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Abstract. Peptaibols are considered as models of those 
ion channels which consist of a bundle of transbilayer 
helices surrounding a central pore. X-Ray diffraction and 
NMR studies have yielded high resolution structures for 
several peptaibols. In conjunction with other spectro- 
scopic investigations and molecular dynamics simula- 
tions, these studies suggest that peptaibols form proline- 
kinked :~-helices, and that there may be "hinge-bending" 
movement of the helix in the region of the central proline 
residue. The amphipathicity of peptaibol helices is ana- 
lyzed in relation to their channel-forming properties. 
Studies of the interactions of peptaibols with lipid bilay- 
ers suggest that they are helical when in a membrane-like 
environment, and that the helix orientation relative to the 
bilayer is sensitive to the peptaibol: hpid ratio, and to the 
degree of hydration of the bilayer. Electrical studies re- 
veal that many peptaibols form multiple-conductance 
level channels in a voltage-dependent fashion. Analysis 
of conductance levels provides support for the "barrel 
stave" model of channel formation, whereby different 
conductance levels correspond to different numbers of 
monomers in a helix bundle. Alternative models for 
voltage-activation are discussed, and the roles of molecu- 
lar dipoles and of hinge-bending in this process are con- 
sidered. Two molecular models for an N = 6 bundle of 
alamethicin helices are presented and their electrostatic 
properties analyzed. The relevance of studies of peptai- 
bols to channel and transport proteins in general is con- 
sldered. 

Abbrewations Alb, c~-amino-]sobutync acid: Alto, alamethlcln; 
ATR-FTIR, attenuated total reflection Fourier transform infrared, 
CD, circular dlchroism; CFP, channel-forming peptide; Chol, 
cholesterol; daPhyPC, diphytanoyl phosphatldylchohne; DMPC, 
dimyrlstoyl phosphatidylcholine; DOPC, d]oleoyl phosphandyl- 
choline; DOPE, dloleoyl phosphat]dylethanolamine, DPPS, 
dlpalmltoyl phosphatidylserme; DTPC, ditetradecyl phosphatidyl- 
choline, HSM, hydroph]lic surface map, I-V, current-voltage: MLV, 
mult]lamellar vesicle: nAChR0 mcotinic acetylchohne receptor: 
P:L, protein-to-lipid ratio; POPC, palmitoyloleoyl phosphat]dyl- 
chohne; SUV. small unilamellar vesMe; Zrv, zervamlcin 
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Introduction 

The movement of ions through membrane-spanning 
channel proteins is fundamental to a number of physio- 
logical processes, including the electrical properties of 
excitable cells (Hille 1992). In order to understand this 
process at the molecular level it is necessary to have atom- 
ic resolution structures of channel proteins. However, 
despite the impressive achievements of cryoelectron mi- 
croscopy studies of the nicotinic acetylcholine receptor 
(nAChR; Toyoshima and Unwin 1988; Unwin 1993), 
such structural information remains elusive for most oth- 
er ion channels. Channel-forming peptides (CFPs) are 
model ion channels which mimic many of the functional 
properties of larger and more complex channel proteins. 
High resolution X-ray and NMR structures of the 
monomeric peptides are available, thus offering the pos- 
sibility of exploring the relationship between channel 
structure and function at the molecular level. 

Ion channels may be formed by bundles of parallel 
a-helical CFPs (Lear et al, 1988; Sansom 1991), as is 
illustrated in Fig. 1. The amphipathic helices are oriented 
perpendicular to the plane of the membrane, and are 
arranged about a central pore so as to form an assembly 
with cyclic symmetry about the pore axis. The hydro- 
philic sidechains of the helices line the central pore, whilst 
the hydrophobic sidechains interact favourably with the 
fatty acyl chains of bilayer lipids. Consequently, such 
assemblies are stabilized by peptide-peptide, peptide- 
water and peptide-lipid interactions, and also by the in- 
teraction of peptide molecular dipoles with the transbi- 
layer electrostatic field. 

Parallel bundles of transbilayer a-helices constitute a 
structural motif present in several ion channel proteins 
(Oiki et al. 1990). This motif is of particular importance 
with respect to the members of the nAChR superfamily, 
the central pores of which are formed by a bundle of five 
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Fig. 1A-C. Channel formation by a bundle of parallel amphipath- 
ic helices. A shows a schematic daagram of an amphipathic helix in 
which the shading represents the hydrophilic surface. B shows a 
hexameric bundle of such helices, viewed down the pore axis. The 
helices are oriented such that the hydrophilic surfaces form the 
lining of the pore. C shows a section through the helix bundle. Four 
helices from the hexameric bundle are depicted 

parallel amphipathic helices (Unwin 1989, 1993; Stroud 
et al. 1990; Sansom 1992, 1993). It also may occur in 
other ion channel proteins. For example, the influenza 
M2 channel may be modelled as a bundle of four parallel 
e-helices (Sansom and Kerr 1993). Helix bundles are also 
found in channels formed by a number of membrane- 
active toxins, such as Bacillus thuringiensis 6-endotoxin 
(Li et al. 1991) and Staphylococcus aureus 6-toxin (Mellor 
et al. 1988; Sansom et al. 1991). Furthermore, synthetic 
peptides designed to form amphipathic e-helices generate 
cation-selective channels when incorporated into lipid bi- 
layers (Lear et al. 1988). 

The proposed transbilayer architecture of voltage- 
gated channels is somewhat more complex (Bogusz et al. 
1992; Durrel and Guy 1992; Miller 1992). It is suggested 
that the central pore is lined by an eight-strand//-barrel, 
which in turn is surrounded by an outer bundle of trans- 
bilayer helices. There also exist ion channels which do not 
contain e-helices. In particular, the bacterial porins 
(Weiss et al. 1991; Cowan et al. 1992) are trimeric trans- 
membrane proteins, each subunit of which is formed by 
a 16 strand fl-barrel. However, in a more general context, 
bundles of transbilayer helices occur (or are thought to 
occur) in a wide range of transport proteins. For exam- 
ple, in passing one might consider: (a) bacteriorhodopsin, 
a photon-driven H + pump made of seven helices sur- 
rounding a central H +-conducting "pore" (Henderson et 

al. 1990); (b) sugar transporters such as lactose permease 
(Kaback et al. 1990; Marger and Saier 1993), which ap- 
pear to share a common topology of twelve transbilayer 
helices; and (c) "ABC"-transport  proteins, such as the 
CFTR (cystic fibrosis transmembrane conductance regu- 
lator) and multidrug resistance proteins (which may also 
act as a C1- channels; Wine 1993). It is evident that 
understanding the nature of transbilayer helix bundles 
will be of considerable importance with respect to these 
diverse systems, and therefore it is essential that relevant 
model systems are investigated in some depth. 

The peptaibols are a family ofpeptides which contain 
a high percentage of the e,a-dimethyl amino acid e- 
aminoisobutyric acid (Aib) and which have an e-amino 
alcohol at the C-terminus. Each peptaibol molecule con- 
tains at least one proline residue. Most peptaibols have 
been isolated from fungal sources, but synthetic ana- 
logues have also been investigated. Together, they consti- 
tute the most intensively studied example of an ion chan- 
nel based on the helix bundle motif. 

There have been several extensive reviews of peptai- 
bols and related CFPs (Latorre and Alvarez 1981; San- 
sore 1991; Woolley and Wallace 1992). In this article the 
focus is on those systems, namely alamethicin and the 
zervamicins, for which detailed structural information is 
available. These offer the best possibility of constructing 
exact molecular models of peptaibol channels in situ. An 
attempt is made to integrate information from three 
broad classes of studies: (a) structural studies; (b) studies 
ofpeptaibol-bilayer interactions; and (c) investigations of 
the electrical properties of peptaibol channels. The results 
from these numerous investigations will be discussed in 
the context of current models of peptaibol channel for- 
mation and structure. 

Structural studies 

Peptaibol sequences 

The sequences of a number of peptaibols for which struc- 
tural data are available are given in Table 1. Alamethicin 
(Alm; Padley et al. 1977; Balasubramanian et al. 1981) is 
20 residues long and is by far the most intensively inves- 
tigated peptaibol. The two main forms of alamethicin, 
Alm-Rf30 and Alm-Rf50 differ only in whether residue 18 
is either E or Q respectively. Tricholongin-BI (Rebuffat 
et al. 1991) and trichorzianine-AIIIC (Le Bars et al. 1988; 
Duclohier et al. 1989) are 19 residue peptaibols which 
differ from Alto in the substitution of leucinol or tryp- 
tophanol for phenylalaninol at the C-terminus, and of S 
for G at the position three residues before the central 
proline. The remaining sequences are for examples of a 
family of 16 residue peptaibols, the zervamicins (Zrv; 
Balaram et al. 1992). Note that Zrv-Al-16 is an apolar 
synthetic analogue of Zrv-Leu and Zrv-IIB (Karle et al. 
1987). The zervamicins are of particular interest as high 
resolution crystal structures for two members of this fam- 
ily are available. 

Some important features may be discerned from com- 
parison of the sequences of the peptaibols shown. All are 
rich in the e,e-dimethyl amino acid Aib. As can be seen 



Table 1. Sequences of peptalbols discussed in the text 

Peptalbol Sequence 
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Alamethicin-Rf30 
Alamethicin-Rf 50 
LI 
LL1 
SL1 
L2 
L3 
L4 
L2-P2A 
L2-P14A 

Tricholongin-BI 
Trichorzmnlne-AIIIC 

Zervamicin-Leu 
Zervamlcin-IIB 
Zervamicm-A- 1 - 16 

Ac-U-P-U-A-U-A-Q-U-V-U-G-L-U-P-V-U-U-E-Q-F-OH 
Ac-U-P-U-A-U-A-Q-U-V-U-G-L-U-P-V-U-U-Q-Q-F-OH 
Ae-L-P-L-A-L-A-Q-L-V-L-G-L-L.P-V-L-L-E-Q-F-NH z 

Ac-L-P-L-L-A-L-A-Q-L-V-L-G-L.L-P-V-L-L-E-Q-F.NH z 
Ac-S-L-P-L-A-L-A-Q-L-V-L-G-L-L-P.V.L-L-E-Q-F.NH 2 

Ac-L-P-L-A-L-A-Q-L-V-L-G-L-L-P-V-L-L-E-Q-F-OH 
Ac-L-P-L-A-L-A-Q-L-V-L-G-L-L.P.V-L-L-E-Q-W.NH z 
Ac-L-P-L-A-L-A-Q-L-V-L-G-L-L-P.V-L-L-Q-W-NH z 
Ac-L-A-L-A-L-A-Q-L-V-L-G-L-L-P-V-L-L-E-Q-F-OH 
Ac-L-P-L-A-L-A-Q-L-V-L-G-L-L-A-V-L-L-E-Q-F-OH 

Ac-U-G-F-U-U-Q-U-U-U-S-L-U-P-V-U-U-Q-Q-L-OH 
Ac-U-A-A-U-U-Q-U-U-U-S-L-U-P-V-U-I-Q-Q-W-OH 

Ac-L-I-Q-J-I-~U-L-U-O-Q-U-O-U-P-F-OH 
Ac-W-I-Q-J-I-T-U-L-U-&Q-U-O-U-P-F-OH 

BOC-W-I-A-U-I-V-U-L-U-P-A-U-P-U-P-F-OMe 

Sequences are indicated using the standard one letter abbreviations for amino acids, with the following additions: - J=D-isovaline; 
O=hydroxyproline; and U=c~-amino-isobutyric acid. Abbreviations for terminal groups are: -Ac=acetyl; Boc=t-butoxycarbonyl; 
OH = C-terminal amano alcohol; OMe = C-terminal methyl ester; NH 2 = C-terminal amide. Polar residues are indicated by itahc type. The 
central, kink-inducing proline (or hydroxyproline) residues are indicated by bold type 

from Table 1, if the sequences are aligned at their C-ter- 
mini, then P14 of Alto is conserved (albeit as hydroxypro- 
line in Zrv-Leu and Zrv-IIB). Similarly Q7 of Alm is 
conserved in all except Zrv-Al-16. Finally, in all the nat- 
urally-occurring peptaibols the N-terminus is blocked 
with an acetyl group and the C-terminal residue is an 
e-amino alcohol. 

e-Aminoisobutyric acid 

The conformational freedom of Aib is severely limited to 
regions, (qS, O)= +(57 °, 47 °) (Burgess and Leach 1973; 
Balaram 1992). This results in promotion of helical con- 
formations in Aib-containing peptides. Crystal structures 
are known for ca. 30 synthetic Aib-rich peptides (Karle 
and Balaram 1990; Karle 1992). Analysis of these struc- 
tures revealed that the 31o conformation is preferred by 
peptides of less than ca. 8 residues, whilst the e-helical 
conformation is preferred by longer peptides. One of 
the longest 31o helices is that of pBrBz-(Aib)lo-OtBu 
(Toniolo and Benedotti 1991). These authors have also 
demonstrated a 31o helix sub-type, the/%bend ribbon, in 
pBrBz-Aib-(Pro-Aib)3-OMe. As discussed below, this is 
of particular interest with respect to the C-terminal seg- 
ment of the zervamicins, which contain alternating Aib 
and Pro (or hydroxy-Pro) residues. 

The factors determining the "transition" from 31o- to 
s-helix (i.e. from (q~,~)=(-57°, -30 °) to (-63 °, 42°); 
Toniolo and Benedetti 1991) are of interest when consid- 
ering possible conformations of peptaibols in membrane 
(i.e. hydrophobic) environments. Marshall et al. (1990) 
performed molecular mechanics calculations to compare 
the 31o- and e-helical conformations of AibN (N = 1-15). 
They concluded that the e-helix was inherently more sta- 
ble than the 31o-helix by ca. 2 kcal/mol/residue. This is 
because the intrahelical H-bond is non-linear in the 31o- 
helix, and hence is less stable. However, a 31o-helix has 
one more H-bond/residue than an e-helix, and so there is 

a "transition length" below which the former conforma- 
tion is preferred. The transition is dependent, inter alia, 
on the solvent polarity, with more polar solvents favour- 
ing the e-helix. Molecular mechanics calculations by A16- 
man et al. (1992) on Aib12 suggested that the transition 
length for 31o--'e depended on the dielectric model used 
in evaluation of electrostatic energies. Thus the transition 
length was 12 for e = l ;  7 for ~=1 r; and 3 for e = 4 r .  
Overall, it seems that the exact conformation of short 
Aib-rich helices may be sensitive to the environment sur- 
rounding a peptaibol. 

Crystal structures 

High resolution crystal structures have been determined 
for alamethicin-Rr30 _(crystallized from acetonitrile/ 
methanol, data to 1.5/~ resolution, Fox and Richards 
1982), zervamicin-A-l-16 (methanol/water, 0.9 A, Karle 
et al. 1987), zervamicin-Leu (methanol/water, pol~c- 
morph A 0.9 ~ ,  Katie et al. 1991; polymorph B 1.1 A, 
Karle et al. 1992), and trichorzianine AIIIC (0.9 A, Le 
Bars et al. 1988). These studies have provided a wealth of 
information for understanding of the properties of pep- 
taibol CFPs. 

There are three independent alamethicin molecules in 
the asymmetric unit. Overall, their structures resemble 
one another quite closely. The structure of monomer A is 
shown in Fig. 2 A. The molecule is e-helical with a kink 
induced by P14. The polar sidechains lie on the convex 
face of the kinked helix (see below). The kink angle varies 
slightly between the three monomers (39 ° for monomer A, 
35 ° for monomers B and C; R. Sankararamakrishnan, 
personal communication). Analysis of the pattern of H- 
bonding of Alm reveals that there is a 4--* 1 H-bond from 
V15 to L12. Furthermore the carbonyl residues of U10 
and G11 do not form intramolecular H-bonds but in- 
stead interact with the solvent. The carbonyl oxygen of 
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Fig. 2A, B. Peptalbol structures. A shows the crystal structure of 
Alm-Rf30 (monomer A). Sidechains Q7, E18 and Q19, and the 
carbonyi group of G11 are highlighted. B shows a model structure 
for Zrv-IIB, derived from the crystal structure of Zrv-Leu 
Sidechains Q3, O10, Q11 and O13, and the carbonyl group of U7 
are highlighted 

G11 is particularly solvent exposed. Thus the central kink 
locally disrupts the 5--+1 H-bonding pattern and exposes 
the peptide backbone. 

The backbone structures of the zervamicins are all 
similar. In each case a kinked helical structure is formed, 
similar to that for alamethicin. The N-terminal helix (i.e. 
up to residue P10 or O10) is e-helical. The C-terminal 
helix is distorted away from e-helical geometry by the 
presence of additional proline (or hydroxyproline) 
residues. The helix thus formed is a/%bend ribbon. As 
discussed above, this is also seen in pBrBz-Aib-(Pro- 
Aib)3-OMe (Toniolo and Benedotti 1991). A model of the 
structure of Zrv-IIB, based on the crystal structure of 
polymorph A of Zrv-Leu (Sansom et al. 1993) is shown 
in Fig. 2 B. As with Alto the polar sidechains are located 
on the hydrophilic face of the kinked helix, and the car- 
bonyl oxygen preceding the kink (that of U7) is exposed 
to the solvent as a result of disruption of the 5~  1 H- 
bonding pattern. The kink angle of Zrv-Leu varies, from 
30 ° to 45 °, with the water content of the four polymorphs 
(Karle et al. 1992). 

The structure of trichorzianine AIIIC has been report- 
ed in abstract form (LeBars et al. 1988). As with the other 
peptaibols, trichorzianine forms a kinked helix with the 
polar residues on the convex face of the molecule. Fur- 
ther details of this structure are eagerly awaited. 

It is worth commenting on the variation in the helix 
kink angle induced by the central proline in peptaibol 
molecules. Barlow and Thornton (1988) and Sankarara- 
makrishnan and Vishveshwara (1992) have analyzed the 
kink angle for proline-kinked helices in globular proteins. 

Both studies arrive at a mean kink angle of 25 °. Kink 
angles varied from 9 ° to 49 °. Interestingly, the largest 
kink angle is for the non-peptaibol CFP melittin, which 
shares many functional and structural properties with 
alamethicin (Dempsey 1990). 

A further property in common of alamethicin and the 
zervamicins is their amphipathicity. This may be seen 
directly from their structures as shown in Fig. 2. One may 
also attempt to quantify amphipathicity. This may be 
achieved by evaluation of the potential energy of interac- 
tion of a water molecule located at different positions on 
the surface of a peptaibol molecule, resulting in a hy- 
drophilic surface map (HSM). If the water molecule posi- 
tions are defined according to a cylindrical polar coordi- 
nate system, with the cylinder axis coincident with the 
helix axis, then the HSM may be readily displayed super- 
imposed on a helical net representation of the Ca coordi- 
nates (Sansom and Kerr 1993). The results of such HSM 
analysis for models of Alm-Rf50 and Zrv-IIB are shown 
in Fig. 3. The Alm-Rf50 model was based on the crystal 
structure of Alm-Rf30 (monomer B), "mutating" E18Q 
and using energy minimization to optimize the conforma- 
tion of the Q18 sidechain. The Zrv-IIB model was that 
described above. 

For alamethicin-Rf50 (Fig. 3A), HSM analysis re- 
veals hydrophilic surface patches at the N-terminus, in 
the regions of polar sidechains Q7, Q18 and Q19. There 
is also a hydrophilic region between G11 and P14 which 
is due to the exposed carbonyl oxygen of the former 
residue. For Zrv-IIB a similar pattern is observed, with 
hydrophilic patches in the vicinity of the polar sidechains 
of Q3, O10, Ql l  and at the C-terminus. There is also a 
hydrophilic patch due to the exposed carbonyl of U7. For 
both Alto and Zrv, the hydrophilic patches lie predomi- 
nantly on one face of the helix, confirming the am- 
phipathicity suggested by visual examination of their 
structures. 

NMR and dynamics 

There have been several NMR studies of peptaibols, 
principally of alamethicin, which provide valuable infor- 
mation on the structure and dynamics of these peptides 
when in isotropic solution. Banerjee et al. (1983) used 1H 
NMR to examine the structure of Alm-Rf30 in methanol, 
water and methanol/water solutions. They concluded 
that the N-terminal half of the molecule was e-helical but 
that the C-terminal region adopted an extended/~-strand 
conformation. The latter conclusion was not supported 
by the more detailed 1H NMR study by Esposito et al. 
(1987), again of Alm-Rf30 in solution in methanol. They 
concluded that the solution structure was essentially the 
same as in the crystal, except that the C-terminal dipep- 
tide was somewhat more extended. The conformation 
was insensitive to the protonation state of El8. 

Recent NMR studies have focused on the possibility 
of "hinge-bending" motions of the kinked Alm helix. Yee 
and O'Neil (1992) carried out 1H and 15N NMR studies 
on 15N_labelled Alm-Rf50 in methanol. They concluded 
that the region form U3 to G11 was helical, whereas the 
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Fig. 3A, B. Hydrophilic surface maps of A Alm-Rf50 and B Zrv- 
liB. In both  cases the maps show the interaction energy of a water 
molecule probe with the surface of the peptaibol molecule as a 
function of distance along the helix axis (z) and of angle about  the 
helix axis (4)- The helices run from negative z values (N-termini) to 
positive z values (C-termini). Isopotential contours are shown for 
interaction energies of - 4  (dotted lines), - 6  (solid lines) and - 8  
(bold lines) kcal/mol. The positions of the Cc~ atoms of selected 
sidechalns are superimposed on the maps. In the case of Alm-Rf50 
the helix kink necessitated the calculation of the surface map in two 
halves, one for the N-terminal segment and one for the C-terminal 
segment. The "join" between the two halves is indicated by the 
horizontal line at z=ca .  - 10 ]k 

region from L12 to F20 was less well defined in their 
studies, possibly as a result of there being fewer NOEs 
and coupling constants for this region. There was a sug- 
gestion of conformational averaging at L12 and V15. 
They interpreted these data in terms of possible confor- 
mational variation in the C-terminal region. However, 
heteronuclear NOE measurements did not confirm a 
variation in dynamics along the length of the peptide. A 
similar conclusion was arrived at by Kelsh et al. (1992) on 
the basis of 13 C NMR studies of Alm-Rf50 in methanol. 
They demonstrated that the T~ derived order parameter 
for the Ca atoms showed little variation along the length 
of the molecule. This suggests that alamethicin behaves 
as a rigid helical rod, at least on a fast (ca. 1 ps) timescale. 
Furthermore, T2 measurements provided no evidence for 
slower motions modulating the alamethicin conforma- 
tion. 

A detailed study of the structure and dynamics of a 19 
residue peptaibol, tricholongin-B, has been provided by 
Rebuffat et al. (1991), from tH and 13C NMR studies in 
methanol. The results provided evidence for a helical 
structure, with a kink in the region of P13. The ~3C T1 
measurements suggested that this peptaibol also had "an 
uniformly rigid peptide backbone on the timescale of 
molecular tumbling". 

However, the picture of peptaibols behaving as rigid 
helical rods is less clear once one takes into account the 
results of molecular dynamics simulations. Fraternali 
(•990) carried out extensive dynamics simulations of 
Aim, starting from the crystal structure and incorporat- 
ing restraints derived from the NMR data of Esposito et 
al. These simulations suggested that the molecule could 
be divided into three regions, region A from U1 to V9, 
region B from U10 to G l l ,  and region C from L12 to 
F20. Region B appeared to act as a "hinge" region be- 
tween A and C, the latter two regions behaving as rela- 
tively rigid helical rods. Dynamics simulations of two 
related (non-peptaibol) proline kinked helices support 
this conclusion. Pastore et al. (1989) carried out molecu- 
lar dynamics simulations of melittin, based on the tH 
NMR derived structure determination of this peptide in 
methanol. In a restrained dynamics run, the kink angle 
between the N- and C-terminal helices fluctuated be- 
tween ca. 5 ° and 45 ° on a 10 ps timescale. Substitution of 
P14 by alanine results in loss of the hinge bending motion 
(Dempsey et al. 1991). A similar dynamic behaviour of a 
proline kinked helix was seen by Sankararamakrishnan 
and Vishveshwara (1993) for a simplified model of helix 
F from bacteriorhodopsin. Again hinge bending motions 
were observed, with the kink angle varying between 0 ° 
and 50 °, on a 10 ps timescale. Replacement of the central 
proline by alanine resulted in loss of the bending motion. 

Overall, the following picture of peptaibol structure 
emerges. A range of peptaibols have been shown to form 
amphipathic kinked helices. Comparison of crystal struc- 
tures suggests that static conformational variation in 
terms of the kink angle may occur, as is seen in a range 
of globular proteins. NMR studies confirm that the same 
overall structure is seen in solution. However, there is 
some dispute over the timescale of hinge bending mo- 
tions. Dynamics simulations suggest that these occur on 
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a 10 ps timescale. However, NMR measurements which 
should be capable of detecting motions on this timeseale 
fail to provide experimental evidence. This discrepancy 
remains to be resolved. 

Peptaibol-bilayer interactions 

Clearly, in order to understand the channel-forming 
properties of peptaibols one should take into consider- 
ation interactions with the lipid bilayer environment. In 
particular, it is necessary to consider possible effects of 
lipid bilayers on peptaibol conformation, and also the 
orientation of the peptaibol molecule relative to the bi- 
layer plane. A further consideration is that of the aggre- 
gation state of bilayer associated peptaibols. 

In interpreting the results of studies of peptaibol- 
bilayer interactions it is important to note that in many 
cases the molar ratio of peptide to lipid (P: L) is much 
higher than that present in functional (i.e. electrophysio- 
logical) studies of peptaibol channels. 

of CD studies by Cascio and Wallace (1988) who showed 
an increase in helicity in DMPC SUVs to a value com- 
parable to that found in the crystal. 

All of the above spectroscopic studies indicate that the 
secondary structure of alamethicin becomes more de- 
fined in the presence of lipid bilayers. However, relative 
to studies of alamethicin channel (see below), there is 
something absent from these investigations, namely the 
transbilayer potential. Brumfeld and Miller (1990) em- 
ployed polyelectrolytes in order to impose a Donnan po- 
tential across the bilayer of lipid vesicles which were ex- 
posed to alamethicin on their exterior face. CD measure- 
ments indicated an increase in helical content when the 
outside of the vesicles was made positive relative to the 
inside, and a decrease in helical content when the voltage 
was reversed. This suggests that the conformation of 
alamethicin is sensitive to changes in the transbilayer 
electrostatic field. 

Helix orientation with respect to the bilayer 

Bilayer effects on peptaibol conformation 

There are several spectroscopic studies of the structure of 
alamethicin in different environments. Circular dichro- 
ism (CD) studies suggest a largely a-helical structure, 
with the estimated percentage helicity dependent on the 
solvent system used. For example, studies of alamethicin 
in dioxane/octanol mixtures suggest that the percentage 
helicity increases with the percentage of octanol in the 
solvent (Schwarz et al. 1983). 

Fourier transform infra-red studies of alamethicin 
have been carried out by Haris and Chapman (1988), 
comparing alamethicin spectra with those of bacterio- 
rhodopsin. Alamethicin spectra were collected for ala- 
methicin in a KBr disk, in methanol and in the presence 
of an aqueous lipid dispersion. In all three cases the spec- 
tra were similar to those obtained from bacterio- 
rhodopsin, suggesting that the peptaibol is largely a-heli- 
cal in a range of environments. 

A detailed combined CD and Raman spectroscopy 
investigation of alamethicin has been carried out by 
Vogel (1987). Reviewing earlier studies this author sug- 
gested that CD measurements underestimated the helical 
content of alamethicin (in methanol). From analysis of 
the amide I band in the Raman spectrum of alamethicin 
in methanol, it was concluded that the secondary struc- 
ture composition was 31% a-helix and 29% disordered 
helix (which includes 31 o helix), yielding an overall helic- 
ity of 60%. The conformation DMPC and DTPC vesicles 
(P: L = 1 : 20) was also measured. It was evident that the 
degree of helicity of alamethicin increased upon interac- 
tion with the bilayer above that observed in the absence 
of lipid (in methanol), provided that the temperature was 
below T c for the lipid. For example, from analysis of the 
Raman spectra of alamethicin in methanol, in DMPC 
vesicles at 15°C (<  To) and in DMPC vesicles at 33°C 
(> To), the percentage helicities were, respectively, 60, 74 
and 58%. A similar conclusion was reached on the basis 

In order to develop models of channel formation, it is 
essential to have information on the orientation of pep- 
taibol helices relative to the bilayer. The results of several 
spectroscopic studies of this problem are quite complex, 
and require careful consideration if a clear picture is to 
emerge. 

Banerjee et al. (1985) used 31p to show that alame- 
thicin (P: L = 1 : 15) perturbed the headgroups of DMPC 
MLVs. In the same study, both 2H NMR  and Raman 
spectroscopic measurements failed to detect any effect of 
peptaibol on segmental order of acyl chains of the hydro- 
phobic region of the bilayer. Only those atoms of the acyl 
chains immediately adjacent to the glycerol backbone 
had their 2H spectrum perturbed. These results suggests 
a predominantly interfacial location for alamethicin. 

More recent studies have focused on the spectroscopic 
properties of the peptaibol per se when in the presence of 
planar lipid bilayers. Vogel (1987) used CD spectroscopy 
to determine the orientation of alamethicin in glass-sup- 
ported planar multilayers of DTPC (P:L = 1 : 100). With 
hydrated (30% water w/w) multilayers the orientation of 
the helix is dependent upon the temperature relative to 
the phase transition temperature of the lipid. Below the 
transition temperature the helices lie approximately par- 
allel to the bilayer plane. Above the transition tempera- 
ture, they lie parallel to the bilayer normal. With dry (2% 
water w/w) membranes the helices lie parallel to the bilay- 
er normal even at the lower temperature. These results 
may be compared with those of Fray and Tamm (1991), 
who employed polarised ATR-FTIR to compare the ori- 
entation of melittin in hydrated single planar bilayers and 
in dry multibilayers. In the former the helix axis lay par- 
allel to the bilayer plane. In the latter the axis was parallel 
to the bilayer normal. The temperature was above the 
transition temperature and the results were relatively in- 
dependent of the lipid employed, Huang and Wu (1991) 
have related helix orientation to P: L. If P: L is below a 
critical value, most of the peptide molecules are parallel 
to the bilayer plane, regardless of the water content. 
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Overall it seems that the average orientation of am- 
phipathic CFPS such as alamethicin and melittin is quite 
sensitive to the physical state of the bilayer. With dry 
bilayers or partially hydrated (30%) multilayers the he- 
lices partition into the bilayer phase, orienting themselves 
parallel to the bilayer normal. With fully hydrated single 
bilayers the helices lie parallel to the plane of the bilayer, 
at an interfacial location. If the bilayer is sufficiently hy- 
drated then lowering the temperature below the transi- 
tion temperature appears to force the helix out of the 
bilayer. Thus the free energy difference between the two 
orientations cannot be very large and one may expect 
that it can be perturbed by a change in transbilayer po- 
tential. 

Peptide partition and aggregation in the bilayer 

Schwarz et al. (1986) used CD measurements to study 
alamethicin incorporation into DOPC small unilamellar 
vesicles (SUVs), given that addition of SUVs to alame- 
thicin changed the CD spectrum consistent with an in- 
crease in the percentage helicity. Alamethicin incorpora- 
tion isotherms (i.e. plots of r=  [associated alamethicin]/ 
[lipid] vs. C = [free aqueous alamethicin]) thus derived ex- 
hibited two striking features. Firstly, the saturating value 
of r (>0.4) is inconsistent with a alamethicin binding 
with its helix axis parallel to the bilayer surface, and so 
suggests incorporation of alamethicin into the bilayer per 
se. Secondly, C has to reach a critical concentration (C*) 
before there is an upturn in the isotherm and the level of 
incorporated alamethicin rises steeply. This is suggestive 
of aggregation of alamethicin within the bilayer. Subse- 
quent studies (Rizzo et al. 1987) investigated the depen- 
dence of C* on temperature, ionic strength and lipid com- 
position, and suggested a simple model in which mono- 
meric alamethicin partitions into the bilayer and sub- 
sequently aggregates. 

Studies on the kinetics of incorporation were carried 
by stopped-flow investigations of the interaction of fluo- 
rescence-labelled alamethicin with DOPC and DMPC 
SUVs (Schwarz et al. 1987). The results were analyzed in 
terms of the theoretical framework outlined by Schwarz 
(1987). Above the phase transition temperature of the 
bilayers, incorporation kinetics could be described by a 
single exponential function, i.e. consistent with an essen- 
tially one-step incorporation process. The rate constant 
for this process is quite high, somewhat below the rate for 
a diffusion-limited reaction. The authors interpreted this 
in terms of rapid incorporation of monomeric alame- 
thicin into the bilayer, followed by a slower conforma- 
tional change and alamethicin aggregation. 

More detailed studies on the dependence of C* on 
lipid composition (Stankowski et al. 1988; Stankowski 
and Schwarz 1989) provided further evidence for bilayer 
incorporation of alamethicin, rather than binding to 
the membrane surface. Binding isotherms were analyzed 
so as to separate out lipid effects on peptaibol incorpora- 
tion and on subsequent aggregation. The former seemed 
to be sensitive to bilayer composition, whereas the latter 
did not. In particular, alamethicin incorporation was fa- 

voured by phosphatidylcholine headgroups, the absence 
of cholesterol, thin bilayers and saturated acyl chains. 
Furthermore, the CD measurements suggested that the 
conformation of incorporated alamethicin was sensitive 
to membrane thickness and lipid packing. 

More recently, spin label ESR techniques have been 
used to probe alamethicin-bilayer interactions (Archer et 
al. 1991). Two nitroxide labelled derivatives, one consist- 
ing of alamethicin labelled at the C-terminus and another 
ofper-(Aib-+Leu)-Alm (see below) labelled at the N-ter- 
minus, were prepared. Both were shown to be monomeric 
in solution in methanol and at low concentrations in wa- 
ter. Their binding to lipid bilayers was cooperative, as in 
the studies of Schwarz and colleagues, suggesting aggre- 
gation within the bilayer. However, ESR spectra of both 
peptides over a wide range of P:L  ratios provided no 
evidence for peptide aggregation and were consistent 
with monomeric peptide. It is possible that the presence 
of the spin label prevents aggregation within the bilayer, 
but this seems unlikely as it was demonstrated that the 
spin-labelled derivatives formed ion channels in the pres- 
ence of a transbilayer potential. 

Electrical properties of peptaibol channels 

The peptaibol CFPs, and alamethicin in particular, have 
been the subject of a wide range of electrical studies, 
providing a detailed understanding of ion channel prop- 
erties and of the relationship between peptide structure 
and channel function. The following account of the func- 
tional properties of peptaibols is selective, with an em- 
phasis on more recent investigations. Earlier investiga- 
tions on alamethicin has been reviewed by Latorre and 
Alvarez (1981), and a more detailed account of the rela- 
tionship between peptaibol sequence and channel func- 
tion is provided by Boheim et al. (1987). 

Macroscopic properties 

Macroscopic studies of peptaibol induced bilayer con- 
ductance have provided valuable clues as to the mecha- 
nism of voltage activation of channels. The main experi- 
mental procedure has been to measure the steady-state 
conductance of a bilayer exposed on one face (the cis 
face) to an aqueous solution of alamethicin. By applying 
a slowly changing (typically, ca. 20 mV/s) voltage differ- 
ence across the bilayer, a current-voltage ( I -  V) relation- 
ship may be determined (see Fig. 4). The I -  V relation- 
ship for alamethicin exhibits a marked asymmetry, with 
voltage-activation of alamethicin channels occurring 
principally at cis positive potentials. Vodyanoy et al. 
(1983) suggested that an ideal bilayer would show alame- 
thicin induced current only at cis positive potentials, and 
that any current observed at elevated negative potentials 
is due to leakage of alamethicin through the bilayer. This 
was supported by the observation that increasing the 
dielectric constant of a bilayer, e.g. by employing di-bro- 
mostearyl PC as the bilayer lipid, resulted in a decrease in 
the asymmetry of the I -  V relationship. 



112 

A 

B 

20 

20 pA 

L 
108 mV [ _ _  

l _ _  

28 s 

20 s 

lO 

-10 

-20 ~ q 

200 -100 0 100 200 

V (rnV) 
Fig. 4A, B. Voltage activation of Alamethicln channels. A is taken 
from a recording made from a diphytanoyl phosphatidylcholine 
bilayer exposed to 0.5 laM Alm-Rf50 in the cis compartment. As 
shown in the lower trace, the transbilayer potential was a triangular 
wave of amplitude 200 mV and frequency 0.05 Hz. The resultant 
current is shown m the upper trace. B is the average current-voltage 
relationship derived from this data. It is evident that Aim channel 
activation occurs overwhelmingly at cis positive potentials. (Figures 
reprinted from Sansom (1991), Progr. Mol. Biophys. Mol. Biol. 
55: 139-236, with kind permission of Pergamon Press Ltd.) 

The steady state conductance, G =  I/V, of  a bilayer 
exposed to alamethicin can be described by 

G = C C N exp (V/Ve) 

where F is a constant dependent on lipid composition and 
ionic strength, C is the concentration of alamethicin in 
the cis aqueous phase, N is the mean number of alame- 
thicin monomers in channel complex and V~ is the 
voltage change required to give an e-fold increase in con- 
ductance. Furthermore,  Ve=kT/eN~ where k is the 
Boltzmann constant, T the temperature, e the electronic 
charge and e the effective gating charge. Thus, if a set of 
I - V  relationships is obtained for different alamethicin 

concentrations, C, it is possible to estimate N and c~. In 
this manner, Hall et al. (1984) demonstrated that for a 
bacterial PE bilayer exposed to alamethicin in the pres- 
ence of 1M KC1, N =  10.5 and e=0.59.  This is consistent 
with alamethicin channels being formed by helix bundles 
of, on average, 10 or 11 monomers. 

Hall et al. (1984) also analyzed the effect of bilayer 
thickness on the macroscopic I -  V relationships of ala- 
methicin, using monoglyceride/squalene bilayers with 
different mono-unsaturated chains lengths. The effective 
gating charge per monomer,  ~, was largely independent 
of bilayer composition, but that the mean number of 
monomers per channel increased with the lipid chain 
length, from N =  2 for 14:1 lipid to N =  11 for 20:1 lipid. 
This is consistent with the helix bundle model in that the 
gating charge is a property of  the monomer per se, where- 
as the mean number of helices in a bundle is sensitive to 
the physical properties of  the lipid bilayer. 

To investigate the mechanism of  voltage activation of 
channels, Hall et al. (1984) examined the effects of  sys- 
tematic changes in the location of  electro static charges on 
the alamethicin helix on I -  V relationships. A free nega- 
tive charge close to the C-terminus (as in Alm-Rf30) or of 
a free positive charge at the N-terminus (achieved by 
removing the N-terminal acetyl group and blocking El8  
of  Alm-Rf30) resulted in an asymmetric I V relation- 
ship. In the former case, channels were activated at cis 
positive potentials, in the latter case at cis negative poten- 
tials. This may be explained in terms of a voltage activa- 
tion mechanism which requires alignment of helix dipoles 
anti-parallel to the imposed field, with the presence of a 
free positive or negative charge anchoring one end of the 
helices at the cis face of the bilayer (see below). However, 
further results indicate that the gating mechanism may be 
somewhat more complex. In the above study, an alame- 
thicin derivative with both the N-terminus and E18 
blocked, i.e. a derivative lacking a free charge at either 
end of the helix, formed channels at both cis negative and 
cis positive potentials. However, Alm-Rf50, which also 
lacks any free charges, resembles Alm-Rf30 in that it is 
activated only at cis positive potentials (Fig. 4). Further- 
more, the 16 residue peptaibol Zrv-IIB, which also lacks 
any charged sidechains, is activated only at positive po- 
tentials (Balaram et al. 1992). It therefore appears that 
either a free charge is not the only way to generate an 
"anchor"  for one end of the peptide, or that a more 
complex mechanism of channel activation is involved. 

Microscopic studies 

Microscopic studies, i.e. investigations at the single chan- 
nel level, have yielded much information about the prop- 
erties of the open channel per se. Such data provide essen- 
tial clues concerning the molecular structure of peptaibol 
channels. Gordon  and Haydon (1972, 1975) demonstrat- 
ed the most characteristic property of alamethicin chan- 
nels, i.e. multi-level bursts of channel openings inter- 
spersed with prolonged closed periods (Fig. 5 A, B). The 
frequency of occurrence of channel bursts (and hence the 
inter-burst closed intervals) is strongly dependent upon 
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the trans-bilayer potential, providing a microscopic ex- 
planation of voltage activation of alamethicin conduc- 
tance. 

Conductance levels 

The pattern of  successive conductance levels within a 
single burst of  multi-level openings of an alamethicin 
channel provides the best evidence for the helix bundle 
(or barrel-stave; Boheim et al. 1983) model of channel 
formation. A progression of conductance levels may be 
calculated using a simple equivalent-cylinder model for 
channel formation by helix bundles (Mellor and Sansom 
1990; Sansom 1991; Balaram et al. 1992). In this, the 
channel is approximated by a cylindrical pore of length l 
and radius a which runs down the centre of  a bundle of 
Nhelices, and is filled with electrolyte of  resistivity Q. The 
conductance of  such a pore (Hille 1992) is given by: 

Tea 2 
g =  

( l + n a / 2 )  ' 

where the radius of  the central pore is given by: 

[ ' ' ]  
a = R  Sin(~/N)  " 

Thus increasing the number of helices in the bundle in- 
creases the radius of  the central pore and hence increases 
the conductance. An important  prediction of this model 
of  channel formation by peptaibols is that the conduc- 
tance increment between successive levels, Ag N, is not 
constant, but increases as the level, N, increases. Such a 
pattern of successive conductance levels is seen if one 
examines the experimental data (Gordon and Haydon 
1972, 1975; Boheim 1974; Hanke and Boheim 1980; also 
see Fig. 5 C, D). In particular, AgN increases as Nincreas- 
es. However, there is a quantitative discrepancy between 
the experimental data and the predictions of the model, in 
that observed conductances are somewhat less than the 
corresponding theoretical values (Sansom 1991). How- 
ever, allowance should be made for the extreme simplicity 
of the model, which ignores possible ion/channel and 
ion/lipid interactions and oversimplifies the geometry of  
the pore. The degree of agreement provides convincing 
evidence for the helix bundle model. 

Fig. 5 A-D. Single Alamethxcin channels. Single channel recording 
from a diphytanoyl phosphatldylcholine balayer exposed to 0.25 pM 
Alm-Rf50 in the cis compartment, with 0.5 M KC1 as the electrolyte 
and at a membrane potential of 125 mV. A shows multiple conduc- 
tance level channel activity. B shows a section of the recording on 
an expanded timebase. Individual channel openings may be seen. 
C is a conductance hastogram derived from the same recording. The 
numbers above the peaks indicate the values of N if one assumes 
that the lowest conductance level (88 pS) corresponds to N=4. 
D shows the same histogram on a sema-logarithmic plot and reveals 
the increasing step size from one conductance level to the next as N 
increases, (Figures reprinted from Sansom (1991), Progr. Mol. Bio- 
phys. Mol. Biol. 55: 139-236, with kind permission of Pergamon 
Press Ltd.) 
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The agreement between the theoretical and observed 
conductance level patterns enables one to use this data to 
estimate the numbers of helices present in alamethicin 
bundles. For the experimental data presented in Fig. 5 C, 
D, the lowest conductance level depicted is 88 pS (in 
0.5 M KC1, which would be approximately equivalent to 
180 pS in I M KC1). Hanke and Boheim (1980) measured 
a lower conductance level (19 pS) in 1 M KC1, which was 
proposed to correspond to a trimeric bundle of alame- 
thicin molecules. Thus, for Fig. 5 the stoichiometry of 
alamethicin bundles ranges from N = 4  to N=  11. This 
compares well with the figure of N=  10 to 11 obtained 
from analysis of macroscopic I - V  relationships (see 
above), given that the latter corresponds to a high degree 
of activation of alamethicin channels, in which higher 
conductance levels will predominate. The pore diameters 
for N=3,  4 and 11 are, respectively, 1.55, 4.14 and 
25.5 ]~, compared to 2.66 ]~ for the (Pauling) diameter of 
a K ÷ ion. Thus, some distortion of the helix bundle must 
occur if the N= 3 bundle acts as a channel. The N=  4 
bundle can clearly form a channel, but some degree of 
peptide-ion interaction will occur. At the other extreme, 
the N=  11 bundle will act as a simple electrolyte-filled 
pore, and thus will not be ion selective. 

Ion selectivity 

Macroscopic studies have revealed that the conductance 
induced by alamethicin (and a range of analogues) is 
weakly selective for cations (Hall et al. 1984). At the 
single channel level, Hanke and Boheim (1980) obtained 
a selectivity sequence K +, Rb +, Cs + > Na ÷ > Li + for the 
lowest (19 pS in 1 M KC1) conductance level, which was 
also shown to be impermeable to Ca 2 ÷ and to C1- ions. 
Higher conductance levels exhibit little, if any, selectivity 
(Gordon and Haydon 1975), suggesting that ions pass 
through in a fully hydrated state. 

where FN_+ 1 is the total number of transitions N ~ N +  1 
and where T N is the total time spent in state N. The 
corresponding standard deviation is given by 

SDNel=kN+I/Fx/F~N+_I 

(Balaram et al. 1992). 
Using the above and related methods, the kinetics of 

peptaibol single channel gating has been investigated 
(Boheim 1974; Balaram et al. 1992). Absolute values of 
the transition rate constants are sensitive to e.g. the lipid 
composition of the bilayer. However, general principles 
do emerge. The mean dwell time of Alm-RrS0 averaged 
across conductance levels 04 to O~1 (for channels in a 
diPhyPC bilayer at + 125 mV in the presence of 0.5 M 
KC1) is 4.6 ms (Balaram et al. 1992). The upwards and 
downwards transition rates vary slightly with N. How- 
ever, the dependence of ks+ ~ on N is not marked, and 
values for the two extreme levels of a burst do not differ 
by more than about one order of magnitude at the most. 
Boheim (1974) demonstrated that the main voltage de- 
pendence of alamethicin channel gating lay in pore for- 
mation, i.e. the duration of the inter-burst intervals. 
There is only a weak dependence of intra-burst transition 
rates on voltage. This results in a small shift in the per- 
centage occupancy within bursts to higher N as V is in- 
creased. 

The ionic strength of the surrounding solutions has a 
profound effect on alamethicin intraburst kinetics. Bo- 
heim et al. (1983) showed that increased ionic strength (a) 
increased the mean lifetime of all conductance levels; and 
(b) preferentially stabilized the lower conductance levels. 
A similar effect has been seen for a dansylated derivative 
of trichotoxin-40 (an 18-mer analogue of alamethicin; 
Hanke et al. 1983). This effect of increased ionic strength 
is a result of the decreased Debye length. As the Debye 
length approaches the dimensions of the channel, charge- 
charge and dipole-dipole repulsions between monomers 
decrease, thus stabilizing helix bundles. 

Kinetics 

The helix bundle model of channel formation by alame- 
thicin has also been tested against the kinetics of switch- 
ing between conductance levels within bursts of channel 
openings. Examination of such bursts at high time resolu- 
tion reveals that transitions are exclusively between ad- 
jacent levels, i.e. from level N transitions can be made 
either to level N+ 1 or to level N -  1. Thus, as discussed by 
Boheim (1974), the gating mechanism for alamethicin 
may be represented by: 

C ~ 0~.-~04~- . . . .  ~--Oi 

where C represents the closed channel, ON is an open 
channel bundle containing N helices, M is the maximum 
bundle size, and where the downwards and upwards tran- 
sition rates from ON are k N_ 1 and kN+ 1 respectively. Via 
a stochastic theory analysis (Ball and Sansom 1989) one 
may show that maximum likelihood estimators of the 
transition rates are: 

kN±I=FN~I/rN 

Synthetic alamethicin analogues 

The relationship between peptaibol sequence and chan- 
nel function has been probed systematically in a series of 
studies by Molle and co-workers (Molle et al. 1988, 1989, 
1991; Duclohier et al. 1992) employing synthetic ana- 
logues of Alm (see Table 1). Analogue L1, in which all 
Aib residues are replaced by Leu, forms channels in a 
similar manner to alamethicin. In macroscopic I -  V ex- 
periments in POPC/DOPE/DPPS/Chol bilayers, chan- 
nels are activated by cis positive potentials. Analysis of 
the concentration dependence of I -  V curves yielded esti- 
mates of N=  8 and e = 0.46, i.e. similar values to those for 
alamethicin under comparable conditions. In single 
channel experiments, discrete bursts of multi-level open- 
ings are observed, with successive conductance levels sim- 
ilar to those for alamethicin. LI exhibits a 5-10 fold 
shorter mean dwell times in the different conductance 
levels, i.e. switching between adjacent conductance levels 
within a burst is 5 to 10 times faster than for alamethicin. 
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Molle and co-workers tested whether the faster kinet- 
ics of L1 reflected a decreased length of the peptide (rela- 
tive to alamethicin) resulting from replacement of regions 
of 310 helix by e-helix (Molle et al. 1989). Two 21-mer 
derivatives were synthesised - LLI and SL1. LL1 pro- 
duced even more rapid switching between conductance 
levels, such that it became difficult to resolve individual 
transitions. Intraburst switching of SL1 was slower than 
for LL1 and L1, but still faster than for alamethicin. 
These studies demonstrate that there is not a straightfor- 
ward relationship between peptaibol length and intra- 
burst switching rate. 

Analogues L2, L3 and L4 were employed to investi- 
gate the effects of variations in the C-terminal structure 
of peptaibols on channel properties (Molle et al. 1991). 
L1, L2, L3 and L4 all formed strongly voltage-activated 
channels with similar intraburst kinetics. Thus, neither 
substitution of a C-terminal alcohol for a C-terminal am- 
ide (L2), extension of the C-terminus by one residue (L3) 
nor deletion of an anionic sidechain (L4) substantially 
altered channel activation or intraburst kinetics. How- 
ever, L4 did show lower single channel conductances 
than the other three analogues. 

The effect of proline--*alanine substitutions on chan- 
nel formation have been studied using L2, L2-P2A and 
L2-P J 4A (see Table 1; Duclohier et al. 1992). Macroscop- 
ic and single channel properties of L2 and L2-P2A are 
similar; the latter exhibits a small increase (ca. 2 fold) in 
intraburst switching rates. L2-P14A is of particular inter- 
est: (/) in macroscopic I V studies it is strongly voltage 
activated, despite the absence of the proline-induced 
kink; (ii) in single channel studies intraburst switching of 
L2-P14A is ca. 7 times faster than that of L2; and (iii) 
single channel conductances of L2-P14A are ca. 30-50% 
those of L2. Thus the properties of the open channel are 
considerably altered by loss of the central kink from the 
peptaibol helix. 

Zervamicins  

tionships vs. peptide concentrations yields an estimate of 
N =  14 (in diPhyPC bilayers), i.e. somewhat higher than 
the corresponding value for alamethicin. Thus the shorter 
peptaibol forms larger N bundles. This has also been 
observed with certain 17 residue alamethicin analogues 
(Hall et al. 1984). 

At the single channel level, Zrv-IIB produces bursts of 
multi-level openings. Conductance differences between 
successive levels, AgN, are higher than corresponding val- 
ues for alamethicin. This is predicted by the equivalent 
cylinder model as the length of the pore (and hence its 
electrical resistance) is proportional to the length of the 
peptide. For the higher N values observed Agu values are 
less than those predicted by this model. This has also been 
observed for alamethicin (Boheim 1974). This may be 
explained by proposing that larger N bundles are distort- 
ed away from an ideal cylindrical cross-section towards a 
"torpedo" shape, i.e. the bundles are squashed within the 
plane of the membrane. 

Maximum likelihood analysis of the kinetics of 
switching between adjacent conductance levels (see 
above) reveals this to be about 10 times faster for Zrv-IIB 
than for alamethicin. The rate constant for downwards 
transitions, k m N - ~, is approximately independent of the 
level N, whereas the rate for upwards transitions, kN,N+ 1, 
decreases as N increases (Balaram et al. 1992). 

The synthetic apolar zervamicin derivative, Zrv-A1- 
16, also forms channels (Balaram et al. 1992). However, 
its limited solubility in water means that channels can 
only be observed if the peptaibol is dissolved directly in 
the lipid solution (in pentane) used to form bilayers. 
Voltage-activated channels are seen but, at a nominal 
P: L of 1:100, only two conductance levels were ob- 
served, rather than the multi-level bursts typical of more 
polar peptaibols. 

Overall, the zervamicins form channels comparable to 
those of other peptaibols. This is interesting, given the 
differences in conformation of the C-terminal helix be- 
tween alamethicin and the zervamicins. 

The zervamicins are a family of 16 residue peptaibols 
which, in some respects, resemble other truncated ana- 
logues of alamethicin, e.g. the trichorzianines (19 
residues, Molle et al. 1987; Duclohier et al. 1989). Zrv-IIB 
resembles alamethicin in that its macroscopic I - V  rela- 
tionship is asymmetric, with channel activation occurring 
at cis positive potentials (Balaram et al. 1992). As dis- 
cussed above, this is somewhat surprising given that Zrv- 
IIB has no charged sidechains and so might be expected 
to be activated equally at positive and negative poten- 
tials. Furthermore Zrv-IC, in which the glutamine at po- 
sition 3 of Zrv-IIB is replaced by glutamate (Table l), is 
activated by cis negative potentials. These results have 
important consequences with respect to mechanisms of 
peptaibol channel activation. They suggest that the hy- 
pothesis that charged residues anchor one end of the 
peptaibol helix to the bilayer-aqueous interface whilst the 
uncharged end is free to move into and out of the bilayer 
in response to changes in transbilayer potential may be 
somewhat too simplistic. Analysis of Zrv-IIB I -  V rela- 

Modelling peptaibol channels 

Voltage-dependent activation 

Alternative models. Electrical studies of peptaibols 
demonstrate that voltage-activation results primarily 
from an increase in the number of bursts of multi-level 
channel openings as V is increased. There are several 
contending models to explain this increase (Fig. 6; also 
see Sansom 1991). These may be divided into three broad 
classes, and differ principally in the nature of the voltage 
dependent step. 

Schwarz and coworkers (see e.g. Rizzo et al. 1987; 
Stankowski et al. 1988) have emphasized correlations be- 
tween the effects of ionic strength, lipid composition etc. 
on alamethicin binding to lipid vesicles with the corre- 
sponding effects on steady state I -  V relationships. They 
proposed a mechanism in which voltage-dependent parti- 
tion of alamethicin between the aqueous and bilayer 
phases occurs prior to voltage-independent aggregation of 
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Fig. 6A-D. Voltage-gating models for peptaibol channels. 1, 2 and 
3 show alternative possibilities for the disposition of peptaibol 
monomers (black) in the bilayer (grey) in the absence of a trans- 
bilayer voltage• 1 corresponds to the N-terminal segment of the 
monomer in a hehcal conformation and inserted into the bilayer, 
whilst the C-terminal segment is in an extended conformation. 2 
corresponds to a peptaibol molecule with a pronounced kink be- 
tween the two hehces, with the N-terminal helix inserted in the 
bilayer whilst the C-terminal hehx lies on the bilayer surface. 3 cor- 
responds to the entire peptaibol molecule, with a relatively small 
kink angle, sitting on the bilayer surface. A, B and C are the voltage 
dependent transitions corresponding to 1, 2 and 3, resulting in a 
peptaibol monomer inserted into the bilayer (4). Monomers then 
aggregate within the plane of the bilayer (D) to form transbilayer 
helix bundles (5) 

membrane bound peptide to form channels. There are, 
however, some problems with this model. In particular, 
the spectroscopic studies on which estimates of alame- 
thicin partitioning into the bilayer were based were car- 
ried out at significantly higher P: L ratios than the electri- 
cal measurements, and in the absence of a transbilayer 
potential. Also, the evidence of Archer and Cafiso (1991), 
using spin-labelled alamethicin to investigate partitioning 
into the bilayer of SUVs, fails to support voltage-depen- 
dent partitioning, Under conditions where all of the pep- 
tide was shown to be membrane bound, alamethicin was 
shown to induce transbilayer conductance in a voltage- 
dependent fashion. 

The second class of model invokes a voltage-depen- 
dent conformational change in the alamethicin molecule 
(Fig. 6A, B). Hall et al. (1984) suggested a voltage depen- 
dent/~--*e transition for the C-terminal region of the mol- 
ecule, along with a "hinge-bending" movement to form a 
membrane-spanning helix (Fig. 6.4). A related model was 
proposed by Fox and Richards (1982) in which in the 
absence of a transbilayer voltage the N-terminal portion 
of the alamethicin molecule is inserted into the bilayer in 
a helical conformation. Imposing a voltage fully inserts 
the peptide molecule into the bilayer. Insertion is coupled 
with a conformational change in the C-terminal region of 
the molecule. Both of these models require conforma- 
tional flexibility about the central proline residue. The 
C-terminal region, prior to the voltage-dependent transi- 
tion, may exist either in a more extended conformation 

(Fig. 6.1) or in a helical conformation (Fig. 6.2). Aggre- 
gation of alamethicin molecules may occur prior to the 
conformational transition, as well as subsequent to for- 
mation of transbilayer helices (as in Fig. 6). 

The third class of model suggests that alamethicin he- 
lices reorient relative to the bilayer in response to changes 
in transbilayer potential. There are three variants on this 
class of model. In the "flip-flop" model of Boheim et al. 
(1983) it is proposed that, when V=0, there are anti-par- 
allel bundles of alamethicin helices traversing the bilayer 
(corresponding to closed channels). Upon imposing a 
voltage difference, those helices parallel to the field flip, 
resulting in the formation of parallel helix bundles (open 
channels) and of free monomeric helices. Addition of 
monomers to existing bundles forms higher conductance 
level channels. The model of Mathew and Balaram 
(1983 a, b) is similar in that it proposes a transition be- 
tween anti-parallel and parallel helix bundles. However, 
it allows for expulsion of a central helix which otherwise 
occludes the pore and results in a closed channel aggre- 
gate. The third variant does not involve complete flip- 
flop of transbilayer helices (which might be expected to 
have a high activation energy) but rather reorientation 
from a state in which the helix axis is perpendicular to the 
bilayer normal, to one in which it is parallel to the normal 
(see e.g. Baumann and Mueller 1974; Alvarez and La- 
torre 1981). In this model surface bound alamethicin may 
aggregate to some extent prior to insertion into the bilay- 
er. Again, multi-level channels result from addition/re- 
moval of monomeric units from the helix bundle. 

Of these three classes of models, the conformational 
change and the helix reorientation models provide some- 
what more plausible explanations of voltage activation at 
the molecular level. They will now be examined in detail. 

Hel& dipoles and helix reorientation 

Several authors have discussed the possibility of a signif- 
icant dipole moment associated with an e-helix (Wada 
1976; Hol et al. 1978, 1981; Hol 1985). The helix dipole 
arises from alignment of the molecular dipoles associated 
with the peptide bond. The peptide bond dipole is 3.5 D 
(0.72 e~; 1.1 x 10- 29 Cm), parallel to the O = C and H - N  
bonds. In an e-helix the peptide bond dipoles are aligned 
such that the overall dipole is approximately parallel to 
the helix axis and has a magnitude equal to 90 95% of 
the sum of the constituent peptide dipoles. For example, 
a 20 residue helix has an overall dipole of ca. 63 D. This 
is approximately equivalent to a partial charge of + '/2 at 
the N-terminus and - '/2 at the C-terminus of the helix. 
Note that the helix dipole arises solely from contributions 
of the peptide backbone, and is independent of any dipole 
arising from asymmetric distribution of charged side- 
chains along the length of the helix. 

Molecular dipoles have been estimated experimentally 
for alamethicin and related peptaibols. Combined dielec- 
tric and ultracentrifugation measurements on alame- 
thicin-Rf50 in octanol (Schwarz and Savko 1982a, b) 
suggest that in this environment alamethicin exists pre- 
dominantly as an elongated monomer, of dimensions 



13 A by 35 A, with a dipole of ca. 75 D running parallel 
to the long axis of the molecule. This is equivalent to a 
partial charge of _+ 0.45 at each end of the molecule, and 
so is in reasonable agreement with predictions based on 
a simple e-helical model (also see below). 

Molecular dipoles may also be calculated from atomic 
coordinates and partial charges. Such calculations thus 
incorporate both contributions from the helix dipole and 
from charged and polar sidechains. For alamethicin-Rf30 
and -Rf50 and for zervamicins-IIB and -A1-16, using par- 
tial charges from the Charmm V21.3 force field, dipole 
moments of 141, 79, 64 and 56 D respectively are ob- 
tained. The values for Alm-Ry30 and -Rr50 reveal how 
substitution of Q18 for E18 residue at position 18 results 
in a substantial reduction of the dipole moment. Interest- 
ingly, the calculated value for Alm-Rf50 is very similar to 
the experimental estimate of Schwarz and Savko (1982 a, 
b, above). This lends some confidence to the use of this 
model of Alm-Rr50 in further calculations. 

Estimates of molecular dipoles may be compared with 
measurements of the gating charge per monomer, e, ob- 
tained from analysis of alamethicin I - V  relationships 
(see above). Assuming that upon reorientation the alame- 
thicin molecule lies parallel to the field, and that the en- 
tire fall in electrostatic potential between the two faces of 
the bilayer occurs across the length of the helix, then for 
Alm-Rf30 (# = 141 D) the gating charge per monomer for 
helix reorientation is 0.97 and for Alm-Re50 (/~ = 79 D) it 
is 0.54. These values compare favourably with the exper- 
imental estimates of Hall et al. (1984) for AIm-Re30, 
which ranged from 0.48 to 0.94, depending upon the bi- 
layer thickness. Such correspondence between the pre- 
dicted and experimentally estimated gating charges is 
perhaps the strongest evidence in favour of the helix re- 
orientation model. 

Conformational changes 

The major evidence in favour of a voltage-induced con- 
formational change comes from the results of Brumfeld 
and Miller (1990 - see above). Two possible conforma- 
tional changes require consideration: (/) a fl-strand~e- 
helix transition of the C-terminal region of the molecule; 
and (i/) "hinge-bending" about the proline-induced kink 
altering the relative orientation of the N- and C-terminal 
helices. 

There is little evidence in favour ofa fl--*e transition in 
response to an applied electrostatic field. Early NMR 
studies suggested the possibility of fl structure in the C- 
terminal half of the molecule (Bannerjee et al. 1983) and 
CD studies suggest changes in the percentage helicity of 
peptaibols as a function of solvent. However, there is no 
evidence for an extended fl structure from more recent 
NMR studies or from crystallographic studies. Further- 
more, the percentage helicity estimated from CD mea- 
surements made in the presence of phospholipid vesicles 
is consistent that in the crystal structure. 

The evidence for hinge-bending changes in peptaibol 
conformation is more compelling. Although the crystal 
structure of alamethicin shows only small variations in 
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Fig. 7. "Hinge-bending" of peptaibol molecules. The left-hand 
structure represents Alm-Rf30 in the conformation seen in the crys- 
tal. The arrow indicates the magnitude and direction of the molec- 
ular dipole moment. The right-hand structure represents the "low 
dipole" conformation of Alm-Rr30 obtained via bending about a 
"'hinge" (H) at residue G l l  (see Table 2 and text for details) 

kink angle, the zervamicin structures suggest that greater 
variation is possible. Extending such considerations to 
proline-containing helices in general, there is consider- 
able variation in kink angles. Molecular dynamics studies 
(on alamethicin, melittin and helix-F of bacteriorhodop- 
sin) suggest that hinge-bonding motion may occur on a 
ca. 10 pS timescale. However, this is not supported by 
NMR studies of dynamics, a discrepancy which remains 
to be resolved. Overall it would seem that changes in kink 
angle are possible, but the timescale of such transitions 
remains to be established. 

Is the magnitude of the electrostatic field generated 
across a bilayer by a voltage difference of ca. 100 mV 
sufficient to induce a change in kink angle? One way of 
approaching this is to calculate the molecular dipole as a 
function of kink angle. This has been carried out in a 
simplified manner for Alm-Rf30 and -Rf50 (Sansom, un- 
published results; see Fig. 7 and Table 2). The starting 
points were the crystal structure of Alm-Rr30, and the 
corresponding model (see above) of Alm-Rf50. Residue 
G11 was chosen as a simple "hinge" because its carbonyl 
oxygen does not form an intra-molecular H-bond, and 
because of the conformational flexibility of glycine. A 
simple grid search was performed, varying the backbone 
torsion angles in 20 ° increments. For each resultant struc- 
ture the dipole moment and potential energy were calcu- 



118 

Table 2. Dipole moments and hinge bending Open channel structure 

Alm-Re30 Alm-R~50 

high p low/1 high # low # 

(~b, O) of Gll (°) (-73, (+80, (-71, (+160, 
-26) -100) -28) +160) 

kink angle (o) 38 78 44 55 
E v (kcal/mol) - 64 - 32 - 64 - 61 
E~ (kcal/mol) -616 -611 -661 -636 
# (D) 141 69 79 43 
A U/RT 1.9 0.96 
Pm~n/PLow 6.7 2.6 

E v and E E are the van der Waals and electrostatic energies, respec- 
tively, of the peptaibol molecules, calculated using Quanta and the 
Charmm V21.3 parameter set. A U is the difference in potential 
energy between the high and low # forms of the molecule, with both 
forms of the molecule aligned parallel to a field of 3.3 x ] 0  7 Vm- 1 
(equivalent to a potential difference of 100 mV across a bilayer 
thickness of 3 nm). Pnian/PLow is the relatively probability of the 
high # and low # conformations, calculated using Boltzmann's 
equation and the value of A U tabulated 

lated using Quanta and Charmm V21.3. The structures 
were sorted in order of dipole moment  and those with 
unacceptably high potential energies excluded. For  both 
Rf30 and Rf50 the highest dipole structure was very close 
to the corresponding crystal (or model) structure, and so 
the latter was employed as the "high p"  structure. The 
high/~ and low # structures are compared in Fig. 7 and 
Table 2. From Fig. 7 it is evident that the low # structure 
is higly kinked (kink angle = 78°). F rom Table 2 it can be 
seen that G11 may adopt  (at least) two alternative con- 
formations to generate a low/~, highly kinked structure. 
In both cases the resultant (qS, ~) values for GI1 are 
within the observed range for glycine residues in highly 
refined protein structures (Richardson and Richardson 
a989). 

Using the estimated values of the dipole moments one 
may attempt to calculate the difference in potential ener- 
gy of the high and low # conformations when in an elec- 
trostatic field comparable to that across a lipid bilayer. 
For  a field generated by a voltage drop of  100 mV across 
a distance of 3 nm (i.e. 3.3 x 10 v Vm-1), assuming that 
the alamethicin molecules orient themselves such that 
their dipoles are parallel to the field both before and after 
the conformational change, the results in Table 2 are 
obtained. For  Alm-Rf30 a voltage difference of  100 mV 
will alter the conformational equilibrium by ca. 6 fold in 
favour of  the high # form, whereas for Alm-Rf50 there 
would be a change of ca. 3 fold. This is a rather small shift 
in the equilibrium between the two forms, but if subse- 
quent aggregation within the bilayer was highly coopera- 
tive, it could be sufficient to account for at least a compo- 
nent of  voltage-activation of  alainethicin channels. 

Overall, the balance of evidence seems to favour the 
helix reorientation model for alamethicin activation. 
However, the results of  Brumfeld and Miller (1990) sug- 
gest that helix reorientation may be coupled to a change 
in alamethicin conformation. This conformational 
change is likely to include voltage-induced hinge bending. 

Molecular models. In addition to providing insights into 
possible mechanisms of voltage-activation, knowledge of  
the high resolution structures of several peptaibol 
molecules enables one to develop molecular models of 
open channels. Such models are molecular interpreta- 
tions of the "barrel-stave" proposal of Boheim et al. 
(1983), which has been shown to provide a convincing 
explanation of the multiple conductance levels of  peptai- 
bol channels (see above). Molecular models of  open 
channels may be used as the basis of  e.g. electrostatics 
calculations, and the resultant predictions compared with 
experimentally determined channel properties. 

Hall et al. (1984) described a barrel-stave model which 
incorporated their proposal for a/?~c~ transition upon 
channel activation. In this model the closed channel con- 
sists of an inner/ / -barrel  formed by the C-terminal re- 
gions of the monomers,  surrounded by an outer bundle of 
N-terminal helices. The open channel consists of a bundle 
of  parallel helices, with the possibility of  some fl-structure 
in the C-terminal regions. This model for the open chan- 
nel is similar to that proposed by Fox and Richards 
(1982) in which the open channel is formed by a bundle 
of N =  8 to 12 parallel helices surrounding a central pore. 
The monomers are packed such that their N-terminal 
helices are in close contact whilst their C-terminal helices 
diverge from the pore axis, resulting in a funnel-shaped 
pore with the wider mouth at the C-termini. This arrange- 
ment may enable the E18 residues to be sufficiently sepa- 
rated to overcome destabilising electrostatic repulsions. 
Analysis of the N =  8 bundle suggested stabilisation by an 
annulus of  H-bonds formed by alternating Q7 and H20  
molecules. This is similar to the proposal of  Mathew and 
Balaram (1983a, b) for channel stabilisation via such 
H-bonds. Furthermore,  energy minimization studies 
(Furois-Corbin and Pullman 1988) suggest that Q7-Q7 
H-bonds may stabilize pairing of parallel N-terminal he- 
lices of  alamethicin and of the related peptaibol trichorzi- 
anine. Interestingly, recent CD studies of alamethicin in 
the presence of phospholipid bilayers (Woolley and Wal- 
lace 1993) provide evidence for helix-helix interactions 
between alamethicin monomers. The Fox and Richards 
model also suggests that, in addition to Q7, solvent ex- 
posed carbonyl residues of residues 10 and 11 form part  
of the pore lining. With respect to changes in channel 
conductance it is suggested that in addition to changes in 
N, changes in conformation of  Q7 residues may be im- 
portant.  

Channel-ion interactions 

Electrostatics calculations (Harvey 1989), based on 
molecular models of the open channel structure, can be 
used to look at possible interactions of peptaibol chan- 
nels with ions. Such calculations are of interest given the 
observation of Hall et al. (1984) that alamethicin chan- 
nels are weakly cation selective regardless of the presence 
or absence of charged sidechains in the alamethicin mol- 
ecule. This suggests that the ion selectivity filter is not 



Fig. 8A-D.  Models of Alm-Rr50 channels. A shows Model I for 
an N =  6 bundle. The helices are packed with their C-terminal heli- 
cal segments parallel. The view is from the N-terminal mouth of the 
channel. The sidechains of Q7, Q18 and Q19 are shown. The bundle 
is stabilized by H-bonds between the amide of Q19 and the C-termi- 
nal hydroxyl of the adjacent helix. B shows a space-filling represen- 
tation of two opposite monomers of the same model, viewed down 
a perpendicular to the pore axis. The oxygens and nitrogens of the 
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amlde groups of Q7, Q18 and QI9, and the carbonyl oxygen of G l l  
are shaded. C shows Model II for an N =  6 bundle. The helices are 
packed with their N-terminal helical segments parallel, and the 
model is viewed from the C-terminal mouth of the pore. Bundle-sta- 
bihzing hydrogen bonds involving residues Q7, Q18 and Q19 are 
shown as broken lines. D shows a space-tilling representation of two 
opposite monomers of Model II, in the same manner as in B 

c o m p o s e d  o f  a r ing o f  an ion ic  E18 s idechains.  To investi-  
gate  this fur ther ,  two g roups  o f  mode l s  o f  Alm-Re50 bun-  
dles have  been ana lyzed  (Sansom,  p rev ious ly  u n p u b -  
l ished da t a )  us ing s imi lar  m e t h o d s  to those  descr ibed  in 
S a n s o m  et al. (1993). A lm-Rf50  was selected because  the 
absence  o f  an  ion izab le  E18 res idue r emoved  concerns  
over  local  pKAS o f  ca rboxy l i c  ac id  g roups  loca ted  wi th in  
a t r ansb i l aye r  po re  (see E d m o n d s  1989 for  a d iscuss ion  o f  
some o f  the  complexi t ies  o f  s idechain  ion iza t ion  within 
pores) .  As  discussed above ,  the m o d e l  o f  the A lm-Rf50  

m o n o m e r  was der ived  f rom the crys ta l  s t ruc ture  o f  A l m -  
Rf30. 

M o d e l  I (Fig.  8A ,  B) has  the  C- te rmina l  helices 
p a c k e d  para l le l  to one ano the r ,  so as to fo rm a funnel-  
shaped  pore  wi th  the wider  m o u t h  at  the  N- te rmina l .  
Bundles  wi th  N =  4 to 8 were cons t ruc ted ,  wi th  a C- te rmi-  
nal  hel ix-hel ix s epa ra t i on  o f  9.5 ~ and  wi th  the k inked  
helices o r ien ted  so tha t  the convex  (hydroph i l i c  - see 
above)  faces were d i rec ted  t o w a r d s  the  centre  o f  the pore .  
The  Q18 s idechains  were " o p t i m i z e d "  for  ca t ion  t rans-  
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Fig. 9. A Electrostatic energy profiles for N =  6 A lm-Rf5 0  channel 
models, calculated using ~PROrEIN=2 and 8SOLVENT=78, with an 
ionic strength of 500 raM. The solid line is the profile for a Model I 
channel, the dotted line is the profile for Model II. The approximate 
positions on z (the pore axis) of the N- and C-termini, of  the amide 
groups of Q7 and Q18, and of the carbonyl oxygen of GJ 1 are indi- 
cated at the top of the diagram. Downwards pointing ticks corre- 
spond to Model I, upwards pointing ticks to Model II. B and  C are 
sections through N = 6  Alm-Rf50  channel models (B - Mode l  I; 
C - Mode l  II). The grey polygons indicate the van der Waals en- 
velopes of the peptaibol molecules• The sohd lines are electrostatic 
energy contours, drawn at - J . 5 ,  - 1.0 and  - 0 . 5  kcal/mol. Electro- 
static energies were calculated in the same manner as for A 

port (see Sansom 1992; Sansom et al. 1993) by energy 
minimization in the presence of an adjacent K + ion. The 
bundle is stabilized by van der Waals interactions be- 
tween adjacent helices and by H-bonds from the side- 
chain of Q 19 of one monomer to the terminal hydroxyl of 
the phenylalaninol of the adjacent monomer. From in- 
spection of Fig. 8 B it is evident that the narrowest region 
of the pore is lined by the sidechains of Q18 and Q19, and 
by the exposed carbonyl oxygen of G11. 

Model II (Fig. 8 C, D) is the same as the Fox and 
Richards model in that the N-terminal helices are packed 
parallel to one another• Thus, the wider mouth of the 
pore is at the C-termini. Helix bundles, with an N-ter- 
minal helix-helix separation of 9.5 • and the convex 
faces directed inwards, were generated using N =  4 to 8 
monomers. The bundles are stabilized by H-bonds be- 
tween Q7 residues of adjacent monomers and also by 
QI8-Q19 H-bonds (Fig. 8C). The narrowest region of 
the pore is lined by the sidechain of Q7 and by the ex- 
posed carbonyl oxygen of GJ J (Fig. 8 D). 

Potential energy calculations (Charmm V21.3) were 
used to evaluate the interaction energy at the monomer- 
monomer interface for the bundle models, defined by 
E~T= ED~ER--2E~oNOME R, where EDIMER is the potential 
energy of a dimer taken from a bundle and EMONOMEg is 
the energy of the corresponding monomer. For all values 
of N, interaction energies suggested that model II bundles 
were more stable than model I bundles. Also, for both 
models I and II, E~N T is largely independent of N, sug- 
gesting that stable bundles with differing numbers of 
monomer/bundle may be formed. 

The electrostatic properties of these models have been 
investigated by solving the linearized Poisson-Boltzmann 
equation to obtain the electrostatic potential within the 
central pore. All electrostatics calculations were carried 
out using the UHBD program of Davis et al. (1991). The 
relative dielectric constants of the protein and solvent 
were 2 and 78 respectively, and the ionic strength equiv- 
alent to 500 mM KC1. A 1 ]k grid was used throughout. 
Thus all volumes occupied by protein atoms are modelled 
as a low dielectric medium whereas all solvent-occupied 
volumes are modelled as electrolyte solutions with a De- 
bye length of 4.3 ~ .  Clearly this will overestimate solvent 
and counterion screening of electrostatic interactions 
within the pore. However, given the relatively high con- 
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ductances of peptaibol channels, it provides a reasonable 
first approximation. Electrostatic potentials have been 
converted to energies by using a probe of charge + 1. An 
electric field external to the pore molecule (e.g. the trans- 
bilayer potential) was not included in the calculations. 

Electrostatic energy profiles for model I and model II 
N = 6 bundles are shown in Fig. 9 A. These correspond to 
translation of the probe charge along the pore (i.e. z) axis. 
Corresponding sections through the models, with electro- 
static energy contours and van der Waals envelope super- 
imposed, are shown in Fig. 9 B, C. The energy profile for 
model I (C-terminal helices parallel) shows a major well 
corresponding to the position of the Q18 sidechains and 
a minor well corresponding to the carbonyl oxygen of 
G11. The energy profile for model II shows a somewhat 
deeper well at Q7 and again the well at G11. Examination 
of the sections through the pore confirms the origins of 
the potential wells. Thus, both models provide shallow 
electrostatic wells for a permeant cation. Note that in 
both cases the wells of the order of RTwhich is consistent 
with the relatively high conductance (ca. 1 nS) of the 
N= 6 alamethicin channel. 

Overall, it would seem that both model I and model II 
explain some of the electrical properties of alamethicin 
pores. Consideration of possible inter-helix H-bonds fa- 
vours model II for the open channel. Model II would also 
be favoured for Alm-Rf30 in that it enables the charged 
El8 residues to remain at a reasonable separation from 
one another. For example, in the Rf50 models discussed 
above the separation of C6"18 atoms of adjacent 
monomers is 6.5 A for model I compared with 8.0 ,~ for 
model II, Further evidence for model II arises from the 
studies of Molle et al. (1991) on synthetic alamethicin 
analogues. L4 (see Table 1) differs from L3 in deletion of 
the ionized E18 residue. This deletion results in a rather 
small (only 80%) reduction in single channel conduc- 
tances. This suggests that interactions of permeant ions 
with E18 are weak, which is more consistent with model 
II in which these sidechains are found at the wider mouth 
of the pore. However, these considerations are not con- 
clusive. It is possible that more detailed modelling studies 
will provide a solution to this problem. 

Zervamicin channels 

Molecular modelling studies and (somewhat simpler) 
electrostatics calculations have been carried out for zer- 
vamicin-IIB helix bundles (Sansom et al. 1993) with N=  4 
to 8 parallel helices surrounding a central pore. For this 
peptaibol it was found to be more energetically favour- 
able to pack the monomers with their C-terminal helical 
segments in close contact. The resultant bundles were 
stabilized by hydrogen bonds between glutamine 11 and 
hydroxyproline 10 of adjacent helices. Interaction energy 
profiles (#z vacuo) for movement of three different probes 
species (K +, C1- and water) through the central pore 
where analyzed. The conformations of: (a) the sidechain 
of glutamine 3; (b) the hydroxyl group of hydroxyproline 
10; and (c) the C-terminal hydroxyl group were indepen- 

dently "optimized" in order to maximize favourable in- 
teractions between the channel and the probes, resulting 
in favourable interaction energy profiles for all three. 
This suggests that conformational flexibility of polar 
sidechains may enable the channel lining to mimic an 
aqueous environment, and helps to explain why pepta- 
ibol channels are only weakly ion selective. 

Conclusions 

What then do we know concerning peptaibols and their 
ion channels? From crystallographic and spectroscopic 
studies it is clear that peptaibols form amphipathic he- 
lices when in a membrane-like environment, and that 
these helices are kinked in the region of the central pro- 
line residue. This provides a firm basis on which to model 
the structures of further peptaibols. Concerning the na- 
ture of interactions of peptaibols with bilayers, there is a 
degree of consensus that orientations both perpendicular 
to and parallel to the bilayer plane may be adopted, at 
least in the absence of an applied transbilayer potential. 
The aggregation state of peptaibols when interacting with 
bilayers is less certain. Finally, there now exists a wealth 
of experimental data on the ion channel properties of 
peptaibols. This enables detailed comparisons to be made 
with the channel properties of novel synthetic peptaibols 
and derivatives. 

There are three areas in which significant progress 
seems likely in the near future. Firstly, more information 
is required on the dynamics of peptaibols in different 
environments. Both experimental and simulation studies 
will contribute to such investigations, and the results will 
be of importance in the second area, that of the mecha- 
nism of voltage activation of peptaibol channels. Spec- 
troscopic and molecular dynamics studies of peptaibol 
conformations in the presence of an externally imposed 
electrostatic field will be needed to address the latter 
problem. The third area of enquiry is in determining the 
structure of peptaibol helix bundles. This will enable de- 
tailed investigations of channel-ion interactions and cal- 
culation of free energy profiles for permeant ions (Aqvist 
and Warshel 1989). 

Finally, one should reflect on the relevance of peptai- 
bols to ion channels in general. A molecular understand- 
ing of the transitions underlying voltage gating of Na +, 
K + and Ca 2 + channels will require application of the 
experimental and computational methods currently be- 
ing developed to investigate voltage activation of alame- 
thicin. Studies of mechanisms of helix insertion into bi- 
layers will prove invaluable in understanding the modes 
of action of channel-forming toxins such as colicin 
(Parker et al. 1989) and Bacillus thuringiensis 6-endotoxin 
(Li et al. 1991). As well as stimulating development of 
methodologies, general principles are emerging from in- 
vestigations of peptaibol channels which may apply to 
channel and other transport proteins. Studies of helix 
bundle formation and of the interactions of ions with 
flexible, hydrophilic sidechains may prove of particular 
importance in this wider context. 
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