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Abstract. A 34-mer peptide, encompassing the $4 and $45 
segments of domain IV of the electric eel voltage-depen- 
dent sodium channel, was synthesized in order to test the 
potential implication of $45 in the gating or permeation 
pathway. The secondary structure of peptide $4-$45 as- 
sessed by circular dichroism was found mainly helical, 
both in organic solvents and in lipid vesicles, especially 
negatively-charged ones. The macroscopic conductance 
properties of neutral and negatively-charged Montal- 
Mueller planar lipid bilayers doped with $4-$45 were 
studied and compared with those of $4. With regard to 
voltage-dependence, the most efficient system was $4-$45 
in neutral bilayers. Voltage thresholds for exponential 
conductance development were found to correlate with 
the background or "leak" conductance. Assuming that 
the latter reflects interfacial peptide concentration, the 
mean apparent number of monomers per conducting ag- 
gregate could be estimated to be 3-5.  In single-channel 
experiments, the most probable events had amplitudes of 
8 pS and 5 pS in neutral and negatively-charged bilayers 
respectively. Ionic selectivity under salt gradients condi- 
tions, both at macroscopic and single-channel levels, was 
in favour of sodium ions (PNa/PK = 3). These properties 
compare favourably to previous reports dealing with 
peptide modelling transmembrane segments of voltage- 
dependent ionic channels. Specifically, when compared 
to $4 alone, the reduced unit conductance and the in- 
creased selectivity for sodium support the implication of 
the $45 region in the inner lining of the open configura- 
tion of sodium channels. 
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Introduction 

Transient changes in membrane ion permeability me- 
diating electrical signal generation and propagation in 
excitable cells are initiated by voltage-dependent ionic 
channels. The rapid rising phase of action potentials cor- 
responds to the opening (or activation) of voltage-depen- 
dent sodium channels whose subsequent inactivation is 
partly responsible for membrane repolarisation. Relaying 
purification and reconstitution studies, the elucidation of 
the primary structure of voltage-gated ionic channels 
provided the impetus for topological models as well as 
electrophysiological tests of channels subjected to site- 
directed mutagenesis and expressed in oocytes through 
cDNA injection. 

Nearly all members of the voltage-dependent channels 
superfamily share the same general architecture: the main 
~-subunit is composed of one or four homologous do- 
mains, each of which consists of six transmembrane seg- 

, ments, SI to $6. At the risk of oversimplification, two 
regions are assumed to be functionally important: SS1- 
SS2 (or P-region or H5) would line the pore and govern 
its selectivity (Yool and Schwarz 1991) while $4, charac- 
terized by positively charged residues at every third posi- 
tion, is recognized by site-directed mutagenesis as the 
main voltage-sensor, responsible for the gating (St/ihmer 
et al. 1989). 

Evidence from gating current kinetics in the squid 
giant axon (Keynes et al. 1990) suggests two steps for the 
movement of each $4, which must not be regarded as 
strictly identical in all four domains (Patlak 1991). In 
particular, $4 from domain IV being the most heavily 
charged, is assumed to play a role in inactivation as well 
(Keynes 1992). For all events, only the first activation step 
would be voltage-dependent and there is now good evi- 
dence (effects of H 2 0 / D 2 0  replacement or hyperosmolar 
media) that the second step would be rather solvent-sen- 
sitive (Schauf and Bullock 1980; Rayner et al. 1992). It has 
to be recognized that the concerted outward movement 
(about 10 A) of $4 segments visualized as in the helical 
screw" hypothesis (Catterall 1986) would have profound 
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consequences on the contiguous segments and connect- 
ing loops. As an alternative to the above-mentioned 
mechanism, a "propagating helix" model (Guy and Conti 
1990) was proposed to account for the channel activation. 
According to this model, $4 segments line the pore and 
upon depolarisation undergo secondary structure 
changes. More recently, Durell and Guy (1992) extended 
the helical screw hypothesis by proposing that the C-con- 
tiguous segment, $45, could play a role in the gating 
(specifically in the solvent-sensitive step) as well as form- 
ing the inner part of the pore lining. Experimentally, mu- 
tations in the $4-$5 linker of potassium channels affect 
the single-channel conductance (Slesinger et al. 1993) and 
shift activation-voltage curves (Smith-Maxwell et al. 
1993). Besides, this $4-$5 linker (equivalent to $45) is 
assumed to form part of the receptor for the inactivation 
gate and to lie near the pore exit (Isacoff et al 1991). 

Another and complementary approach, advocated in 
Stfihmer's review (1991), makes use of synthetic channel- 
forming peptides (Spach et al. 1989; Sansom 1991). This 
stems from pioneering studies on alamethicin conferring 
excitability properties, when used in conjunction with ba- 
sic polypeptides rich in arginines, such as $4, to artificial 
membranes (Mueller and Rudin 1968). Later extended 
with the "barrel-stave" model, i.e. aggregates of am- 
phipathic peptide monomers (Baumann and Mueller 
1974), this approach now takes advantage of first princi- 
ples of peptide chemistry to design ion channels models 
(Lear et al. 1988). Attempts to dissect out aspects of struc- 
ture-function for various channels include the sodium 
channel $3 (Oiki et al. 1988b) and $4 (Tosteson et al. 
1989) segments, the M2 helices of the nicotinic acetyl- 
choline and glycine receptors (Oiki et al. 1988 a; Langosch 
et al. 1991), and also a transmembrane segment of the 
mitochondrial H + ATP synthetase (Molle et al. 1988). 
More recently, the method was applied to the putative 
transmembrane segment of the minK potassium channel 
(Ben-Efraim et al. 1993). 

In order to test the eventual involvement of $45 in 
sodium channel function, we have synthesized a 34-met 
peptide encompassing $4 and $45 regions of domain IV 
(positions 1 414 to 1 447) from the electric eel sodium 
channel sequence (Noda et al. 1984). Its macroscopic and 
single-channel conductance properties in neutral and 
negatively-charged planar lipid bilayers were investigated 
and compared with those of $4 alone, previously studied 
by Tosteson et al. (1989), who kindly provided a sample. 

Segment $4-$45 (domain IV): 

S4(Tosteson) ---- 

TLFRVIRLARIARVLRLIRAAKGIRTLLFAIMMS 
$4 

$45 -'- 

Materials and methods 

Solid-phase peptide synthesis 

$4-$45 peptide was prepared by the solid-phase tech- 
nique (Merrifield 1963) on a SAP 4 synthesizer model 
from Sempa-Chimie (Paris). Briefly, t-Boc-serine was 

coupled to the benzhydrylamino resin reticulated by 1% 
divinylbenzene. The synthesis proceeded stepwise to- 
wards the N-terminus using 1-hydroxybenzotriazole 
(HOBt) and N N'-dicyclohexylcarbodiimide (DCC) as 
coupling co-reagents. To avoid oxidization hazards dur- 
ing the subsequent purification, the two Met residues 
near the C-terminus were replaced by nor-Leu. After each 
step, a ninhydrin test allowed the estimation of the cou- 
pling yield. Some coupling steps had to be repeated and 
acetylation was used to block the remaining free amino 
groups. Providing a negative ninhydrin test, the amine 
function was deprotected with trifluoroacetic acid (TFA) 
(30% in CH2C12) and the peptide resin was neutralized by 
diisopropylethylamine (DIEA) (10% in CH2C12) before 
coupling the following amino acid. After completion of 
the synthesis and acetylation of the N-terminus, the pep- 
tide was released from the resin and side chain protecting 
groups eliminated by the usual fluorohydric acid treat- 
ment. 

HPLC purification, FAB mass characterization 
and circular dichroism 

The lyophilized raw product was purified by HPLC 
(LKB System, series 2 100, Pharmacia LKB Biotechnolo- 
gy, Bromma, Sweden) through repeated steps on a reverse 
phase semi-preparative column (C18, 10 ~tm, 8 x 300mm), 
from Soci6t6 Fran~aise Chromato Colonne/Shandon Sci- 
entific (Eragny, France) under acetonitrile/H20 gradi- 
ents. 

Electro-spray and Fast Atomic Bombardment (FAB) 
positive ion mass spectrometries allowing an unambigu- 
ous characterization of the purified peptide were carried 
out at the laboratory of mass spectrometry of Strasbourg 
(Centre de Neurochimie, Universit6 Louis Pasteur) and at 
the Service Central d'Analyses du CNRS (Solaize, 
France), respectively. 

Circular dichroism spectra of the peptide $4-$45 in 
methanol (spectroscopic grade, Sigma) and in trifluoro- 
ethanol (for synthesis, Merck) solutions were recorded at 
1 mg/mL on a spectropolarimeter (Dichrograph Mark V, 
Jobin-Yvon, Longjumeau, France) using a 0.1 mm quartz 
cell. CD was also performed with lipid SUV (Small Uni- 
lamellar Vesicles) suspensions in 100 mM NaC1, 2 mM 
HEPES, pH 7.4. Either neutral (egg lecithin from Sigma, 
product number 2772) or anionic (egg PC/POPS, 1/1, 
w/w) SUVs at 1 mM lipid concentration were prepared by 
sonication. A "blank" spectrum was thus recorded (to be 
substracted) and the peptide was added from a buffer 
solution to yield a final concentration of 0.2 mg/mL. Sev- 
eral scans between 190 and 250 nm were averaged and the 
different conformational contents estimated from 51 mo- 
lar ellipticity values (from 190 to 240 nm, every nanome- 
ter). The standards we used were based on fifteen proteins 
(Chang et al. 1978). 

Peptide reconstitution into planar lipid bilayers 

In macroscopic conductance experiments, virtually sol- 
vent-free lipid bilayers were formed over a 125 Izm hole in 



41 

a 25 gm thick PTFE (Goodfellow, Cambridge, UK) sep- 
turn sandwiched between two half glass cells. Lipid films 
were spread on top of electrolyte solutions (500 mM 
NaC1, 10 mM HEPES, pH 7.4) in both compartments and 
bilayer formation was most often achieved by lowering 
and then raising the level in one or both sides (Montal 
and Mueller 1972). The lipid solution at 1-5 mg/mL in 
hexane (Fluka, spectroscopic grade) was either a neutral 
mixture: 1-palmitoyl, 2-oleoyl phosphatidylcholine 
(POPC)/1,2-dioleoylphosphatidylethanolamine (DOPE), 
7/3 (w/w), or a negatively-charged one: 1-palmitoyl, 
2-oleoyl phosphatidylserine (POPS)/1,2-dioleoyl phos- 
phatidylethanolamine, 1/1 (w/w). These mixtures are 
simply referred to as PC-PE and PS-PE hereafter. 
These lipids were purchased from Avanti Polar Lipids 
(Alabaster, AL, USA) and stored at - 74 °C. Voltage was 
applied through an Ag/AgC1 electrode in the cis (or pos- 
itive) side to which the peptide (from a 10 -5 M stock 
solution in acetonitrile/H20, 1/1, v/v) was added with 
stirring. Transmembrane currents were fed to a Keithley 
amplifier (model 427, Cleveland, Ohio, USA) virtually 
grounded to the trans Ag/AgC1 electrode. Current- 
voltage curves were recorded from an X-Y plotter (model 
LY1600, Linseis, Selb, Germany). 

In single-channel experiments, lipid bilayers were 
formed at the tip of fire-polished patch-clamp pipettes 
pulled in two steps (model PP-83, Narishige, Tokyo, Ja- 
pan) from Vitrex borosilicate tubes (Modulohm, Herlev, 
DK). From the "bubble number" of the pipette in metha- 
nol and its resistance ( ~ 5 Mf~) in the standard electrolyte 
solution described above, the tip diameter could be esti- 
mated to be 0.6-1.0 gin. The same neutral and negative- 
ly-charged lipid mixtures, as in the macroscopic conduc- 
tance configuration but at 0.1 or 0.5 mg/mL in hexane, 
were allowed to evaporate on top of 2 mL of the elec- 
trolyte solution in a glass beaker (spreading area: 3 cm2). 
To form bilayers, either the pipette was withdrawn and 
then slowly dipped again (by means of a hydraulic micro- 
manipulator, model 468M, L. S. Starrett Ltd, UK) or a 
lipid droplet was applied to the pipette shank (Hanke 
et al. 1984). A programmable waveform generator 
(SMP 310 model) and a patch-clamp amplifier (RK-300) 
both from Bio-Logic (Claix, France) were used to record 
single-channel currents. The latter were fed to an 8 pole 
Bessel filter and stored on a digital tape recorder (respec- 
tively, AF 180 and DTR 1200 models from Bio-Logic). 
Analog to digital conversion and numeric signals analysis 
were subsequently performed through the $200 interface 
and Satori program v. 3.01 from Intracel Ltd (Royston, 
UK). Nonlinear least-squares fitting of raw data was 
made through the software packages NFIT (Island Prod- 
ucts, Galveston, Tex, USA) and ASYSTANT (Asyst Soft- 
ware Technologies Inc., Rochester, NY, USA). 

Results 

Synthesis, purification and characterization 
of  peptide $4-$45 

The solid-phase technique with a benzhydrylamino resin 
(5 g with a substitution coefficient of 0.6 mmol of amino- 

Table 1. Calculated secondary structure of segment $4-$45 from 
CD measurements 

Medium H(%) B(%) T(%) R(%) NMRSD(%) 

Methanol 50 21 0 29 12.5 
Trifluoroethanol 48 13 0 39 15. i 
PC SUV 37 17 7 39 15.0 
PC-PS (1:1) SUV 54 32 4 10 21.5 

suv: Small Unilamellar Vesicles; H, B, T and R: proportion of 
helical, fl-sheet, fl-turn and random coil conformations; NMRSD: 
normalized root mean square deviation (Brahms and Brahms 1980) 

sites per gram of resin) was used to synthesize peptide 
$4 $45. For each coupling step, 1.5 milliequivalents of 
each reactant (protected amino acid, DCC, HOBt) were 
used. The N-terminus was acetylated and the HF treat- 
ment of the peptidyl-resin (final mass: 1 115 rag) left an 
amidated C-terminus. The lyophilized raw product 
(460 rag) was pre-purified on reverse phase column under 
an acetonitrile/HzO gradient. Owing to the presence of a 
contaminant, revealed by electrospray analysis, another 
preparative HPLC step was needed to yield the final 
product whose purity was greater than 98%. FAB mass 
spectroscopy showed a molecular mass (3945.9 mass 
units) agreeing, within two mass units on accounting for 
the statistical abundance of the C a 3 isotope, with the the- 
oretical one (3 943.5). As the examination of the fragment 
masses (mainly A-type ions) and Edman sequencing con- 
firmed the expected sequence up to isoleucine 24, there 
remains no doubt as to the generated sequence. 

Circular dichroism spectroscopy of the peptic $4-$45 
in various media was performed in order to assess the 
proportions of different conformations (helical, fl-sheet, 
fl-turn and random coil). Results, summarized in Table 1, 
are from a constrained method of analysis i.e. the sum of 
the four conformations was set to 100%. The normalized 
mean root square deviation (last column) is an index of 
the quality of the fit of calculated spectra to the experi- 
mental ones. Values obtained from unconstrained least- 
squares algorithm were not significantly altered, especial- 
ly as regards the helical contribution which remained 
predominant in all systems, except maybe for neutral 
vesicles. Note the increased helicity and/?-content of $4-  
$45 in negatively-charged lipid vesicles at the expense of 
random coil conformation. 

Macroscopic conductance studies 

The conductance properties induced by $4-$45 in lipid 
bilayers were investigated in the first instance at the 
macroscopic conductance level in Montal-Mueller 
bilayers of relatively large area doped with the order of a 
thousand channels. In principle, with this configuration, 
voltage and concentration dependences can be readily 
obtained. 

Voltage-dependence of  macroscopic currents and conduc- 
tances. Figure 1 A depicts a typical recording of current- 
voltage relations when the bilayer, submitted to a trian- 
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Fig. 1. A Macroscopic current-voltage 
curve for peptide $4-$45 at a bath (cis) 
concentration of 100 nM. Lipids: POPC- 
DOPE (7:3). Aqueous phases: 500 mM 
NaC1, 10 mM HEPES, pH 7.4. Hole 
diameter: 150 gm. The bilayer was sub- 
mitted to a voltage ramp at 15 mV s- 1. 
The slope conductance at low voltage 
(ascending branch) was 12 nS. B Semilog 
plot of current and conductance vs 
voltage for the experimental I -V  curve 
shown on part A (ascending branch). 
Expression for best fits and the related 
correlation coefficient appear in the in- 
serts. The ohmic region is not represent- 
ed 

l n A ,  

1 O0 mV 

F 

G ref = 5 nS 

Fig. 2. Two macroscopic I - V  curves from a POPS-DOPE (1:1) 
bilayer recorded within an interval of 8 min. The aqueous concen- 
tration of the $4-$45 peptide in the cis side was 200 nM. Aqueous 
phases: 500 mM NaCI, 10 mM HEPES, pH 7.4. Hole diameter: 125 
~m. Note the displacement of the characteristic voltage (defined as 
the positive voltage of the ascending branch corresponding to a 
reference conductance (here 5 nS) with the conductance near zero 
current, G(0) 

gular voltage waveform, was equilibrated ( t = 2 0  min) 
with 100 nM aqueous concentration of $4 -$45  in the cis 
side. The current response appears symmetrical with 
respect to zero-voltage and above a threshold develops 
rapidly upon the backgrounded or leak conductance. The 

leak conductance was defined here as the slope of I - V  
curves near zero-current and was referred to hereafter as 
G (0). Note  that, contrasting with the alamethicin case for 
example, ascending and descending limbs cross at 0 mV 
such that hystereses are reversed according to the voltage 
polarity. The rise of membrane  current in this example is 
analysed in Fig. 1 B, showing an exponential dependence 
of current and conductance. V e' and Ve, voltage incre- 
ments resulting in e-fold changes in current and conduc- 
tance, are 16.5 and 19.0 mV respectively. These values 
were determined by nonlinear regression. As shown by 
correlation coefficients, the non-ohmic part  can be 
fitted either by the relation IocV'exp(V/Ve) or by 
I oc exp(V/V{). Ten other I - V  curves obtained in the two 
lipid mixtures were analysed and values for the steepness 
parameters  determined. 

During the course of successive I - V  runs, G (0) and the 
rate of exponential development of current or conduc- 
tance were found to be somewhat  variable (see for exam- 
ple Fig. 2). This situation is reminiscent of the one report-  
ed for D O P C  bilayers doped with mellitin (Pawlak et al. 
1991). However, as shown by Fig. 3, Ve was correlated 
with log G(0) in the four systems studied, i.e. $4 $45 com- 
pared to $4 alone either in neutral or in negatively- 
charged bilayers. In terms of voltage-sensitivity, the most  
efficient system seems to be $4-$45  in P C - P E  mem- 
branes (Ve=9 to 19 mV). 

"Concentration-dependence" of macroscopic currents and 
conductances. Whatever  the lipids used for the bilayers, 
no obvious correlation could be found when characteris- 
tic voltages, i.e. thresholds at which conductances at- 
tained a reference value (5 nS for example, Fig. 2), were 
plotted vs $4 -$45  concentration in the bath. This vari- 
ability could be a consequence of the lack of control on 
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Fig. 3. Semi-log plot of steepness parameter V~ vs G (0). V~ values 
are determined by nonlinear least-squares fitting, as in Fig. 1 B, and 
G(0) from enlarged I-V curves 

diffusion, adsorption and aggregation of this peptide in 
aqueous solutions, but also of the particular conditions 
prevailing during the bilayer formation, which could alter 
its subsequent properties (Brullemans and Tancr6de 
1987). On the other hand, if characteristic voltages V< were 
plotted as a function of log G(0) once more, a linear de- 
crease was obtained for all systems. For  the case of $ 4 -  
$45 in PS-PE bilayers, the correlation coefficient in- 
creased from 0.038 when nominal bath concentrations 
were taken into account to 0.869 with log G(0) as illustrat- 
ed in Fig. 4. Vb, the V~ shift for an e-fold change in G(0) 
was here - 47 _+ 6 mV. The same treatment for the three 
other systems ($4-$45 in PC-PE, $4 in PS-PE, $4 in 
PC-PE) yielded respectively: - 37_  6, - 46_+ 11 and 
- 3 5  _+ 5 mV. The number of analysed I - V  curves varied 
between 6 and 19. 

Sizes of  the conducting aggregates and apparent gating 
charge. If we assume that the ohmic background conduc- 
tance G(0) reflects the intrinsic membraneous peptide 
concentration locked into voltage-insensitive conducting 
aggregates until a voltage threshold is reached, the for- 
malism derived by Hall et al. (1984) for alamethicin can be 
adapted by using for V, the V b shift defined above. Given 
the fact that the number of conducting aggregates is more 
directly related to the peptide concentration in the bilayer 
than the one in the bath, this substitution seems justified 

~> 
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I Vc= - 47.0" In G(0) + 105 
r2 = 0.869 

200 • 

100 

0 i i . . . . . .  i O i ~ ~ l l  

0,1 1 10 

G (0) nS 
Fig. 4. Graph of V~ (5 nS) versus the logarithm of G(0) for POPS- 
DOPE (1 : 1) bilayers. Each point represents a different I-V curve 
usually recorded from different bilayers. The slope of the regression 
line gives the parameter Vb, here --47 mV 

and allows further analysis of the macroscopic conduc- 
tance data. Then, for a background conductance of 
10 laS cm -~ (about 1.2 nS in Fig. 3), which is about  three 
orders of magnitude above the conductance of bare lipid 
bilayers but still below the resting conductance of the 
squid giant axon membrane, the mean number of $4-$45  
monomers in PC-PE per voltage-dependent conducting 
aggregate can be estimated to be N = I V~ I/V e = 4 (round- 
ed). The corresponding figure for negatively-charged bi- 
layers is 3 (rounded). 

The apparent gating charge, q, of the conducting aggre- 
gates can be derived from the Ve parameter through the 
equation: 

q= g z d=(R T/,~)/V e 

where N is the mean number of peptide monomers form- 
ing the channel, z d the product  of the monomer  mobile 
charge and the fraction of voltage drop (or to a first ap- 
proximation the fraction of the hydrophobic thickness) 
the "gate" traverses before achieving activation, R the 
molar gas constant, T the absolute temperature and .3 
Faraday's constant. Here, q = 3 in the best cases ($4-  $45 
in neutral bilayers), but could be as low as 1 ($4 in the 
same bilayers). Finally, the range of apparent gating 
charge per monomer (incidentally inversely proportional  
to ] Vbl ) is 0.8 to 0.5, i.e. quite comparable to values report- 
ed for alamethicin (Hall et al. 1984) and zervamicins (Ba- 
laram et al. 1992). These apparent gating charges will be 
compared in the discussion to the ones for native and 
reconstituted sodium channels. 

Single-channel conductances 

The single-channel activity induced by $4-$45  was 
mainly investigated with bilayers formed at the tip of 
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Fig. 5 A, B. Charmel activity induced by $4-845  reconstituted in 
Montal-Mueller bilayers of reduced area. Peptide aqueous concen- 
tration (cis): 10 nM. Lipids: POPC-DOPE (7:3). Aqueous phases: 
500 mM NaC1, 10 mM HEPES, pH 7.4. Hole diameter: 70 ~tm. 
A Recordings and B associated histograms at - 1 7 0  mV and at 
+ 170 mV. Data numerically filtered at 150 Hz 

patch-clamp pipettes but we first proceeded to an "inter- 
mediate" configuration, i.e. with Montal-Mueller type bi- 
layers of reduced diameter (75 pm) and formed on a teflon 
septum whose thickness was also reduced (10 gm). 

In neutral planar lipid bilayers. In this configuration and 
with $4-$45 always in the cis side (aqueous concentra- 
tion reduced by at least an order of magnitude relative to 
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Fig. 6. A Single-channel recordings of $4-$45  channels induced in 
POPC-DOPE (7:3) bilayers at the tip of patch pipettes. Peptide 
concentration in the bath was 25 riM. Aqueous phases (both sides): 
500 mM NaC1, 5 mM HEPES, pH 7.4. Data filtered at 300 and 
200 Hz respectively. B Associated histograms of channel open life- 
times. The mean open lifetimes appear as z o 

macroscopic conductance experiments), single-channel 
events were detected but a high filtering had to be used. 
Figure 5 A, B show current recordings and associated am- 
plitude histograms taken at both extremes of the voltage 
range ( -  170 and + 170 mV). There is evidence for multi- 
channels for which the current transitions have the same 
amplitude (8.4 pS). Qualitatively, positive voltage fa- 
vours longer open lifetimes and higher probability of 
opening. Note quite rare sublevels, for example right at 
the start of the bottom trace. 

Figure 6A shows representative single-channel traces 
obtained with the patch configuration at two different 
potentials: + 50 and + 90 mV. As plotted later (Fig. 8), 
the conductance amplitude is about 9 pS. The open life- 
times histograms (restricted to activity periods) of 
Fig. 6 B confirm the voltage-dependence of the mean du- 
ration of the open state (89 and 162 ms at +50 and +90 
mV respectively) and of the probability of opening 
(Po = 0.40 and 0.60). However, $4-$45 channels failed to 
reach full activation since Po seemed to saturate to 0.70 at 
higher voltages (+  120 and + 170 mV). Note that at high 
negative voltages, the P0 limit was around 0.35. Although 
some data is missing below 50 mV, the voltage-depen- 
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concentration: 5 nM. During the acquisition, the low-pass filter was 
set at 900 Hz. Data numerically refiltered at 200 Hz. Gaussian 
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dence of  Po (voltage increment resulting in an e-fold 
change in P0) was in the 9 - 2 5  mV range and compatible 
with the macroscopic conductance results where V e lies 
between 9 and 19 mV in the same (neutral) lipid system. 

In negatively-charged lipid bilayers. With these bilayers, 
the same conductance of 8 - 9  pS was also found but it 
turned out that the most probable single-channel conduc- 
tance was about  5 - 6  pS as illustrated with traces at + 75 
and +95 mV in Fig. 7A. Note faster events in this lipid 
mixture, the flickering pattern and the longer duration of 
bursts at the higher potential. The probability of opening 
was still increased at the higher voltage (see the associated 
amplitude histograms, Fig. 7B) but it remained more 
modest than in neutral bilayers at equivalent voltages. 
With PS-containing bilayers, P0 was only 0.20 and 0.45 at 
+ 75 mV and + 95 mV respectively, as if the activation 
curve was shifted to the right. This is consistent with 
macroscopic conductance experiments where (other 
parameters being equivalent) negatively-charged bilayers 
did not develop (and tolerate!) a current density as high as 
neutral bilayers did. Accordingly, the reference conduc- 
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Fig. 8. Current-Voltage relationships of $4 $45 single-channels re- 
constituted into bilayers formed by the two methods (see insert). 
Solutions both sides of bilayers: 500 mM NaC1, 10 mM HEPES, 
pH 7.4. Temperature: 22-24 °C. Only the most frequently observed 
events are pooled here. For neutral bilayers formed on teflon septa, 
the slope conductance is 8.4 pS (solid line) 

2pA 

500 ms 

A 7 -- 5 7.5 18 pS 

Fig. 9. Transitions between conductance levels. Single-channel 
recording of $4-$45 channels in pipette-supported POPS-DOPE 
(1:1) bilayers at + 75 mV. Upward deflections correspond to chan- 
nel opening. Peptide concentration: 5 riM. Low-pass filter frequen- 
cy: 1 kHz. Data numerically refiltered at 200 Hz 

tance used to define characteristic voltages V~ was 5 nS for 
PS-PE bilayers instead of 50 nS for PC-PE ones. 

The single-channel conductance data for the most 
probable events are summarized in an I - V  plot (Fig. 8). 
A linear regression through the points obtained from neu- 
tral bilayers formed on teflon septa yields a slope conduc- 
tance equal to 8.4 pS. By comparison, the unit conduc- 
tance is not significantly different for tip-dip bilayers of 
the same lipid composition but seems smaller for nega- 
tively-charged tip-dip bilayers (about 5 pS). Other and 
larger conductance levels, correlated with leakier mem- 
branes, were occasionally observed (especially when bi- 
layers were reformed at the tip of pipettes) roughly of 15, 
20, 40 and 80 pS. More rarely, fluctuations between differ- 
ent conductance levels could be detected as illustrated 
with the trace of Fig. 9. Three levels at about  5 pS, 7.5 pS 
and 18 pS can be identified with some transitions occur- 
ring on top of smaller ones. 
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Fig. 10. Ionic selectivity at the macroscopic level under ionic gradi- 
ents. I-V plot of a Montal-Mueller POPS-DOPE (1:1) bilayer 
doped with $4-$45 peptide (450 nM). Aqueous phases: 500 mM 
NaC1 (cis)/450 mM KC1 + 50 mM NaC1 (trans). Period of the voltage 
triangular wave: 80 s. Vr~ v is - 14 mV 

Ionic selectivity 

Experiments were undertaken to determine the ionic se- 
lectivity of $4-$45 channels. I - V  curves recorded at the 
beginning of macroscopic conductance experiments un- 
der asymmetric ionic conditions (500 mM NaC1/450 mM 
KC1 + 50 mM NaCI: cis/trans) showed reversal potentials 
averaging - 14 mV (for example, see Fig. 10). The appli- 
cation of the Goldman-Hodgkin-Katz equation yields 
PN,/PK = 3.0, the cationic/anionic permeability ratio (PN,/ 
Pc1) having been estimated to be 2.5 in previous indepen- 
dent experiments. Later on, zero-current voltages shifted 
progressively towards the origin as the background or 
leak conductance increases. In order to settle this point, a' 
few experiments were performed at the single-channel lev- 
el with patch-bilayers formed between asymmetric solu- 
tions and submitted to voltage ramps (amplitude 100 mV, 
period 80 s). Both background and single-channel cur- 
rents reversed at the same potential (about - 1 2  mV). 
Given the K - N a  gradients and still assuming PNa/PCl of 
2.5, a ratio PNa/PK = 3.1 could be estimated. 

Discussion 

With the aim of testing the potential involvement of $45 
in the gating or in the permeation pathway of voltage- 
dependent sodium channels, a 34-mer peptide mimicking 
the $4-$45 fragment was synthesized. This peptide dis- 
plays interesting functional features but before compar- 
ing them to native or reconstituted sodium channels and 
to other peptides modelling aspects of those channels, we 
first discuss the peptide conformation in the light of cur- 
rent models. 

The conformation of a related $4 sequence (from the 
first domain of rat brain I and II sodium channels) was 
studied by high resolution proton NMR (Mulvey et al. 
1989) and found to be e-helical up to 114 (tentatively 
corresponding to L 15 in our peptide) in deuterated trifluo- 
roethanol/water (9:1). If $4 were mainly e-helical in the 
membrane during activation, then a pore made up of the 
juxtaposition of hydrophilic sectors of more or less paral- 
lel rods cannot be clearly defined and the best candidate 
for pore lining with the present peptide would intuitively 
be the $45 part. Indeed, the helical wheel projection of 
$45 does reveal a hydrophilic sector (due to T26 and Sa4 
although slightly perturbed by A3o). Quantitatively, both 
the average hydrophobicity (H)  and hydrophobic mo- 
ment (#n)  (using Eisenberg's (1984) hydropathy scale) 
are higher for $45 (residues 23-34): + 0.51, + 0.25 respec- 
tively, than for $4 (residues 1 - 22): - 0.11, + 0.11. 

Our circular dichroism determination of $4-$45 sec- 
ondary structure cannot discriminate between either Guy 
and Conti's (1990) or Durell and Guy's (1992) models. 
Within experimental errors, the 45% helical conforma- 
tion (i.e. fifteen residues), found as the mean for the two 
lipid systems we assayed, do not conflict with the former 
model. Indeed Guy and Conti (1990) assumed that only 
the middle portion of $4 ($4 h: 8 residues) would be helical 
at rest. This would allow 7 out of 12 residues in $45 to be 
in the helical conformation. On the other hand, the aver- 
aged fl-content of $4-$45 in lipids (8 residues) could 
represent the "flexible region" between both segments 
which was hypothesized in the latter model (Durell and 
Guy 1992). However, no direct inferences as to the actual 
peptide conformation in the channel activated state can 
be drawn from these CD experiments. For the time being, 
a 310 helical "active" conformation, as postulated by Sato 
and Matsumoto (1992), which would align arginine 
residues in the pore lumen cannot be excluded. 

In macroscopic conductance experiments, the peculiar 
shape of I - V  curves (crossing of ascending and falling 
limbs) points to a recruitment of voltage-dependent and 
"right-sized" conducting aggregates with positive voltage 
which are then somehow locked into large ohmic pores 
(Boheim and Kolb 1978) on return to rest. Conversely, 
sweeping back from high negative voltage deactivate the 
leaky component. The symmetry of I - V  curves may re- 
sult from a more or less even partitioning of $4-$45 
between both (cis/trans) bilayer interfaces presumably fa- 
voured by the increased length and mean hydrophobicity 
of $4-$45 as compared to $4. The latter (from Tosteson) 
was also found to induce more symmetrical I - V  curves, 
in our hands, than previously reported (Tosteson et al. 
1988). Apart from the slightly different lipid mixtures used 
for planar bilayer formation, this discrepancy might be 
due to the free terminals of Tosteson's peptide while the 
present $4-$45 was C-amidated and N-acetylated. 

The sequence of normalized unit conductances in 
Fig. 9 (1:1.5:3.6) contrasts with the alamethicin one 
(1 : 4.6:9.6 or 1 : 15 : 68, restricted to the first three sublevels 
and whether or not the lowest level of 19 pS is taken into 
account, Hanke and Boheim 1980). Thus, the dynamic 
"barrel-stave" model of pores of varying diameters and 
accounting for the sublevels by the uptake and release of 



monomers into conducting aggregates (Baumann and 
Mueller 1974) seems to be excluded here. A straightfor- 
ward application of formulas yielding pore diameter and 
conductance from simple geometrical considerations 
(cylindrical pore delimited by helical rods, see Sansom 
1991) would only give the actual range of observed con- 
ductances if the conductivity inside the pore were 1/40 the 
bulk value, implying an energy barrier of about 3.5 kT. 
Rather than the fluctuating "barrel-stave" situation, the 
$4-$45 behaviour evokes partially coupled parallel 
channels of fixed sizes (multiples of 5 and 8 pS units tenta- 
tively assigned to bundles of 3 and 4 monomers) as recent- 
ly modelled by Berry and Edmonds (1993). 

Whatever the peptide assayed ($4 or $4-$45), macro- 
scopic currents in negatively-charged bilayers are, for a 
given voltage, one magnitude smaller than in neutral bi- 
layers. However, application of the Gouy-Chapman- 
Stern theory (with KN, = 0.2 M-  1) would point to a 5-fold 
increase of sodium ion concentration at the charged bi- 
layers surface. Besides, Fluorescence Energy Transfer ex- 
periments in vesicles with a NBD-labelled $4 (Rapaport 
et al. 1992) and adsorption experiments with poly-Lys or 
poly-Arg (Kim et al. 1991) argue for a strong binding of 
these peptides on acidic bilayers. The high density of pos- 
itive charges at the mouth of the $4-$5 aggregates might 
well locally reverse the expected negative surface poten- 
tial. Furthermore, interfacial electrostatic interactions be- 
tween PS head groups and the numerous arginines in 
$4 $45, not only favour some peptide structuration, as 
shown by the CD data, but are likely to restrict voltage- 
driven transmembrane location of the peptide. Pre- 
sumably, at rest, there are peptide pre-aggregates 
lying fiat on the bilayer with the $45 region partly buried 
in the hydrophobic core. 

The amount of displaced charge reported here remains 
modest, but still quite comparable to electrophysiological 
data where it amounts to from 3-4 (Vandenberg and 
Bezanilla 1991) to 7 elementary charges (Conti and 
St/ihmer 1989) for the activation process and, as recently 
estimated, to 1.2 (Greef and Forster 1991) for inactiva- 
tion. It should be mentioned that for batrachotoxin-mod- 
ified (inactivation removed) and purified sodium channels 
reconstituted into lipid bilayers, the figure is between 1 
and 4 (Recio-Pinto et al. 1990; Behrens et al. 1989). In our 
view and although counter-charges (negative) available 
on the other segments and whose opposite movement 
remains possible were not taken into account, an appar- 
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ent gating charge of 2-  3 as suggested by the present study 
(whether 3 or 4 monomers are considered) would rather 
imply a "helical screw" mechanism of limited amplitude. 
On the other hand, the effects of site-specific antibodies 
raised against different parts of $4 seem to support a large 
movement of $4 segments within the whole channel dur- 
ing the gating (Kra-Oz et al. 1992). 

Table 2 compares the main functional properties of 
synthetic peptides designed to model voltage-sensitive 
sodium channels. It is clear from the outset that these 
peptides only partially account for the essential features 
of native channels. Nevertheless, $4-$45 compares fa- 
vourably with the other peptides. The most probable sin- 
gle-channel conductance induced by $4-$45 peptide (5 
or 8 pS) is significantly smaller than those reported by 
Tosteson (70 pS and other higher levels) for $4 alone and 
more in line with electrophysiological data, especially 
with reconstituted batrachotoxin-modified channels (Re- 
cio-Pinto et al. 1990; Bendahhou et al. 1991). As regards 
selectivity, one should not infer cationic or anionic per- 
meability from the sign of the charged residues supposed 
to line the lumen. A number of basic peptides, for example 
mastoparan (Mellor and Sansom 1990), were shown to be 
cation-selective in neutral bilayers. Either the positive 
residues would be screened by anions, allowing the per- 
meation of cations, or else the predominant energy barri- 
er would not be at the level of a basic residue. The selec- 
tivity for sodium over potassium ions in purified and 
reconstituted voltage-dependent sodium channels ranges 
from 2,5-4.0 in BTX-modified preparations (Castillo et 
al. 1992; Behrens et al. 1989) up to 7 with untreated chan- 
nels during pulses (Rosenberg et al. 1984). These figures 
and our results have to be compared with PNJPK from 
native sodium channels in excitable membranes, which 
amounts to about 12 in the squid giant axon for instance 
(Chandler and Meves 1965). 

To conclude, not only does the inclusion of $45 not 
impede the intrinsic $4 voltage-dependence but both the 
reduced single-channel conductance and the increased se- 
lectivity of $4-$45 for sodium argue for a diameter re- 
striction brought about by the $45 fragment in the open 
configuration. This study thus argues for a functional 
implication of $45 in the inner part of the permeation 
pathway as postulated by molecular modelling (Durell 
and Guy 1992), $45 being drawn inwards as $4 becomes 
exposed outside. Obviously, the in situ conformation of 
$4-$45, being constrained by the whole protein folding, 

Table 2. Comparison between synthetic peptides modelling the voltage-sensitive sodium channel 

Segment Type A.a. a Lipids V, (mV) Y (pS) b PNa/PK Ref. 
(Domain) (+, - )  

$3 (I) Rat brain I 22 (0, 4) Zwitt. (oo) 20 (5 60) 1.0 
$4 (IV) E. electricus 22 (8, 0) Negat. 10 70, 300, 500 0.8 
$4 $45(IV) E. electricus 34 (8, 0) Negat. 15 35 5.5 (8, 15, 20) 3.0 
$4-$45 E. eleczricus 34 (8, 0) Zwitt. 40-20 8.5 (20, 40, 80) ND c 
$6 (I) Rat brain I 22 (0, 0) ? ? No channels ? 

Oiki et al. (1988b) 
Tosteson et al. (1989) 
This study 
This study 
Montal (1990) 

a Number of total amino acids with basic and acidic residues in brackets 
b Values in bold correspond to the most probable conductances in NaC1 500 mM solutions 
c Not determined 



48 

is l ikely to be different f rom the i so la ted  pep t ide  a n d  we 
do  no t  bel ieve tha t  the $45 region  of  the  four th  d o m a i n  is 
the  on ly  cons t i tuen t  of  the  s o d i u m  channe l  select ivi ty 
filter. A fur ther  and  m o r e  real is t ic  p o l y p e p t i d e  m o d e l  
shou ld  inc lude  the SS1-SS2 reg ion  l inked  to $ 4 - $ 4 5 .  
Likewise,  it  m igh t  p rove  va luab le  to  assay  $ 4 - $ 4 5  f rom 
o the r  doma ins ,  in pa r t i cu l a r  the one f rom d o m a i n  I I  
which  con ta ins  a p ro l ine  in the centre.  A l t h o u g h  the pres-  
ent  w o r k  conf i rms tha t  this res idue  is no t  essent ia l  for an  
app rec i ab l e  vo l tage-sens i t iv i ty  (see also D u c l o h i e r  et al. 
1992), how w o u l d  a resul t ing  helix k ink  in one of  the 
segments  inf luence the  vo l t age -dependence  of the whole  
assembly?  $4 (doma in  II)  also presen ts  next  to  this P r o  
the on ly  Trp of  all  the  $ 4 - $ 4 5  f ragments .  Since each  
SS1 - S S 2  segment  is e n d o w e d  with  1 or  2 Trp, a p h o t o d e -  
ac t iva t ion  s tudy  wi th  those  m o d e l  pep t ides  in p l a n a r  l ip id  
b i layers  shou ld  d i sc r imina te  which Trp  is mos t  respons i -  
ble for the  effect r e p o r t e d  on  s o d i u m  channels  in squid  
g ian t  axons  (Cont i  et al. 1988). N o  doub t ,  the  s t ra tegy  
using m o d e l  pep t ides  fos tered  by  the la tes t  deve lo pme n t s  
in a u t o m a t i c  pep t ide  synthesis  will be fur ther  ex t ended  
and  ever  m o r e  c o m p l e m e n t  mutagenes i s  and  c D N A  ex- 
p ress ion  inves t iga t ions  of  s t ruc tu re - func t ion  re la t ion-  
ships in ionic  channels .  
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