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Abstract. The zervamicins (Zrv) are a family of 16 residue
peptaibol channel formers, related to the 20 residue pep-
taibol alamethicin {Alm), but containing a higher pro-
portion of polar sidechains. Zrv-IIB forms multi-level
channels in planar lipid (diphytanoyl phosphatidyl-
choline) bilayers in response to cis positive voltages.
Analysis of the voltage and concentration dependence of
macroscopic conductances induced by Zrv-I1IB suggests
that, on average, channels contain ca. 13 peptide
monomers. Analysis of single channel conductance levels
suggests a similar value. The pattern of successive con-
ductance levels is consistent with a modified helix bundle
model in which the higher order bundle are distorted
within the plane of the bilayer towards a “torpedo”
shaped cross-section. The kinetics of intra-burst switch-
ing between adjacent conductance levels are shown to be
approximately an order of magnitude faster for Zrv-1IB
than for Alm. The channel forming properties of the
related naturally occurring peptaibols, Zrv-Leu and Zrv-
IC, have also been demonstrated, as have those of the
synthetic apolar analogue Zrv-Al-16. The experimental
studies on channel formation are combined with the
known crystallographic structures of Zrv-Al-16 and Zrv-
Leu to develop a molecular model of Zrv-IIB channels.

Key words: Ion channel — Peptaibol — Channel forming
peptide — Planar bilayer

Introduction

Over the past decade there has been a substantial increase
in our understanding of the molecular properties of re-
ceptor-gated ion channels, concomitant with expansion
of the sequence database for this superfamily of multi-
subunit, trans-membrane proteins (Unwin 1989; Betz
1990; Stroud et al. 1990; Galzi et al. 1991). However, it
has not yet proved possible to determine the high resolu-

Abbreviations: Alm, Alamethicin; Zrv, Zervamicin; CFP, Channel
forming peptide; Aib, a-aminoisobutyric acid.
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tion structure of a representative of these proteins, de-
spite the impressive progress in electron microscopic
imaging of the nicotinic acetylcholine receptor (Toyoshi-
ma and Unwin 1988; Mitra et al. 1989). In lieu of a crys-
tallographic structure of an intact channel protein, valu-
able insights into the molecular nature of the central pore
region of channel proteins may be gained from studying
simple model systems, namely channel-forming peptides
(CFPs).

Channel-forming peptides are amphipathic peptides,
of length ca. 20 residues, which adopt an a-helical confor-
mation in the presence of lipid bilayers, and which form
ion channels with electrophysiological properties com-
parable to those of channel proteins (Lear et al. 1988a;
Oiki etal. 1990; Sansom 1991). A trans-membrane
voltage induces CFPs to self-assemble within the plane of
the bilayer to generate parallel bundles of transmem-
brane helices. The helices of a bundle surround a central
pore, lining the latter with hydrophilic groups, and thus
enabling permeation of selected ions. It is possible to
relate functional (i.e. electrophysiological) properties of
CFPs to structural (NMR and/or X-ray crystallographic)
data in order to develop realistic models of channel struc-
ture (Sansom et al. 1991).

The peptaibols are a family of CFPs which contain a
high percentage of the helix-promoting residue x-amino
isobutyric acid (Aib). Each peptaibol molecule contains
at least one proline residue, and the C-terminus is usually
an «-amino alcohol e.g. phenylalaninol. Perhaps the most
intensively studied peptaibol is alamethicin (Alm;
Mathew and Balaram 1983; Hall et al. 1984; Boheim
et al. 1987), a 20 residue CFP. However, Alm is rather
hydrophobic, and so one might question the extent to
which it mimics the amphipathic pore-lining helices of
channel proteins. By contrast, the zervamicins (Zrv), a
family of 16 residue peptaibols isolated from Emericellop-
sis salmosynnemata (Rinehart et al. 1981; Krishna et al.
1990), contain a higher proportion of hydrophilic side-
chains, and thus might be considered closer models.

The sequences of three naturally occurring zervam-
icins (Zrv-1IB, -IC and -Leu) and of a synthetic analogue
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Ac-UPUAUAQUVUGLUPVUUEQF-0H Alm
Ac-WIQJITULUPQOQUOUPF-0H Zrv-IIB
Ae-L TIQJITULUCIQUOUPF-OH Zrv-Leu
Ac-WIEJITULUDIQUOUPF-0H Zrv-IC
Boc-WTAUIVULUPIAUPUPF-QOMe Zrv-Al-16

! 4 8 12 16

/rv-11B

Fig. 1. A Comparison of the amino acid sequences of zervamicins
and of alamethicin. The standard one-letter code is used, with the
following additions: J=isovaline; O =hydroxyproline; and U=
a-aminoisobuityric acid. The following abbreviations are used for
terminal groups: Ac=acetyl; Boc=t-butoxycarbonyl, —OH=
C-terminal amino alcohol; and —OMe=C-terminal methyl ester.
The vertical box highlights the alignment of the central proline
(or hydroxyproline) residue responsible for inducing a kink in the
corresponding helices. B Helical wheel projection of the sequence of
Zrv-IIB. Fully shaded circles represent hydrophilic residues, and
hatched circles represent Aib residues

(Zrv-A1-16) are presented in Fig. 1 A, alongside the se-
quence of Alm. The natural Zrvs contain several hy-
droxyl group bearing residues. Some important residues
are conserved between the two families of peptaibols,
namely a C-terminal phenylalaninol, a polar residue at
position 3 of Zrv (corresponding to Q7 of Alm) and a
proline or hydroxyproline at position 10 of Zrv (P14 of
Alm). Note that in Zrv-A1-16 all hydrophilic sidechains
have been replaced by hydrophobic equivalents.

The crystal structures of Zrv-Al-16 (Karle etal.
1987), of Zrv-Leu (Karle et al. 1991) and of Alm (Fox
and Richards 1982) have been determined at high resolu-
tion. All three structures are largely helical, with a central
kink introduced into the molecule by the proline/hy-
droxyproline at position 10. The sequence of Zrv-11B is
shown on a helical wheel projection in Fig. 1 B. It can be
seen that the helix is amphipathic, all of the polar residues
lying on one face of the helix. This distribution of
sidechains is typical of CFPs.

The crystal structures of the zervamicins have been
compared in some detail, and a preliminary account of
some of their channel forming properties presented in an
earlier publication (Agarwalla et al. 1992). In this paper
we provide a detailed description of the biophysics of
zervamicin channels, and attempt to relate the channel

properties to a preliminary molecular model of the struc-
ture of the helix bundle (Sansom et al. 1991, 1992).

Methods
1) Purification and synthesis of zervamicins

Zrv-11IB, -IC, and -Leu were purified from a crude isolate
of Emericellopsis salmosynnemata using reverse phase
HPLC as described by Krishna et al. (1990). Zrv-A1-16
was synthesised by conventional solution phase proce-
dures, and purified by silica gel column chromatography
(Sukumar 1987). Homogeneity of the peptides was estab-
lished by the presence of a single peak upon analytical
HPLC on a C, 4 column, and by one and two dimensional
'H NMR at 270 MHz.

2) Bilayer measurements

Planar lipid bilayers were formed at the tip of glass mi-
croelectrodes using the method of Coronado and Latorre
(1983), as described in Mellor and Sansom (1990). The
lipid employed was diphytanoyl phosphatidylcholine
(Avanti Polar Lipids, Birmingham, Alabama). The elec-
trolyte solution used in all experiments was 0.5 M KCl,
10 mM BES (N,N-bis[2-hydroxyethyl]-2-aminoethane-
sulphonic acid), pH 7.0. The recording system was a List
EPC7 patch-clamp amplifier, with output directed to a
Sony PCM linked to a video recorder. All potentials refer
to the cis compartment, i.e. the inside of the microelec-
trode, which contained the peptide solution. The trans
compartment, i.e. the bath solution, was linked via a
KCL/agar bridge to an Ag/AgCl clectrode which was
connected to ground.

Data analysis was performed on a Masscomp MC 5500
computer, using programs written in Fortran77. Record-
ings were filtered at 1 to 3 kHz on playback, and sampled
at 10 kHz prior to storage on disc. Analysis was as in
previous publications (Mellor et al. 1988; Mellor and
Sansom 1990).

3) Molecular modelling

Modelling was carried out using Quanta 3.0 (Polygen,
Waltham, MA) run on a Silicon Graphics Personal Iris
4D25T workstation. All other programs were written in
Fortran77. Helix bundle generation and analysis of ion-
channel interactions were carried out as described in San-
som et al. (1991).

Results
Zervamicin-1IB
1) Channel formation at positive potentials. Channel for-

matijon by Zrv-1IB was tested by exposing a bilayer to cis
peptide and imposing a square wave potential of varying
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Fig. 2. A Zrv-1IB activated by cis positive potentials. A bilayer was
exposed to cis 0.55 um Zrv-IIB. A square wave potential (frequency
0.1 Hz, amplitude + 50 mV) was imposed (upper trace). Bursts of
multilevel channel openings are seen at positive potentials, but not
at negative potentials (lower trace). B Averaged Zrv-IIB (0.55 pm)
current in response to +50 mV pulses (duration 0.5 s). The fitted
single exponential (smooth curve) has a time constant of 41 ms.
C Relationship between Zrv-1IB induced conductance (G) and mem-
brane potential (V), established from steady-state current-voltage
curves generated using triangular voltage waves (frequence 0.01 Hz).
Five Zrv-IIB concentrations were employed: (a) 0.11; (b) 0.16; (c)
0.22; (d) 0.27; and (e) 0.33 um. From analysis of this data (see text)
the mean number of peptide monomers per channel was estimated
to be (N>=138

amplitude and frequency. For example, in the experiment
illustrated in Fig. 2A a peptide concentration of 0.55 pM
was used, and a square potential wave of +50 mV. The
frequency of the wave was 0.1 Hz, providing + 50 mV
pulses of 5 s duration. It is evident that channel activity
was only induced by cis positive potentials. All of the
+ 50 mV pulses yielded multiple conductance level bursts
of up to 10—15 nS in magnitude, whereas none of the
— 50 mV pulses induced channel activity. Increasing the
amplitude of the pulses, e.g. to +100 mV, still failed to
elicit channel activity at cis negative potentials.

The effect of varying the pulse frequency was explored
in order to obtain information on the rate of channel
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activation. If the frequency was increased to 1 Hz (0.5 s
pulses), most, but not all, of the + 50 mV pulses elicited
one or more bursts of channel openings. Raising the fre-
quency to 10 Hz (50 ms pulses) resulted in only a few
positive pulses generating channel openings. Thus chan-
nel activation seemed to occur on a timescale of
ca. 50 ms. This was explored in more detail by averaging
currents elicited in response to 0.5 s pulses. The results of
averaging are shown in Fig. 2B. It is evident that the
conductance rises to a maximum within the first 50 ms
and then fluctuates about an average value. The rising
phase was fitted with a single exponential function, with
a time constant of 41 ms. Averaging of currents elicited
by a 0.1 Hz wave (not shown) revealed a similar rapid
initial rise in conductance. There was no evidence for any
further, slow increase in average current over the remain-
der of the 5 s pulse duration.

2) Macroscopic properties of Zrv-1IB induced conduc-
tance. Steady-state conductance-voltage relationships
were obtained over a range of Zrv-IIB concentrations
(0.11 to 0.33 um) by imposing a triangular potential wave
across the bilayer. The wave frequency was 0.01 Hz, and
the amplitude ( + V) was adjusted at each peptide concen-
tration so as to yield maximal channel activation at the
positive extreme whilst avoiding bilayer rupture. As in
the voltage pulse experiments, channel activity was elicit-
ed by cis positive potentials, but not by cis negative po-
tentials. As the peptide concentration was increased, the
voltage required to activate Zrv-1IB channels decreased.

The theory of concentration and voltage dependence
of peptaibol-induced conductance has been described in
some detail by e.g. Hall et al. (1984). Only a brief ac-
count, sufficient for understanding of analysis of Zrv-1IB
channel formation, is provided here. The dependence of
macroscopic, steady-sate conductance (G) on voltage (V)
and on peptide concentration (P) is given by:

—T p™ 14
G=IP exp(l/; ,
where I' is a constant dependent upon the peptide species,
the bilayer composition and the electrolyte used, where
(N> is the average number of helices/bundle, and where
V, is the change in potential required to generate an e-fold
increase in conductance. Furthermore, V,=k T/e{N) o,
where o is the gating charge per peptide monomer. From
analysis of the concentration dependence of conductance-
voltage relationships, estimates of (N) and « may be
obtained. V, may be obtained from the reciprocal of the
slope of a graph of InG against V. The concentration
dependence of conductance is analyzed by defining a crit-
ical conductance, e.g. 1 nS, and for each concentration
measuring the voltage required to induce this conduc-
tance, V.. If one then defines V, as the shift in ¥, produced
by an e-fold increase in peptide concentration, V, may be
obtained simply from a graph of V, against in P. Finally,
V,=<{N) V,, and so estimates of (N} and « may be ob-
tained.

The results of such an analysis of Zrv-IIB conduc-
tance-voltage relationships is shown in Fig. 2C. The
average slope for the five lines yielded an estimate of
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V,=4.52 mV,ie. an increase in potential of 4.52 mV caus-
es an e-fold increase in conductance. This is quite a
marked voltage dependence. Analysis of the concentra-
tion dependence of V, yielded an estimate of V,=62.4 mV.
Together, these yielded parameter estimates of (N> =13.8
and a=0.41. Thus, on average, Zrv-IIB channels con-
tained ca. 13 to 14 peptide monomers, and upon activa-
tion each monomer transferred an effective charge of
+0.41 across the bilayer from the cis to the trans face.
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3) Single multilevel Zrv-1IB channels. The previous ex-
periments provided information on the macroscopic
properties of Zrv-IIB channels. By examining in detail
single bursts of Zrv-IIB channel activity, it is possible to
derive a microscopic model of Zrv-11B channel formation.

Figure 3 A illustrates the results of an experiment in
which a planar bilayer, formed at the tip of a microelec-
trode, was exposed to cis 1.1 um Zrv-IIB, and held at a
transbilayer potential of +175 mV. The long timebase
trace shows three discrete, multilevel bursts of channel
activity, separated by extended periods during which the
channel is closed (i.e. zero conductance). There are also
two bursts of channel activity which fail to reach higher
conductance levels (indicated by arrows). The third mul-
tilevel bursts is shown on an expanded timebase. Multiple
conductance levels within the bursts can clearly be seen.
Detailed inspection reveals that transitions only occur
between adjacent levels. This behaviour is comparable to
that observed with alamethicin (Boheim 1974), and gen-
erates the stepwise progression of conductance levels
within the burst.

Conductance levels were analyzed in more detail via
evaluation of conductance histograms, as illustrated in
Fig. 3 B. There are 13 different conductance levels, rang-
ing from 350 pS equivalent to 3.8x10® ions s~ at
+175mV) to ca. 12nS (equivalent to 1.3 x10%s™4),
The lower conductance levels are comparable to what are
generally thought of as channels, whereas the higher lev-
els more closely resemble large electrolyte-filled pores. By
comparison with the predictions of a simple equivalent-
cylinder model (below), the lowest (g=2350 pS) conduc-
tance level may be equated with an N =4 zervamicin helix
bundle, in which case the highest level corresponds to an
N=16bundle. On this basis, the modal conductance level
corresponds to an N=12 bundle. This is in good agree-
ment with the estimate of {(N)»=13.8 obtained from the
macroscopic analysis (above).

The progression of conductance levels observed in the
histogram can be analyzed in terms of a simple equiva-
lent-cylinder model for channel formation by helix bun-
dles (Mellor and Sansom 1990; Sansom 1991). In this, the
channel is approximated by a cylindrical pore of length /
and radius @ which runs down the centre of a bundle of
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Fig. 3. A Discrete bursts of multilevel Zrv-IIB channels. A bilayer
was exposed to cis1.1 pM Zrv-1IB and the potential held at
+175 mV. In the upper trace three multilevel bursts can be seen,
plus two small groups of openings to the lower conductance levels
only (indicated by arrows). The lower trace illustrates the third burst
on an expanded timebase. Switching between multiple conductance
levels is evident. B Conductance histogram derived from the record-
ing illustrated in A. Numbers above the peaks correspond to N, the
number of helices/bundle, assuming that the lowest conductance
level (g =350 pS) corresponds to an N=4 bundle. C Conductance
levels (gy) as a function of helices/bundle (N). The points correspond
to data taken from the histogram in B. The curve corresponds to an
equivalent cylinder model (see text), with helix diameter=1.0 nm,
helix length=2.4 nm, and electrolyte resistivity=0.13 Qm. Agree-
ment between model and data is good for N=4 to 8, but for higher
levels the model predicts a greater conductance than is observed
experimentally
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Fig. 4. A Comparison of the kinetics of Alm and Zrv-IIB channel
activity. Both traces represent sections from discrete multilevel
bursts of channel activity in the presence of 0.26 pM Alm at
+125mV, or of 1.1 umM Zrv-1IB at +175 mV. The overall level of
channel activity 1n the two cases was approximately equivalent. It is
evident that switching between adjacent levels occurs much more
frequently with Zrv-IIB (see Table 1). B Results of statistical analysis
of kinetic data. Both Alm and Zrv-IIB recordings were analyzed,
using the methods defcribed in the text, in terms of the gating model:

N,N-1 N.N+1

Oy_y «—— Oy —— Oy, . It is evident that both closing
rates (ky y_;) and opening rates (ky y.,) are approximately an
order of magnitude higher for Zrv-IIB than for Alm
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N helices, and is filled with electrolyte of resistivity g. The
conductance of such a pore (Hille 1984) is given by:

B na*
g—Q(l-I—TE aj2)’

The radius of the central pore is given by:

R
“= N R

For a 16-residue a-helix, R=1.0 nm and /=2.4 nm. The
resistivity of 0.5 M KClis 0.13 Qm (Robinson and Stokes
1965). The resultant sequence of conductance levels is
shown in Fig. 3 C, alongside the observed values for Zrv-
IIB. For N=4, the calculated value of g=380 pS and the
observed value of g=350 pS are in good agreement. The
model and data remain in agreement for N=4 to 8. For
N>8, the predicted conductance is higher than the ob-
served conductance, until for N=16, the predicted
g=18 nS whereas the observed g=12 nS. Thus the sim-
ple model appears to adequately account for the lower
conductance levels, i.e. lower N bundles, but not for the
higher levels. This is discussed in more detailed below.

4) Kinetics of Zrv-IIB channels. Macroscopic kinetics of
Zrv-IIB channel activation in response to a voltage jump
have already been discussed. This section is concerned
with the microscopic kinetics of switching between adja-
cent conductance levels, i.c. the kinetics of the transitions
Oy — Oy, and Oy — Oy_,, where Oy is an open chan-
nel bundle of N monomers. These transition rates corre-
spond to an important component of the kinetics of as-
sembly/disassembly of helix bundles, namely the kinetics
of addition/removal of helices to/from a bundle.

The kinetics of switching of Alm and Zrv-IIB are com-
pared visually in Fig. 4A. The two traces represent ex-
panded sections from recordings which showed discrete
bursts of channel openings, and which were approxi-
mately equivalent in terms of overall levels of activity. It
is evident that switching between adjacent conductance
levels occurs more frequently for Zrv-1IB than for Alm,
i.e. transition rates are higher for the former.

Some measure of differences in kinetics may be ob-
tained from the overall statistics summarised in Table 1.
This presents kinetic data averaged across all conduc-
tance levels. A burst of channel openings was defined as
being preceded and followed by closings of duration
greater than a preset minimum for interburst intervals.
The minimum interburst intervals used were 30 mS for
Alm and 10 ms for Zrv-1IB. Here we are concerned prin-
cipally with the kinetics of switching within bursts, i.e.
intraburst kinetics. Within a burst, a sojourn is defined as
the period during which a channel remains in a given
conductance level without transitions to adjacent levels.
From Table 1 it can be seen that the bursts are shorter for
Zrv-11B than for Alm, and that there are more sojourns/
burst. Strikingly, the mean sojourn duration for Alm is
about 10 x that for Zrv-TIB.

The kinetics of Alm and of Zrv-IIB were analyzed in
more detail using a modification of the maximum likeli-
hood procedure of Ball and Sansom (1989), as outlined in
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Table 1. Channel gating kinetics. A burst is defined by return of the
channel to the closed state (1.e. zero current) for a period of longer
than 30 ms (for Alm), or of 10 ms (for Zrv-1IB)

Alm Zrv-11B
Total number of bursts 35 12
Total number of sojourns 3393 2783
Mean number of sojourns/burst 97 232
Mean burst duration (ms) 446 100
Mean sojourn duration (ms) 4.6 0.43
SD of sojourn duration (ms) 6.3 0.59

Appendix A, 1 order to yield estimates of transition
rates, ky y.,, as functions of N. The results of such anal-
ysis are presented in Fig. 4 B. The main conclusion to be
drawn is that, for all values of N, transitions rates for
Zrv-11B are about one order of magnitude higher than
those for Alm. Secondly, closing rates (ky y_,) are largely
independent of N, whereas opening rates (ky v, ;) tend to
decrease as N increases, suggesting that it is more difficult
for a helix to add to a large bundle than to a smaller one.
Overall, analysis of Zrv-1IB channel kinetics provides de-
tailed information on the assembly/disassembly process.

Related zervamicins

1) Zervamicin-Leu. Zrv-Leu is closely related to Zrv-1IB.
The two peptides differ only in the substitution of a
leucine for a tryptophan sidechain at residue 1. This is a
conservative substitution in that one bulky hydrophobic
sidechain is replaced by another.

The two peptides also closely resemble one another in
their functional properties. Zrv-Leu channels are activat-
ed at cis positive potentials, and occur in discrete multi-
level bursts. Two such bursts of channel openings are
depicted in Fig. 5. On a 1 s timebase, it can be seen that
the maximum conductance of the burst is ca. 4 nS. On an
expanded timebase, discrete conductance levels may be
resolved. However, transitions between adjacent levels
occur more frequently than for Zrv-IIB, and consequent-
ly there are more brief, incompletely resolved sojourns.
This prevented detailed kinetic analysis, and also resulted
in rather broad peaks in the conductance histogram (not
shown). Consequently, analysis of conductance levels
was not as clear cut as for Zrv-I1IB. In particular, it was
not possible to unambiguously identify a low conduc-
tance level, corresponding to the ca. 350 pS openings of
Zrv-1IB. Overall, seven conductance levels were resolved,
ranging from 0.92 nS to ca. 4 nS. Conductance level in-
crements ranged from 0.47 to 0.64 nS, somewhat smaller
than the corresponding values for Zrv-1IB. Thus, al-
though there Zrv-1IB and Zrv-Leu are qualitatively simi-
lar in their channel forming activity, there are some mi-
nor quantitative differences.

2) Zervamicin-IC. Zrv-1C differs more markedly from
Zrv-IIB in that the glutamine sidechain at position 3 is
replaced by a glutamate. Thus an negative charge is intro-
duced into the otherwise neutral molecule, close to the

500 pS
s

500 pS
20 ms

Fig. 5. Zrv-Leu channels. The peptide concentration was 0.57 UM,
and the bilayer potential + 100 mV. Discrete bursts of channel open-
ings are seen, comparable to those observed with Zrv-1IB. On an
expanded timebase rapid switching between adjacent conductance
levels is observed

N-terminus of the helix. This structural change is paral-
leled by a change in functional properties.

Zrv-1C channels are activated at cris negative poten-
tials. Figure 6 A depicts a recording made in the presence
of 0.5 uM Zrv-IC at — 50 mV. The channel activity is con-
tinuous, rather than discrete bursts of channel openings
as observed with the previous two peptides. Up to 5 con-
ductance levels are seen, although given the continuous
activity it is not possible to exclude the possibility that
such a recording represents simultaneous activity of more
than one helix bundle. The maximum conductance level
is ca. 1.9 nS, and the transitions between adjacent levels
are ca. 0.4 nS. There are only brief, incompletely resolved
sojourns in the first conductance level and in the closed
state, and so detailed kinetic analysis was not possible.

A further experiment was carried out to confirm that
Zrv-1C channels were activated at cis negative potentials.
A voltage ramp from + 140 to —140 mV was imposed
upon a bilayer exposed to a low concentration (0.06 pm)
of Zrv-IC (Fig. 6 B). No channels were activated at posi-
tive potentials. At —75mV, a burst of channel activity
was initiated, and two further bursts followed at lower
voltages. Unfortunately, it was not possible to obtain
steady-state conductance-voltage relationships using this
peptide, but the results confirm the cis negative activation
suggested by the constant potential experiments.

3) Zervamicin-A1-16. Zrv-A1-16 is a synthetic apolar an-
alogue of the naturally occuring zervamicins. All of the
polar residues of Zrv-1IB are replaced by hydrophobic
sidechains. In particular, the two glutamine sidechains at
positions 3 and 11 are replaced by alanines. It was there-
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Fig. 6. A Zrv-IC channel openings. The peptide concentration was
0.5 pm, and the bilayer potential — 50 mV. Continuous channel ac-
tivity is seen rather than discrete bursts. Up to 5 conductance levels
are evident. Transitions to the closed state (C, indicated by the
dotted line) are brief and incompletely resolved. B Zrv-IC channel
activity is induced at cis negative potentials. A bilayer exposed to
0.06 yM Zv-IC was subjected to a voltage ramp from +140 to
—140 mV (upper trace). A burst of channel openings was initiated
at —75 mV. The membrane broke at the potential indicated by the
AITOW

fore of some interest to evaluate whether or not such a
peptide would form ion channels.

The hydrophobicity of Zrv-Al-16 presented some
problems with respect to bilayer experiments, as the pep-
tide was insufficiently soluble in water to enable channel
formation to be observed following exposure of the cis
face of the bilayer to an aqueous solution of the peptide.
Instead it proved necessary to incorporate the peptide
directly into the bilayer. This was achieved by adding an
aliquot of Zrv-A1-16 in ethanol to the solution of lipid
in pentane used to form the bilayer. The nominal pep-
tide : lipid molar ratio (P:L) was 1:100. In this manner it
was possible to obtain Zrv-A1-16 channels, as illustrated
in Fig. 7 A. The bilayer potential was — 150 mV, although
one would expect that the sign of the potential would not
matter as direct incorporation would result in a symmet-
rical distribution of peptide between the two faces of the
bilayer. Continuous channel activity may be seen, rather
than discrete bursts. Inspection on an expanded timebase
reveals two conductance levels. It is possible that there
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Fig. 7. A Zrv-A1-16 channels. Peptide was incorporated directly
mto the bilayer forming solution, at a peptide: lipid molar ratio of
1:100. The recording, made at —150 mV, illustrates continuous
channel activity. On the expanded timebase, channel openings
to two levels are evident. B A bilayer containing Zrv-A1-16
(P:L=1:100) was subjected to a triangular voltage wave (frequency
0.02 Hz, amplitude +200 mV, upper trace). Zrv-A1-16 channel ac-
tivity can be seen at both positive and negative potentials, and seems
to be at least partially voltage-dependent

was a further level, intermediate between the two shown.
The conductances were 63 and 192 pS, i.e. somewhat less
than those observed with the other zervamicins. Detailed
examination suggests that, as with the other peptides,
transitions are only seen between adjacent levels i.e. there
do not appear to be any direct openings of the channel to
the higher conductance level. It would therefore seem
that the apolar zervamicin is capable of forming chan-
nels, but that the characteristic stepwise progression
through several conductance levels is not observed.

Figure 7 B shows the results of an experiment to inves-
tigate possible voltage activation of Zrv-A1-16 channels,
using a +200 mV triangular voltage wave. Channel ac-
tivity appears to have both voltage dependent and
voltage independent components. Furthermore, channel
activity was not seen for every repeat of the voltage wave.
The interpretation of this result is complicated by the
direct incorporation of the peptide into the bilayer (see
below).
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Discussion
1) Voltage activation

Superficially, voltage activation of Zrv-IIB resembles
that of Alm (Vodyanoy etal. 1983; Hall et al. 1984;
Vodyanoy et al. 1988) in that both peptides are induced
to form channels by cis positive potentials. In the case of
Alm this behaviour is best explained in terms of re-orien-
tation of the helix dipole (Hole et al. 1978; Schwarz and
Savko 1982) in the imposed electric field (Boheim et al.
1983; Mathew and Balaram 1983; Sansom 1991). The
negatively charged residue near the C-terminus (E18) is
believed to anchor the C-terminus at the bilayer-water
interface, and thus only when a cis positive potential is
applied is the helix able to reorient itself in the bilayer, by
repulsion of the formal positive charge (+1/2) at the
N-terminus. In the case of Zrv-IIB the molecular inter-
pretation underlying the experimental observations is less
clear. Zrv-1IB contains no charged sidechains. So, it
would seem that cis positive activation must result from
some other means of anchoring the C-terminus of the
molecule at the bilayer-water interface. One possibility is
that the C-terminal hydroxyl group hydrogen-bonds to
phosphate headgroups of lipid molecules. This might be
tested by exploring analogues of Zrv-I1IB with differing
C-terminal groups. Molle et al. (1991) have recently ex-
plored analogues of Alm with varying substitutions at the
C-terminus. They found no differences between the ana-
logues in terms of rates of switching between conduc-
tance levels, but unfortunately did not comment on
whether or not there were changes in the degree of chan-
nel activation by cis and by trans positive potentials.
The situation becomes more complex when one con-
siders cis negative activation of Zrv-IC. Zrv-IC contains
a negatively charged sidechain near the N-terminus (E3).
There are two possible explanations for its voltage-de-
pendent behaviour. The first is that, as with Zrv-1IB, the
C-terminus remains anchored at the interface and cis neg-
ative potentials repel the charge on E3. This would result
in the helix dipole being oriented unfavourably with re-
spect to the electric field. The second possibility is that
residue E3 anchors the N-terminus at the interface, and
that the C-terminus (charge —1/2) is repelled by cis neg-
ative potentials, thus resulting in a favourable orientation
of the dipole. At present it is difficult to distinguish be-
tween these two possibilities. An experimental test might
be to replace E3 with a positively charged sidechain, e.g.
lysine, and to determine whether the resultant peptide
was activated by cis positive or by cis negative potentials.
The synthetic apolar peptide, Zrv-A1-16, provides
valuable information concerning the mechanism of
voltage activation of peptaibol channels. From data such
as that in Fig. 7B it is evident that Zrv-A1-16 channel
activity is voltage induced, despite the absence of any
charged or polar sidechains. This confirms the important
role of the helix dipole in peptaibol channel activation,
and is in accord with the earlier work of Menestrina et al.
(1986), who demonstrated channel formation by simple
hydrophobic peptides constructed from repeats of the
sequence motif A-U-A-U-A. It should be noted that in

the case of Zrv-A1-16, voltage activation is observed even
though the peptide is incorporated directly into the lipid
solution from which the bilayer is formed. However, it is
possible that once the bilayer is formed some of the pep-
tide partitions out into the aqueous phase. Thus, al-
though this experiment would seem to favour channel
activation via helix reorientation, rather than via the
mechanism proposed by Schwarz and coworkers (Rizzo
et al. 1987; Stankowski et al. 1988) in which channel acti-
vation occurs via voltage-induced changes in partitioning
of peptide between aqueous and bilayer phases, it is not
conclusive. Further support for the helix reorientation
model comes from oriented circular dichroism studies by
Huang and Wu (1991).

2) Conductance levels

Conductance levels within Zrv-IIB channel bursts have
been analyzed in some detail. The results are in agree-
ment with the helix bundle (“*barrel-stave™) model, which
proposes that successive conductance levels correspond
to increases in N, the number of helices/bundle (Boheim
1974; Boheim et al. 1983; Mathew and Balaram 1983).
When the model is expressed in terms of an equivalent
cylinder conductance model (Sansom 1991), the agree-
ment with the data is quite good for N=4 to 8. This in
itself is gratifying, given the simplicity of the model. It
suggests that the properties of Zrv-IIB channels are not
too far removed from those of electrolyte-filled pores of
equivalent dimensions. For values of N in excess of 8, the
model predicts higher conductances than those which are
observed. This is unlikely to result from approximating
the channel as electrolyte filled pore, as this would be lead
to larger errors for the lower conductance levels. This
suggests that the assumption of an axially symmetrical
bundle of helices breaks down for higher N values. We
would suggest that for N=4to 8, the centres of the helices
lie on a regular N-gon, i.e. the pore is approximately
circular in cross-section. At higher N values it is suggest-
ed that the bundle collapses to some extent, such that the
central pore is distorted towards a “‘torpedo” (or ex-
tremely ellipsoidal) shape in cross-section. This would
result in a lesser dependence of conductance on N for
higher N values. The N value at which the transition
between a circular and a torpedo-shaped pore occurs
would be determined by the energetics of helix packing
and of dipole-dipole repulsions of parallel helices.

It is of interest that the mean number of helices/bun-
dle, {N>=13.8, is quite high for Zrv-IIB. This may be
due to the mismatch in length of the bilayer (thickness ca.
40 A) and of the peptide (length ca.24 A). Hall et al.
(1984), studying the behaviour of Alm in bilayers of dif-
ferent thickness, found that (N) increased from ca. 2 in
14:1 lipid to ca. 111in 20:1 lipid, i.e. (N increased as the
bilayer increased in thickness relative to the peptide. In
an earlier study (Mellor and Sansom 1990), it was
demonstrated that a 14 residue peptide, mastoparan,
forms ion channels in diphytanoyl phosphatidylcholine
bilayers, suggesting that a considerable degree of peptide-
bilayer mismatch may be tolerated. The thermodynamics



of such mismatches have been analyzed by e.g. Mouritsen
and Bloom (1984). It also should be noted that large
numbers of successive conductance levels may also be
observed with Alm. For example, Taylor and de Levie
(1991) have observed up to 18 levels for “reversed”
alamethicin channels (obtained at reduced temperatures
and cis negative potentials).

One should consider to what extent Zrv-IIB channels
may be considered as models of physiological ion channel
proteins. It is clear that the higher conductance levels
correspond to pores which are much larger than, and
correspondingly less selective than, those formed by
channel proteins. However, for N=4, the conductance in
0.5 M KCl is ca. 350 pS. Roughly, this corresponds to a
conductance of ca. 140 pS in a physiological saline solu-
tion (ca. 0.2 M KCI). Comparison with conductance of
e.g. 130 pS for locust muscle glutamate-receptor channels
(Sansom and Usherwood 1990) and of 20-40 pS for
nAChR channels (Hille 1984), suggests that the N=4
bundle 1s a realistic model of the central pores of ion
channel proteins.

3) Kinetics

A detailed picture of Zrv-IIB kinetics, both at the macro-
scopic and the microscopic levels, has emerged as a result
of these investigations. Macroscopic, voltage-jump stud-
ies yield time constants of the order of 50 ms for activa-
tion of Zrv-1IB conductance. These are comparable to
the ““slow’” component of Alm channel activation in re-
sponse to voltage-jumps, as identified by Boheim and
Kolb (1978), which has been identified with fluctuations
in the number of channels, i.e. with inter-burst fluctua-
tions. In this aspect of channel kinetics Alm and Zrv-1IB
seem to be closely comparable.

Zrv-Leu exhibits the same general pattern of conduc-
tance levels as Zrv-IIB, but the conductance increment
between successive levels is somewhat smaller for the for-
mer peptide. It is possible that replacement of W1 in
Zrv-IIB by L1 in Zrv-Leu results in a change in helix
packing such that Zrv-Leu helix bundles are “squashed”
at lower N values than for Zrv-1IB. Lower conductance
level increments (ca. 0.4 nS) are also seen with Zrv-IC.
There are two possible explanations for this. Firstly, in-
teractions between the negatively charged E3 sidechain
and permeant ions might be expected to result in a re-
duced conductance relative to that expected for an equiv-
alent electrolyte filled pore. However, there is an experi-
mental complication in that Zrv-IC channel activity oc-
curs continuously, rather than in discrete bursts. Conse-
quently, it is not possible to ascertain whether openings
to multiple levels represent genuine multilevel openings
of a single bundle, or whether they result from summa-
tion of independent, single-level openings.

Zrv-A1-16 is notable in that it does not seem to gener-
ate channel openings to more than two (or possibly three)
conductance levels. This supports a role for polar, hydro-
gen-bonding residues in the stabilization of higher order
peptaibol helix bundles, as suggested for Alm by Mathew
and Balaram et al. (1983), and by Fox and Richards
(1982).
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In terms of its microscopic, intra-burst kinetics Zrv-I1IB
appears to be about an order of magnitude faster than
Alm. There are two possible explanations of this. It may
result from the greater degree of bilayer/peptide mismatch
occurring with Zrv-II1B, which presumably requires some
degree of local compression of the bilayer in order to
accommodate the helix bundle. Alternatively, the proline
and hydroxyproline residues present in the C-terminal
half of Zrv-IIB, which are absent from the C-terminal
sequence of Alm, may confer additional flexibility upon
Zrv-11B which in turn may support higher assembly/dis-
assembly transition rates. In this context, it is interesting
to note that substitution of Leu for Aib in a synthetic Alm
analogue (Molle et al. 1988; 1991) also results in an ap-
proximately 10 fold increase in transition rates. Molecular
dynamics investigations of the conformational flexibility
of different peptaibols might be an approach to this ques-
tion (see e.g. Fraternali 1990). Such studies might also
help to rationalize the observation that W1 to L1 substi-
tution in going from Zrv-1IB to Zrv-Leu leads to a fur-
ther increase in rates of intra-burst transitions.

4) Molecular modelling

Some progress towards understanding channel forma-
tion by zervamicins and related peptaibols can be made
via molecular modelling studies. This work is described in
detail elsewhere (Sansom et al. 1991; 1992), and so the
account here will only refer to those aspects of the model
directly pertinent to an understanding of the experimen-
tal data. Modelling studies have been greatly aided by
high resolution crystal sructures for two of the peptides —
Zrv-A1-16 (Karle et al. 1987) and Zrv-Leu (Karle et al.
1991). The backbone conformations of these two pep-
tides are very similar. The discussion here will focus on
attempts to model Zrv-1IB pores, although Zrv-A1-16
will also be briefly discussed.

A model for the Zrv-IIB monomer has been developed
based upon computer “mutation” of L1 in the crystal
structure of Zrv-Leu to W1 in the Zrv-IIB model, fol-
lowed by energy minimization of the W1 sidechain con-
formation. The resultant structure is shown in Fig. 8A.
The concave face of the helix is hydrophobic, containing
the sidechains of W1 and F16, whereas the convex face is
hydrophilic, containing Q3 and Q11. A model for an
N=6 Zrv-1IB bundle is shown in Fig. 8 B. In arriving at
this model, several factors have been taken into consider-
ation. The helices are approximately parallel, as one
would expect them to be when aligned by an electric field
across the bilayer. In this particular model, the helices
have been packed with their C-terminal segments paral-
lel, thus generating the wider mouth of the channel at the
N-termini of the monomers. Alternative packing ar-
rangements have also be considered (Sansom et al. 1991;
1992). The helices are oriented such that the hydrophilic
face is directed towards the centre of the pore, providing
possible interaction sites for both water molecules and
for permeant ions. Empirical calculations of interaction
energies between the channel and a K7 ion placed at
different positions within the pore (Sansom et al. 1991;
1992; Sansom 1992 b) suggest possible (transient) binding
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sites for the ion. Two solvent-exposed mainchain car-
bonyl oxygen atoms (O:7 and O:14) and the amide
group of the sidechain of Q11 are capable of interacting
favourably with a permeant cation. It appears that con-
formational flexibility of the sidechain of Q11 may play
an important role in optimising such interactions (see
also Agarwalla et al. 1992).

A similar class of models may be constructed for Zrv-
A1-16 channels (Sansom et al. 1991). These go some way
to explaining how this peptide, devoid of hydrophilic
sidechains, forms ion permeable channels. In particular,
it seems likely that the exposed mainchain oxygens, O:7
and O:14, provide ion-channel interaction sites. Such
interactions may be of general relevance in the context of
the presence of proline residues in membrane-spanning
regions of a range of channel and transport proteins
(Brandl and Deber 1986; Woolfson and Williams 1990;
Woolfson et al. 1991; von Heijne 1991; Williams and De-
ber 1991; Sansom 1992 a).

Overall, it is evident the zervamicins are well-suited to
a detailed study of the relationship between channel
structure and function. Crystal structures of several
members of the family have been determined, and chan-
nel properties have been characterised. Preliminary mod-
elling studies have proved promising. Future studies will
focus on more detailed molecular modelling of channel
structures and channel-ion interactions, and on design,
synthesis and evaluation of “mutant” zervamicins.
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Appendix A - maximum likelihood analysis
of gating kinetics

Gating of multilevel helix bundle channels may be mod-
elled as:

CV—‘O‘LvAOsf‘"'\—‘ Omaxi’

0 1 2 L

where C is the closed channel (level 0), and where the
open states of the channel (O, , where N is the number of
monomers in the helix bundle) range from level 1 (N=4)
to level L (N =max). Single channel data for a single burst

<
-

Fig. 8. A Zrv-1IB monomer, modelled on the basis of the crystal
structure of Zrv-Leu (sec text for details). The two aromatic
sidechains (W1, and F16) can be seen to be on the concave face of
the kinked helix, and the two glutamine sidechains (Q3 and Q11) on
the convex face. The position of the kink-inducing hydroxyproline
(010) is also indicated. B N =6 bundle model of a Zrv-IIB channel,
constructed as discussed in the text, and viewed down the z (i.e. pore)
axis. The position of the sidechain of Q11 is labelled, as is that of a
K™ ion placed on the pore axis at z=0. C Two opposite monomers
from the N=6 Zrv-1IB channel model, viewed down the y axis.
Atoms are represented by their van der Waals radii, with non-polar
carbons shown as extended atoms. The following oxygen atoms are
shaded: O: 7, O¢l: 11 and O: 14



of openings starts and ends with level 0, and consists of
j=1to M sojourns, where the jth sojourn is in level s; and
is of duration ¢,. Transitions are only allowed between
adjacent levels, so that s, is proceeded (followed) by
s,_y=5;+1(s;,;=s,+1). Note that this implies that
Sy=s85y=1.

The probability density function for the sequence of
M sojourns in a burst is given by:

M —t
f:H{exp[ ’]kss+1},
i=1 TsJ 1383

where
1, =(ks, -1+ K 5 0)" "t for 1<s;<L
z(kL,L—l)_l for s;=L

defines the mean sojourn time in level 7. The likelihood is
defined by L=In(f), and so is given by:

M t. M
- % | 2]+ £ ik,

=1 L%, ] =1 ”
where one should note that the summation is over the
sojourns. This expression can be converted to a more
useful form by changing to summation over the levels,
giving:

L=-— '(ki,i—1+ki,i+1)

+
M= M
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where T, is the total time spent by the channel in level i,
and where F,,., is total number of transitions from
level i to level i+1. The maximum likelihood estimators
of the rate constant, k, are given by solving the equations

oL
akl, 1+l

=0 for i=1 to L,

which yields

F;. it1

T

The Hessian matrix (H) is defined by diagonal term of the
form

0’L _—'Fi,iil
R (N
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the off-diagonal terms being zero. This is inverted to yield
the covariance matrix, Cov=(—H)™ !, giving the vari-
ances of the rate constant estimates:
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