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Abstract

Ion channel formation by three analogues of staphylococcal 6-toxin, an amphipathic and a-helical channel-forming peptide, has been
evaluated by measurement of ionic currents across planar lipid bilayers. Replacement of B-branched, hydrophobic residues by leucine and
movement of a tryptophan residue from the hydrophilic to the hydrophobic face of the helix does not significantly alter ion channel
activity. Removal of the N-terminal blocking group combined with the substitution of glycine-10 by leucine changes the single channel
properties of d-toxin, without altering macroscopic conductance/voltage behaviour. Truncation of the N-terminus by three residues
results in complete loss of channel-forming activity. These changes in channel-forming properties upon altering the peptide sequence do
not mirror changes in haemolytic activity. The results lend support to the proposal that channel formation and haemolysis are distinct
events. Channel properties are discussed in the context of a model in which the pore is formed by a bundle of approximately parallel

transbilayer helices.
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1. Introduction

6-Toxin is a 26 residue peptide produced by the Gram
positive bacterium Staphylococcus aureus [1]. At concen-
trations above ca. 2 uM 8-toxin-A (Fig. 1a) induces lysis
of cells [2,3] and of synthetic phospholipid vesicles [4]. At
lower concentrations (<2 uM) 6&-toxin-A forms weakly
cation selective ion channels in planar lipid bilayers [5,6].
Both voltage-dependent and voltage-independent compo-
nents of channel formation have been demonstrated [5].
Concentration dependence of channel formation suggests
that on average each channel contains six 6-toxin-A he-
lices [5]. This is consistent with the barrel-stave model
[7.8] in which channels are formed by hexameric parallel
bundies of &-toxin-A helices packed such that the hy-
drophilic faces of the helices line a central aqueous pore
[5,9,10]. However, whilst there are considerable data to
suggest that transmembrane currents elicited by é-toxin are
due to the formation of transient ion-permeable pores [10],
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it has also been suggested that some amphipathic peptides
may act in a detergent-like manner rather than as genuine
channel-formers [11]. It therefore becomes important to
distinguish between channel-formation and peptide-in-
duced membrane lysis if the interactions between amphi-
pathic helical peptides and lipid bilayers are to be fully
understood at a molecular level.

Circular dichroism and Fourier-transform infra-red
spectroscopy demonstrate a high percentage a-helical con-
tent for S-toxin in membrane mimetic solvents [3,12—14].
NMR spectroscopic studies of &-toxin in solution or bound
to micelles support this view of the structure of 6é-toxin
[15-18], indicating that residues 2-20 are helical whilst
the C-terminus is more disordered. Assuming that mem-
brane bound é-toxin-A is completely a-helical, hydropho-
bic moment calculations [19] suggest that it forms a highly
amphipathic helix with distinct polar and apolar faces (Fig.
1b).

A number of analogues of é-toxin-A have been synthe-
sized in order to explore the structure—function relation-
ships of this peptide [2,3]. Three such peptides ( 5-toxins-F,
-M and -L; Fig. 1) are characterized by movement of
tryptophan from position 15 to position 16 and by replace-
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Fig. 1. 6-Toxin-A and analogues. (a) Sequences of &-toxin peptides.
Boxed regions indicate conserved residues relative to &toxin A. fM
indicates formyl-methionine. (b,c) Helical wheel plots of &-toxin-A (b)
and §-toxins-F, -M and -L (c). Filled circles indicate the hydrophilic face
of the helix (the lighter shading of Q3 indicates its absence in 8-toxin-L).
The corresponding hydrophobic moments are 0.60, 0.58, 0.58 and 0.59,
respectively. The movement of tryptophan from the hydrophilic face (in
8-toxin-A) to the hydrophobic face (in 8-toxins-F, -M and -L) of the helix
is indicated.

ment of SB-branched hydrophobic residues by leucine. They
retain the marked amphipathicity of the native 8-toxin-A.
o-Toxins-M and -L also possess a net positive charge as a
result of loss of the formyl blocking group from the
N-terminus. In addition, &-toxins-M and -L differ from
o-toxins-A and -F in that glycine-10 is replaced by leucine.
Furthermore, &-toxin-L is three residues shorter at the
N-terminus than the other peptides.

All three &-toxin analogues retain the membrane lytic
activity of &-toxin A [2,20], and all are a-helical in lipid
micelles (Table 1). Fluorescence intensity measurements
on S-toxins-A and -F [3] are consistent with the hypothesis

Table |
Comparison of channel and haemolytic properties of &-toxin analogues

Property 8-Toxin analogue
A F M L
Conductances (pS) 30 60 36 -
80-100 100~-200
ca. 450 > 200
Haemolytic activity ? 100 25 30 67
% Helicity ° 7545 68+5 70+5 7245

* Haemolytic activities are relative to that of the natural toxin (A) and
measured at 2.5 uM [2,201.

® % helicity determined by CD spectroscopy in the presence of lyso-phos-
phatidylcholine micelles [3] or when bound to phosphatidyl-
choline /phosphatidylserine micelles [20].

that, in the absence of a transbilayer potential, 6-toxin
binds to membranes with the hydrophilic face of the helix
oriented towards the aqueous solution, and the hydropho-
bic face exposed to the lipid tails.

Here we describe the channel-forming properties of
o-toxin-F, -M and -L. Comparisons are made with chan-
nels formed by 8-toxin-A [5,6]. The results are correlated
with the known secondary structure and haemolytic activ-
ity of the peptides in order to determine possible struc-
ture—function relationships.

2. Materials and methods

6-Toxin analogues F, M and L were synthesized and
purified as described previously [2,3]. Stock solutions of
d-toxins were dissolved in 1% TFA (pH 2.1) and stored at
—80°C until required. Toxin concentrations were esti-
mated using the molar absorption coefficient of tryptophan
at 280 nm (e = 5500 M~ ' em ™).

Planar lipid bilayers were formed as described by Mon-
tal and Mueller [21]. Briefly, the bilayer is formed across a
small (ca. 100 pwm diameter) circular or elliptical aperture
in a thin (25 um) piece of Teflon film (Yellow Springs
Instruments, OH) by the apposition of two lipid monolay-
ers spread at an air/water interface on either side of a
Teflon septum. After formation of a stable bilayer, peptide
solutions were added, with stirring, to one face of the
bilayer to a final concentration in the range 0.2 to 2.0 uM.
Channel formation, when present, was usually observed
within 15 min of toxin addition. The buffer used was 0.5
M KCIl, 10 mM Bes, pH 7.0, unless otherwise stated. In all
experiments the lipid used was 1,2-diphytanoylphosphati-
dylcholine [22] (Avanti Polar Lipids, AL).

The following convention is adopted with respect to the
sign of the transmembrane potential. The chamber to which
peptide is added is referred to as the cis chamber, and all
electrical potential measurements refer to this side. The
other (trans chamber) is electrically grounded through the
head-stage. Transbilayer electrical currents were measured
with an Axopatch 1D amplifier (Axon Instruments, CA)
and recorded on a Betamax video recorder, after process-
ing by a pulse-code modulator (sampling rate 44.1 kHz).
Data for analysis was filtered by an 8-pole low-pass Bessel
filter. Data acquisition was performed using the ASYST
software package (ASYST Software Technologies,
Rochester, NY), running on a 286 processor based PC
fitted with a DAS-16 A/D converter (Keithley Instru-
ments, Reading).

Persistence function analysis was carried out as de-
scribed elsewhere [23,24]. Briefly, the persistence function
&(1t) gives the probability density for observing a cur-
rent, I, at time, ¢, conditional on having observed the same
current at time ¢ =0, i.e.:

b(1.1) = f(111)
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Thus, if a current level corresponds to a true conducting
state the persistence function should be high and decay
relatively slowly with increasing . Electrical noise, how-
ever, should rapidly decay with ¢ [23,24].

3. Results
3.1. Channel formation by 6é-toxins-F, -M and -L

Planar lipid bilayer experiments were conducted at pep-
tide concentrations between 0.2 and 2.0 uM, and transbi-
layer potentials between —200 and +200 mV. Of 96
experiments on &-toxin-F, 69 yielded discrete channel
activity, and of 35 experiments on d-toxin-M, 27 yielded
channel formation. This frequency of channel formation is
comparable to that observed for -toxin-A [5]. However, in

(a) —_—fs 1=0pA
| = -5.6 pA
=-13.6pA .
(o]

all 12 experiments on 8-toxin-L no channel formation was
ever observed (Table 1). No evidence of channel formation
was observed for &-toxin-L, even at concentrations of 2
1M when applying a range of membrane potentials from
—200 mV to +200 mV. In contrast, channel formation by
the other two analogues was observed at from ca. 0.5 to |
uM peptide. Electrical breakdown of the lipid bilayer
occurred at &-toxin-F concentrations greater than ca. 2
uM.

3.2. &-Toxin-F single channel properties

Fig. 2a shows the entire 300 s duration of a single
channel recording made using 0.7 uM &-toxin-F at — 160
mV. There are clear transitions between open and closed
states, with the channel predominantly in an open state for
much of the recording. The §-toxin-F channel exhibits two

(b) —c
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10 L ] (N ‘
pA 1 ﬁ
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Fig. 2. Channel formation by 5-toxin-F. (a) The entire data stretch, duration 300 s. Three states are indicated (C, Ol and O2) as determined from the
current amplitude histogram of the data (Fig. 2c). The data have been resampled at 100 Hz, leading to rounding off of transitions between open and closed
states (for example, indicated by an arrow in the fourth trace). (b) A small segment of the recording in (a) shown on a faster time scale to resolve
individual channel events. Transitions are visible between C and O2, and O1 and O2. (¢) Current amplitude histogram for the entire data stretch in (a).
Crosses represent the data, which can be fitted as the sum of three Gaussian distributions (solid line). Dotted lines represent the individual Gaussian
components which give the probability and current of the three states (see text). Histogram was calculated on data sampled at 5 kHz and filtered at 2 kHz.
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modal open states with a spectrum of conductance levels
centred about these. Channel open times are in the mil-
lisecond range. The closed state, C, and two modal open
states, O1 and O2, are visible. On detailed inspection (Fig.
2) transitions are observed between C and O1, O1 and 02,
and between C and O2. This suggests that conductance
fluctuations may be due to alternative conformations of the
same channel. Fig. 2c represents the current amplitude
histogram of the entire data stretch of Fig. 2a. The fitted
conductances, Gj, and probabilities, Pj, of the three states
are: G, =0 pS (closed), P,=0.24; G, =35 pS (O1),
P, =0.20; G, =88 pS (02), P,=0.56. Hence, the chan-
nel is open in one or other open state for 76% of the time.
These properties are similar to those observed for 8-toxin-A
[5.6].

8-Toxin-F channels have been recorded using 0.2, 0.5,
1.0, and 3.0 M KCl. Overall, a decrease in < P, > (the
mean probability of the closed state) is observed from 0.56
(SD.=028, n=28) at 0.5 M KCl, to 0.36 (S.D.=0.21,
n=6) at 3.0 M KCl. These data provide evidence for
stabilization of open states at higher KCl concentrations.
This has been reported for a number of other channel-for-
ming peptides and may reflect decreased helix-helix repul-
sion as a result of increased electrostatic screening by
electrolyte both within and at the mouths of the channels
[5,25,26].

Single channel conductances in electrolyte concentra-
tions other than 0.5 M have been normalized using the
equivalent conductivities of salt solutions. A broad range
of open channel conductances is observed from 4 pS to ca.

0.7 nS. However, some degree of clustering of conduc-
tance states is apparent, with ‘low’ conductance states
(< 60 ps), ‘medium’ conductance states (80—-200 pS), and
‘high’ conductance states (> 200 pS). Such clustering of
conductance states is similar to that previously observed
for &-toxin-A [5,6].

The relative brevity of the single channel openings
induced by &-toxin-F raises the possibility that analysis of
conductance levels using current amplitude histograms may
overlook ‘hidden’ conductance levels. Persistence function
analysis [23,24] enables identification of conductances ob-
scured in amplitude histograms. Fig. 3 represents the per-
sistence function for the entire data set in Fig. 2a. The
current division is 0.25 pA and ¢ ranges from 0 to 1.0 s.
The function identifies four conductance states which de-
cay slowly with time. The conductances of the four states
are —7 pS, +6 pS, +28 pS and +89 pS. The first two
levels both represent the closed channel. Splitting of the
closed channel level between —7 and + 6 pS reflects the
small degree of baseline shift, which can be seen at the end
of the recording in Fig. 2a. The two open channel levels
(+28 and +89 pS) are equivalent to Ol and O2 as
observed in current amplitude histogram analysis above.
Thus, in this case there is no evidence for the presence of
additional hidden conductance levels.

3.3. Voltage gating of 6-toxin-F channels

The relationship between d-toxin-F channel formation
and transbilayer potential may be explored by determina-

-10 -15 -20

I {pA)

Fig. 3. Persistence function analysis of &-toxin-F. Persistence, ¢(1,2), of ionic current for the entire data set in Fig. 2a with a current division of 0.25 pA
and ¢ from 0 to 1.0 s (see text). The four peaks in the persistence function are labelled 1, 2, 3 and 4.
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tion of macroscopic current/voltage (I / V) curves. Such
data provide insights into possible mechanisms of channel
formation. I / V curves were determined by the application
of a slow (typically 20 s peak-to-peak) triangular wave of
membrane potential, to bilayers for which channel activity
had already been observed at constant potentials.

Results of such an experiment, with a wave duration of
25 s and a magnitude of + 160 mV, are shown in Fig. 4. It
can be seen that channel formation occurs at both positive
and negative potentials, although somewhat more readily
at the former. The magnitude of the current measured at
the voltage extremes (from left to right: ca. 90 pA, 160 pA
and 65 pA) indicates the formation of multiple channels
(between 4 and 10 per wave) rather than high conductance
single channels. This is confirmed by short time-scale
inspection of individual waves which revealed multiple
channel events at the voltage extremes.

Current/voltage curves are derived by summing such
I/V data. The result of summing 50 consecutive mem-
brane potential waves from the same bilayer is shown in
Fig. 4b. There are several features of the summed 7/V
curve that merit mention. Firstly, the curve shows both a
linear, voltage-independent section (between approx. + 80
mV) and a very noticeable non-linear section at higher
potentials. The presence of non-linearity in the average
I/V curve is an indicator of a voltage-dependent compo-
nent to channel formation. Non-linearity of 1/V curves
has been demonstrated for é-toxin-A [5], and other chan-
nel-forming peptides [27,28]. The evident non-linear con-
ductance in the average I/V curve suggests that channel
formation by &-toxin-F is predominantly voltage-depen-
dent. Additionally, though channel formation occurs at
both positive and negative potentials, there is evidence that
channels are more favoured at cis positive potentials.
Thus, to achieve a total current of 500 pA a potential of
cis +115 mV is required, compared with a potential of
— 154 mV to achieve the same total current (Fig. 4b).

3.4. Ionic selectivity of 6-toxin-F channels

The cation /anion selectivity of é-toxin-F channels was
determined by measuring the reversal potential (V,, ) in
the presence of asymmetric KCI concentrations across the
bilayer. A macroscopic [ /V relationship derived by sum-
ming 20 waves (magnitude + 120 mV, duration 20 s] with
[KCl],,, = 0.2 M and [KCI1],,,,, = 1.0 M yielded a reversal
potential of ca. + 15 mV. Substitution of these values in

the Goldman-Hodgkin-Katz equation [29]:
Py a[KCl],,.. — [KCI]
PC] B [KC]]Ir/m.s - a[KC]]('i.\'

trans cis

where:

(FVie,)
CTP TR

gives Py /Pq = 2.5, i.e., the channels formed by é-toxin-F
are 2.5-times more permeable to potassium ions than chlo-
ride ions.

Because of the voltage-dependence of channel activa-
tion it proved difficult to determine an exact value of V,,,
by single channel measurements, but lower and upper
limits of the reversal potential of +5 and + 15 mV (giving
a selectivity of between 1.3 and 2.5) were obtained, in
agreement with the estimate obtained from analysis of
macroscopic [/ V data. The agreement between the two
methods for the determination of ionic selectivity suggests
that the voltage-dependent and voltage-independent con-
ductances correspond to the same channel.

3.5. 8-Toxin-M single channel properties

Fig. 5a shows the entire 420 s duration of a typical
recording made using 0.8 uM 6-toxin-M, at a membrane
potential of —120 mV (i.e., similar conditions to those
employed for 6-toxin-F in Fig. 2a). Channel activity is
absent from long stretches of the recording, with a long

40
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Fig. 4. Current/voltage relationship of &-toxin-F. (a) Representative
segment of the current measured (upper trace) in response to a triangular
potential wave of + 160 mV (lower trace). (b) The total current /voltage
curve obtained by summing 50 such waves. Vertical, solid lines indicate
the potential (V) required to exceed a current magnitude of 500 pA (see
text), Data were filtered at 500 Hz and sampled at 83 Hz.
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(50 s) burst of activity in the middle of the recording and a
shorter activation at the start. Occasional, briefer bursts are
seen at other points.

Detailed inspection of the recording suggests that muiti-
ple conductance levels are present, but if a stretch of these
data are redisplayed on a shorter time scale (Fig. 5b),
single channel events can barely be resolved. The channel
switches rapidly from a closed state (C) to one or more
open states. This is reflected in the current amplitude
histogram (Fig. 5¢) which corresponds to a broad envelope
of conductance levels from ca. 40 pS to ca. 160 pS.
Increasing the KCI concentration from 0.5 M to 3.0 M did
not result in discrete, resolved channel openings.

In an attempt to resolve possible ‘hidden’ single chan-
nel conductance states from within the spread of observed
conductances, persistence function analysis was carried out
for the entire stretch of data shown in Fig. 5a. Such
analysis has been demonstrated to be capable of picking
out conductance levels not apparent from current ampli-

(@) e

b Aty

‘o

o ) w 4 S

tude histograms when tested using physiological channel
data (Rice, unpublished observations). As for &-toxin-F, ¢
ranges from O to 1.0 s, while the current division is 0.33
pA. The results of the analysis are shown in Fig. 6. Two
states are resolved by the function: the closed state (marked
C) with a current 0 pA (G=0 pS) and an open state
(marked O1) with a single-channel current of ~4.3 pA
(G =36 pS). The open state identified corresponds to the
location of the shoulder in the current amplitude histogram
(Fig. 5¢) and is comparable to the lowest conductance state
observed for both 6-toxins-A and -F [6] (see above).

3.6. Voltage gating of é-toxin M

Fig. 7a displays a sample stretch of data from a
current-voltage experiment, with a wave duration of 15 s
and magnitude of + 120 mV. As was observed for 5-toxin-
F there is channel activity at both positive and negative
potentials. The currents at the extreme potentials indicate

(b)
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Fig. 5. Ion channel formation by 8-toxin-M. (a) The entire 420 s data stretch. Channel openings are downward deflections from the closed state C. The
recording is mainly in the closed state with a long activation in the middle and a shorter one at the start. The data have been resampled at 100 Hz. (b) A
section of the recording from the long active segment shown on an expanded time scale. The closed state is denoted by C. (c) Corresponding current

amplitude histogram on a logarithmic scale for the entire data stretch in (a).
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the presence of multiple channels (assuming a single chan-
nel conductance of ca. 30 to 40 pS). The summed [/V
curve is shown in Fig. 7b. The resemblance to that deter-
mined for &-toxin-F is clear. There is again evidence that
channel formation is more pronounced at cis positive than
cis negative potentials. The lower total current for é-toxin
M compared to 8-toxin-F is due to more inactive waves in
the é-toxin-M experiment. &-Toxin-M also shows a volt-
age-independent conductance between ca. +£70 mV, with
non-linear current/voltage behaviour at greater potentials.
An estimate of the single channel conductance of 8-toxin-M
(obtained from analysis of the slope of the voltage-inde-
pendent sections of individual current/voltage waves) re-
veals a mean slope conductance of the order of 45 pS
(+ 15 pS), comparable to the single channel conductance
level identified in persistence function analysis.

4. Discussion

Three synthetic analogues of &-toxin-A have been in-
vestigated for their ability to form channels in planar
bilayers. The results demonstrate that replacement of hy-
drophobic S-branched residues by leucine does not signifi-
cantly affect channel formation. However, the removal of
three N-terminal residues results in the abolition of chan-
nel-formation. It must be emphasised that the ability of the
peptides to form channels does not correlate with their
ability to induce haemolysis. The three analogues studied
here have lower haemolytic activity than &-toxin-A (Table

1). 6-Toxin-F and &-toxin-M are 3- to 4-times less active
than &-toxin-A, yet display comparable channel-forming
activity [3]. Conversely, truncating the N-terminus of &
toxin-M (to give &-toxin-L) enhances the lytic activity 2-
to 3-fold, while abolishing channel formation [20] (Table
1). This difference between channel-forming and lytic
activities is of considerable importance as it contradicts the
view that channel formation by amphipathic, helical pep-
tides is a non-specific, detergent-like action. That is, our
results demonstrate that channel formation is not simply
due to limited membrane lysis. Instead it appears that
channel formation and haemolysis by 6-toxin are distinct
events, which occur in parallel rather than sequentially,
with channel formation occurring at lower é-toxin concen-
trations than does haemolysis. Such a distinction between
channel formation and haemolysis has also been made for
melittin on the basis of studies employing synthetic ana-
logues [30].

4.1. Comparison of channel formation by 8-toxin-A and -F

The channel-forming properties of &-toxin-A and §-
toxin-F are quite similar. This suggests that the structures
of the channels formed by the two toxins must be similar.
Both toxins exhibit channel formation at sub-micromolar
concentrations, with electrical breakdown of membranes at
concentrations higher than 2 uM. The single channel
conductances of 6-toxins-A and -F are also very similar,
and both display weak cationic selectivity. Both toxins
exhibit clusters of ‘low’ (ca. 30 pS), ‘medium’ (ca. 100

0.5

I (pA)

Fig. 6. Persistence function analysis of &-toxin-M. Persistence function analysis of the entire data set in Fig. 5a with a current division of 0.33 pA and ¢
from O to 1.0 s. The two peaks in the persistence function are labelled C and O], corresponding to the closed and open channel conductance levels.
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Fig. 7. Current/voltage relationship of 6-toxin-M as measured by the
response to a slow transbilayer potential wave of + 120 mV. (a) Individ-
ual waves displaying macroscopic ion channel formation (upper trace) at
both positive and negative potentials (lower trace). (b) The overail
current /voltage curve of 50 such waves. Voltage dependent channel
openings occur at potentials greater than +70 mV. Data were filtered at
500 Hz and sampled at 83 Hz.

pS) and ‘high’ (several hundred pS) conductance states.
Furthermore, both &-toxin-A and -F have open channel
lifetimes of the order of 1 ms. Preliminary modelling
studies of &-toxin-A channels suggested that conforma-
tional changes in the sidechain of the tryptophan residue at
position 15 might be responsible for the flickering of
channel conductances between substates [31]. However,
the persistence of rapid transitions between conductance
substates in 6-toxin-F demonstrates that such gating is not
mediated by conformational changes in tryptophan
sidechains, and requires more detailed modelling to ex-
plain rapid flickering.

Our results provide evidence that the channels formed
by 8-toxin-F are composed of approximately parallel (rather
than anti-parallel) helical aggregates. Firstly, channels are
observed when d-toxin-F is added to only one side of the
bilayer. Although some degree of voltage-dependent ‘flip-
flop” of peptide within the bilayer cannot be completely
excluded we feel this is unlikely to occur with highly
ordered lipid chains such as those of diphytanoylphos-
phatidylcholine. Secondly, channels are stabilized by high
electrolyte concentrations, consistent with screening of the

repulsive electrostatic interactions which would be present
within a parallel bundle of helices. This is supported by
molecular modelling studies which indicate a role for
electrolyte screening of the partial charges of residues
glutamine-3, aspartate-4, lysine-25 and lysine-26 at the
termini of &-toxin-F in parallel aggregates. Thirdly, the
moderately voltage-dependent channel gating and the
asymmetry (albeit limited) of macroscopic current /voltage
curves support a parallel helix model for channel forma-
tion by 8-toxin-F, with a transmembrane potential required
to overcome the repulsion due to parallel aligned helix
dipoles. Thus, the experimental results appear to be incon-
sistent with the model of Raghunathan et al. [32] in which
adjacent helices are antiparallel. Models of &-toxin-F chan-
nels based on parallel helix bundles have been generated
by restrained molecular dynamics simulations, and will
form the subject of a subsequent publication (Kerr and
Sansom, unpublished data).

4.2. 8-Toxins-M and -L

Although the macroscopic current / voltage properties of
O-toxin-M are similar to those of é-toxin-F, it fails to form
discrete and stable single channels. In parallel transmem-
brane bundles the juxtaposition of free N-termini of adja-
cent N-termini (as opposed to the formylated N-termini of
8-toxin-F) would generate an additional electrostatic desta-
bilization, which may explain the very brief channel life-
times. A correlation may be drawn with a de novo de-
signed leucine- and serine-containing channel-forming
peptide [33] for which neutralization of a free N-terminus
by acetylation resulted in stabilization of the channel open
state [34].

Truncation of the first three residues of &-toxin-M, to
yield 8-toxin-L, results in complete loss of channel forma-
tion. 6-Toxin-M and -L have similar secondary structures,
as determined by CD spectroscopy [2,3,20], and so one
might anticipate that &-toxin-L should be able to form
bundles of transbilayer helices. However, attempting to
form such a bundle of the truncated peptide spanning an
undistorted bilayer would result in the highly charged
C-termini of the helices being drawn into the low-dielec-
tric environment of the lipid bilayer. This would be ener-
getically unfavourable, and so could prevent channel for-
mation. However, one should note that truncation of the
N-terminus also removes residue glutamine-3 from &-
toxin-L. Molecular modelling studies indicate that rings of
glutamine residues contribute towards stabilization of helix
bundles formed by -toxins-A and -F (Kerr and Sansom,
unpublished data). It is therefore possible that residue
glutamine-3 stabilises 8-toxin -A, -F and -M helix bundles,
whereas such inter-helix interactions are not possible for
o-toxin-L. It should be noted that a ring of glutamine
residues has also been implicated in helix bundle stabiliza-
tion for the channel-forming peptide alamethicin [35,36].
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Overall, the altered channel-forming properties of 8-
toxin-M and -L relative to é-toxin-F may be rationalized in
terms of a channel model based on a parallel helix bundle,
in agreement with the barrel-stave model proposed for
alamethicin [7,8], thus providing support for the applicabil-
ity of this mechanism to a wider range of channel-forming
peptides.
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