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ABSTRACT. Voltage-gated sodium channels are important membrane proteins underlying electrical signaling
in the nervous and muscular systems. They undergo rapid conformational changes between closed resting,
activated, and inactivated states. Approximately 30% of the mass of the sodium channel is carbohydrate, present
as glycoconjugate chains, mostly composedNeafcetylhexosamines and sialic acid. In this study, the effects

of removing the carbohydrate on the functional and structural properties of highly purified sodium channels
from Electrophorus electricusiere investigated. After enzymatic deglycosylation, channels were reconstituted
into planar lipid bilayers. In the presence of batrachotoxin, substates became evident and the single-channel
conductance of the deglycosylated channels was slightly reduced relative to that of native channels, consistent
with electrostatic effects due to the reduction in negative charge at the extracellular vestibule of the channel.
The previously reported state-dependent changes in the circular dichroism spectra that are associated with the
binding of the anticonvulsant drug Lamotrigine and batrachotoxin are also seen in the modified channels.
Synchrotron radiation circular dichroism (SRCD) spectroscopy on the type of sugars found in the sodium
channel showed that unlike most carbohydrates, these sugars produce a significant dichroic signal in the far-
ultraviolet region. This can account for all of the measured SRCD-detected spectral differences between the
native and deglycosylated channels, thereby indicating that no net change in protein secondary structure results
from the deglycosylation procedure. Furthermore, thermal denaturation studies detected no significant differences
in stability between native and deglycosylated channels. In summary, while the sugars of the voltage-gated
sodium channels from electroplax are not essential for functional or structural integrity, they do appear to have
a modulating effect on the conductance properties of these channels.

Voltage-gated sodium channels underlie action potential involved in various pathophysiologies and channelopathies
initiation and propagation in nerves and muscles and are alsodue to inherited mutationdl). Their functions, whethein
situ or after heterologous expression and reconstitution into
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planar lipid bilayers, have been extensively characterized, observed functional changes. Single-channel conductance
but details of their structures and the molecular basis of their studies in planar bilayers in the presence of batrachotoxin
voltage-dependent gating remain largely unknown. Recently, (BTX), which results in steady-state activation, were under-
the secondary structure of the voltage-gated sodium channetaken to compare functional properties of native and de-
from the electric eeElectrophorus electricusias examined  glycosylated channels. Drug-induced CD spectral changes
by circular dichroism (CD)spectroscopyd). The channel associated with ligand binding were also examined to
proteins were found to be largely helical, consistent with determine if similar effects were found as with the native
previous structural predictions based on the extensive transchannel, a further measure of functional integrity. To
membrane regions identified in their sequen&sdnd their investigate the structural consequences of deglycosylation,
homology with known potassium channel structur&ssj. synchrotron radiation circular dichroism (SRCD) spectros-
Those CD studies also detected significant state-dependentopy was then used to examine the secondary structures of
conformational changes upon binding of the anticonvulsant the channels with and without sugars, and to compare their
drug Lamotrigine (LTG) and the neurotoxin batrachotoxin difference spectra to spectra of isolated sugars. Finally,
(BTX) to the channels2). thermal denaturation studies were carried out to compare the
Sodium channels exhibit strong sequence conservationconformational stabilities of the deglycosylated and native
across species and tissue-specific tyf@s/). The sodium channels.
channel fronE. electricushas only a singler-subunit, unlike
many other voltage-gated ion channels which can have aEXPERIMENTAL PROCEDURES
number of auxiliary regulatory subunits in addition to the
channel-formingx-subunits 8, 9). From its cDNA sequence

(3_), the protein is pr_edicted to consist of 1820 amino acids,  Genapol C-100 (10% solution) was obtained from Cal-
with a corresponding molecular mass of 208 kDa. Its pjochem. IgM antie-2,8N-acetylneuraminic acid was puri-
sequence contains four highly homologous internal repeatsfieq as previously describe@)(from horse antiserum, a gift
(designated domains-1V), each of which is comprised of  from R. Schneerson of the National Institute of Child Health
six transmembrane-spanning segments{S@) and a pore  and Human Development (Bethesda, MID$) Lamotrigine
loop, with linking regions between the domains, and extended was a gift from R. W. Janes of Queen Mary College of the
aqueous soluble N- and C-terminal domains. Sugar moietiesyniversity of London. Batrachotoxin was a gift from J. W.
are covalently linked to the protein at several sites in the paly of the National Institute of Diabetes and Digestive and
extracellular loops between S5 and 3®)( and comprise  Kjdney Diseases (Bethesda, MD). Polyacrylhydrazido-aga-
~30% of the total molecular mass of the channel, resulting rose, protease inhibitors, rabbit anti-horse 1gG, colominic acid
in a heterogeneous mixture of glycoprotein mole_cules.in the (poly-2,8N-acetylneuraminic acid), wheat germ lectin im-
range of~280-300 kDa (L1). The carbohydrate is mainly  mopilized on cross-linked 4% beaded agarose (WGA), and
composed ofN-acetyl amino sugars, both uncharged in the N-acetylp-glucosamine (NAG) were all purchased from
case ofN-acetylhexosamines (45%) and negatively charged sigma Aldrich. CNBr-activated Sepharose 4B Fast Flow,
in the case oN-acetylneuraminic acid (sialic acid) (40%); ANX Sepharose 4 Fast Flow, and HiPrep Sephacryl S300
the remaining sugars are mostly mannose and galactdse ( High Resolution 16/60 columns were from Amersham
A striking feature of the sialic acid is that it exists as extended pharmacia, and PVDF membranes were from BDH Labora-
chains of pOlySia”C acid. This form is rare in Vertebrates, tory Supp"es_ PNGase F was purchased from New Eng|and
being thus far found only in neurons, muscle cells, and Bjolabs. N-Acetylchitopentose (a pentamer of NAG) was
human milk 3). purchased from AMS Biotechnology (Europe) Ltd. Float-
The sialic acids have been estimated to contributé0— A-Lyzer dialysis tubes (100K MW cutoff) were purchased
130 negative chargedll) to the external surface of the from Perbio-Science UK, and Ultracel Amicon YM100
channel; it has been postulated that this charge modulatesnembranes were from Millipore.
the electric field experienced by the channel voltage-sensing  The lipids used for planar lipid bilayer studies were egg
mechanism 14). This role for the sialic acids is consistent phosphatidylcholine (PC) from Sigma Aldrich and palmi-
with electrophysiological experiments: removal of sialic acid  toyloleoylphosphatidylethanolamine (PE) and palmitoyl-

by either desialydation or expression of channels with gleoylphosphatidylserine (PS) from Avanti Polar Lipids.
mutations at the putative glycosylation sites resulted in shifts

of the conductancevoltage curves of~10 mV in a Methods

depolarizing direction(4). Whether the observed alteration

in the conductancevoltage curve can be attributed simply ~ Purification and Deglycosylation of Sodium Channels.

to electrostatic changes, or to modified channels undergoingSodium channels were purified frobh electricusas previ-

conformational changes resulting in altered voltage sensitivi- Ously described (2) using an ant2,8-N-acetylneuraminic

ties, was unclear. acid antibody column. Alternatively, the protein was purified
In this study, a number of functional and structural in higher yield on a lectin affinity column. The solubilized

properties of native and fully deglycosylated sodium channels Meémbranes (60 mL) were bound to an ANX Sepharose 4

were compared to determine the underlying reason for the Fast Flow ion exchange column and washed initially with
buffer A [50 mM sodium phosphate (pH 6.8), 0.1% Genapol

Abbreviat T battachotoxin CD. creular dichrorem LG C-100, 1 mM EGTA, and 5 mM EDTA], subsequently with
reviations: , batrachotoxin; CD, circular dichroism; , i ini 1
Lamotrigine; NAG,N-acetylglucosamine; PC, phosphatidylcholine; PE, a step gradient of buffer A containing 0.4 M KCl, and finally

phosphatidylethanolamine; PS, phosphatidylserine; SRCD, synchrotroneluted with a step gradient of 0.8 M KCl in the same buffer.
radiation circular dichroism; TTX, tetrodotoxin. Fractions containing the sodium channel were identified on

Materials




Deglycosylated Sodium Channels Biochemistry, Vol. 44, No. 2, 2005143

Domain 1 P-Loop
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EEL_ELECTROPLAX MEAILFHEC I FPI S—=—==== == === TLDYE SAY-——-—NTTFD FTAYI ENE EN(JYF LD GALDALLC GNNEDAG
HUMAN EBRAIN —=—=LENFCIOWPP T-HASLEEHS IEKNI TVNYMGI LINETVFEFD S YIQDS PYHVF LEGFLDALLC G SSDAG
BAT BRATN ——=LENECVWPP T-NASLEEHS IEKNY TTDYNGT LVNETVFEFDUES YL DA FYHYF LEGVLDALLC R S2DAG
HUMAN HEART ===LEHFCVENFTALNCT ——— == ——-HNG SV EAD CLYVWE §———-——LDLYLEDPENTLLEN CTSDYVLLC GISEDAG
GEFMAN COCEROACH - LTQECIFNFP I-———————————NCETIGELNDEMNVH-— ——————-AFC SIIT THTIVF PE GAP EVPLC G55 GAG
CCOMION_MEWT =G LFHEC LQWPPDDSAT ELN IT TV FHS SWGIN CTYYN VT ETIFNUAEYLADY SHYVELE GQRDALLC G STDAG
FIOIT FLY =-=-LTERCIFKFPL-——-——--—-DESTGHLTDEMID -— ——-—---YHN NS SNUTYS ED ECI 2F PLC (T IS GAG
HUUSE_FLY —FLTQECTERFP L————————DGEETGHLTDENWF — ———————LHNENS SNWF T ENDGE ST PYC TVE GAG
HYDPOMEDUSA -G LPQPCVLENG——————— =====NEDHF--- LY FEKEEVICGNET TS

ELEEKELRS_SQUID =GALFHECVLQ ITHG~———~- =-EHL ENSDN-WLAKGICETVLC QAT GAG
HARFET 3QUID —GEALRSECVENND —— ———————————ENMT DS EY(]—— ——— —EYVSTEAN ) ENFYGST LVC GHAS GPG

Domain 3 P-Loop
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EEL ELECTEOPLAX AGKEFYRCINTT TD EIL PV —-EEWVNN RED CMALMYTNE- VRN LEVNYDN AGMGY LEL LOVST FEGUMD T MY AAVD
HUMAN EBRAIN ====—==INTTIGDRFDI~-EDVNNHID CLELI ERNET ARUENVEVNFDNVGF GYLEL LQVAT FEGUD LMY AAVD
PAT ERAIN ====—==UNTTTGDTF EI--T EVHNHED CLELI ERNET ARNENVEVNFDNVGF G LEL LQVAT FE WD T MY AAVT:
HUMAN HEART =-KFGRCINQT EGDLP L-NYT IVNNESQCESLN LT GE- LYWTEVEVNF DNVGAGY LAL LOVAT FEGUMD T MY AAVT
GERMAN COCKROACH = GEYHECV-DENS TTLEH--EIIFD FNACI AR~ -—--NTTWENSPMNF DHVGEATLCL FQUAT FEGWI QIMNDATD
COMPMON_MEWT —GEYYHCUNTT TGELI LE—THEVNNFSE CEALMHONE S ARTENVEVNF DNVGF GY LAL LQVAT FEGUMD T MY AAVD
FEOIT FLY =GEYFECE-DIMNC TRL SH--E ITFNFHACE SE- —— —-NT{TIWVNSAIMINF DHVGHATLCL FQUAT FEGWI QIMNDATD
HOOSE_FLY =CGRYFECE-DGND TVL SH--E IT FNFNACESE- —— --NTTWEN SAMNFDHVGN ATLCL FQUAT FEGWI QIMNDATL:
HYDPOMEDUSA =CGQFFYCVDGNYTELP IS -—-VIDNMAMCLNE T NEARN TSUVNEN INFDNSINGF LAL FQ TAT LE GWF EAMADAYT:
ELEEFKELRZ_ SQUID ===FYHCVNETNMRIPPT-—- EVANKIECYN-~~~-] R TUVNENVNFDNVGEAF LAL FQUAT FEGUMEIMADAVD
HARFET _zQUID —GRFEECVYNFNGTTVPA—TEVNN FESECE-ENP- -HNLYEUENSE INFDNVLNGY LAL FQVAT FRGWINIMSDATD

Ficure 1: Sequence alignment of the domain | and domain Il P-loops, highlighting predicted N-glycosylation sites. The sequence numbering
is for the eel protein. All putative glycosylation sites are colored red; the asterisks denote the predicted sugar positions for the eel sodium
channels.

SDS silver-stained gels and Western blots, pooled, and bound @) (&)
overnight to lectin fromTriticum pulgaris (wheat germ) —-
coupled to agarosel§). The column was washed with 50

mM Tris (pH 8.0), 0.2 M KCI, and 0.1% Genapol C-100 I
and eluted with a step gradient of the wash buffer containing '
0.1 M NAG. The eluted peak was concentrated with a

YM100 regenerated cellulose acetate membrane in an

Amicon ultrafiltration cell and then run on a HiPrep

Sephacryl 16/60 S300 gel filtration column. The native

protein was dialyzed against 50 mM sodium phosphate (pH

7.5) and 0.05% Genapol C-100 prior to deglycosylation with

PNGaseF at 16C for 6 h. To isolate the completely

deglycosylated protein, WGA resin was added to the sample. e a1
Any remaining native protein and the removed sugars boundFicure 2: SDS-PAGE of native and deglycosylated sodium
to the resin; the supernatant was concentrated and dia]yzed}hanne|s. (a) Silver staining. Lane 1 contained sodium channels

; ; i o deglycoslyated with PNGase F. Lane 2 contained native sodium
against 20 mM sodium phosphate (pH 7.4) containing 0.05% channels. Lane 3 contained molecular weight standards. (b) Western

Genapol C-100. The high-MW cutoff dialysis membranes s (jane 1 contained deglycosylated and lane 2 native channels)
enabled the PGNase F to be removed from the final samplesdeveloped with the anti-polyneuraminic acid antibody, followed

The removal of the sugars was confirmed with SEFAGE by staining with alkaline phosphatase-conjugated anti-horse 1gG
(Figure 2a) and Western blotting with anti-sialic acid IgM antibody.
as the primary antibody (Figure 2b).

Circular Dichroism Spectroscopic Studies of Drug and minus ligand samples, equivalent amounts of ethanol were
Toxin Binding.CD spectra of native and deglycosylated added to the buffers; ethanol was also included in the same
sodium channels were obtained as previously described usingamount in the baselines for the samples.
an Aviv 215 spectropolarimeter with a wide-angle detector = Thermal Denaturation Studie$hermal denaturation was
geometry. Spectra were measured af@5using a cuvette  monitored by CD spectroscopy, using native and deglyco-
with a path length of 0.01 cm, and 0.5 mg/mL protein for sylated protein (in 20 mM sodium phosphate buffer and
native samples and 0.56 mg/mL protein for deglycosylated 0.05% Genapol C-100) at a concentration of 0.1 mg/mL in
(concentrations from quantitative amino acid determinations) a cell with a path length of 0.02 cm. Temperature-induced
samples in 20 mM sodium phosphate buffer (pH 7.4) and denaturation between 4 and 70 was monitored at intervals
0.05% dodecyl maltoside. The samples were examined inof 1 °C at a wavelength of 223 nm, using an equilibration
the presence and absence of ligand, either Lamotrigine (200time of 2.5 min?C.
uM) or BTX (4 uM). Ligand dissolved in ethanol was added SRCD Studies of Na# and Deglycosylated Sodium
to produce a final ethanol concentration of 10%. For the Channels and SugarSRCD data were collected at SRS
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Daresbury, on station CD12. Samples of sodium channels The five putative glycosylation sites were identified
(both native and deglycosylated) in 20 mM sodium phosphate manually as conserved Asn-X-Ser or -Thr sequences in the
(pH 7.4) and 0.05% Genapol atl mg/mL protein (the final P-loops (Figure 1), and confirmed using the NetNGlyc site
protein concentrations were determined according to quan-(http://www.cbs.dtu.dk/services/NetNGlyc) which predicts
titative amino acid analysis) were examined in a 0.005 cm N-glycosylation sites for human proteins using a neural
Suprasil cell (Hellma UK, Ltd.). Three spectra and three network approach.

baselines were collected at 1 nm intervals over a wavelength  Coordinates for pentameric core carbohydrate moieties
range from 300 to 165 nm. The spectra were averaged,were obtained from the crystal structure of the influenza
baseline subtracted, and smoothed with a Savit&kglay neuraminidase glycoprotein [PDB entry 1F8B6)], and
filter. Sugar (colominic acid or chitopentose) spectra were attached using SYBYL to Asn277, Asn287, and Asn316 of
collected in a similar manner, except using a cell with a path domain | and to Asn1159 and Asn1173 of domain IIl. The
length of 0.001 cm and a concentration of 20 mg/mL in final model was subjected to 100 rounds of conjugate
distilled water; sugar baselines were distilled water. gradient minimization in SYBYL using the Tripos force field.
Conductance Measurements in Planar Lipid Bilayers.
Single-channel and macroscopic conductance measurementRESULTS
of the purified native and deglycosylated sodium channels o ) )
were performed as previously described for native channels  Purification of Natve and Deglycosylated Sodium Chan-
(2) using the tip-dip methodL(); i.e., bilayers were formed nels. Sodium cha_nnels from e_Iectrlc eel e!ectrop_lax mem-
at the tip of patch-clamp pipets. The experimental conditions Pranes were purified as previously described either using
used for both native and deglycosylated channel recordings@ffinity chromatography on an ani-acetylneuraminic acid
were strictly identical; in particular, BTX (200 nM) was antibody column 2) or using a lectin affinity column
added in the pipet solution to produce steady-state activationPréceded by ion exhange and followed by gel filtration.
of both kinds of channels. In addition, the bilayer-forming Wheat germ lectin binds NAG arid-acetylneuraminic acids,
composition was a 5:4:1 PE/PS/PC mixture at a total lipid Whereas the IgM more specifically binds paly2,8-N-
concentration of 1 mg/mL in hexane, as with the native Neuraminic acids. Hen_ce, there is sllgh_tly greater het_erogene-
channel, and the electrolyte solution was 0.5 M NaCl and 5 ity due to the sugars in the lectin-derived preparation, and
mM HEPES (pH 7.4) on both sides (in the pipet and in the .conseq.uently, the yield of purified protein from this method
external bath). Conductance experiments were performed atS considerably larger.
room temperature~20 °C). Purified proteins (Figure 2a) were subjected to deglyco-
Modeling of the Sodium Channdlhe crystal structure of ~ sylation by the PGNase F enzyme, which cleaves between
the KcsA potassium channel [Protein Data Bank (PDB) entry the innermost NAG sugar and the asparagine residue of the
1BL8 (5)] was used as the template structure for homology Polypeptide to which it is attached. The deglycosylated
modeling of the S5 and S6 transmembrane regions and theProteins ran on SDS gels with a lower apparent molecular
pore helices of the four sodium channel domains. Clustalw mass 210 kDa) than the native proteir-40-300 kDa),
(18) and Modeller4 19) were used for sequence alignment but consistent with the calculated mass of the protein
and model generation, respectively. Because the S&b component alone. The band of the deglycosylated preparation
linker (P-loop) is much larger in the sodium channel than in Was much narrower (Figure 2a) because of the loss of
the potassium channel structures, there were no directlyheterogeneity arising from the sugar components. The
comparable sequences for alignment of this region. Lipkind deglycosylated samples produced from the two types of
and Fozzard 40) proposed, on the basis of secondary hative preparations were indistinguishable on gels and
structure predictions, probable evolutionary conservation with Spectroscopically (data not shown). On Western blots
potassium channels, toxin binding modeling, and aromatic developed using the antibody agaiNsacetylneuraminic acid
residue locations, that the regions of the P-loops which (Figure 2b), no sugars were detected in the deglycosylated

contain the selectivity filter residues formed arhelix— sample; extensive staining was seen for the native protein.
turn—pg-strand motif. This motif was built using the SYBYL Conductance Properties of Nad and Deglycosylated
modeling package (Tripos Inc., version 6.8). The Protein Sodium Channelslo characterize the functional effects of
Data Bank 21) was searched using BLAST2Z) for deglycosylation, single-channel activity was recorded for

structures sharing sequence homology with the P-loop deglycosylated sodium channels after reconstitution into
sections N-terminal to the-helix—turn—p3-strand structures.  planar lipid bilayers, and compared to native channel
The sequence of one hit [PDB entry 1MQ8, chainB){ recordings previously obtained)( Both types of preparations
was >65% similar with a 60-residue section of the domain were assayed in the presence of BTX, which allowed
| P-loop and a 30-residue section of the domain Ill P-loop; monitoring of steady-state activation. Representative single-
Modeller4 was used to create homology models of these channel patterns of activity are shown for native (Figure 3a)
sections. The remaining sections of the P-loops were built and deglycosylated (Figure 3b) channels. Whereas the native
in SYBYL according to the consensus of a number of channel yields only fairly well resolved closedpen transi-
secondary structure prediction algorithni2g)( The homol- tions with a long duration with a single-channel conductance
ogy models and secondary structural elements were posi-of 18 pS, the deglycosylated channel also appears to produce
tioned with residues accessible according to available less well-resolved subconductance states. For example, a
biochemical data, in particular, that described by Li et al. continuous recording shown in Figure 3b begins with a
(25). Loops were added between the positioned structural stepwise transition of 13 pS and is then followed by a rapid
elements using the “loop search” function in SYBYL and flickering which stabilizes to a lower (8.5 pS) subconduc-
were assessed for consistency with biochemical data. tance state, followed by two other similar transitions. The
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FiGURE 3: Comparison of single-channel activity displayed by (a) Wavelength (nm)

native and (b) deglycosylated purified and BTX-treated sodium
channels in planar lipid bilayers at the tip of patch pipets. The scale (©)
bars apply to all traces, and the holding voltage was 60 mV
throughout. Openings are downward deflections. Conductance
amplitude histograms of (c) native and (d) deglycosylated channels

are shown. J '[

amplitude histograms (Figure 3c,d) highlight the rather I |
different conductance distributions exhibited by the two 1A , = I = I J
preparations. In addition, the opening probability (at the same 200 I_ zao[ ¥4 260 280 300
applied voltage) is reduced for the deglycosylated channel, ]
as compared with that of the native channel, in agreement 1
with the depolarizing shift of activation previously reported
(14).

CD Spectroscopy of the Binding of Ligands to Deglyco- Wavelength (nm)
_sylated Channe_IsC_D spectroscopic _studies Were_undertaken FiIGURE 4: Synchrotron radiation circular dichroism spectra: (a)
In-a manner similar to that previously d_escrlb&) o native (blue) and deglycosylated (red) channels, (b) colominic acid
ascertain whether the deglycosylated sodium channels re<req) and chitopentose (blue) sugars, and (c) difference spectra
spond in an analogous way to the native channel upon (native minus deglycosylated) of channels (green) and net equivalent
binding of BTX and LTG. As was found for native channels, sugar spectra (purple). Error bars (one standard deviation) in the
there was an increase o220% in the peaks at 221 and 208 Measurements are shown.
nm (data not shown), and a concomitant increase in thespectra were measured at the same protein concentrations,
calculated helical content, suggesting that deglycosylatedso they could be compared directly (Figure 4a). To produce
proteins are still able to undergo state-dependent changeshe “difference” spectrum (Figure 4c), the native spectrum
induced by these ligands. was subtracted from the deglycosylated spectrum. (2) The

Structural Characterization of Deglycosylated Sodium spectra of colominic acid and chitopentose (Figure 4b)
Channels.SRCD spectroscopy was used to compare the (which were both measured at the same concentrations in
secondary structures of the purified sodium channel proteinterms of milligrams per milliliter) were multiplied by 0.4
in its native and its deglycosylated forms, because it allows and 0.45, respectively, to reflect their relative (by mass)
collection of data to lower wavelengths than conventional contributions to the native channel spectrum, and summed.
CD, and hence enabled the examination of the effects of theThen, to put them on the same scale as the protein, as they
sugar on the spectrum. These studies utilized channel proteingvere measured at an effective concentration 4 times greater
in lipid/detergent mixed micelles, where absorption and than that of the protein (20 mg/mL in a 0.001 cm cell vs 1
flattening effects that can be associated with membranemg/mL in a 0.005 cm cell for the protein), the net sugar
samples are negligible?). spectrum was multiplied by 0.25. Finally, as the sugars

To examine whether the spectra of the missing sugarscontribute approximately 30% of the total mass, the net
could simply account for the differences between the native spectrum was multiplied by a factor of 0.3/0.7, which should
and deglycosylated spectra, the following procedures wereproduce a spectrum (Figure 4c) with the same magnitude as
undertaken. (1) The native and deglycosylated channeltheir contribution in the native glycoprotein spectrum (this

Ellipticity

iy




446 Biochemistry, Vol. 44, No. 2, 2005 Cronin et al.
(a)

relative ellipticity
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Ficure 5: Circular dichroism thermal denaturation curves of native
(O) and deglycosylated) sodium channels. The ellipticities were
monitored at a wavelength of 223 nm over the temperature range
from 4 to 70°C.

is designated the “equivalent sugar spectrum”). Then, the
equivalent sugar spectrum was plotted with the difference

spectrum, and the two were compared (Figure 4c). Within

the error limits of the measurements, the equivalent sugar
spectrum and the difference spectrum were indistinguishable,
suggesting that the spectral differences between native and
deglycosylated channels can be entirely attributed to the
missing sugars.

Thermal Denaturation of Nate and Deglycosylated
Channels. The native channels and the deglycosylated
channels were monitored for thermal stability at 223 nm, a
wavelength at which the sugars do not produce a CD signal,

but which is sensitive to protein conformational changes, Ficure 6: Molecular model for the sodium channel highlighting

eSpeCially those inVOlVing helical content. BOth native and potentia| N.g|ycosy|ati0n sites: (a) top view and (b) side view.
deglycosylated proteins produced sigmoidal curves With Each of the four domains of the protein is displayed in a different
values of approximately 4850 °C, the inflection point being color in ribbon format. The core sugars and their attached Asn

; ; ; : i« residues at each putative glycosylation site are depicted in space-
ata IS“ghtIy higher Xalu% fo; the natllve forrg (Figure 5). Th|§ filling format. This figure was created using MOLSCRIPZ0{
result suggests that both samples undergo cooperative;ny RasteraD41).

unfolding, that both forms are quite stable in a micellar

environment, and that the deglycosylated channel is notsygar chains extend to significantly greater lengths than
significantly less stable than the native form. shown in this model. Nevertheless, the short sugars serve
Modeling of Sugar Binding Sites on the Sodium Channel. the purpose of providing a model for visualizing the general
A total of five glycosylation sites are predicted to be on Asn |ocajization of the sugar attachments on the extracellular
residues in the domain I and domain 111586 extracellular  gyface of the channel. Clearly, the negatively charged sugar
loops of the eel protein (Figure 1). Similar putative glyco- mgijeties present in the sodium channel will impinge on the
sylation sites are found at comparable positions in other extracellular vestible of the channel, and it is reasonable to

sodium channels. _ expect that their large negative charge will considerably
The homology model of the sodium channel based on the jhfiyence the electrostatics at the channel entrance.

KcsA crystal structuref) is shown in Figure 6. It was built
to provide a general schematic model of where the sugarspiscussION
will be located with respect to the channel lumen. Good
structural homologues do not exist for the extracellular loops, Influence of Deglycosylation on Channel Properties and
which therefore were constructed with reference to secondaryEffects of LTGIt was previously hypothesized4, 28, 29)
structure predictions and relevant biochemical data, as athat sialic acids may influence the local electric fields near
means of providing an anchor site for the carbohydrates. sodium channels, especially at the entrance to the pore, since
However, additional data are most certainly required for more the sugars are attached to sites in the P-loops between the
accurate modeling before this pharmacologically important S5 and S6 helices. Consequently, deglycosylation should
region of the channel can be interpreted in terms of its role decrease the large number of negative charges, and likely
in toxin binding, selectivity filter, and slow inactivation. diminish the sodium ion density in the external pore
The pentose carbohydrate moieties used in the modelantechamber. These two effects (altered transmembrane
[Man(a1—3)Man@l—6)Man31—4)NAG(51—-4)NAG] con- electric field experienced by voltage sensors and decreased
tain the trimannosyl cores attached to two inner NAGs that sodium ion density) could contribute to the observed elec-
are typically found in N-glycosylated proteins. The full sugar trophysiological modifications: voltage shifts of macroscopic
chains were not modeled because of the current uncertaintyconductance parameters (especially steady-state inactivation
of their exact composition and the lack of good structural and activation) and a slightly reduced single-channel con-
models for extended sugar chains. Obviously, the native ductance and/or substateisi( 28, 29).
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In earlier work, some variability was observed for the nels could well differ from those of native channels, either
electrophysiological effects of sodium channels after partial due to a change in protein conformation or due to the removal
deglycosylation14). Overall, however, after neuraminidase of a sugar signal. Hence, the simple spectral consequences
treatment, there tended to be a slightly reduced single-channekrising from the presence of sugars needed to be considered
conductance and decreased probability of the main open statdirst.
with a much broader distribution and subconductance states. Normally, sugars give rise to significant CD spectra only
In our preparations using a different enzyme to achieve a at wavelengths below 180 nm. Hence in this study, SRCD
more complete deglycosylation, small but significant differ- was used so that data could also be collected in the VUV
ences in single-channel conductances of native and degly-region, where the sugars absorb. Sugars rarely produce
cosylated sodium channels were found. The average unitsignificant dichroic signals in the UV region between 190
conductance was reduced byb pS (i.e., nearly 30%) for  and 240 nm, so their contributions to glycoprotein UV CD
the deglycosylated channels with respect to the native spectra are generally ignored. However, both sialic acid and
channels, and there was evidence for smaller subconductanc®lAG do have measurable spectral transitions in this wave-
states. length range 34, 35), which had to be considered in the

Another measure of a functional property of sodium difference analyses with native and deglycosylated proteins.
channels is the state-dependent change detected by CDO'he sugars on sodium channels are complex, unknown
spectroscopy?). Similar spectral changes in the presence structures, but their composition is known to be oligomers
of LTG and BTX were found for native and deglycosylated of N-acetylneuraminic acid and NAG. To mimic their spectra,
channels, suggesting the deglycosylated channels also retaime used polymeridN-acetylneuraminic acid in the form of
this type of activity. colominic acid, and an oligosugar of NAG, in the form of

Biological Implications of Deglycosylatiomeglycosyla- chitopentose. These were used instead of the monomeric
tion is generally believed to be associated with modified sugars, as there is reported to be a moderate chain length
function through either a hyperpolarizing shift of steady- dependence of the spectrum of these suga#, (which
state inactivation or a depolarizing shift of steady-state would result in larger signals per monomer for oligomers
activation. These electrophysiological manifestations at the than for monomers, although the incremental increase tails
macroscopic sodium current level translate to a smaller off significantly as the sugars increase in length. Because
“activation window”. the sugars used as models in this study are shorter than the

The role of glycosylation in voltage-dependent channel actual sugars on the sodium channel, the contributions of
gating for the cloned human cardiac sodium channel and thesugars to the native channel spectra may be slightly larger
adult rat skeletal muscle isoform has been investigated inthan the contribution to the equivalent sugar spectrum
HEK?293 cells transiently transfected with the corresponding calculated in this study. Furthermore, only theacetyl-
cDNA (30). Pretreatment of transfected cells with neuramini- neuraminic acid and NAG contributions are mimicked here.
dase resulted in significant 4.2 mV) shifts in the steady- However, the 15% of the sugars that are méacetyl-
state activation of opposite directions according to the neuraminic acid or NAG are not amino sugars (they are
channel isoform considered (depolarizing shift with the mostly mannose and galactose), and so are unlikely to make
human cardiac sodium channels and hyperpolarizing shift significant contributions to the channel spectra in this
with the skeletal muscle sodium channels). On the other hand,wavelength range.
there were no significant effects on single-channel conduc- Although the spectra of the isolated chitopentose and
tance, the mean open time, or the open probabi8g).( colominic acid sugars are substantial in magnitude (Figure

Glycosylation is developmentally regulated and is directly 4b), they nearly mirror each other in sign, colominic acid
correlated with channel functional modifications. For ex- having a positive peak at210 nm and a negative peak at
ample, the developmental change in the glycosylation state~190 nm and chitopentose having a negative peak2dt5
of Na(v)1.9, a TTX-resistant isoform of the voltage-gated nm and a positive peak190 nm. Hence, their net spectrum
sodium channel, in native dorsal root ganglion is paralleled (Figure 4c) is close to zero with only a small positive peak
by shifts of steady-state inactivatiodd). Whole-cell patch around 200 nm.
clamp analysis demonstrated that the midpoint of steady- The magnitude of the difference spectrum between native
state inactivation is shifted 7 mV in a hyperpolarized and deglycosylated channels also is quite small (peak
direction in neonatal compared with adult dorsal root maximum at~200 nm, and rather featureless at other
ganglion neurons, although there is no significant difference wavelengths). When the difference spectrum is plotted with
in activation. This resulted in a smaller activation window the equivalent sugar spectrum (Figure 4c), the two are
and reduced firing. In agreement with this, it was also indistinguishable at a significance level above the error levels
recently found that deficient glycosylation of cardiac sodium in the measurements. Hence, it appears that the sugar
channels (also TTX-resistant) contributed to arrhythmogen- contribution alone can account for the net differences
esis in heart failure32). In other systems, the sodium channel between the native and deglycosylated proteins. Of course,
A1 subunits (absent in the electroplax) have been shown toit is always possible that exactly compensating secondary
be heavily glycosylated, and these have substantial effectsstructural changes in different parts of the molecule could
on gating 83). produce net spectra that are identical, which would not be

Effects of Deglycosylation on the Channel Struct@iece detected by this method, but this is considered unlikely.
approximately 30% of the sodium channel glycopeptide mass The thermal denaturation studies indicate that the tertiary
is carbohydrate, mostiy-acetylhexosamines and sialic acids conformations and stabilities of the deglycosylated form and
(11), it was expected that the CD spectrum, and consequentlythe native form do not differ significantly. This, together with
the protein secondary structure, of the deglycosylated chan-the likelihood that sugar signals can entirely account for the
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