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Summary. Three synthetic peptides corresponding to parts of
S, of the first repeat of eel electroplax sodium channel were
synthesized. The basic peptide was C{ which corresponds to
amino acids 210-223 (eel channel numbering) and two subfrac-
tions: an external fraction, C7,, (amino acid 210-217); and an
internal part, C{;, (amino acid 218-221). Peptide C includes four
of the charged amino acids of this domain; peptide C{, includes
three of the charged amino acids and is closer to the external
membrane surface (according to channel models) than peptide
Cti, which includes the fourth charged amino acid alone.

Antibodies generated in rabbits against these peptides were
shown to be site specific. Using the whole-cell patch-clamp tech-
nique, we found that in rat dorsal root ganglion (DRG) cells, the
antibodies against C{;, but not against C{., had an effect on the
gating parameters. They shifted the Na-channel inactivation
curve towards hyperpolarization and decreased the slope of the
Na-channel activation curve. These results demonstrate that dur-
ing the conformational changes associated with channel gating,
the fourth charged amino acid of S, must be accessible to antibod-
ies given to the external solution. Furthermore, they indicate a
specific involvement of S, in the voltage dependency of the gating
processes.

Key Words whole cell patch clamp - synthetic peptides - dor-
sal root ganglion - eel electroplax - antibodies

Introduction

Voltage-sensitive sodium channels are responsible
for the initial rapid increase in membrane permeabil-
ity to sodium ions, which is essential for the genera-
tion of most action potentials (Hodgkin & Huxley,
1952; Armstrong, 1981; Hille, 1984). Analysis of the
primary structure of sodium channels revealed four
repeats (Noda et al., 1984), each containing 6~8
transmembrane segments S,-S, (Noda et al., 1984,
1986; Greenblatt, Blatt & Montal, 1985; Guy &
Seetharamulu, 1987; Kosower, 1985).

Among the transmembrane segments, the S, has
a unique structure: a series of positively charged
amino acids (arg® and lys*) with two nonpolar
amino acids intervening between them (Noda et al.,

1984, 1986). This structure is typical to all voltage-
gated cation channels (Tanabe et al., 1987; Papazian
et al., 1988). The orientation of the S, in the mem-
brane as suggested by Noda et al. (1986) was sup-
ported by Stithmer et al. (1989) for Na channels and
for potassium channels by Papazian et al. (1991).
The results of studies utilizing antibodies against S,
are also consistent with this view (Sammar, Spira &
Meiri, 1992).

Most models of the sodium channels propose
that the S, participates in sensing the membrane field
or potential during the gating process (Noda et al.,
1984, 1986; Greenblatt et al., 1985; Guy & Seethara-
mulu, 1986; Kosower, 1985; Catterall, 1988). This
involvement received experimental support by the
work of Stithmer et al. (1989) who have shown that
replacement of one, two or three charged amino
acids of S, with neutral ones decreased the slope
of Na-channel conductance vs. membrane potential
curve. They also found that the decrease in the slope
is proportional to the number of charged amino acids
replaced in S,. From experiments utilizing anti-S,
antibodies it was independently deduced that S, is
also associated with Na-channel inactivation (Meiri
et al., 1987; Meiri, Sammar & Schwartz, 1989;
Schwartz, Palti & Meiri, 1990).

Gating is attributed in all models to conforma-
tional changes in the channel molecule in response
to depolarization. These changes may result in the
exposure to the external solution of channel do-
mains, which are embedded in the membrane at the
resting state. For example, the ‘‘sliding helix model””’
(Catterall, 1988) proposes that at resting potential
the S, forms a helix in the membrane so that all its
positively charged amino acids are embedded in the
membrane and are neutralized by negatively charged
amino acids. According to this model, the S, helix
slides out upon depolarization, effectively transpos-
ing one or two of the positively charged amino acids
of the S, towards the external membrane surface.
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Fig. 1. Peptide sequence. A scheme that presents the sequences of peptide C|, which corresponds to a part of S, of the first internal
repeat of eel electroplax Na channel, and peptides C;, and C[;, derived from it. A three-glycine tail was added to peptide Cf;,.

The ‘‘propagating helix model”’ (Guy & Conti, 1990)
and the “‘helical screw mechanism’ (Guy & Durell,
1991) suggest that upon depolarization a significant
part of S, moves outward and becomes exposed on
the outer membrane surface. During this process at
least three and perhaps four charged amino acids of
S, are exposed to the external medium. The experi-
mental results of Pusch (1990) indicate that this re-
gion becomes accessible to the extracellular solution
upon depolarization, thus supporting this model.

In an attempt to clarify the changes in the sodi-
um-channel molecule associated with gating, the ex-
posure of S, to the external solution during this pro-
cess was studied.

Antibodies were raised against synthetic pep-
tides corresponding to two intramembrane parts of
S,: Ci.., situated close to the external surface, and

. which is buried deeper in the membrane. The
experiments were designed to address the following
questions: (i) Are the two parts of the S, accessible
to antibodies given to the external solution? (ii) How
is channel function modified by antibodies against
these subfractions of S,? The results are interpreted
with reference to the different channel-gating
models.

Materials and Methods

PEPTIDE STRUCTURE

I is a synthetic peptide corresponding to the S, of repeat I of
the eel electroplax sodium channel (amino acids 210-223). It
includes four charged amino acids. The peptide was previously
used to generate anti-S, antibodies which were employed to study
S, orientation in the membrane (Sammar et al., 1992). They were
also shown to modify Na-channel inactivation (Meiri et al., 1987,
1989; Schwartz et al., 1990). Here we used two subfractions of
Cf: the part assumed to be close to the external surface of the
membrane (according to models) denoted C{., (amino acids
210-217, eel channel numbering). This part contains three of the
four charged amino acids of C{. The part assumed to be deeper
in the bilayer, denoted C;, (amino acids 218-221), includes only
the fourth charged amino acid and had an additional three-glycine
tail (Fig. 1).

Two other peptides were used as controls: (i) S,IV, a syn-
thetic peptide corresponding to the S, segment of the fourth inter-
nal repeat of the Na channel (Tosteson, Auld & Tosteson, 1989).
(This peptide was made available to us by courtesy of Dr. M.
Tosteson, Harvard Medical School, Boston, MA.) (ii) The peptide
“‘dipole’” corresponding to a region near the N terminus of the
sodium channel, amino acids 1690-1699. This peptide consists of
three positively charged amino acids and three negatively charged
amino acids (Sammar et al., 1992).

PEPTIDE SYNTHESIS AND CONJUGATION

Peptides were synthesized using the solid-phase technique (Mer-
rifield, 1983) by Penninsula Laboratories Europe (St. Helens,
UK), and their compositions were verified by amino acid analysis.
The peptides were coupled to KLH (Calbiochem, San Diego,
CA), or BSA (Sigma, St. Louis, MO) using EDCI (Sigma). The
peptide-carrier conjugates were dialyzed against 0.1 Mammonium
bicarbonate and stored at —20°C.

IMMUNIZATION

Rabbits were immunized by multistage subcutaneous and intra-
muscular injections of KLH-peptide conjugate mixed with com-
plete Freund’s adjuvant, as detailed elsewhere (Sammar et al.,
1992).

ELISA PROCEDURE

Immunoplates were coated with 10~50 ug/ml of peptides or mem-
branes, and ELISA was carried out as detailed elsewhere (Meiri
et al., 1989). IgG content was measured using goat anti-rabbit IgG
(Sigma) and standard Ig.

CRUDE ELECTROPLAX MEMBRANE FRACTIONS
(EMF)

Electroplax membranes were prepared according to Miller, Ag-
new and Levinson (1983). A stored organ was thawed, sliced,
homogenized in grinding buffer [50 mMm potassium phosphate, 5
mM EDTA, and 0.1 mm PMSF, pH 6.8] and centrifuged. The
supernatant was ultraspun at 100,000 X g. The pellet was resus-
pended in grinding buffer and stored in liquid nitrogen. All steps
were conducted at 4°C.
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PREPARATION OF CRUDE LivER MEMBRANE
(CLM)

Rat liver was homogenized with mannitol buffer (0.3 M mannitol,
and 1 mMm EDTA, pH 7.4), centrifuged, and the supernatant was
collected and recentrifuged. The pellet was collected into manni-
tol buffer and used or stored in liquid nitrogen. All processing
steps were carried out at 4°C,

PREPARATION OF RaT BRAIN MEMBRANE (RBM)

Rat brain (Kanner, 1980) was homogenized in mannitol buffer,
centrifuged, and the supernatant was recentrifuged. The pellet
was loaded onto a ficoll step gradient, centrifuged and the synap-
tosomes were collected, washed with mannitol buffer, lysed with
hypotonic buffer (5 mm EDTA, and 10 mm Tris-Cl, pH 7.4),
centrifuged, and the pellet was stored in liquid nitrogen.

MEMBRANE SOLUBILIZATION

Membranes were mixed with solubilizing buffer (100 mM choline
chloride, 10 mM EDTA, 10 mm EGTA, and 50 mm potassium
phosphate, pH 7.4, and 5% Triton X-100 containing 100 mMm
PMSF, 1 mM iodoacetamide and I mm pepstatin), incubated at
4°C, and precipitated by centrifugation.

SaxiToxiN (STX) BINDING

Five to sixty nM *H-STX (New England Nuclear, Boston, MA,
specific activity of 37.3 Ci/mmol at 1 mCi/ml) were mixed with
channels or membrane samples, and incubated for 60 min at 4°C.
The reaction was terminated by rapid filtration through What-
mann GF/C filters. Filters were counted by liquid scintillation
counter. Specific binding was determined after subtraction of the
binding in the presence of 1 uM tetrodotoxin (Duch & Levinson,
1987).

IMMUNOPRECIPITATION AND PHOSPHORYLATION
OF SopiuM CHANNEL

Solubilized EMF or RBM (1 pmol STX binding sites) were incu-
bated for 16 hr at 4°C with 200 ug of antibodies (purified on
protein-A column) and the antibody-antigen complexes were pre-
cipitated by protein-A-Sepharose. Immunoprecipitated samples
were washed with phosphorylation buffer (5 mm MgCl,, 5 mm
EDTA, and 25 mm HEPES-Tris, pH 7.4, and 0.1-0.5% Triton
X-100), and radiolabeled using the catalytic subunit of cAMP-
dependent protein kinase (Sigma) and 10 uCi of y-*P-ATP (New
England Nuclear) according to Schmidt et al. (1985). The reaction
was terminated by ice-cold termination buffer (100 mm sodium
phosphate, pH 7.4, 20 mm EDTA, 50 mm KF, and 0.5% Triton
X-100), washed in RIA buffer (50 mm sodium phosphate, pH 7.4,
20 mMm KF, 75 mm NaCl, 2.5 mm EDTA, 0.01% NaN,, and 0.5%
Triton X-100), and centrifuged. Labeled samples were electro-
phoresed on 4-15% polyacrylamide gradient SDS gel (Laemmli,
1970), and autoradiography was done on Kodak XM-5 papers.
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CuLTuRrING OF DRG CELLS

Lumbar and sacral dorsal root ganglia (DRG) of 5-8-day-old rats
were isolated and single cells were obtained as detailed before
(Schwartz et al., 1990). Cells (10>~10% were seeded on poly-L-
lysine coated petri dishes with [.5 ml medium and cultured for
4-10 hr at 37°C. Neurons (10-15 um in diameter) were distin-
guished from Schwann cells by their round shape and bright halo.

WHOLE CELL PaTCcH CLAMP

Heat-polished, machine-pulled, hard-glass pipettes having a DC
resistance of 3—3 x 10° Q when filled with internal solution were
used. The composition of extracellular solution was (in mm): 100
NaCl, 2 Na,HPO,, 5 KCl, 10 glucose, S HEPES, 40 TEA-CI, and
2.5 MgCl,. Intracellular solution consisted of (in mm): 10 NaCl,
130 CsCl, 2.5 MgCl,, 5§ HEPES, S EGTA, and 5 KCl. The pH
of both solutions was adjusted to 7.35. Potassium and calcium
currents were abolished as detailed by Schwartz et al. {1990).

The whole-cell patch-clamp technique (Hamill et al., 1981)
was applied using a 10°-Q headstage (LIST, EPC-7). The proce-
dures for minimizing capacitance and for corrections of the leak-
age current and the series resistance were described before
(Schwartz et al., 1990).

A data general “*desktop-30"" computer with analog-to-digi-
tal and digital-to-analog converters was used to generate com-
mand potentials and to digitize membrane currents at sampling
rates of 2-24 kHz at 10-bit resolution. The currents were low-
pass filtered at 10 kHz. All experiments were performed at room
temperature (25 + 2°C). Only cells with pure fast or pure slow
sodium currents were used for this study. These two current types
were described by Schwartz et al. (1990).

Current-voltage curves were obtained using a 40-msec pre-
pulse to — 150 mV for the fast Na current or to —50 mV for the
slow Na current. The prepulses were followed by 40-msec test
pulses in the range from —70 to +80 mV at 5-10-mV increments.
Holding potential was —70 mV, and pulse interval was 3 sec.

The maximal Na-current value (/y,peax] at each membrane
potential (V,,) was plotted against V,, to obtain the I-V curve.
Tnaimayy Was defined as the largest Iyypear) Of the I-V curve. Sodium
conductance, gy,, was calculated from

ENa T INa/(vm - VNa) (1)

where V), was the experimentally measured current reversal
potential. Vy, was very close to the Nernst equilibrium potential
for sodium.

The relative conductance (m,) was calculated from the peak
conductance gnypeak) at €ach V,, normalized by the maximal con-
ductance [gnaman]-

To obtain A, curves two protocols were used. For the slow
Na current we used 40-msec prepulses (V) in the range of —70
to 0 mV which were followed by 5-msec long test pulses (V) to
V,, = +5 mV. For the fast Na current V,, ranged from — 160 to
—30mV and V, was to V,, = +25 mV. Inactivation was deter-
mined from the ratio between the Iy, pear) Obtained following any
V,p and the largest Iy,

ANTIBODY APPLICATION

Extracellular application was achieved by adding the antibodies
(purified on a protein-A column) to the perfusing solution at a
concentration of 100 pg IgG/ml. When the effect was established,
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Fig. 2. Cross-reaction. Binding of antipeptide antibodies with the corresponding and related peptides. ELISA plates were coated with
10 ug of a peptide. The antibodies were diluted to give 75% of the maximum binding of each antibody to its respective peptide and
reacted with the other peptides. (A) Anti-C{y, (serum 304), (B) anti-C{, (serum 301), (C) anti-C{ ., (serum 303), and (D) anti-C;. S,IV,
A peptide obtained from Tosteson et al. (1989) which corresponds to the S, of the fourth internal repeat.

it reached saturation within 15-20 min. Measurements were taken
immediately after the patch was formed and at 5-min intervals
after the addition of the antibodies.

Results

IMMUNOCHEMICAL INTERACTION
OF ANTIBODIES WITH THE PEPTIDES
AND WITH THE Na CHANNEL

In this study we found that the antisera generated in
rabbits against the external part of C{ (denoted
C;.,. and against its internal part (C{;,) recognized
their corresponding peptides in ELISA assay (Fig.
2). The binding of anti-C; ., was specific to its respec-
tive peptide. This antibody did not cross-react with
the other S, peptides (Fig. 2C). Among the antisera
generated against C{., two types were identified;
while the serum of rabbit 301 did not cross-react
with the other peptides tested (Fig. 2B), the serum
of rabbit 304 interacted with all other S, peptides
tested (Fig. 24). Anti-C] reacted only with C} (Fig.
2D). All antisera listed above, including anti-C{;, of
rabbit 304, did not cross-react with the peptide de-
noted dipole corresponding to a region near the C
terminus of the Na channel (Sammar et al., 1992).

All the antibodies against subfractions of S, re-
acted in ELISA with excitable membranes isolated

from eel electroplax and rat brain and not with mem-
branes of rat liver (rot shown).

Anti-C{;, and anti-C{ ., immunoprecipitated Na
channels from solubilized preparation of eel elec-
troplax and rat brain membranes. The immunopre-
cipitated channels were detected either by in-vitro
phosphorylation (Schmidt, Rossie & Catterall, 1985)
with cAMP-dependent protein kinase (Fig. 3A) or
by *H-STX binding (Gordon et al., 1987). In the
latter, the binding was increased in proportion to the
amount of antibodies employed (Fig. 3B). These
results coincide with a previous report by Sammar
etal. (1992) who demonstrated the immunoprecipita-
tion of Na channels by anti-C;. All together these
results emphasize the presence of specific anti-so-
dium channel antibodies in the antipeptides antisera.

ELECTROPHYSIOLOGICAL EFFECTS

Steady-State Inactivation

The antibodies against Cy,, shifted the A, curve of
the fast adult (FA)-type Na current towards hyper-
polarization by 18.6 = 6 mV (X = SD, n = 10, IgG
of rabbit 304) and by 11.5 = 1.7mV (n = 7, IgG of
rabbit 301, Table 1, A, Fig. 44 and B). Regardless
of the differences between them, the effects of each
of these antibodies was significantly larger than the
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Fig. 3. Immunoprecipitation. (A) Na channels were immunoprecipitated from solubilized eel electroplax membranes followed by
phosphorylation with cAMP-dependent protein kinase. Labeled bands are shown following 5-15% polyacrylamide gel electrophoresis
and autoradiography. Arrowhead: a 270-kD band. g, Normal rabbit IgG; &, anti-C}, ¢ and d, anti-C{;, (serum 304); e, anti-C{;, (serum
301); and f, anti-C{, (serum 303). (B) Na channels were immunoprecipitated from solubilized eel electroplax membranes using
increasing amounts of antibodies. The amount of precipitated Na channels was measured using 10 nM *H-STX. Values are shown after
subtraction of nonspecific binding obtained with 10 um TTX. Open circles, normal rabbit IgG; filled circles, anti-C{ ., (serum 303); and

open triangles, anti-C{;, (serum 304).

effect of normal rabbit IgG (P < 0.01, Table 1, A,
Fig. 4D). These shifts were smaller than the shift of
25 = 5.8 mV produced by anti-Cy as reported by
Schwartz et al. (1990). The antibodies against C{;,
did not change the slope of inactivation.

Anti-C{,, had no significant effect on the inacti-
vation of the FA-type Na current (Fig. 4C, Table 1,
A).

None of the antibodies had any effect on the
inactivation of the slow Na current (Table 1, B).

Steady-State Activation

Anti-C{,;, decreased the slope of the steady-state
activation curve (m..) of the FA-type current (Fig.
5A and B), whereas anti-C; ., and normal rabbit IgG
had no effect (Fig. 5C and D). Note that Schwartz
et al. (1990) found that the antibodies against C;
have no effect on m...

The voltage dependency of m.. can be described
(Stithmer et al., 1989) by

m(V,)) = 141 + explZ, eV — VDT @

where ¢, is the electron charge, & is the Boltzmann’s
constant, T is the absolute temperature, Z,, is the
valence of the apparent single gate charge for activa-

tion, V,, is the membrane potential and V2 is the
value of V,, where m, = 0.5.

From Eq. (2) it is seen that Z,, determines the
slope of the m.. vs. voltage curve.

The values of Z,, for the fast Na current of DRG
cells were in the range of 4.4-5.1 (Table 2). Calcula-
tion of Z,, values, on the basis of m, curves given in
other studies of DRG cells (Kostyuk, Veselovsky &
Tsyndrenko, 1981; Orozco, Epstein & Rapoport,
1988), yielded similar values. These Z,, values are
larger than those reported by Stithmer et al. (1989)
for Na channels from rat brain. It is not an easy
task to accurately determine small differences in
the steepness of activation from m, measurements.
However, the analysis of the changes in the slope of
m.. shows (Table 2, Fig. 5) that anti-C{,, reduced
significantly the slope of m... The mean change of Z,,
by anti-C{;, (serum 304 and 301) was 1.27 + 1.1
(Table 2). This effect on the slope was statistically
larger (P < 0.055 two-tailed ¢ test) than the effect
produced by normal rabbit IgG, 0.15 + 0.87. These
results indicate that the antibodies against the inter-
nal part of the S, decrease the slope of the Na-
channel activation curve.

None of these antibodies significantly shifted the
m, curve of Na conductance along the voltage axis
(Table 1, A).

The activation of slow Na current was not af-
fected by any of the antibodies (Table 1, B).
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Table 1. Modification of slow and fast Na channels by antibodies
A. Fast adult (FA) Na current
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Average Antibodies against Normal
changes rabbit

1+in l+in l+ex ¥C;r serum

301 304 303 (n =6) (n =6)
n=17 (n =10) (n=2%8)

Vhs, (mV) -—11.5% 1.7* -18.6 =6 —45+ 3 -25.0 + 5.8 -43 =+ 14
Vgso (mV) 38+ 34 —-12x5 —-1.6 = 6.1 31 1.1 1.0 45
Via (mV) -1.0x 4.2 -13=*6.4 49+ 2.1 50+ 0.8 5.1+ 33
V-l (mV) 0.7+ 4.1 5.0x47 -1.9+ 3.5 NM*¢ -1.6 = 0.5
1% (%) 68.0 = 13 60.0 = 8.3 60.0 = 17 78.0 = 17 55.0 = 13
B. Slow (S) Na current
Average Antibodies against Normal
changes rabbit

C1+in 1+in Crex Cl+ serum

301 304 303 n=29) (n =4)

(n=3) (n=4) (n =6)
Vhsy (mV) 40+ 3.5 —-6.0 58 —4.0+ 37 —6.8+ 4.7 —4.1 = 1.7
Vgso (mV) 22+ 1.3 26 =23 ~-36+ 24 2.8+ 2.5 -2.6 = .7
Via  (mV) 56 05  —26%37 08+ 46 5S4+ 42 ~13% 14
V-l (mV) 55+ 25 0.0 = 3.1 09+ 34 NMe® —34% 37
I (%) 63.0 = 12 62.0 = 6.9 77.5 £ 12 67.0 = 15.5 69.0 = 4.5

A summary of the mean shifts (X = sp) of electrophysiological parameters of: A, fast (FA)-type and
B, slow (S)-type Na currents. The parameters were measured after 20-min application of antibodies
(100 pg/ml) to the external solution. Vhs,, membrane potential at 50% inactivation; Vgs,, membrane
potential at 50% activation; Vy,, reversal potential of Na current; V-I,,,, membrane potential where
maximal Iy, measured; and /25,, the relative size of Iyymay (%) left in the presence of the antibodies.
Statistical significance was evaluated with reference to the effect of normal rabbit serum (NRS). ¢ P <
0.001, ® P < 0.01 for a two-tailed 7 test (antibody compared to NRS). * values of the effect of anti-C{

taken from Schwartz et al. (1990). ¢ Not measured.

OTHER Na-CURRENT PARAMETERS

As summarized in Table 1, none of the antibodies
had any significant effect on the amplitude of maxi-
mal Na current (I,,), on the potential where this
peak is obtained (V-I_,,), and on the reversal poten-
tial (Vy,). The above findings suggest that the shift
of h, along the voltage axis is due to a local effect
on inactivation and cannot be attributed to a general
shift in the voltage-dependent parameters.

Discussion

The S, of many voltage-dependent cation channels
has a positively charged amino acid at each third
position. This unique arrangement is considered to
have a role in the gating of cation channels (Noda et
al., 1984, 1986; Greenblatt et al., 1985; Kosower,
1985; Guy & Seetharamulu, 1986; Catterall, 1988;

Guy & Conti, 1990; Papazian et al., 1991). The ex-
periments described here utilized site-specific anti-
bodies against the external (C,,) and the internal
(C{,) parts of S, of sodium channels in order to
address two questions: (i) Are both the external and
the internal parts of S, accessible to antibodies ap-
plied at the external membrane surface? (ii) If and
in what way is channel function modified following
the application of such antibodies? The results of this
work indicate that the region containing the fourth
(counting from the outer side) charged amino acid
is accessible to antibodies applied at the external
surface and that antibodies against the latter region
modify both activation and inactivation.

ANTIBODY SPECIFICITY

The antibodies against Cf,, and Cf;, were site spe-
cific excluding one antiserum that cross-reacted with
the other subfractions of S, but not with peptides
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Fig. 4. Steady-state inactivation vs. membrane potential curves (4,). Circles, controls; triangles, following 20-min incubation with 100
pug/ml antibodies. Values are means + SEM. (4) Anti-C{y, (serum 304, 10 cells), (B) anti-C};, (serum 301, 7 cells), (C) anti-C{, (serum

303, 8 cells), and (D) normal rabbit IgG (5 cells).

corresponding to a region outside S,. The antibodies
immunoprecipitated sodium channels from solubi-
lized membranes of eel electroplax and rat brain
synaptosomes, indicating that the antibodies recog-
nize their corresponding epitopes on sodium channel
molecules. Thus, the antibodies to subfractions of
S, can be used as markers of their domains.

The possibility that the antibodies may bind to
epitopes outside the examined segment was investi-
gated by searching for all potential antigenic deter-
minants composed of sequences of three amino acids
(the smallest antigenic determinant) of the peptides.
The analysis was applied to eel electroplax and rat
brain Na channels (Noda et al., 1984, 1986). The
analysis revealed that there are only two triplets
homologous to Cj, situated on S, in continuation
with Cf,, deeper in the membrane. Three triplets
homologous to Ci., were found on other S, seg-
ments, and a fourth homologous triplet (LRA) is
located at the exteracellular loop between segment
S5 and S of repeat 1. These findings indicate that, in

spite of the large size of the Na channel, with only
one exception, the antigenic determinants for the
antibodies to S, fragments are all localized on S,s.

ANALYSIS OF ELECTROPHYSIOLOGICAL EFFECTS

Steady-State Inactivation

Consistent with the negative shift of the inactivation
curve by anti-C} (Schwartz et al., 1990), the antibod-
ies to C/';, were found to shift the curve toward
hyperpolarization. The inactivation was the only
voltage-dependent process of the Na channel that
was shifted along the voltage axis. The shift can
reflect a modification of the effective electric field
experienced by the voltage sensor of the inactivation
process, while the inactivation process itself (as re-
flected by the unchanged slope of the inactivation
curve) is not modified. A negative shift of the voltage
dependency of 4, may result from neutralization of
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potential curves (m3). Circles, control;
triangles, 20 min after addition of antibody to
the external solution. Values are means =
SEM. (A) Anti-C{, (serum 301, 7 cells), (B)
anti-C{,, (serum 304, 10 cells), (C) anti-C{,,
(serum 303, 6 cells), (D) normal rabbit IgG (§
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the positive charges on S, such as the fourth positive
charge which corresponds to the one of C{,. In the
experiments of Stihmer et al. (1989) neutralization
of this positive charge of S, did not result in a signifi-
cant negative shift of the A, curve. It is therefore
possible that the antibodies have an effect beyond
the neutralization per se.

Sammar et al. (1992) reported that the binding
of anti-C; with rat brain synaptosomes increases
with depolarization. This was interpreted as a higher
affinity of the antibody to the inactive state. Based
on this finding it can be assumed that the binding of
anti-C,, is also state dependent with preference to
the inactive state. If such binding locks the channel
in the inactivated state it would lead to a shift of the
inactivation curve to the left.

The results of this study do not necessarily mean
that the “‘voltage sensor’” of inactivation is on the
region corresponding to C{;, on S,. It is possible that
the antibodies to C{,, bind to their site and thereby
allosterically change a remotely located inactivation

mechanism. As the above is true for anti-C{;, of
serum 301, which was entirely specific to its corre-
sponding peptide, it can be concluded that the inter-
nal part of S, (the region which contains the fourth
charged amino acid) is accessible to antibodies ap-
plied externally.

STEADY-STATE ACTIVATION

The slope of the activation curve was decreased
following the exposure to anti-C;;,. Anti-C{, and
normal rabbit IgG had no effect. A change in the
slope of activation is usually considered to be an
effect on the activation process itself (Armstrong,
1981). The decrease in the slope of activation by
anti-C{,, is consistent with the finding of Stiihmer et
al. (1989). From the slope of the curve we calculated
that anti-C",, decreased Z,,, the mean decrease being
approximately one. This can be interpreted as an
indication that the antibodies effectively neutralize
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Table 2. Changes of Z,, by the antibodies
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Antibody Z, No. of Mean changes
cells of Z,
Before Ab With Ab
(X + sp) (X + sD)
Anti-Ciy, (301 + 304) 495 = 1.15 3.67 £ 1.09 17 1.27 = 1.17
Anti-Cf ., (303) 4.42 = 0.78 441 = 1.13 6 0.01 £ 0.99
Normal rabbit IgG 4.80 = 0.56 4.65 *+ 0.40 5 0.15 = 0.87

The table summarizes the average values of Z,, of controls and those obtained 20 min after addition of

100 pg/ml antibodies to the external solution.
2 P < 0.055 for two-tailed ¢ test (antibody compared to NRS).

the single positively charged amino acid in Cy,.
Alternatively the antibody binding may be assumed
to lock the channel in the activated state following
the outward movement of S,. Such fixation would
reduce the number of elements that move with depo-
larization and thus reduce the slope of the m, curve.

From the above it may be concluded that anti-

Tin may lock the channel in whatever state it finds
it—the activated or the inactivated state. Locking
the channel in either of these states would shift the
h., toward hyperpolarization.

It is interesting that anti-C; ,, affects both activa-
tion and inactivation. This is consistent with the
review of Armstrong and Bezanilla (1977) who have
suggested that activation and inactivation are
coupled.

How CaN WE UNDERSTAND THE LACK OF
EFFECT OF ANTI-C{ ., ON BOTH ACTIVATION AND
INACTIVATION?

Several reasons could be given: (1) The antibodies
bind to the C{ , region of the channel, but this region
has no role in gating (i.e., only the inner part of C;
is associated with gating). This assumption is not
consistent with the results of Stithmer et al. (1989).
(ii) The antibodies bind to the Cf., region, which
may have a role in channel gating, but the binding
does not interfere with its function. (iii) Anti-C{,,
fails to recognize its epitopes on DRG channels but
interacts with homologous segments. (iv) Under our
experimental conditions, anti-C;, does not recog-
nize its epitope on the Na channels.

Unfortunately, we cannot rule out any of the
above.

STRUCTURE-FUNCTION RELATIONSHIPS

All channel models attribute gating, at least in part,
to conformational changes in S,. In some models S,
is assumed to be embedded in the membrane at the

resting potential and to become partially exposed
to the external solution upon depolarization. The
models differ, however, with respect to the details
of the process and the degree of S, exposure to the
external solution. The effects of anti-C;, on gating
strongly suggest that the fourth charged amino acid
of S, is accessible to antibodies applied from the
external membrane surface, at least part of the time.
Among available sodium-channel models, the
‘*propagating helix model”* of Guy and Conti (1990)
and the ‘‘helical screw mechanism’’ of Guy and Dur-
ell (1991) propose that this part of S, is exposed to
the external medium during channel gating. In other
channel models, the proposed conformational
changes are more restricted (Greenblatt et al., 1985;
Kosower, 1985; Catterall, 1988), and channel struc-
ture is considered to be too rigid to allow the expo-
sure of the fourth charged amino acid (Stithmer et
al., 1989). Our results support models like that of
Guy and Conti (1990) or Guy and Durell (1991) that
assume a large movement of S,s during gating.
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