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Abstract Four peptides mimicking the four P-regions of
the electric eel sodium channel were chemically synthe-
sized to characterize their secondary structure and their
contribution to the channel selectivity. Circular dichroism
spectra of these peptides in trifluoroethanol demonstrate
an important (-sheet conformational component. This
[-sheet content is much enhanced upon interaction with
phosphatidylcholine small unilamellar vesicles. As ex-
pected (and except for P of domain111), no significant volt-
age-dependence is revealed in either macroscopic or
single-channel conductance experiments. The concentra-
tion-dependences of macroscopic conductances suggest
that tetramers are the membrane conducting aggregates. In
asymmetric ionic conditions, these channels made up of
P-peptides were mostly specific for sodium over chloride
whilst caesium was largely excluded. Single-channel con-
ductance analysis discloses a moderate selectivity for so-
diumover potassiumfor P, and P,,. Thisselectivity islarger
with Py, but inverted for P,y,. Finally, a control random
peptide of the same length and with a comparable mean
hydrophibicity was also tested. Its conformationin TFE is
mainly unordered and no activity was detected in planar
lipid bilayers. The data suggest that the presumed selec-
tivity filter may not assume a circular symmetry and that
molecular recognition between the different P-regions has
to be taken into account.
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1. Introduction

Voltage-dependent sodium channels are key membrane
proteins, found in most excitable cells, and are responsible
for action potential generation and propagation (Hodgkin
and Huxley 1952). After extensive el ectrophysiological in-
vestigations (for review, see Patlak 1991) followed by pur-
ification and reconstitution (Agnew et al. 1978, Barchi
1988), the elucidation of the primary structure (Nodaet al.
1984), which is very similar for proteins isolated from
many different species, allowed the definition of four ho-
mologous domains. Each of theseiscomposed of six trans-
membrane segments: S1 to S6, as defined by the protein
hydrophobicity profile. Molecular models (Catterall 1988,
Durell and Guy 1992), site directed mutagenesis (M oor-
man et al. 1990, Stuhmer et al. 1989, Pusch et al. 1991,
Backs et al. 1992, Kontis and Goldin 1993) and channel
mutations linked to human diseases (see e.g. Yang et al.
1994) have highlighted the role of segments involved in
specific functional aspects of the channel, such as activa-
tion, inactivation, permeability properties and the action
of drugs.

M utations affecting the loops between S5 and S6, here
named the P-regions, suggest that the latter might form, at
least partly, the presumed selectivity filter (for review, see
Heinemann et al. 1994) which the present study addresses
with the peptide strategy. First, at least for the potassium
channel, chimerasconstructed by interchanging thisregion
between one channel and another (Hartman et al. 1991)
showed the conductance and toxin affinity of the P-donor.
These regionsin the sodium channel were subjected to sin-
gle mutations which identified two clusters of residues, |o-
cated at equivalent positionsin thefour repeatsthat mainly
affect tetrodotoxin binding (Terlau et al. 1991) and confer
calcium selectivity to a “sodium channel” (Heinemann
et al. 1992). More recent studies (see e. g. the commentary
by Miller 1996) support the ideathat these P-regionsform
part of the pore-lining.

The conformations of these loops, which are present in
all voltage-gated ionic channels, are still a matter of de-



276

bate after the elucidation of their primary structures. It was
first described as aloop on the extracellular face between
two transmembrane segments but the secondary structure
was not specified (Nodaet al. 1984). Then it was depicted
asahelix-loop-helix motif (SS1 and SS2 for the two short
helices) which could be involved in the channel lining in
a model containing eight transmembrane segments (Guy
and Seetharamulu 1986). In the model of Guy and Conti
(1990), the SS2 part of thisregion was assumed to bein a
[-sheet conformation and to contribute to ionic selectiv-
ity. With the growing data from mutagenesis experiments,
more precise pictures have emerged. Durell and Guy
(1992) predicted this segment in potassium channels as a
[B-hairpin, based mainly on internal and external tetraethyl-
ammonium sensitivity. When looking at the homol ogy be-
tween those different cationic channels and from the as-
sumption that they have evolved from acommon ancestor,
asimilar conformation can be proposed for the sodium and
calcium channels. However, it is still difficult to reach de-
finitive conclusions.

Given that there is not any structural data from nuclear
magnetic resonance or radiocrystallography XR experi-
ments available to confirm such hypotheses, conforma-
tional and functional assays of synthetic peptides repro-
ducing some of the essential segments constitute a plau-
sible alternative (Stiihmer 1991, Grove et a. 1992). As-
pects of cation channel structure-function werethusinves-
tigated with this peptide strategy, particularly in the case
of calcium and potassium channels (Grove et al. 1993,
Peled and Shai 1993, Haris et al. 1994). Asregards the so-
dium channel, interesting features of a S4—S45 peptide
were found (Brullemans et al. 1994), suggesting that the
S45 moiety may contributeto the channel selectivity inthe
intracellular mouth of the pore. Studies adopting this ap-
proach have been summarized in recent reviews (Montal,
1995; Marsh, 1996) in which the relevance and the limits
of the peptide approach for membrane channels is exten-
sively discussed.

In the present study, this strategy was pursued with the
synthesis of other peptides (Table 1) mimicking the differ-
ent P-regions of the electric eel (Electrophorus electricus)
sodium channel (Noda et al. 1984). We report here their
secondary structure both in organic solventsand lipid ves-
icles, together with conductance and selectivity properties
after reconstitution into planar lipid bilayers. In addition,
to check the specificity of both conformation and activity,
we also synthesized and assayed a control peptide (Pg)

whose sequence was randomly (through “lucky draw™) se-
lected from the averaged amino-acid composition of the
four P-regions.

2. Materials and methods

Amino-acidsand reagentsfor the synthesiswere purchased
from Applied Biosystems (Foster City, CA). Peptides P,
P,y and P were synthesized using afully automatic appa-
ratus: the 433 A model from Applied Biosystems. P, and
P,,, were a generous gift from Dr Y. Sha (Weizman, In-
stitute, Rehovot, Israel). For Py, P,y and Pg, Wang-resins
(Wang 1973) were loaded with 0.1 mM fluorenylmethoxy-
carbonyl-glycine. At each coupling step, conductimetric
monitoring allowed us to ensure that more than 99% effi-
ciency was achieved. The peptidyl-resins were then
cleaved aspreviously described (Kinget al. 1990) with*re-
agent K”. To prevent oxidation hazards with methionine,
norleucineyielding avery similar steric hindrancewassub-
stituted. C-terminalswere |eft asfree acid and N-terminals
were acetylated. Peptideswere purified onaHPL C system
(Pharmacia LK B Biotechnology, Bromma, Sweden) using
areverse phase semi-preparative C;g column (8x300 mm)
from SFC Shandon Scientific (Eragny, France). Lyophi-
lized crude products were made soluble in a CH;CN/H,O
mixture (1/9) buffered withNH,CI/NH5 at pH =8.2. Toiso-
late the peptides, linear gradients of CH;CN from 45 to
60% for Py, from 25 to 50% for P,,, and from 30 to 50%
for P were applied. Those products were centrifuged and
washed with water to eliminate traces of salt.

In circular dichroism experiments, ellipticity measure-
ments were performed on peptides dissolved in trifluoro-
ethanol (TFE from Sigma) at different concentrations or
on peptides interacting with small unilamellar vesicles
(SUVs). The SUV's solution was prepared by sonicating
37 mg of egg lecithin (from Sigma) in 10 ml (i.e. 5mM
lipid) of 2700 MM NaCl and 2 mM Hepes (pH =7.4). 50 pl
of this suspension were added to 450 pl of the peptide so-
lution (30 uM) in the HPL C solvent defined above. Spec-
tra were recorded on a mark V Jobin Yvon dichrograph
(Longjumeau, France). Blanks made in the same condi-
tions were substracted and the experimental curves (i.e.
51 mean residue ellipticity values from 190 to 240 nm,
every nanometer) averaged from 5 cycles werefitted to an
algorithm to yield the conformational contents (Chang

Table1l Sequence of thefour synthetic P-peptides from the electric eel sodium channel in one-letter code for each amino-acid (NI for Nor-
leucine) and for the control peptide Pg. Positions are those from Noda et al. (1984)

Peptides  Positions Sequences

P, 340- 370 GYTNYDNFAWTFLCLFRLMLQDYWENLYQMT

Py 731- 761 HNNNDFFHSFLIVFRALCGEWI ETNWDTCNINEVG
P 1187-1221 VRWVNLKVNYDNAGMGYLSLLQV  STFKGWMDI I MYA

Pv 1487-1518 NFETFGNSNICLFEITTSAGWDGLLLPTLNTSG
Pr DLAFFYSELNTWTVLDWGI NLOQNYRTCFENGVG




et al. 1978). The quality of the fit is reflected by the nor-
malized mean root square deviation (<20%) and the degree
of confidence for the conformational contents is +5%.

Infrared spectra of the peptides were recorded on a Ni-
colet 510 M Fourier transform spectrometer. Solutions
(800 puM) were introduced in quartz cells of 50 um path
length. To estimate secondary structures, the position of
the amide-1 band (from 1575 to 1700 cm™*) was analysed
and maximawere compared to those provided by Harisand
Chapman (1992).

After incorporation into planar lipid bilayers, conduc-
tance properties were investigated at the macroscopic and
single-channel levels. Lipids as defined in the figure leg-
ends were purchased from Avanti Polar Lipids (Alabaster,
AL, USA). In thefirst configuration (typically thousands
of channels), experiments were carried out with Montal-
Mueller type bilayers (Montal and Mueller 1972) formed
over a hole (O=150 um) in a Teflon film (thickness:
25 pm) separating two half glass cells to evaluate concen-
tration- and voltage-dependences. The “tip-dip” method
was used for single-channel experiments (Hanke et al.
1984). 1-5pl of the purified peptide dissolved in the
HPL C solvent (peptide concentration of the stock solution:
20 uM) were introduced into a 2 ml glass cell (final con-
centration: 10—50 nM) containing 500 mM NaCl (or KClI),
1 mM CaCl, and 10 mM Hepes (pH=7.4) at the top of
whichwere spread 10 pl of thelipid solutionin hexane (0.5
mg/ml). A fire-polished hard glass pipette, filled with the
same electrolytic solution, was moved about the interface
with the help of a micromanipulator to form phospholipid
bilayers. The patch-clamp apparatus included a RK 300
amplifier, an 8 pole Bessel filter and aDTR 1200 to store
recordings, all from Bio-Logic (Claix, France), and a Sa-
tori V3.01 program from Intracell Ltd (Royston, UK) for
data analysis.

3. Results

After preparative HPLC purification, about 10—15 mg of
each peptide were recovered. The major products were
checked for purity by analytical HPLC and sent lyophi-
lized to the Service Central d’ Analyses du CNRS (Solaize,
France) for mass spectrometry. Analytical HPL C chroma-
tograms and fast atomic bombardment positive ion mass
spectra with fragmentation (for instance [M+H']=
3753 g/mol for P,; and [M+Na"] =3509 g/mol for P,,) al-
lowed an unambiguous characterisation of the desired se-
guences of aminoacids. P, and P,;, were also subjected to
amino acids analysis to confirm their composition.

Conformational study

In order to evaluate the secondary structure of the P-pep-
tides, we carried out circular dichroism experimentsin dif-
ferent media. Figure 1 shows typical spectrafor the P-re-
gion of the fourth domain both in trifluoroethanol and in
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Fig. 1 Circular dichroism spectrafor Py, in 100% trifluoroethanol
(C=200 uM) and interacting with small unilamellar vesicles of egg
lecithin phosphatidylcholine (C=30 puM, ratio lipid/peptide=50) at
room temperature

interaction with SUV's. The spectra in the two media are
very different and the differenceismainly dueto the lower
helical content in SUV's compared with TFE. With SUV's
there is a significant turn content of 10% (about 3—4 res-
idues). Theresultsarevery similar with the P-region of the
second domain except that 15% helical structure (just more
than oneturn) ispresent in SUV s at the expense of random
conformation. With this P, peptide, we made several trials
at different concentrations in trifluoroethanol to investi-
gate the concentration dependence; this is described in
Fig. 2. At low concentrations (20 uM), the helical content
is 10% higher than at 400 uM. Even with a standard devi-
ation of 5%, which ishalf the difference, it clearly appears
that the helical and sheet percentages reach limiting val-
ues as the concentration increases. The ratio solvent/pep-
tide is divided by 50 and so peptide-peptide interactions
are favoured and most likely produce this change in con-
formation.

Table 2 summarizes the results for the four P-peptides
in TFE and for P, and P,y in alipid environment. In TFE,
awidely used solvent known to promote helical secondary
structure, the analyses of spectraas described aboveyields
an average helical content (40%) about the same order as
the sheet content, with other parts of the peptide in a ran-
dom conformation (20%). The best fit of the analysis
argues for two or three short helical motifs rather than one
long helix. This suggests that these peptides do not have a
high propensity to fold helically. This assumption is cor-
roborated in SUV's, amedium mimicking cell membranes.
In the latter system, the different conformational contents
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Fig. 2 Concentration dependence of conformational contents for
the peptide P,, in trifluoroethanol. Theinset showsthe changein hel-
ical and sheet percentages as a function of concentration. Note that
the sheet content reaches its maximum at a concentration of about
200 uM

Table2 Conformational contents from circular dichroism experi-
ments (TFE: trifluoroethanol, SUV's: small unilamellar vesicles) esti-
mated using an algorithm based on the standards defined by Chang
et al. (1978)

Segment Media Helix Sheet Turn Random

P, TFE 25 45 5 25

Py TFE 40 40 0 20
SUVs 15 55 10 20

P TFE 35 40 0 25

Pv TFE 45 30 0 25
SUVs 0 50 10 40

Pr TFE 25 25 20 30

found can beinterpreted with a 8-hairpin of 7 to 8 residues
length for each sheet and an extended conformation on each
side of the -hairpin towards C- and N-termini.

We carried parallel FTIR experimentsin TFE (Fig. 3).
The spectrum of P, is compared to that of alamethicin,
which isknown to be almost entirely helical asrevaled by
XR and NMR experiments (Fox and Richard 1982, Kelsh
et al. 1992). The maximum in the amide-I band from the
second derivative spectrum at 1637 cmi reflectsaslightly
dominant sheet conformation and the shoulder at
1654 cm* is typical of a helical conformation, as shown
in the alamethicin spectrum. A reasonably good correla-
tion between those results and those from CD experiments
in the same mediais thus observed.

—PII

— -+ Alamethicin

Absorbance

1654 *

1637

1700 1650 1600

Wavenumber (cm™)

Fig. 3 Infrared spectrum of peptide P, (C=800 uM) in trifluoro-
ethanol and solid stateinfrared spectrum of alamethicin from ahexa-
fluoropropanol solution on a CaF, disk. Dashed line is the second
derivative curve used to reveal maximain the amide-I band for P,

A conformational study wasalso performed for the con-
trol peptide Pk in TFE. The secondary structureis more or
lessevenly distributed between the four “canonical” forms
(Table 2). It is apparent that the unordered structure (turn
+ random) is significantly higher with Pg (50%) compared
with the other peptides (25%) in the same medium.

Functional properties at the macroscopic conductance
level

General features in symmetrical ionic conditions

The functional properties of P peptides were first investi-
gated at the macroscopic conductance (or “many-chan-
nels’) level,i.e. with planar lipid bilayersof large areasub-
mitted to triangular voltage waveforms to record macro-
scopic current-voltage curves. Relatively high agueous
peptide concentrations (of the order of 100 nM to 10 uM)
had to be used to devel op significant conductances and the
proportion of phosphatidylethanolamine headgroups (fa-
vouring nonlamellar or hexagonal phase) inthe membrane-
forming lipid solution had to be raised to promote peptide
incorporation.

Asarule, macroscopic |-V curves devel oped by P pep-
tides were quasi-ohmic with no significant voltage-depen-
dence (i.e. no steep exponential branch above a voltage
threshold). A typical curve is presented in Fig. 4A in the
case of P}y, for asymmetric (cis/trans) addition of the pep-
tide. Adding the peptide to the cis-side only resulted in a
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Fig. 4A—C Macroscopic current-voltage (I-V) curves in 1-pal-
mitoyl,2-oleoyl phosphatidylcholine (POPC)/1,2-dioleoyl phos-
phatidylethanolamine (DOPE) (1:4) bilayers at a ramp sweep of
10 mV/s A Peptide Py, (2 uM) in both sides with 500 mM NaCl,
1 mM CaCl,, 10 mM Hepes, pH=7.4 B P,;, (5 uM), C Pg (4 uM)
under the same conditions. Note the different current scales used to
illustrate the behaviour of each peptide

lower current density and a rectification-like behaviour
(the current being higher in the positive quadrant than in
the negative one).

A notable exception to this behaviour was shown by
P.,,- In this case and quite unexpectedly, relatively steep
exponential branches can be recorded (Fig. 4B). Ve, the
voltage increment resulting in e-fold changes in conduc-
tanceisaround 20—25 mV for the steepest parts of the | -V
curve and is thus quite comparable to the voltage-depen-
dence displayed by a synthetic extended voltage-sensor
such as S4—-S45 (Brullemans et al. 1994). This trend for
Py, will be confirmed by the single-channel analysis be-
low.

Macroscopic conductance experimentswere carried out
with the control random peptide (Pg) at similar concentra-
tions both in NaCl and KCI (0.5 M) to evaluate specific-
ity. Themacroscopic |-V curvedisplayedinFig. 4 C shows
the maximal current development (here, the conductance
at 150 mV is ~6% of examples given in parts A and B) in
aseries of experiments (N >10) where, most often, no sig-
nificant current above the bare bilayer conductance could
be detected. Thus it can be safely concluded that the con-
trol random peptide did not induce significant activity.

Concentration-dependencies and estimation
of the number of monomers involved

Another important aspect in defining conductance proper-
ties is to estimate the number of monomers involved per
conducting aggregate. We used the formalism applied by
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Fig. 5A Macroscopic current-voltage curves for two different
aqueous Py, concentrations. The curves presented here are repre-
sentative of 5to 10 | -V curves. Dashed line: G, represents a ref-
erence conductance (12.5 nS) to define characteristic voltages (Vc1
and Vc2) and e.G,¢ an e-fold change of this G, to measure Ve: the
voltage increment producing this conductance increase. B Concen-
tration-dependence of macroscopic currentswith P;,. C,qqisthe con-
ductance at 100 mV developed for aparticular peptide concentration
and reflects the peptide concentration in the bilayer in a conducting
state. Time of addition of peptide is indicated with arrows: 1 is the
first addition of P, (bath concentration: 600 nM). After the system
had reached equilibrium, the peptide concentration was doubled
(arrow 2)

Vodyanoy et al. (1983) to describe the behaviour of ala-
methicin.

For a voltage-dependent channel-former, the mean
number of monomers per aggregate is estimated as:

INC=ValVe

where Va is the shift of the characteristic voltage V¢ (or
threshold to reach a reference conductance) for an e-fold
change in peptide concentration and Ve, as described
above. In the case of P, (Fig. 5A), Vaand Ve are 87 and
18 mV, yielding IN[(F4.8+1.5.
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For a voltage-independent peptide, ON[ican be derived
asfollows:

INCEIn (G,/G,/In (C,/Cy)

where Gi is the bilayer conductance at a given voltage at
peptide concentration Ci. Thisapplies, for instance, for P,
which displays voltage-independent behaviour. Figure 5B
shows the evolution of G, (the conductance at 100 mV)
as afunction of time after two peptide additions. The data
allow IN[to be estimated as 4.1+1.0. Although some cau-
tion must be exercised, the number of monomers per con-
ducting aggreate seemsto be quite comparabl e to the num-
ber of domainsin the native channel.

Reversal potentials in asymmetric ionic conditions

The specificity of channelsformed by the P-peptide aggre-
gatesto cations or anionswas investigated in macroscopic
conductance experiments under asymmetric ionic condi-
tions with 0.1 and 0.5 M NaCl in the trans- and cis-com-
partments bathing the POPC/DOPE (1: 4) planar lipid bi-
layers. On average, the latter were doped with the appro-
priate peptides at an aqueous concentration (both sides) of
~1 puM. As arule, cations were the ionic species specifi-
cally transported through P-channels. For instance, the re-
versal potentials Vrev (corrected for junction potentials)
were -39 and —-35 mV for P, and P,y yielding permeabil-
ity ratios (through a simplified version of the GHK equa-
tion, see e.g. Hille 1984) PNa/PCl of 35 and 15, respec-
tively. By contrast, when caesium replaced sodium in the
electrolyte solutions and under the same cis/trans gradient
as above, the reversal potential shift was hardly signifi-
cant, being estimated (with a lower degree of confidence
due to a much smaller current density) to 0-5mV, i.e.
PCs/PCI=1-0.5.

The fact that Cs" was largely excluded, as compared to
Na*, was confirmed in other macroscopic conductance ex-
periments in which the ionic gradient was: 0.5M
NaCl/0.45 M CsCl + 0.05 M NaCl (cig/trans). Under such
conditionsand at low level s of peptideincorporation, mac-
roscopic | =V curves displayed a strong rectification, the
slope conductancein the positive quadrant being eight-fold
that of the negative quadrant, thusin favour of sodiumion
transport. At higher incorporation levels, Vrev devel oped
by P,, and P,,, wason average—50 mV, resultinginaperme-
ability ratio PNa/PCs=30 by taking into account the val-
ues reported above for PCS/PCl. Similar experiments
where K* replaces Cg yielded more modest Vrev shifts
—typically around 15 mV —and wethusrelied upon single-
channel conductancesto identify the sodium/potassium se-
lectivity.

Functional properties at the single-channel level
The ability of P peptides to induce single-channel events

was assayed with bilayersformed at thetip of patch-clamp
pi pettes and with reduced (typically 100-fold as compared

to the “macroscopic” configuration) aqueous peptide con-
centrations in the bath (cis-side).

Single-channel conductancesin 0.5 M NaCl
and in 0.5 M KClI

All P-peptides were able to induce single-channel events
when interacting with planar lipid bilayers. Therate of suc-
cesswas of the order of 50% and on active bilayers, it was
possible to record single-channel fluctuations at several
voltages for up to ten minutes. The panel of traces shown
in Fig. 6 (openings are upwards deflections for positive
voltages, and downwards for negative ones) gives exam-
ples of the single-channel behaviour displayed by the four
peptides at similar voltages and compared for 0.5 M NaCl
and 0.5 M KClI.

Py

Vm=45mV
NaCl

NaCl ‘I. ” H l“l’ Il | Vm =-70 mV.
KCI' |' u" " | l' u ' “ qw '1 l Vm=-60 mV

Pir
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K0 ™V UM AT, Vi = 60
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Fig. 6 Single-channel recordings in POPC/DOPE (1:4) bilayers
formed at the tip of patch-clamp pipettes at the indicated voltages
and induced by 30 nM of peptide P, in the bath. Bilayers were pre-
formed under symmetrical conditions: 500 mM NaCl, 1 mM CaCl,,
10 mM Hepes, pH=7.4. Bessel filter was set to 1 kHz and seal re-
sistancewasabout 10—20 GQ. Dataweredigitized at 3 kHz for com-
puter analysis. Opening are downward deflections for negative volt-
ages and upwards for positive ones
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gion in symmetrical solutions, either: 500 mM NaCl (@), ((w) for the
second level observed with P,;; in 500 mM NaCl) or 500 mM KCI
(0), in each case supplemented with 1 mM CaCl,, 10 mM Hepes,
pH=7.4

With P,, single-channel currents are slightly higher in
0.5 M NaCl thanin 0.5 M KCI for similar voltages (seethe
first two pairs of traces on top of Fig. 6). It also appears
that Na* favours longer openings. For P,;, no specific be-
haviour seemsto apply asregardsthe duration of openings
in both mediabut here the single-channel conductancesare
reduced more than two-fold, as compared to P,, with an
equivalent ratio (i.e. ~1.5) between the conductances in
NaCl and in KCI. This conductance ratio is much morein
favour of sodium ions with Py, (see e.g. tracesin Fig. 6).
Thesingle-channel conductance of 10 pSobservedin sym-
metrical 0.5 M KCI (lower trace of the P,;, row) increases
to either 15 or 30 pS in symmetrical 0.5 M NaCl. These
two states are not observed simultaneously, i. e. within the
same bilayer and the higher level seemsafull state and not
theresult of double openingsof the 15 pSlevel. Asfor Py,
it allowsmore potassiumionsthan sodiumionsto permeate
the bilayer. The single-channel conductance data for the
four peptides are pooled (3—5 experiments for each pep-
tidein agiven salt) on the current-voltage curves of Fig. 7.
Each point represents between 50 and 500 eventsat agiven
voltage. Finally, conductance levels in both media and
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Table 3 Conductance and permeability ratios from single-channel
analysisin either symmetrical 500 mM NaCl or KCI (N: number of
bilayerstested and active, y conductance level). Permeability ratios
are approximated to conductance ratios

N y PNa/PK
P NaCl 5 19.5+0.5 15
KCl 3 12.9+0.4
Py NaCl 4 8.1+0.3 15
KCl 4 5.1+0.6
P NaCl 3 14.3+0.4 15t03
3 28.8+0.4
KCl 3 9.5+0.3
Py NaCl 4 45+0.3 05
KCl 3 9.5+0.5

Table4 Comparison of mean open (70) and closed (7c) times, and
Po (open state probability) for the four P-regionsat -60 mV in0.5 M
NaCl. These data are average values from traces | asting between 50
and 120 s

I:>I I:>I | I:>I 1 I:’IV
70 (M) 26 86 8 17
7c (ms) 240 165 60 45
Po 0.10 0.35 0.10 0.25

permeability ratios are summarized in Table3. On the
whol e, single-channel conductancesrangesfrom5to 13 pS
in0.5M KCI and from5to0 29 pSin 0.5 M NaCl. All pep-
tides except Py, exhibit some sodium transport specificity,
especially with Py,.

Kinetics and voltage-dependence

Table 4 compares mean open and closed times together
with the open state probability for the four peptides at the
same voltage. 1, the mean open time, fals in the
10-100 ms range, i.e. a much shorter duration than the
one previously observed for the single-channel activity of
S4-S45 (domain 1V). Except for Py, there is no signifi-
cant change of the mean open times and the open probabil -
ity with applied voltage. Thusfor P,,, aspresentedinFig. 8,
Ty is 11 and 10 ms at 50 and 150 mV, respectively whilst
Py remains at 0.25-0.26 (Fig. 9). Similar patterns can be
described for P, and P,,.

By contrast, and confirming the surprising voltage-sen-
sitivity reported above, in P,;, macroscopic conductance
experiments, both the mean open lifetime and the open
probability displayed by P,,, were found to increase with
voltage. This is quite apparent on the traces shown in
Fig. 9A. The analysis reveals that 1, increases from 8 ms
at —60 mV to 14 msat —-95 mV (Fig. 9C). Asfor the open
state probability reflected by amplitude histograms
(Fig. 9B), itsvalue is 0.08, 0.18 and 0.20 at —60, —80 and
—-95 mV, respectively. Thus, it is increasing e-fold for
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Fig. BA—C Voltage-independent behaviour typical for P, Py, Py .-
Thisanalysisisdisplayedfor P,,, with single-channel current record-
ings at the indicated voltages A Openings are upwards deflections.
B Corresponding single-channel current histograms for the closed
and open states. C Associated histograms of channel open lifetimes.
The mean open lifetime appears as 1,

17-35 mV,i.e. avaluein agreement with the macroscopic
conductance voltage-dependence (Ve).

4. Discussion

In the present study, the conformational and functional
properties of four synthetic peptides corresponding to the
P-regionsof the eel voltage-gated sodium channel werein-
vestigated. Previous work (Pouny and Shai 1995) has
shown the propensity of very similar peptides to bind to
phospholipid membranesandto interact through resonance
energy transfer experiments. All peptideswere ableto rec-
ognize another except for the P,—P,;, pair. We have con-
firmed the ability of those peptides to incorporatein lipid
bilayers with conductance experiments. The reproducibil -
ity and the large number of events analyzed allow usto be
confident about these properties. The results are different
from those obtained with synthetic peptides correspond-
ing to the same regions of calcium channels since they in-
duced “erratic events” but no discrete transitionsin planar

A
-60 mV
80 mV
| 1 pA
95 mV 200 ms
B
-60 mV
0.8 o (A
95 mV
To=14ms
20 t (ms) 20 t (ms)

Fig. 9A—C Voltage-dependent behaviour for thepeptideP,;, insin-
gle-channel experiments. A Single-channel traces at three different
voltages: —60, —80 and —95 mV. Openings are downwards deflec-
tions. B Corresponding single-channel current histograms for the
closed and open states. C Associated histograms of channel open
lifetimes. The mean open lifetime appears as 7,

lipid bilayers (Grove et al. 1993). To check the specificity
of the P-peptides, we assayed in parallel control experi-
ments a random peptide of similar length and overall
amino-acid composition. A lower conformational organ-
isation and the inability to promote ion transport demon-
strate that the properties discussed below are representa-
tive only of synthetic P-peptides with sequences identical
to those of the pore-forming-regions of the voltage-gated
sodium channel.

For the P-peptides, the conformational contents deter-
mined in an organic solvent reveal about the same percent-
age of a-helix and (-sheet: 40%. Therefore, they do not
conflict with already published data (Pouny and Shai
1995), especially when we take into account the fact that
low concentrations favour the helix. When these P-pep-
tidesinteract with lipid vesicles, circular dichroism experi-
ments suggest a B-hairpin structure made of two antipar-
alel B-sheets with two extended chains at the end of each
sheet. Theanalysisof Schetz and Anderson (1993), search-
ing tetrapeptides with a high propensity to form a B-turn,
assigned them near the middle of the sequences studied
here, making a -hairpin fold feasible. Side chains acces-



sibilities measured for residues in the predicted turn se-
guence after cysteine-substitution mutagenesis, indicate
that a regular structure is unlikely for this region (Perez-
Garcia et a., 1996). We think that the peptide can insert
into planar lipid bilayers, probably by the B-turn, and that
the more hydrophilic N- and C-termini can anchor it to the
membrane surface. This probably occurs in an associated
state to minimize the non-compensated energy due to half
of the free backbone carbonyls for the two antiparallel
[-sheets. Although some caution is needed when extrapo-
lating these data from the “ peptide approach” to the situa-
tion of the native channel, our secondary structure results
seem to be in agreement with the conformation initially
proposed by Bogusz et al. (1992) and recently reexamined
by Samson and Kerr (1995) for the P-region of potassium
channels. A molecular model (Guy and Durell 1994) is
more in favour of a short hairpin that probably does not
span the whole bilayer hydrophobic core in the real chan-
nel situation. However, arecent NMR report of the S5-S6
linker (Doak et al. 1996) revealed two regions of ten resi-
duesinahelical conformationin TFE at pH =5.6. Thesame
peptide does not seem so highly organized in micelles. The
authors leave open the possibility that the peptide could
undergo a transconformation a — 3 at higher concentra-
tions.

Asfor the functional properties, the conductance levels
are smaller for P,, and P, than for P, and P,,. This sug-
gests that P, and P,,, would project more hindered side-
chains in the direction of the water filled pore than do P,
and P, or that they arein closer proximity. Thisisin agree-
ment with the previously mentioned resonance energy
transfer study (Pouny and Shair 1995). Asregardsthe chan-
nel geometry, these results support the view that the pore
may not assume asymmetrical shape, as suggested by ear-
lier work of Terlau et al. (1991), and more recently by
Chiamvimonvat et al. (1996).

Themoderate selectivity for sodium over potassium ob-
served here with the four P-peptidesis significantly lower
than for the the channel in situ whereas the selectivities
for Cs" over Na' are of same order in both systems
(see e.g. for the squid giant axon. Chandler and Meves,
1965). The discrepancy for small cations could be ex-
plained if we assumed that the channel probably has other
selectivity barriers or filters which could be located on
other segments, such as the S45 part. This region imme-
diately follows the voltage sensor S4 and could locate in
the internal mouth of the pore (Slesinger et al. 1993;
Brullemans et al. 1994). A recent study proposed that this
region may assumea 3-sheet conformationintheopen con-
figuration of the channel (Helluin et al. 1996). Secondly,
other segments especially S5 and S6 might contribute
(Kirsch et al. 1993; Lopez et al. 1994). Thirdly, the mode
of association of these peptides in the membrane is pos-
sibly different from the one in the channel. Although the
conductance level is about the same order for both, archi-
tectural support from the adjacent segments could tighten
the P-bundle even if cysteine-mutations scanning suggests
a short pore (see e.g. the review by Goldstein 1996). Fi-
nally, the higher selectivity of the channel can also be de-

283

rived from a concerted contribution of the four P-regions
from the different domains. This will be the subject of a
subsequent study together with molecular modelling based
on our conformational characterisation. It is expected that
this peptide approach correlated with mutagenesis experi-
ments could further contribute towards the elucidation of
the structure-function relationships of these channels.
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