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Abstract The sequence entries in the Peptaibol Database
were analysed to provide information on compositional
features of this unusual family of peptides. The non-
standard amino acid a-aminoisobutyric acid represents
almost 40% of the residues in all the known sequences.
Glutamine is the only significant polar residue in pep-
taibols, and the position and number of these residues
appear to be related to their functional properties as ion
channels. Aromatic residues are clustered at the termini,
which may contribute to stabilization of the peptide
vertically within the bilayer. The peptide chain length is
strongly weighted towards the longer members of the
family (16–20 residues) and likely to be an important
feature in their mode of action as transmembrane per-
meabilizers. The significant skewing towards even
numbers of residues and the bias in pairwise distribu-
tions of amino acids have implications for the nature of
the in vivo synthesis of these peptides via large non-
ribosomal protein complexes.
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Introduction

Peptaibols constitute a family of peptides that are iso-
lated from soil fungi and exhibit antibacterial and anti-
fungal properties. Many naturally occurring peptaibols
have been isolated and sequenced. Their sequences have
been collected in the Peptaibol Database (http://
www.cryst.bbk.ac.uk/peptaibol) (Whitmore et al. 2003).
Alignment of the sequences and a subsequent grouping

into subfamilies (Chugh and Wallace 2001) have shown
that there is a high degree of residue conservation
amongst members of the subfamilies, especially in the
relative sequence positions of the functionally important
Gln residue.

Peptaibols are non-ribosomally synthesized on very
large protein complexes, which apparently include dif-
ferent modules specific for the addition of different types
of amino acids (Wiest et al. 2002). The amino acid
compositions of peptaibols differ from ribosomally
synthesized proteins owing to the presence of non-
standard, non-coded amino acids, including large
quantities of a-aminoisobutyric acid (Aib), plus isova-
leric acid (Iva) and the imino acid hydroxyproline (Hyp).

Even though they are relatively small molecules, the
peptaibols apparently have regular defined structures
(Toniolo and Benedetti 1991). Few peptaibol crystal and
NMR structures have been solved to date (Fox and
Richards 1982; Esposito et al. 1987; Karle et al. 1991;
Franklin et al. 1994; Toniolo et al. 1994; Karle
et al.1998; Snook et al.1998; Anders et al. 2000; Ba-
lashova et al. 2000; Chugh et al. 2002; Shenkarev et al.
2002; Galbraith et al. 2003), but those that have show a
high preference for helical conformations, with pertur-
bations of the helix around the positions of the imino
acid residues present. Based on theoretical studies
(Prasad and Balaram 1984), the Aib residue has been
proposed to be a strong helix-promoter. The structures
of the peptaibols appear to represent a good experi-
mental verification of this, and it is thought that their
high Aib contents drive their overall structures to be
predominantly helical, regardless of sequence.

It has been proposed that the ‘‘long’’ peptaibols (‡16
residues) insert into membranes as ‘‘barrel staves’’ (Bo-
heim 1974) to form ion channels, thereby giving rise to
their antibiotic properties. Their specificities towards
different target organisms may depend on their se-
quences and chain lengths. Because the ‘‘short’’ peptai-
bols are insufficient in length to span lipid bilayers, they
have been proposed to form different types of aggregates
(perhaps involving two peptide molecules which meet in
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the centre of the membrane) in order to function in a
membrane-active fashion (Toniolo et al. 1996; Chugh
and Wallace 2001).

The distributions and spatial positionings of amino
acids across the whole family of peptaibols have not pre-
viously been addressed, especially with respect to possible
implications for in vivo synthesis via synthetase com-
plexes, and for ion channel formation propensity. The
collection of sequences amassed in the Peptaibol Data-
base is now numerous enough to allow such analyses.

Methods

As of 1 May 2003, the Peptaibol database contained 307 naturally
occurring peptaibol sequences of varying lengths. Many other
peptaibol analogues have been created synthetically; these are not
included in the Peptaibol Database but are included in the Syn-
thetic Antibiotic Peptides Database (Wade and Englund 2002). The
synthetic peptaibols were not, however, considered in the present
study as they do not represent in vivo-produced molecules, and so
would skew analyses that examine the relationship of the sequences
to the biosynthesis by synthetase complexes.

The entire content of the Peptaibol Database was downloaded
and analysed using a simple script written in the Perl programming
language. Where the C-terminal residue was modified (usually to
an alcohol), that residue was considered to be regular for the
purposes of the analysis (i.e. there was no distinction made between
valine and valinol).

Results

Chain length

The 307 sequences in the Peptaibol Database contain a
total of 5117 residues. They range in chain length from 5
to 20 residues. The mean chain length of 16.7 is unlikely
to be of great significance as there is an uneven distri-
bution of the number of sequences of each chain length.
As shown in Fig. 1, some chain lengths are favoured,
with the maximum chain length of 20 having the largest
number of examples, representing more than 30% of the
total sequences. Seventy percent of the sequences have
chain lengths greater than or equal to 16 residues, in a
helical conformation they would be sufficiently long to
span at least some lipid bilayers.

The preference for longer chains lengths may be re-
lated to the membrane-spanning function of many of the
peptaibols. The length distributions in the short pep-
taibols (with a peak at chain length 11) may be related to
the alternative type of membrane insertion model pro-
posed for them. In such cases, short peptaibols would
stack pairwise in order to produce structures sufficiently
long to span the bilayer, with their N-termini associated
in the centre of the membrane, so lengths around 11
residues would be appropriate for this.

There is a strong bias in chain lengths for even
numbers of residues over odd numbers, with 69% of all
peptaibols having even numbers. When separated into
long and short sequences, the skewing is even greater
(89% of the long sequences have even chain lengths).
This suggests that the synthetase complexes may have an
internal pseudosymmetry. Studies on Trichoderma virens
(Wiest et al. 2002) indicate that there is a single syn-
thetase gene with 18 modules (one for each residue in the
longest peptaibol made by this organism) which is
responsible for the synthesis of all the peptaibol isoforms
it produces. The sequence variants are largely due to
multiple specificities of some of the modules, and, by
implication, shorter peptaibols are made by the com-
plexes using only some of the modules.

Residue types

Table 1 indicates the number and frequency of occur-
rences of each residue type. This survey shows that,
approximately 40% of all peptaibol residues are Aib.
Figure 2 shows the relationship between chain length
and number of Aib residues. Each dot indicates that
an example of that ratio exists and the larger dots
show where significant populations of those examples
occur. The Aib content ranges from 14% to 56%; the
short peptaibols generally have a lower percentage of
Aib residues than the long peptaibols, suggesting that
more hydrophobic helix-promoting Aib residues are
required to stabilize longer helices. Interestingly, Aib is
never found in positions 18, 19 or 20 in the long
peptaibols.

The second most frequent amino acid present is glu-
tamine. Glutamine occurs in 86% of the entries and
generally appears in specific places in the sequences,
such as positions 6 or 7, positions n)1 or residue n–6,
where n is the length of the chain. Residues at positions 6
and n–6 would lie at the same depth in the membrane in
opposite leaflets of the bilayer. The Gln6 or Gln7 residue
has been suggested to be the crucial residue in the con-
trol of ion flow through a transmembrane pore (Naga-
oka et al. 1996). Considering the major groups in the
subfamily (SF) classifications, peptaibols in SF1 have
two or three Gln residues, whilst SF2 sequences have
just one. As SF1 constitutes the bulk of peptaibol se-
quences, it is unsurprising that the overall percentage of
glutamine residues is about 10%, or on average two
residues in a 20-residue chain.Fig. 1 The distribution of chain lengths amongst the peptaibols

234



Aromatic amino acids are found infrequently in
peptaibols (they comprise only a total of 4% of the
amino acids present) (Table 1). However, they are
heavily biased in their positional distribution, being
found almost exclusively at either the N- and C-termini,
with only seven (out of a total of 204) examples of
aromatic residues found at any other position in the
sequences of any known peptaibol (Fig. 3). This places
them at the bilayer interface, a position where aromatic
amino acids are frequently found in large membrane

proteins (Wallace and Janes 1999). It has been suggested
(Schiffer et al. 1992) that aromatic amino acids may act
to stabilize transmembrane segments by interaction with
the polar head groups of the membrane lipids; this
would be consistent with the present observation of their
positional distributions.

The residues in the sequences that are not Aib or Gln
are mainly non-polar or aliphatic; polar and charged
amino acids other than glutamine are so underrepre-
sented that altogether they only account for 4% of the
total residues and several amino acids are not found at
all (Table 1). A large aliphatic content would be ex-
pected for transmembrane peptides, the maximization of
hydrophobic interactions providing a driving force for
insertion into the membrane and association with other
peptaibols to form channels.

The pairwise distributions of the amino acids are not
random, with some pairs strongly favoured and some
rarely or never found (Table 2). For example, prolines
are almost exclusively (372/381) preceded by Aib, and
hydroxyprolines (Hyp) are only preceded by one of the
a,a-amino acids (Aib or Iva). Conversely, several of the
more hydrophobic types, i.e. valine and leucine, are
strongly biased against following Aib. Glycine fre-
quently precedes leucine. These non-random pairwise
distributions may suggest a mechanism by which bio-
synthetic incorporation of two-residue units are fa-
voured, and perhaps also contribute to the bias towards
even chain lengths.

A comparison that may be interesting in structural
terms is the relative locations of the Gly and Pro residues,
which can be responsible for producing either kinks in
helices or b-turns. In all the peptaibol sequences exam-
ined, there were no examples of Gly and Pro residues
being adjacent to each other, nor separated by one amino
acid (i.e. Gly-Pro, Pro-Gly, Gly-X-Pro, Pro-X-Gly), nor
Pro preceedingGly by two residues (Pro-X-X-Gly), where
X respresents any other amino acid. However, there are
a large number (130) of examples of the Gly-X-X-Pro

Fig. 2 The distribution of numbers of Aib residues as a function of
peptaibol chain length. Double sized points are shown where there
are more than 10 examples and where those examples constitute at
least 25% of the total examples for that chain length

Fig. 3 The positional distributions of the aromatic amino acids
from the N-terminus, N1, N2, etc., and from the C-terminus, C1,
C2, etc. Because of the differences in chain lengths, each aromatic
residue was only counted against the terminal it was closest to. The
open bars represent phenylalanines and the closed bars represent
tryptophans

Table 1 Overall frequencies of amino acid occurrences. AHMO is
2-amino-6-hydroxy-4-methyl-8-oxodecanoic acid, Lxx and Vxx are
not distinguished between the isomeric pairs leucine/isoleucine and
valine/isovaline, respectively, and ETN is a-amino-a-ethyl-n-pen-
tanoic acid

Residue Occurrences Percentage
of all residues

Aib
Gln
Leu
Ala
Pro
Val
Gly
Iva
Phe
Ile
Lxx
Hyp
Ser
Trp
Glu
Asn
Thr
AHMO
Vxx
EtN
Tyr
Arg
Asp
Cys
His
Lys
Met

1968
551
443
406
390
281
226
174
164
109
105
101
57
40
38
30
17
7
7
2
1
0
0
0
0
0
0

38.5
10.8
8.7
7.9
7.6
5.5
4.4
3.4
3.2
2.1
2.1
2.0
1.1
0.8
0.7
0.6
0.3
0.1
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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motif, whichwould be structurally compatible with a kink
motif, but is very different than the classical turn (espe-
cially type II) pattern of X-Pro-Gly-X. This may be why
the prolines in peptaibols tend to form distortions to the
helical segments, but do not produce turns in any of the
structures thus far seen.

Discussion

The large numbers of peptaibol sequences identified thus
far are derived from a relatively small number of bio-
logical sources. They represent a rich source of ‘‘mu-
tant’’ peptides which enable structure–function studies,
especially of ion channels (Sansom 1993; Wallace 2000).
Peptaibol function appears to stem from three key as-
pects of their sequences, namely that the positions of the
important glutamine residues are conserved, that they
contain enough Aib to force a helical configuration and
that they are overwhelmingly aliphatic to promote
membrane insertion. The wide variations in the peptai-
bol sequences indicate that the positionings of the ali-
phatic residues in the peptaibol sequences are relatively
unimportant.

The abundance of the characteristic amino acid Aib
present in the known sequences of peptaibols varies
from 14% to 56%, with a mean of 38%. Long peptai-
bols generally have a higher percentage of Aib residues
than shorter ones. Long peptaibols also are more fre-
quently found in the database than short ones, with the
maximum sequence length of 20 also being the most
frequent length. The distribution of residues across all
the sequences showed that glutamine was the only sig-
nificant polar residue to be incorporated, a further
indication that the peptaibol function is dictated by the
positioning of glutamine residues. The sequences of

peptaibols are mostly aliphatic, which gives impetus to
membrane insertion and stability to transmembrane
configurations. The stability may be augmented by the
presence of aromatic amino acids at the termini, a fre-
quent occurrence. The patterns of amino acid pairs ob-
served and the high-frequency of even-numbered residue
lengths suggest an internal pseudosymmetry present in
the large synthetase complexes which produce the pep-
taibols in vivo.
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