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*Original Article-

Deglycosylation altered the gating properties of rNav1.3:
glycosylation/deglycosylation homeostasis probably complicates the
functional regulation of voltage-gated sodium channel
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Abstract: Objective To examine the effect of deglycosylation on gating properties of rNav1.3. Methods rNavl.3 was
expressed in Xenopus oocyte, with glycosylation inhibition by using tunicamycin. Two-electrode voltage clamp was em-
ployed to record the whole-cell sodium current and data were analyzed by Origin software. Those of glycosylated rNav1.3
were kept as control. Results Compared with glycosylated ones, the steady-state activation curve of deglycosylated rNav1.3

was positively shifted by about 10 mV, while inactivation curve was negatively shifted by about 8 mV. Conclusion Glycosylation

altered the gating properties of rNav1.3 and contributed to the functional diversity.
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1 Introduction

It is well known that ion channels on the plasma mem-
brane play a critical role in neural signal transduction. In
actual fact, ion channels are subjected to posttranslational
modification such as glycosylation and thus regulating the
multiple functions!". But much less is known about oligo-
saccharide component than the channel protein since the
first voltage-gated sodium channel was cloned™. The main
difficulty may be the complexity of the structure of oligo-
saccharide® and lack of specific N-linked glycosylation in-
hibitors!*.

Glycosylation has been demonstrated to be crucial to
the function of ion channels. Inhibition of N-linked
glycosylation altered the voltage dependence of channel
gating of Kv1.1 and KvLQT/minK (/x), and the open prob-
ability of the renal outer medullary K" channel ROMK1
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(inward rectifier K* channel), as well as the pH sensitivity of
KvLQT/minK channels?®¢. N-linked glycosylation increases
the stability of Shaker potassium channels but is not the
acquisition of the native structure which is responsible for
faster trafficking of the Shaker protein from the endoplasmatic
reticulum to the Golgi”#, and is required for expression and
stability of HERG channels in the cell membrane®'°!. Muta-
tions of glycosylation sites of HERG channels could cause
long QT (LQT) syndrome, a HERG associated cardiac disor-
dert'",

Voltage-gated sodium channel (VGSC) is critical in the
initiation and propagation of action potential. Compared with
K* channels, however, the knowledge of N-linked glyco-
sylation of Na* channels seems poorer. As rNav1.3 is an
isoform of physiological significance, in the present study,
the effect of deglycosylation of rNav1.3 was investigated.

2 Materials and methods

2.1 Plasmid The recombinant plasmid containing rNav1.3
a-subunit was kindly provided by Professor Allan Goldin,
University of California, USA.

2.2 Invitro transcription and expression in Xenopus ooytes
Plasmid cDNA was linearized with NotI and then transcribed
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into cRNA in vitro using a T7 RNA polymerase Message
Machine transcription kit (Ambion, Inc., Austin, TX, USA).
The yield of cRNA was estimated by glyoxal gel analysis.
Isolation of Xenopus oocytes was performed as described
previously!'” with a slight modification. Briefly, Xenopus
laevis was anesthetized by ice for about 30 min. The oocytes
were removed from the ovary and washed with ORi solution
(90 mmol/L NaCl, 2 mmol/L KCI, 2 mmol/L CaCl, and 5 mmol/L
MOPS, pH 7.4), then incubated at 20 °C with gentle shaking
for about 3 h in liberase (7 mg/mL; Sigma) solved in ORi
solution. Oocytes were transferred to another clean dish filled
with fresh ORi solution to remove liberase, followed by se-
lection of healthy Stage V or VI defolliculated oocytes and
injection with about 10 ng cRNA solution per ooctye. Con-
trol oocytes were injected with a corresponding volume of
purified water (MilliQ, Millipore). Oocytes were cultured in a
daily changed C-ORi solution (ORi plus 0.07 g/L ciprofloxacin
hydrochloride) at 20°C for 40-48 h.

2.3 Inhibition of N-linked glycosylation by tunicamycin To
express deglycosylated channels in oocytes, tunicamycin, a
potent inhibitor of N-linked glycosylation was employed as
described by Everts et al.l'*!*], Briefly, at 24 h before injec-
tion with cRNA, oocytes were preinjected with 30 pug/mL
tunicamycin (36.8 nL/oocyte). Immediately before injection,
a stock solution of 10 mg/mL tunicamycin was produced and
revolved in DMSO, which was diluted to 0.30% with purified
water. DMSO of less or equal to 0.30% in concentration does
little harm to oocytes. Bath treatment of oocytes with
tunicamycin turned out to be largely ineffective in inhibiting
N-glycosylation.

2.4 Electrophysiological recording and data analysis Two-
electrode voltage clamp (TEVC) was employed to record the
whole-cell sodium currents and membrane potential with
TURBO TEC-03X amplifier and Cellwork 5.5 software (npi
Instrument, Germany). The glass electrodes were filled with 3
mol/L KCI, linked with Ag/AgCl electrode to the detectors
and balanced in ORi solution for at least 30 min before
recording. The data were colleted after analog filtering at 1.3
kHz and analyzed by Origin 7.5 software. All the experiments
above were performed at room temperature. The voltage de-
pendence of activation was analyzed using a step protocol
in which oocytes were depolarized from a holding potential
of —100 mV to potentials ranging from—100 mV to +50 mV in
10 mV increments. Peak currents were normalized to the maxi-

mal peak current and plotted against voltage. To calculate a
reversal potential, the resulting /-} curve of each data set
was individually fit with the following equation:

I={1+exp[-0.04xzx(V=Vip)l} -1 xgx(V=V), (D)
where / is the current amplitude, z is the apparent gating
charge, V' is the potential of the given pulse, V), is the half-
maximal voltage, g is a factor related to the number of open
channels during the given pulse, and V., is the reversal
potential. Conductance was then calculated directly using
the equation:

G=1(V-V), @
where G is conductance and /, ¥V and V., are as described
above. The conductance values were fit with the two-state
Boltzmann equation:

G=1/{1+exp[-0.04 xzx (V=V )]}, 3)
where z is the apparent gating charge, V is the potential of
the given pulse, V,, is the potential for half-maximal
activation. The voltage dependence of steady-state inacti-
vation was determined using a two-step protocol in which a
conditioning pulse was applied from a holding potential of
—100 mV to potentials ranging from —100 mV to +70 mV in 5
mV increments for 100 ms, immediately followed by test pulse
to0 mV.

The peak current amplitudes during the subsequent test
pulses were normalized to the peak current amplitude during
the first test pulse, plotted against the potential of the condi-
tioning pulse, and fit with the two-state Boltzmann equation:

I=1/{1+exp[(V~ VK, @)
where [ is equal to the test pulse current amplitude, V' is the
potential of the conditioning pulse, V,, is the voltage for
half-maximal inactivation, and £ is the slope factor.

Tetrodotoxin (TTX) subtraction was used to eliminate
all non-TTX-sensitive currents by subtracting those currents
recorded in the presence of 500 nmol/L TTX from those re-
corded in the absence of TTX.

Data are presented as mean+SEM. The number of exam-
ined cells was represented by #n. Paired student’s #-test was
used for comparisons, and statistical significance was as-
sessed as P < 0.05.

3 Results

3.1 Characterization of rNav1.3 sodium current After 40-
48 h incubation of the cRNA of recombinant plasmid con-

taining rNav1l.3 a-subunit, the whole-cell sodium current
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could be recorded (Fig. 1). The amplitude of sodium channel
was about 5 000 nA and could be completely blocked by 500
nmol/L TTX, demonstrating that the current was contributed
by heterologously expressed rNav1.3 in the oocyte and fur-
ther experiment could be performed.

3.2 Current amplitude of glycosylated/deglycosylated rNav1.3
There was no significant difference of current amplitude be-
tween glycosylated and deglycosylated rNav1.3 as shown
in Fig. 2.

3.3 The steady-state activation curve of deglycosylated
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step=10mV

1 000 nA
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Fig. 1 Characterization of the whole-cell rNav1.3 current. After 40-48 h of
incubation, the whole-cell current of rNav1.3 expressed in Xenopus
oocytes could be evoked by a step protocol in which oocytes were
depolarized from a holding potential of -100 mV to potentials
ranging from —100 mV to +50 mV in 5 mV increments. The ampli-

tude of sodium channel was about 5 000 nA.
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Fig. 2 Normalized I-V curve. The current amplitude of degclycosylated

rNav1.3 (e) had no significant difference compared with that of

glycosylated ones (m). (n =9)

rNav1l.3 Compared with the glycosylated ones, the steady-
state activation curve of deglycosylated rNav1.3 was posi-
tively shifted by about 10 mV and voltage constant enlarged
by about 1 unit as shown in Fig. 3 and Table 1.

1.0
—®— mean 1.3 /1

"y _-'-_l
0.8 —@— mean 1.3+ </ :
|I ll _
0.6
g
|
0.4 |I I

Normalized conductance

=100 -80 -60 -40 =20 0 20
Voltage (mV)
Fig. 3 The steady-state activation curve of deglycosylated rNav1.3 was
positively shifted. V,, value of glycosylated rNav1.3 was —32.80+1.30
(m); after deglycosylation, V', increased to 21.86+0.38 (@), P < 0.05.
n=9)

Table. 1 Comparison of voltage dependence of steady-state acti-
vation between glycosylated and deglycosylated rNav1.3 (n = 9)

Channel situation K" Vi (mV)
Glcycosylated rNav1.3 1.4140.65 —32.80+1.30
Deglycosylated rNav1.3 2.30+0.40 —21.86+0.38

K is the voltage constant; “V;,, is the voltage for half-maximal activation.
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Fig. 4 The steady-state inactivation curve of deglycosylated rNav1.3 was
negatively shifted. A two-step protocol was use to determined the
voltage dependence of steady-state inactivation, in which a condi-
tioning pulse was applied from a holding potential of -100 mV to
potentials ranging from —100 mV to +70 mV in 5 mV increments for
100 ms, immediately followed by test pulse to 0 mV. V,, value of
glycosylated rNav1.3 was —45.97+0.64 (m); after deglycosylation, V;,
decreased to 54.13+0.57 (@), P < 0.05. (n =9)
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3.4 The steady-state inactivation curve of deglycosylated
rNavl.3 Compared with the glycosylated ones, the steady-
state inactivation curve of deglycosylated rNav1.3 was nega-
tively shifted by about 8 mV (Fig. 4, Table 2)

Table. 2 Comparison of voltage dependence of steady-state in-
activation between glycosylated and deglycosylated rNav1l.3 (n = 9)

Channel situation K’ V5" (mV)
Glycosylated rNav1.3 8.78+0.56 —45.97+0.64
Deglycosylated rNav1.3 7.07+0.49 —54.1340.57

‘K is the voltage constant; “¥, , is the voltage for half-maximal inactivation

4 Discussion

It has been demonstrated that glycosylation is required for
maintenance of functional sodium channels in neuroblastoma
cells!™). In present study, the results clearly indicated that
glycosylation might be responsible for gating properties of
Na* channels. Likewise, similar results were found in rNav1.5
and rNav1.4U'¢17], The sialic acid localized at the first domain of
the channel was recognized as the prominent component of ion
channel glycosylation affecting gating of voltage-dependent
Na* channel in an isoform-specific manner!!®!,

It was found that the G-V curve of activation of rNav1.5
and rNav1.4 changed more sharply than that of inactivation
by deglycosylation, but altered steady-state inactivation only
for rNav1.91", The present study found that deglycosylation
of tNav1.3 altered both activation and inactivation to a similar
extent. These results suggested that glycosylation resulted in
the diverse gating properties of voltage-gated sodium
channels.

It thus makes sense to scrutinize each sodium channels
isoform: the effects of deglycosylation, the structure-func-
tion relationship, and the physiological significance of
oligosaccharides. The particularly diverse roles of channel
glycosylation may also be contributed by the unique phe-
nomenon of glycoproteins described as micro-heterogeneity.

Finally, it may allow us to draw a conclusion that the
glycosylation/deglycosylation homeostasis of Na* channels

complicates the regulation of channel functions.
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