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Summary. Two domains of Na channels were mapped with site-
specific antibodies raised in rabbit against synthetic peptides cor-
responding to a part of the voltage sensor of internal repeat 1 —
C! (amino acids 210-223) and to a region designated dipole
(amino acids 1690-1699) of eel electroplax sodium channels. The
antibodies bind to their respective domains in both purified and
membrane-bound channels and immunoprecipitate the channels
from eel electroplax and rat brain synaptosomes.

Anti-C{ depresses the action potential of rat sciatic nerve in
a concentration-dependent way. It binds to the external side of
rat brain synaptosomal vesicle, and its binding is potentiated by
depolarization. Anti-dipole binds to the inner side of the vesicle,
and the binding is inhibited by depolarization.
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Introduction

The voltage-sensitive sodium channels mediate the
initial rapid increase in sodium permeability, which
is responsible for the rising phase of the action po-
tential in most multicellular organisms (Hodgkin &
Huxley, 1952; Armstrong, 1981; Hiile, 1984; Be-
zanilla, 1985; Aldrich & Stevens, 1987). Sodium
channels have been purified from many excitable
tissues (Lombet & Lazdunski, 1984; Agnew, Ro-
senberg & Tomiko, 1986; Levinson et al., 1986;
Barchi, 1988; Catterall, 1988). Molecular cloning
and sequencing yielded several cDNA clones en-
coding for the primary structure of the alpha sub-
unit from eel electroplax (Noda et al., 1984), rat
brain (Noda et al., 1986a,b; Kayano et al., 1988;
Suzuki et al., 1988), rabbit skeletal muscle
(Caldwell & Schaller, 1989; Trimmer et al., 1989;
Kallen et al., 1990), Drosophila brain (Salkoff et al.,
1987; Ganetzki & Loughney, 1989) and TTX-resis-
tant rat heart Na channel (Rogart et al., 1989). Each

* Address for correspondence: 11 Achimeir St., #3, Ramat
Aviv Gimel, Tel Aviv 69126, Israel.

is comprised of 1820-2100 amino acids. Analysis of
homology matrix among linear sequences demon-
strates the presence of four internal repeats within
the primary structure of each channel and the exis-
tence of 6-8 transmembrane segments in each re-
peat (Greenblatt, Blatt & Montal, 1985; Guy & See-
tharamulu, 1986; Noda et al., 19864; Trimmer et al.,
1989). The region between repeats 1| and 2 was
found to be the major region of phosphorylation
(Rossie, Gordon & Catterall, 1987). The external
strand between segment 5 and 6 of internal repeat 1
carries several glycosylation sites (Catterall, 1988)
and has the binding sites for scorpion toxin (Cat-
terall, 1990) and tetrodotoxin (Catterall, 1990;
Stuhmer, 1990). The C-terminus (amino acids 1781-
1794, Gordon et al., 1987) and the region between
internal repeats 2 and 3 were found to be intracellu-
lar (Gordon et al., 1988). The region between inter-
nal repeats 3 and 4 was found to be intracellular and
responsible for inactivation (Vassilev, Scheur &
Catterall, 1988; Stuhmer et al., 1989).

Several models suggest particular channel fold-
ing to account for channel gating (Noda et al., 1984,
1986a; Greenblatt et al., 1985; Kosower, 1985,
1991; Guy & Seetharamulu, 1986; Catterall, 1988,
1990). All these models suggest that the ampiphilic
segment S4 participates in voltage gating. This seg-
ment consists of a unique arrangement of positively
charged amino acids (arg®™ and lys™) at each third
position and two nonpolar amino acids intervening
between them (Noda et al., 1984, 1986a,b). Orga-
nized as a Cj helix (Noda et al., 1984, 1986a4,b;
Kosower, 1985, 1991) or as an alpha helix (Noda et
al., 1984; Catterall, 1988), the S4; may form a vertical
strip of positive charges. All models mentioned
above postulated that at rest the positive charges on
S, are balanced by negative charges of other trans-
membrane strands, thus forming an array of di-
poles, and that the movement of the positive
charges on S, in response to membrane depolariza-



tion deforms the array of dipoles, thereby gating the
channel (Noda et al., 1984, 1986a; Greenblatt et al.,
1985; Kosower, 1985; Guy & Seetharamulu, 1986;
Catterall, 1988). Point mutations in the S; region
have shown that replacing the charged amino acid
lysine in the middle of this strand with the neutral
amino acid glutamine shifts the voltage-dependent
channel activation and, in some cases, reduces the
slope of the voltage dependency. Replacing lysine
with the negatively charged amino acid glutamate
reduces the steepness of the slope of the voltage
dependency of activation even more (Stuhmer et
al., 1989). Yet, the S, segment of internal repeat 1 is
accessible to its site-specific antibodies when ap-
plied from the external and not from the internal
side of the membrane (Meiri et al., 1987; Meiri,
Sammar & Schwartz, 1989; Schwartz, Palti &
Meiri, 1990). Recently Guy and Conti (1990) pro-
posed the ‘‘propagating helix model,”” which sug-
gests that the first four of the charged amino acids of
each S, segments (the ones closer to the outside) are
moving externally upon depolarization. Thus, the
topography of the S, region and its exposure to the
extracellular solution during depolarization require
a detailed examination.

Antibodies were raised in rabbit against two
peptides: C{ (amino acids 210-223, eel channel
numbering), which corresponds to the S, segment
of internal repeat 1, and dipole (amino acids 1690-
1699), next to the C-terminus, for which the larger
dipole moment for the entire sodium channel se-
quence was calculated (Y. Palti, unpublished).

We address in this paper the following ques-
tions: (i) What is the topography of these domains
as opposed to membrane sideness? (ii) What is the
influence of membrane depolarization on the acces-
sibility of these domains and does it confirm the
propagating helix model of Guy and Conti (1990)?

Materials and Methods

CRUDE ELECTROPLAX MEMBRANE FRACTIONS
(EMF)

Electroplax membranes were prepared as described by Duch and
Levinson (1987). A stored organ was partially thawed, sliced and
homogenized in grinding buffer [50 mM sodium phosphate, 5 mMm
EDTA, 0.1 mM phenyl-methylsulfonyl fluoride (PMSF), pH 6.8].
The homogenates were centrifuged, resuspended in grinding
buffer and centrifuged again, and the pellet was resuspended in 1
ml grinding buffer/g pellet. All steps were conducted at 2°C. The
EMF were stored at —140°C.

MEMBRANE SOLUBILIZATION

EMF were solubilized according to the methods of Duch and
Levinson (1987). Stored EMF were thawed, solubilized by 10%
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(vol/vol) of 120 mm CHAPS, homogenized, and spun at 100,000
x g for 1 hr at 2°C. The supernatant containing the solubilized
sodium channels (SEMF) was collected.

PARTIAL PURrIFICATION ON DEAE

SEMF (9-10 ml) were mixed with equal volume of DEAE previ-
ously equilibrated overnight with ion exchange buffer [SO mMm
sodium phosphate, 200 mm NacCl, 10 mm CHAPS, 3 mg/m/ aso-
lectin (Sigma, St. Louis, MO), pH 6.8]. The resin was washed
with ion exchange buffer, the ionic concentration was increased
to 0.4 M, and the supernatant was collected. The process was
repeated, and the second supernatant was combined with the
first supernatant. The preparation was concentrated by ultra-
filtration using an Amicon minidialyzer with a XMI100 mem-
brane.

PREPARATION OF CRUDE LIVER MEMBRANE
(CLM)

Rat liver was homogenized in membrane buffer (0.3 M mannitol,
I mM EDTA, pH 7.4) and centrifuged twice. The pellet was
resuspended and stored at —140°C. All steps were carried out at
4°C.

PREPARATION OF RAT BRAIN MEMBRANE (RBM)

According to Kanner (1980), rat brain was homogenized in mem-
brane buffer and spun down. The pellet was loaded onto a Ficoll
step gradient (2, 8, 16 and 20%) and centrifuged. The 8-16%
interphases were collected, washed, and centrifuged. The synap-
tosomes were lysed with hypotonic buffer (5 mm EDTA, 10 mm
Tris-Cl, pH 7.4) at 40/1 (vol/vol) ratio followed by centrifuga-
tion. The synaptic plasma membrane pellet was collected and
stored at —140°C.

CaLF HEART SARCOLEMMA (CHS)

According to the procedure of Reeves and Sutko (1979), calf
heart was isolated fresh into imidazole buffer (0.3 M sucrose, 5
mM MgSO,, 10 mM imidazole-HCl, pH 7.4), sliced and homoge-
nized. The solution was further homogenized. Sucrose concen-
tration was increased to 0.6 M, and the homogenate was centri-
fuged. The supernatant was collected and mixed at 1.5/1
(vol/vol) ratio with Tris-Mops buffer (160 mM NaCl. 20 mm
Mops-Tris, pH 7.4) and centrifuged. Samples were suspended in
Tris-Mops buffer and stored at —70°C.

Protein was determined using the Lowry et al. (1951) pro-
cedure.

SaxITOXIN (STX) BINDING

Saxitoxin binding was measured using [PH]-STX (New England
Nuclear, Boston, MA, specific activity of 37.3 Ci/mmol at 1 mCi/
ml). Samples (100200 ug/200 ul grinding buffer) were incubated
at 5~10 nM [3H]-STX for 60 min at 4°C. The reaction was termi-
nated by washing with 3 ml of ice-cold grinding buffer followed
by rapid filtration through Whatmann GF/C filters (membrane
preparations) or GE/B filters (all other preparations) preincuba-
ted with 0.3% polyethylene amine (Bruns, Lawson-Wendling &
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Pugsley, 1983). Specific binding was defined as the difference
between radioactivity bound in the presence and absence of 1 uM
tetrodotoxin (Duch & Levinson, 1987).

SDS-PAGE

Samples were dissolved in a sample buffer (10% glycerol, 3%
sodium dodecyl sulfate (SDS), 5% 2-mercaptoethanol, 62.5 mm
Tris-HCI, pH 6.8), incubated for 3 min in a water bath at 90°C,
and loaded onto a 4-15% poly-acrylamid gradient SDS gel
(Laemmli, 1970). Protein bands were visualized by silver staining
(Wray et al., 1981).

PEPTIDE SYNTHESIS AND CONJUGATION

Peptide synthesis was carried by the solid-phase method of Mer-
rifield (1985). The petide was cleaved off the resin with anhy-
drous HF at 0°C, isolated, and purified by reverse-phase HPLC
on a C;g column. The amino acid composition of the peptide was
verified by amino acid analysis. The peptide was conjugated ei-
ther to kehole limpet hemocyanin (KLH, Calbiochem, San
Diego, CA) or to bovine serum albumin (BSA, Sigma) using
EDCI {1-ethyl-3(3-dimethylaminopropy!) carbodiimide hydro-
chloride] (Sigma) as coupling reagent. The peptide-carrier conju-
gate was dialyzed overnight against excess PBS and kept at
—20°C.

IMMUNIZATION

Rabbits were immunized by multistage subcutaneous and intra-
muscular injections of 1 mg KLH-peptide conjugate emulsified in
0.5 ml Freund’s complete adjuvant. Booster injections were
given, if necessary, with Freund’s incomplete adjuvant. The im-
munoglobulin fractions from whole serum were purified on a
protein-A column.

ELISA PROCEDURE

To measure the binding of anti-peptide antibody, flat-bottomed
immunoplates (Nunc) were coated with 50 ul of 10 pg antigen/
ml, blocked with 1% BSA, incubated with rabbit anti-serum (or
its 1gG fraction, purified on a protein-A column), and overlayed
with alkaline phosphatase-conjugated goat anti-rabbit IgG. The
reaction was developed with Sigma 103-104 substrate (1 mg/ml),
and the optical density was measured at 405 nm.

IgG content was also determined by ELISA using standard
IgG (courtesy of B. Gieger, The Weizmann Institute of Science,
Rehovot, Israel).

Dot Brot

A dot of 5 ul (0.5-1 g protein/ml) of antigen was adsorbed onto
I x 1 cm nitrocellulose membrane (Schleicher & Schull D-3354,
Dassel, FRG) followed by blocking of irrelevant sites with 5%
(wt/vol) nonfat dry milk. Membranes were incubated with the
antibodies, and detection of bound antibodies was achieved us-
ing »I-labeled protein-A.

IMMUNOPRECIPITATION OF SODIUM CHANNELS

RBM was diluted in a solubilization buffer containing 100 mm
choline chloride, 10 mm EDTA, 10 mM EGTA, 50 mMm potassium
phosphate, pH 7.4, and 5% Triton X-100 containing 100 pM
PMSF, 1 mM iodacetamid, and 1 M pepstatin. Nonsolubilized
membranes were precipitated by sedimentation at 8000 x g for
15 min.

The supernatant was incubated for 16 hr with the appropri-
ate antibody (purified on protein-A), and the antibody-antigen
complexes were isolated by adsorption onto protein-A-
Sepharose.

PHOSPHORYLATION
OF IMMUNOPRECIPITATED Na CHANNELS

Following Gordon et al. (1987) immunoprecipitated samples
were washed with phosphorylation buffer (5 mm MgCl,, S mm
EDTA, 25 mMm HEPES-Tris, pH 7.4, and 0.1-0.5% Triton
X-100). Phosphorylation was carried out according to Costa and
Catterall (1984) using 500 ng of the catalytic subunit of cAMP-
dependent protein kinase (Sigma) and 10 uCi of gamma[*2P]-ATP
(New England Nuclear) for 1 min at 36°C. The reaction was
terminated by ice-cold (4°C) buffer (100 mm sodium phosphate,
pH 7.4, 20 mm EDTA, 50 mMm KF, and 0.5% Triton X-100) fol-
lowed by centrifugation. The peliet was washed (50 mm sodium
phosphate, pH 7.4, 20 mM KF, 75 mM NaCl, 2.5 mm EDTA,
0.01% NaNj, and 0.5% Triton X-100) and centrifuged, and sam-
ples were electrophoresed on SDS-PAGE. Autoradiography was
done on Kodak XM-5 paper.

PREPARATION OF VESICLES
FROM RAT BRAIN SYNAPTOSOMAL MEMBRANES

Minicolumns were prepared according to Barzilai and Rahami-
moff (1987} in 1-ml tuberculin syringes filled with Sephadex G-50
pre-equilibrated with either KPi medium (85 mm KCl, 10 mm
TEA, 1 mM MgSO,, 200 um CaCl,, 3 mm ATP, 1 um TTX, 10
uM 4-AP, 5 mwm potassium phosphate and 5 mM sodium phos-
phate, pH 7.4, osmolarity 225) or with NaPi medium (90 mm
NaCl, 10 mM TEA, 1 uM TTX, 10 um 4-AP, | mM MgSO,. 3 mMm
ATP, 5 mM potassium phosphate and 5 mm sodium phosphate,
pH 7.4, osmolarity 215). The syringes were centrifuged, and
samples of RBM (200 ul containing 0.5 mg protein/ml) were
loaded. Vesicles were collected at the bottom of the syringes
following centrifugation.

BINDING TO RBM VESICLES

Binding to the external side of the vesicles was performed by
incubating vesicles (3-5 ul containing 30-50 ug protein) for 1 hr
at room temperature in 200 ul of a test medium containing 100 ug
IgG. Antibodies bound to vesicles were detected by ['*I]-pro-
tein-A, Vesicles were also tested for [*H]-STX binding as de-
scribed above.

Binding to both membrane sides was done by perforating
the vesicle at RT for 30 min with 0.05% saponin (Sigma). The
vesicles were washed, and binding was performed as above.

To achieve binding to the internal side of the vesicies, the
membranes were first incubated in internal medium (KPi or
NaPi) containing antibodies for 1.5 hr: vesicles were eluted
through minicolumns containing the antibodies. The outside



bound antibodies were blocked by incubation with protein-A at
RT for 1 hr. The vesicles were lysed with hypotonic solution (5
mM EDTA, 10 mm sodium phosphate, pH 7.4) and incubated
with [%]]-protein-A. Specificity was determined by binding in
the presence and absence of the corresponding peptides, and
background was subtracted using normal rabbit IgG.

MEASUREMENTS OF MEMBRANE POTENTIALS
OF THE RBM VESICLES

To measure the membrane potential of RBM vesicles, a voltage-
dependent uptake of the lipophilic cation tetra-phenyl-phospho-
nium (TPP*) was measured (Barzilai & Rahamimoff, 1987). The
vesicles were loaded with KPi and diluted into a test medium
buffer containing 0.035 mm TPP+, 0.2 uCi/ml of [*H]-TPP* and
KPi buffer with different concentrations of KCl and with a bal-
ancing concentration of NaCl or of choline chloride. The amount
of [PH]-TPP* bound to the vesicles was measured following chro-
matography through a Dowx-50 minicolumn (Gasko et al., 1976).
Membrane potential was calculated by the Nernst equation on
the basis of the measured external and internal concentration of
TPP+. The internal concentration was determined by dividing
the amount of TPP* inside the vesicles by their internal volume
(determined as explained below).

The internal volume of the vesicles was measured by the
[*H]-glucose method (Barzilai & Rahamimoff, 1987). The
trapped glucose in the vesicles was measured after a transfer of
the vesicles through an identical Sephadex Gs; column pre-equil-
ibrated with glucose-free internal medium. No loss of [*H]-glu-
cose from the vesicles occurred in this procedure. The internal
volume was 1.8-2.5 ul/100 pg protein.

RBM VESICLES SEALING

Vesicles were prepared after the RBM were equilibrated with
NaPi containing 10 mm [**Na]Cl (replacing equivalent amount of
unlabeled NaCl) and eluted once through a column pre-equili-
brated with radioactive sodium and twice through an identical
column without radioactive sodium to ensure no **Na was bound
to the outside of the vesicles.

Vesicles (3-5 ul containing 30-50 wg protein) were then
diluted into 200 u] NaPj containing 5-85 mm NaCl and a balanc-
ing concentration of choline chloride. Following an incubation
period. the vesicles were eluted through a Dowx-50 minicolumn,
and the amount of *Na remained in the vesicles was determined.
Alternatively, vesicles were preloaded with KPi containing 10
mm [¥Rb]CI, and all steps were repeated with external KPi con-
taining 5-85 KPi and balancing concentrations of choline chlo-
rine.

DETERMINATION OF VESICLES SIDENESS

The proportion of right-side out vs. inside-out vesicles was deter-
mined by binding of [*H]-STX. First binding to the external side
of the vesicles was performed (as described above). Then perfo-
rated vesicles were prepared by saponin treatment (see above).
Toxin binding to perforated vesicles was performed like its bind-
ing to the external side of the vesicles. The ratio of binding to
outside of intact vesicles vs. perforated vesicles was used as the
first estimate of vesicle sideness. Direct binding to the vesicle
inside was performed by equilibrating mini-columns with RBM
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and 5-10 mm [*H]-STX for 60 min at 4°C, and elution once fol-
lowed by elution twice through columns pre-equilibrated with
internal medium and 1 uM TTX to ensure no [*H]-STX was
bound to the outside of the vesicle. Vesicles were filtered as
described above for [PH]-STX binding. Specificity was deter-
mined by adding 1 umM TTX to the first minicolumn. The ratio of
binding to outside vs. inside of the vesicle was used as a second
estimate of vesicle sideness.

MEASUREMENTS OF
THE COMPOUND ACTION POTENTIAL

Rats were sacrificed by i.p. injection of pentobarbitone (50 mg/kg
body wt), and both sciatic nerves were dissected-out, placed in a
Ringer’s solution (containing in mm: NaCl 154, KCl 5.6, CaCl,
1.2, and Tris-HC! 10, pH adjusted with 1 N~ NaOH to 7.4),
desheathed, mounted onto a recording chamber and stimulated
at 1 Hz. The compound action potential was recorded, stored
digitally and plotted. All measurements were performed at room
temperature. Antibody (Ig fraction after protein-A column) was
perfused at a given concentration and allowed to equilibrate with
the nerve for 20 min. Antibody preincubated with the peptide,
normal rabbit IgG and irrelevant rabbit antibodies were used as
controls. At super-maximal stimulation, the following parame-
ters were measured: action potential amplitude, action potential
duration at 50 and 90% amplitude, and conduction velocity. The
threshold current was obtained from strength-duration curves.

Results

SEQUENCE ANALYSIS

The oligopeptides corresponding to amino acids
210-223 (CT, eel channel numbering), and 1690-
1699 (dipole) are shown at the top line of Fig. 14
and B. C{ corresponds to a part of the S; segments
of internal repeat 1 (Noda et al., 1984, 1986a) and
has 86% homology with the corresponding region of
rat brain sodium channels (Noda et al., 1984,
1986a,b) and 92% homology with skeletal muscle
Na channel (Trimmer et al., 1989) (Fig. 1A). The
homology of C; with the S, segments of repeat 4
(S4IV of eel electroplax Na channel) is given in Fig.
1C (Noda et al., 1984, 19864, b). It is shown that the
structure of charged amino acids at every third posi-
tion and two neutral amino acids in between is kept
in both C{ and S,IV but the sequence homology is
small. Dipole of eel electroplax has 60% homology
with the corresponding domain in rat brain (Fig.
1B). The amino acid tryptophan (eel sequence 1698)
is replaced in all other channels by valine, and
alanine (eel sequence 1695) is replaced by serine.
However, at the core of this peptide the principle of
a dipole structure organized as three positively
charged amino acids adjacent to two to three nega-
tively charged amino acids is kept, forming the



M. Sammar et al.: Mapping Na Channel with Peptide Antibodies

A Ci+

Mus
Rat
Raty

n

Il |

Eel 210 Arg*-Thr-Phe-Arg*-Val-Leu-Arg*-Ala-Leu-Lys+*-Thr-lle:Thr-lie
219 Arg+-Thr-Phe-Arg+-Val-Leu-Arg*-Ala-Leu-Lys+-Thr- lIeJThr -Val !
216 Arg*-Thr-Phe-Arg*-Val-Leu-Arg*-Ala-Leu-Lys*-Thr-lle- Ser-Val
217 Arg+-Thr-Phe-Arg+-Val-Leu-Arg*-Ala-Leu-Lys*-Thr-lle-Ser-Val

Ratj 216 Arg*-Thr-Phe-Arg+-Val-Leu-Arg*-Aia-Leu-Lys*-Thr-lle-Ser-Val

B Dipole
Thr-leu-Arg*-Arg+- Lys*'Glu TGIu -Glu- +:F-r;_:)7i_\la
-Giu~-Glu--ValiAla,

Eel 1690

Fig. 1. Peptide sequence and homology. The
sequence of Ci (A) and dipole (B) of eel
electroplax Na channel (top line in A and B) is
compared to the homologous regions of three
Na channels from rat brain (Rat I-II[) and the
Na channel from skeletal muscle (Mus). (C)

Mus 1712 Thr-leu-Arg*-Arg+-Lys+-Gin

Rat; 1909  Thr-leu-Lys*-Arg+-Lys*-Gin -Glu-Glu--Val-Ser
Rat) 1899 Thr-leu-Lys*-Arg+-Lys+-Gin -Glu--Glu--Val-Ser
Ratjy 1845 Thr-leu-Lys+-Arg+-Lys+-GIn -Glu--Glu--Val-Ser
C Sa

S, Arg*-Thr-Phe-Arg+-Val-Leu-Arg*-Ala-Leu-Lys*-Thr-lle-Thr-lle
S,IV Arg*-Val-lle-Arg*-Leu-Ala-Arg+-ile-Ala-Arg+-Val-Leu-Arg+-Leu-liu

Arg*-Ala-Ala-Lys+-Gly-lle-Arg*

larger dipole moment on a sequence per the entire
Na channel molecule.

ANTIBODIES BINDING TO PURIFIED, SOLUBILIZED
AND MEMBRANE-BOUND Na CHANNELS

Antibodies against C{ and dipole bind in a concen-
tration-dependent and specific manner to the corre-
sponding synthetic peptide (Fig. 2A). Anti-C; and
anti-dipole did not cross-react with each other (Fig.
2A and B), indicating their epitope specificity. The
specificity of anti-C{ was further evident using the
S4IV peptide (Tosteson, Auld & Tosteson, 1989).
Anti-C, was unreactive with this peptide (Fig. 24)
even at dilution as low as 1: 10 (not shown).

The antibodies were found to bind specifically
(5-10 times over normal rabbit 1gG) to partially pu-
rified eel electroplax Na channel and to crude and
solubilized eel electroplax membranes.

The antibodies also bind specifically to mem-
brane fraction of excitable tissues prepared from eel
electroplax, rat brain and calf heart. In all of these
preparations, the binding at 1:20 dilution was
higher than the binding to the inexcitable tissue of
rat liver. The antibodies did not interfere with sax-
itoxin binding to eel or rat brain membranes.

A mild denaturation of the channel by 0.1%
SDS was followed by a significant decrease in bind-
ing. This was probably the main reason that the
resolution of a 260-270 kD band in immunoblot was
very poor (not shown). In order to further establish

CT of eel is compared to a peptide S,V
corresponding to the S, region of internal
repeat 4 (Tosteson et al., 1989). Numbers to
the left represent the corresponding position
on the primary amino acid sequence. Dashed
line in A and B represents nonhomologous
amino acids. The dipole arrangement in the
peptide denoted dipole is comprised of the
three positively charged amino acids in the
middle of the peptide adjacent to 2-3
negatively charged ones.

12

anti-C1+ A

anti-dipole B
1.0

0.8
0.6

0.4

OD at 405 nm

0.2

0.0

c1 dipole sS4 v C1 dipole S4 v

Fig. 2. Antibodies binding to the homologous and heterologous
peptides. (4) The binding of anti-C, to C,, dipole, and S,IV. (B)
The binding of anti-dipole to these three peptides. IgG concen-
trations are 100-200 wg/ml (i.e., the concentration required to
obtain 75% of maximal binding to homologous peptides). CJ,
dipole and S,IV are the peptides described in Fig. 1. Background
binding of normal rabbit IgG was subtracted from each.

the specificity of the antibodies to the Na channel,
an immunoprecipitation was performed. Na chan-
nels from both eel electroplax (Fig. 34 and C) and
rat brain (Fig. 3D), but not from rat liver (Fig. 3B),
were precipitated by anti-C,; and anti-dipole. Chan-
nel precipitation could be prevented by blocking
each antibody with the homologous peptide (Fig.
3C) or with partially purified channel (rot shown).
Following the immunoprecipitation, the channel



Fig. 3. Immunoprecipitation of Na channels with antibodies.
The precipitates were loaded on SDS-PAGE following in-vitro
phosphorylation, and the labeled bands were resolved by autora-
diography. (4) Immunoprecipitation from eel electroplax (lane I:
normal rabbit IgG; lane 2: anti-C7). (B) Immunoprecipitation
from eel electroplax after preadsorption of the antibodies on rat
liver membrane (lane /: normal rabbit IgG; lane 2: anti-dipole).
(C) Immunoprecipitation of eel channel with anti-dipole in the
presence (lane /) or absence (lane 2) of the peptide dipole. (D)
Immunoprecipitation from rat brain (lane I: normal rabbit IgG;
lane 2: anti-C; ; lane 3: anti-dipole). Arrowhead is placed at 270
kD in A—C and at 260 kD in D.

was detected by in-vitro phosphorylation with
cAMP-dependent protein kinase. Phosphorylation
of the sodium channel is highly preferential under
the employed experimental conditions (Rossic et
al., 1987), which results in the presence of a phos-
phorylated 270-kD band (eel, Fig. 34A-C) or 260-kD
band (rat brain, Fig. 3D). The results shown in Fig.
3 confirm the presence of specific anti-sodium chan-
nel antibodies in the antiserum to C; and dipole.
Note that both dipole and C{ domains are far from
the phosphorylation sites of cAMP-kinase on the
Na channel (Rossie et al., 1987).

THE EFFECTS OF THE ANTIBODIES
ON THE ACTION POTENTIAL

The ability of anti-C{ to specifically increase Na-
channel inactivation was previously demonstrated
(Meiri et al., 1987, 1989; Schwartz et al., 1990). Na,
K or Ca channels were not affected although they
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Fig. 4. Electrophysiological modification of the compound
action potential in rat sciatic nerve. (A a) Control action poten-
tial. (A b) Twenty min after exposure to 125 ug/ml anti-C{ . (B)
Concentration-dependent attenuation of the action potential am-
plitude by 50 (left), 100 (middle) and 200 pg/ml (right) of anti-C;
(filled bars) or normal rabbit IgG (open bars). Each point repre-
sents the mean of 5-7 nerves.

n=6 n=6

n=7 n=4 n=7 n=6

were present in the tested preparation (rat DRG
cells) (Meiri et al., 1987, 1989). Here we tested the
effects of anti-C{” on the action potential of rat sci-
atic nerve. Anti-C{, but not anti-dipole or normal
rabbit IgG, attenuated the action potential ampli-
tude in a concentration-dependent manner (Fig. 44
and B). Other action potential parameters were not
modified (not shown). The effect was irreversible
when the nerve was subsequently washed for 30-90
min. These results indicate that the C{ domain is
accessible to antibodies from the external surface of
the membrane and also associated with Na-channel
function. The attenuation of action potential ampli-
tude is consistent with the ability of anti-C{ to in-
crease Na-channel inactivation (Meiri et al., 1987,
1989; Schwartz et al., 1990). It is also consistent
with the finding of Schwartz et al. (1990) who had
demonstrated that anti-C{ works on Na-channel in-
activation only when applied externally and not
when applied from inside.
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Table. Sideness of domain for antibody binding at resting poten-
tial

Reagents Specific binding (cpm/mg protein)
Outside Inside Perforated
STX 402 = 11 60 + 13%* 486 + 13
Anti-C{ 4500 = 545 300 = 50** 6150 = 850*
Anti-dipole 800 = 115 7010 £ 150%* 6050 + 150**

Vesicles of rat brain membranes were loaded with NaPi (for anti-
C) or with KPi (for anti-dipole). The binding of antibodies to the
vesicle outside was performed in NaPi buffer. Perforated vesi-
cles were then prepared by I-hr exposure to 0.05% saponin.
Binding to perforated vesicles was performed as described for
the binding to the vesicle outside. Binding to the vesicle inside
was done by incubating the membranes before vesicle formation
with anti-Na channel antibodies followed by vesicle formation
and blocking external sites with unlabeled protein A; the vesicles
were then washed thoroughly and were exposed to *’I-Protein-A
in hypotonic medium. STX binding was performed in parallel on
all vesicle preparations to determine the proportion of right-side
out vesicles vs. inside-out vesicles. At the experiments described
in this table, the ratio of outside-out to inside-out was 85 =+
5:15 = 5, and values are given after correction to this ratio. A
tight membrane sealing was measured with 2Na loaded inside
(for anti-dipole binding) and with #Rb (for anti-C{ binding).
Results are means + SsEM of 3-8 experiments. Values are pre-
sented after subtraction of background obtained with normal rab-
bit IgG in each condition. The background was not affected by
saponin and remained 10-15% of the total binding.

* P <C0.02; ** P < 0.002 for two-tailed unpaired ¢ test (compari-
son made to the data of each antibody binding to the vesicle
outside).

SIDENESS OF THE CORRESPONDING DOMAIN
AND VOLTAGE DEPENDENCY
OF ANTIBODY BINDING

Binding at Resting Potential (=70 mV)

First, we measured the antibodies binding to the
outside of right-side out vesicles prepared from the
membranes of rat brain synaptosomes and kept at
—70 mV (Fig. 5A, the Table). Antibody binding to
the internal side of the vesicles was performed after
blocking the external sites on the vesicles with unla-
beled protein-A and by lysing of the vesicles with
hypotonic solution to expose internal sites (Fig. 5B,
the Table). Finally, the total binding was deter-
mined using perforated vesicles (the Table) ob-
tained by treatment with saponin (Gordon et al.,
1987) and by combining the binding to the outside
and to the inside of the vesicles. Binding to the
external side was corrected for vesicle sideness us-
ing STX binding (the Table). At =70 mV (Fig. 5C)
there was no leakage from the vesicles during 1 hr
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Fig. 5. Voltage-dependent binding of anti-C} to the outside of
the vesicles. (A) The binding of antibodies (80-100 wg/ml) to the
outside of RBM vesicles. Vesicles are loaded with KPi medium,
and binding is performed for 1 hr with NaPi as the test medium
containing 5-85 mM NaCl replaced by a balancing concentration
of KCI. Sideness is determined by the *H-STX binding, and val-
ues (x * SEM) are shown after correction for this parameter (open
circles: normal rabbit IgG; filled circles: anti-Cy ; open triangles:
anti-dipole). (B) Membrane potential changes as determined by
the [*H]-TPP* method is presented as a function of the external
potassium concentration with KPj as an internal solution. Values
are shown after 1-hr incubation. All values are means of tripli-
cates. Slope: —51, smaller than the anticipated —58 due to non-
linearity at low [K*],. (C) Measurement of 22Na left in the vesi-
cles as a function of membrane potential. Values are shown after
{-hr incubation. In this figure the test and internal medium con-
tained 1 uM TTX, 10 uM 4AP and 10 mM TEA to avoid radioac-
tive ion transport through sodium and potassium channels
opened by depolarization.
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Fig. 6. Voltage-dependent binding to the inside of the vesicles.
The binding of antibodies (80—100 ug/ml) to the inside of RBM
vesicles was performed. All controls are similar to those de-
scribed in the Table and Fig. 5. Open circles: normal rabbit IgG;
filled circles: anti-C{ ; open triangles: anti-dipole.

of incubation. The membrane potential (=70 mV),
as determined by the TPP™ method (Fig. 5B), was
stable during the incubation time.

It was found that at —70 mV anti-C; binds to
the outside of the vesicles (the Table). It has practi-
cally no binding (<7%) to the internal side (the Ta-
ble). Perforating the vesicles by saponin exposes
more sites to anti-C; (50% increase in mean values
vs. binding to the vesicle outside). Since practically
no binding to the vesicles inside was found, the
results with anti-C, indicated that the C; domain is
externally accessible but is at least partially caged
inside the membrane bilayer.

The binding of anti-dipole has a different pat-
tern. At —70 mV anti-dipole has eight times more
binding sites inside the vesicles than outside (the
Table). The binding to the intracellular side is simi-
lar to the binding after saponin treatment, indicating
that all sites are cytoplasmatic (the Table). The op-
posite results of the binding of anti-C,; and anti-di-
pole at resting potential and their comparison to
NRS indicate that these values represent differen-
tial topography of C; vs. dipole domains in refer-
ence to the sideness of the bilayer.

The Effect of Depolarization

The binding of anti-C; is voltage dependent. Mem-
brane depolarization from —70 to —45 mV increases
the binding of anti-C} to the vesicle outside by a
factor of 2 (Fig. 5A). This depolarization, however,
did not change the very low binding to the vesicle
inside (Fig. 6). The controls show that at depolar-
ization from —70 to ~40 mV (Fig. 5B), the vesicles
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were tight and no leakage of ?Na was detected at 1-
hr incubation (Fig. 5C), indicating that the increase
in binding is not a result of vesicle breakdown and
exposure of internal sites. These results appear to
suggest that depolarization increases the accessibil-
ity of the C; domain to the outside.

The voltage dependency of anti-dipole binding
is opposite to the voltage dependency of anti-Cy
binding. Unlike anti-C|", the binding of anti-dipole
to the vesicle outside was neglible at any membrane
potential (Fig. 54). However, its binding to the ves-
icle inside is voltage dependent and is completely
inhibited by depolarization from —70 to —350 mV
(Fig. 6). Vesicle tightness remains unaltered during
the experiment (Fig. 5C), indicating that depolariza-
tion was not causing exposure of internal sites in
damaged vesicles.

Discussion

C| and dipole are two synthetic peptides, 10-13
amino acid long, corresponding to two different do-
mains of the Na channel. These peptides were used
to produce site-specific antibodies. The resultant
peptide-specific anti-serum recognized Na channels
and could immunoprecipitate Na channel from ex-
citable tissue. Specificity was also demonstrated by
the lack of interaction between the site-specific anti-
bodies and different domains of the Na channel.
Our results demonstrated that the binding of C{ is
extracellular and increases by depolarization,
whereas the binding of anti-dipole is intracellular
and decreases by depolarization. Since these do-
mains are well preserved through evolution, the
conclusions related to their voltage-dependent to-
pography have a general importance.

The qualitative differences in the location and
recognition of these sodium channel domains as can
be summarized from our studies are given in Fig. 7.

DiPOLE

The accumulated evidence is consistent with a cyto-
plasmatic location of this domain which becomes
less accessible from inside (Fig. 7) upon depolariza-
tion. The dipole domain is 60% preserved during
evolution (Noda et al., 1984, 1986a; Salkoff et al.,
1987; Rogart et al., 1989; Kallen et al., 1990). The
anti-dipole antibody binds specifically to its corre-
sponding domain. Thus, the effect of depolarization
on the accessibility of the dipole domain is both
specific and is generally important and relevant to
many cloned Na channels.

Dipole domain was localized here to the cyto-
plasm. This is consistent with the results of Gordon
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Na* channel

*H.N

et al. (1987) who showed the cytoplasmatic location
of the C-terminus of the Na channel. Yet, at depo-
larization the accessibility of dipole domain from
inside diminished, and no changes upon depolariza-
tion are found at the membrane outside. One poten-
tial assumption is that upon depolarization the di-
pole domain becomes ‘‘superpacked’’ at the
cytoplasm. Such superpacking is not very likely.
The electric field is significantly diminished in solu-
tion, and a voltage difference of —70 mV across the
membrane is decreased to a fraction of a millivolt
over a distance less than a nanometer in a solution
of 100-150 mm (Miller, 1986). This makes the su-
perpacking assumption not very appealing.

Is it possible that the cytoplasmatic dipole do-
main becomes inserted in the plasma membrane
upon depolarization? Dipole is constructed as three
positively charged amino acids continued on a se-
quence with three negatively charged amino acids,
thus building the larger dipole moment on a se-
quence for the entire Na channel molecule. If dipole
is positioned underneath to the plasma membrane,
depolarization may ‘‘sink’’ the negative charges in-
side the bilayer and make the region less accessible
for antibodies. However, dipole is highly hydro-
philic, and it seems improbable that such a domain
will enter the transmembrane region.

A third assumption is therefore suggested. This
assumption attributes the inhibited binding of anti-
dipole by depolarization to an allosteric effect. The
intracellular region between repeats 3 and 4 is in-
volved in inactivation (Vassilev et al., 1988;

Qutside
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Fig. 7. Schematic sodium channel orientation
in the membrane. 7, II, I11, and IV represent
the four internal repeats. C; and dipole
represent the regions corresponding to our
peptides. Note the two putative orientations
of dipole. SP,, represents the intracellular
domain recognized by an antibody which
modifies Na-channel inactivation kinetics
(Vassilev et al., 1988). Ry and CT represent
regions mapped in immunocytochemistry to
the cytoplasmatic side (Gordon et al., 1987,
1988). P represents potential phosphorylation
sites in rat brain Na channels (Rossie et al.,
1987). ScTx represents the localized site for
scorpion toxin (Catterall, 1988; Trimmer et
al., 1989) and TTX (Catterall, 1990; Stuhmer,
1990). Segment 4 of [—the region recognized
as the voltage sensor (Stuhmer et al., 1989).
The scheme was modified from Catterall
(1988).

Inside

DIPOLE

Stuhmer et al., 1989). Several groups suggested that
the segment following internal repeat 4 (to which
the dipole domain belongs) is also associated with
inactivation (Noda et al., 1984; Guy, 1987; Salkoff
et al., 1987). Guy has postulated that when the
channel is inactivated, the segment between repeats
3 and 4 binds to the internal segment following re-
peat 4 (to which dipole belongs). If his hypothesis is
correct, it is anticipated that when the channel is
inactivated by prolonged depolarization, the intra-
cellular segment between repeats 3 and 4 bind to the
dipole intracellular segment and make it unavailable
to antibodies. This may explain the voltage-depen-
dent decrease of the binding of anti-dipole. This in-
triguing assumption could now be tested in several
ways: (i) There are drugs and toxins that prevent
inactivation which can be used to study if they can
eliminate the voltage-dependent binding of anti-di-
pole. (ii) Application of anti-dipole from inside in
patch-clamp studies may modify Na-channel inacti-
vation. (iii) In channel mutants that lack the seg-
ment between repeat 3 and 4, the voltage-dependent
binding of anti-dipole is expected to be missing. All
of these are currently being tested in our lab.

Cr

The accessibility of the C{ domain to antibodies
applied to the external membrane surface was dem-
onstrated for at least three different excitable tis-
sues—rat peripheral nerve (this work), cultured
DRG cells (Schwartz et al., 1990) and vesicles of rat
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brain synaptosomes (this work). Considering the
conservation of the C; domain among various ex-
citable tissues (Fig. 14), the implication of external
accessibility of the C{ domain in mature excitable
cells is rather general. Yet C{ is a part of the S,
region of internal repeat 1 identified as the voltage
sensor of the Na channel (Stuhmer et al., 1989)
which is expected to be in the membrane bilayer
(Armstrong, 1981; Kosower, 1985, 1991; Catterall,
1988; Guy & Conti, 1990). It is interesting that in
this study we found that upon depolarization the C{
region becomes more accessible to antibodies. The
results are consistent with the conclusion that a part
of the conformational changes associated with
membrane depolarization involves the exposure of
the voltage sensor to the extracellular solution. The
results are consistent with the finding of Schwartz
et al. (1990) which have shown that antibodies to C{
specifically modulate Na current only from outside
and not from inside. Further support to the accessi-
bility of the S, domain of internal repeat 1 (desig-
nated here as the C{ domain) to the extracellular
solution upon depolarization was shown by Pusch
(1990). A mutation of the S4 lysine to glutamine in
the fourth positively charged position altered block-
ade of the sodium channel by extracellular calcium,
but did not affect channel blockade by intracellular
magnesium (Pusch, 1990). These results indicate
that this region becomes accessible to the extracel-
Jular solution upon depolarization (Pusch, 1990).
Our results also provide experimental support to
the propagating helix model suggested by Guy and
Conti (1990). According to their model, the first four
positive charges of the S, regions become exposed
at membrane depolarization. Based on all studies,
the C{ domain, which includes all four positive
charges of the S, region of internal repeat 1, is pos-
tulated to move outside at depolarization and,
thereby, becomes more accessible to antibodies.
These findings might also be relevant to other volt-
age-gated cation channels since the S, segment ap-
pears in all of them. Yet, anti-C{ work specifically
on the S, segment of internal repeat 1 and does not
recognize other S, segments of the Na channels.
Thus, to study voltage-dependent conformational
changes at S, segments of Na and other cation chan-
nels, more antibodies should be generated.

The employment of immunological markers has
been very helpful in providing information regard-
ing the three-dimensional configuration of the so-
dium channel in the membrane (Barchi, 1988; Cat-
terall, 1990). Combinations of immunological
techniques, site-directed mutagenesis coupled to
functional expression systems and x-ray diffraction
of the channel may make it possible to identify all
these sites in the nearby future.
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