHANNEL ACTIVATION THROUGH A SURFACE

CHARGE MECHANISM

We tested the hypothesis that negative surface charge
contributes to the deglycosylation-induced depolarizing
shift of voltage dependent activation. Although there
may be more than a single mechanism underlying the
effects of deglycosylation on the depolarizing shift of
channel activation for both sodium channel isoforms
studied, our data support a major role for a surface
charge mechanism by sugar residues. Surface charge
screening or binding is manifested as a shift of the volt-
age-dependent activation curve (Frankenhaeuser &
Hodgkin, 1957). Briefly, an external field established by
charges near the voltage sensor will bias the voltage
sensed by the voltage sensor (reviewed by Hille,
Woodhull & Shapiro, 1975). Our data show a significant
shift of activation midpoint that can be masked by high
concentrations of external divalent cations (Mg2+). Also,
removal of charged sugar residues reduced the sensitivity
of channel activation to magnesium shifts. We suggest
that sugar residues provide such a cloud of negative sur-
face charge. Deglycosylation reduces the bias voltage by
removing negatively charged sugar residues. Implicit in
this argument is the assumption that the voltage-sensing
domains are biased by the potential drop from the sugars.

Fig. 6. Neuraminidase shifts voltage dependence of current decay and
has isoform-specific effects on voltage-independent macroscopic inac-
tivation. hH1a required a bi-exponential function; in contrast,ml was
well fitted by a single exponential. (A) Slow time constant of hH1a is
unaffected by neuraminidase. (B) Neuraminidase shiftstfast(V) of hH1a
current, but has no effect on voltage-independent phase (>−20 mV). (C)
Neuraminidase shiftst(V) of ml current about 10 mV, and also slows
the voltage-independent macroscopic inactivation.
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Structure-function studies have shown that the S4 (fourth
transmembranea-helical segment) is largely responsible
for voltage sensing (Stu¨hmer et al., 1989; Yang & Horn,
1995). The outer charges of S4 are predicted to move
out of the membrane upon activation (Mitrovic, George
& Horn, 1998). We speculate that such an S4 movement

may move S4 charges through the electric field created
by sugar residues. In conditions of high divalent cation
concentration the negative charges are screened or bound
so that there is no apparent effect of sugars. At physi-
ological cation concentrations, however, sugar residues
electrostatically influence voltage sensing.

Fig. 7.
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COMPARISON OFEFFECTS OFSUGAR RESIDUES ON THE

VOLTAGE DEPENDENCE FORHEART COMPARED TO

SKELETAL MUSCLE CHANNELS: ISOFORM SPECIFIC

EFFECTS ONINACTIVATION

The absolute depolarizing shift of steady-state activa-
tion V1/2 elicited by deglycosylation is almost the same
for ml as that for hH1a.A priori we expected a greater
effect of deglycosylation on steady-state activation for
ml because biochemical studies showed that the cardiac
sodium channel carries less carbohydrates compared to
noncardiac isoforms (Cohen & Barchi, 1993). Sugar
residues account for about 5% of the weight of cardiac
sodium channel (Cohen & Barchi, 1993) but almost
20–30% of the mass of noncardiac sodium channel iso-
forms (Messner & Catterall, 1985). Thus, isoform-
specific differences in the physical relationship between
sugar residues and the channel structure, which helps to
sense the change in the electrical field elicited by degly-
cosylation, may explain the same degree ofV1/2 shift for
activation of ml and hH1a pretreated with glycosidase
and enzyme inhibitors.

In contrast to steady-state activation, the response to
deglycosylation of steady-state inactivation was dramati-
cally different for heart compared to the skeletal muscle
channel. As expected from a reduction of negative sur-
face potential the cardiac inactivation curve was shifted
11 mV positive, similar to the shift of the activation
curve. Similarly, the approximate +10 mV shift of the
macroscopic decay time constant as a function of voltage
is consistent with negatively charged sugar residues con-
stituting part of the total surface charge. The only as-
sumption is that the effect of reduced surface potential on
activation is translated to the measured channel avail-
ability via the well-established activation-inactivation
charge coupling (Maltsev & Undrovinas, 1997). In con-
trast, the effects of sugar residues onml were more com-
plex. The skeletal muscle channel inactivation curve
was slightly but significantly shifted about 4 mV in the
opposite direction from the activation curve. This hyper-
polarizing shift of the voltage dependence of inactivation

for ml cannot be explained by a direct electrostatic effect
via removal of the negative external surface potential.
In distinction to the cardiac Na channel, the voltage in-
dependent slowing of macroscopic inactivation ofml
suggests that neuraminidase has a direct effect on skel-
etal muscle Na channel inactivation.

Our study is the first to compare the contribution of
sugar residues to gating of two different sodium channel
isoforms expressed in the identical cell line. In a previ-
ous study ofml, deglycosylation by neuraminidase had
no effect on the inactivation midpoint. In contrast, ex-
pression ofml in a sialylation defective cell resulted in a
small depolarizing shift of inactivation. In our study,
three different treatments had the same effects on each
isoform tested. Ourml results differ from Bennett et al.
(1997) for reasons that are unclear. Several differences
in detail between our studies may contribute to such a
difference including the composition of the intracellular
solution. We avoided CsF because we have noted an
erratic time-dependent shift of voltage dependencies in
contrast to F−-free internal solutions. Also, under control
conditions the slope factor for the activation curve forml
in our study (6.18 ± 0.27) was less steep than that in
Bennett et al. (5.68 ± 0.36). This margin constituted a
significant difference in the earlier study and may indi-
cate poorer voltage control. In any case, the isoform-
specific modulation of inactivation that we demonstrate
is intriguing and is consistent with fundamental differ-
ences in activation-inactivation coupling.

OTHER MECHANISMS POSSIBLY INVOLVED IN EFFECTS OF

SUGAR RESIDUES ONSODIUM CHANNEL GATING

Our data indicate that enzymatic deglycosylation ofml
with neuraminidase has no effect on single channel con-
ductance, appearance of subconductance states, or mean
open time. Furthermore, we found no evidence that ad-
ditional modes of channel gating are induced by degly-
cosylation. These data support the argument that degly-
cosylation does not alter conductance properties, nor
does it seem to globally change channel properties.

<

Fig. 7. Effects of neuraminidase on single channel kinetics ofml. (A) Single-channel current-voltage relationship forml. Open circle: controlml
(n 4 5). Solid square: neuraminidase (0.15 U/ml)-treatedml (n 4 5). Single channel openings were measured with depolarizing steps to different
membrane potentials indicated in Fig. 7A for hundreds of sweeps for each step from the holding potential of −120 mV. The duration for each
depolarizing step and the interpulse time between the sweeps were 40 msec and 1.5 sec. TheI-V curves are fits of single channel amplitudes under
different membrane potentials to linear least-squares. All data are mean ±SEM. (B) Effects of neuraminidase on mean open time (MOT) of single
channelml at different test potential. Solid: controlml (n 4 5). Open triangle: neuraminidase (0.15 U/ml)–treatedml (n 4 5). The open time
histograms under both control and neuraminidase-pretreated conditions were best fit with single exponential, resulting in MOTs (tau) at −60, −40,
−20, and 0 mV for both groups. Data are mean ±SEM. No significance was found for MOTs at each test potential between two groups. (C) nPo

histories from representative patches of controlml and neuraminidase-pretreatedml. Left panel: control. Right panel: neuraminidase (0.15 U/ml)-
treated. Single channel events were −1.39 pA and −1.33 pA, respectively. A maximum of three overlapping events were detected in 910 sweeps
for either control or neuraminidase-pretreated patch with depolarizing step to −20 mV. The test protocol was same as that described in Fig. 7A. (D)
CumulativenPo from representative patches of controlml and neuraminidase-pretreatedml. Triangle line: control. Circle line: neuraminidase (0.15
U/ml)-pretreated. The representative patches are corresponding to those indicated in Fig. 7C, and the test protocol was same as that described in
Fig. 7A.
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Removal of sugar residues reduces the steepness of
the slope for steady-state activation over the entire acti-
vation range (Table), as well as for the slope in the mod-
erate activating range of potentials (Fig. 3). This reduc-
tion in the steepness of slope of steady-state activation
reflects the intrinsic changes in the effective valence of
gating charges within a voltage sensor (Hille,
1992). However, the change in the slope for steady-state
activation is complex and although it is partially influ-
enced by gating charge movement, the steady-state acti-
vation slope is biased by the share of energy required for
conformational changes leading to ionic permeation, and
it may be also influenced by cooperative transitions of
gating structures (Schoppa et al., 1992; Sheets & Hanck,
1992).

The results from our study and from Bennett and
colleagues (1997) are in contrast to a previous study on
electroplax Na channels studied in lipid bilayers (Recio-
Pinto et al., 1990) where neuraminidase led to dispersion
of the activation curve and multiple sublevels. Although
on an evolutionary scale eel and mammals are far apart
we suggest that the discrepancy between our data and the
bilayer study stems from the use of batrachotoxin (BTX)
in their study. BTX causes persistent activation of a va-
riety of Na channels (Khodorov, 1985). BTX itself can
affect channel gating, including eliciting the multicon-
ductance states and change in the mean open time of
single sodium channels (Green, Weiss & Andersen,
1987; Tanguy & Yeh, 1988). Hence, we suggest that it is
difficult to sort out super-imposed BTX and glycosidase
induced modifications based on data from that lipid bi-
layer study. Our data support the hypothesis that sugar
residues may dynamically modulate Na current by pro-
viding an external potential drop.

Voltage sensing is a fundamental properties of all
voltage-gated ion channels. The potential physiological
importance of sugar residues on sodium channel gating
may be in its regulating the voltage dependence of chan-
nel activation and inactivation. Because of the steepness
of curves for steady-state activation and inactivation in
cardiac and skeletal muscle sodium channels, small shifts
of voltage dependence for activation and inactivation can
dramatically alter the fraction of channels available to
open, or alter the probability that a channel opens. We
conclude, that by creating an external potential drop
post-translationally added acidic sugar residues may
modulate Na channel function.

This work was supported by an American Heart Association National
Center Grant-in-Aid.
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