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Modeling the ion channel structure of cecropin
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ABSTRACT  Atomic-scale computer models were developed for how cecropin peptides may assemble in membranes to form two types of
ion channels. The models are based on experimental data and physiochemical principles. Initially, cecropin peptides, in a helix-bend-helix
motif, were arranged as antiparallel dimers to position conserved residues of adjacent monomers in contact. The dimers were postulated
to bind to the membrane with the NH,-terminal helices sunken into the head-group layer and the COOH-terminal helices spanning the
hydrophobic core. This causes a thinning of the top lipid layer of the membrane. A collection of the membrane bound dimers were then
used to form the type | channel structure, with the pore formed by the transmembrane COOH-terminal helices. Type | channels were then
assembled into a hexagonal lattice to explain the large number of peptides that bind to the bacterium. A concerted conformational
change of a type | channel leads to the larger type Il channel, in which the pore is formed by the NH,-terminal helices. By having the
dimers move together, the NH,-terminal helices are inserted into the hydrophobic core without having to desolvate the charged residues.

It is also shown how this could bring lipid head-groups into the pore lining.

INTRODUCTION

Cecropins are antimicrobial peptides identified as part of
the immune response of three silkworm species (Hyalo-
phora cecropia, Antheraea pernyi, and Bombyx mori)
(1-5). There are three types of cecropin, A, B, and D,
with 35-38 residues (see Fig. 1). In addition to Kkilling
bacteria, the cecropins have been shown to permeabilize
liposomes and to form anion selective channels in lipid
bilayers (6, 7). Other naturally occurring peptides that
have been shown to form ion channels include alamethi-
cin (8), magainin (9), é-lysin (10), defensin (11), and
pardaxin (12).

The secondary structure of cecropin was predicted to
have a helix-bend-helix motif from sequence analysis
and circular dichroism measurements (13, 14). This was
confirmed for cecropin A in reduced polarity solvent by
two-dimensional nuclear magnetic resonance (NMR)
analysis (15). The NH,-terminal helix has a net positive
formal charge (+6e in cecropin A) and is amphipathic,
whereas the COOH-terminal helix is less charged (+1e
in cecropin A and D and neutral in cecropin B) and is
more hydrophobic. The hinge between the helices is
formed by the Gly 23 and Pro 24 residues, which are
conserved in all of the cecropin sequences. Christensen
et al. (7) and Fink et al. (16) have proposed models for
how cecropin would initially bind to the membrane and
form ion channels. In summary, the positively charged
NH,-terminal helices bind to negatively charged head-
groups on the membrane surface and the hydrophobic
COOH-terminal helices insert into the membrane core.
Then, the application of a positive potential, on the same
side of the membrane as the peptides, pushes the posi-
tively charged NH,-terminal helices into the membrane.
The channel would be formed by the association of mul-
tiple transmembrane NH,-terminal helices, such that
the hydrophilic residues form the aqueous pore and the
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hydrophobic residues are in contact with the aliphatic
phase of the membrane.

Building on these ideas, we have developed atomic-
scale computer models of cecropin ion channel struc-
tures. The models are designated either type I or type 11
to indicate whether the pores are formed by the COOH-
or NH,-terminal helices, respectively. In addition to
standard prediction methods and theoretical principles,
the models were developed from the following experi-
mental findings:

(a) There is a high degree of sequence conservation in
the NH,-terminal and hinge regions of the cecropins and
among the homologous bactericidin and sarcotoxin se-
quences, whereas the COOH-terminal region is less well
conserved (17).

(b) The ion channels are voltage dependent, and the
hinge region is required for this behavior. The chimeric
cecropin AD peptide (which has the first 11 residues
from H.c. cecropin A and the final 26 residues from H.c.
cecropin D) displays a symmetric current-voltage curve.
In addition, the cecropin AD and B peptides form chan-
nels with two distinct conduction states. The ability of
cecropin to form channels is considerably greater for neg-
atively charged membranes than for positively charged
ones (7).

(¢) The ability of cecropin to disrupt liposomes and
form ion channels correlates with the antibacterial activ-
ity. A positively charged NH,-terminal helix, a hydro-
phobic COOH-terminal helix, and the intervening hinge
are important structural elements for activity. Substitu-
tion of the conserved Trp 2 to a nonaromatic residue
greatly decreases activity. A large number of cecropin
molecules must be bound to the bacterial membrane to
cause lysis. The calculated membrane surface area per
bound cecropin A peptide at the 50% lethal dose concen-
tration (LD50) is 660 A2/peptide for Escherichia coli
and 400 A2/peptide for Bacillus megaterium (6, 7, 16,
18, 19).
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METHODS

The guiding principles in designing the multimeric peptide models
were to maximize the number of contacts between conserved residues,
maximize the number of salt-bridges and hydrogen bonds, avoid inter-
nal cavities, and to position the hydrophobic and hydrophilic residues
in the correct polarity environments.

Protein structure

The first step was to fold the peptide monomer into the helix-bend-he-
lix motif determined for the solution conformation of cecropin A by
NMR (15). Deviating from the NMR results, the NH,-terminal helix
was formed between residues 4 and 22, rather than between 5 and 21.
This was to account for the presence of Asn 3 and Pro 4 in cecropin D,
which are the most common residues to form the NH,-terminal cap
and start of an a-helix (20). Likewise, all of the cecropins have the Ala
22 residue, which has a high propensity for a-helix conformation (20).
The COOH-terminal helix was formed from the conserved Pro 24 resi-
due to the end of the peptide, as indicated by the NMR results. The
helices were formed by applying the standard o-helix phi, psi, and
omega angles to the peptide backbone. The side-chains were given the
conformations that occur most commonly in a-helices.

The next steps were to form an antiparallel dimer from two peptides
and then use multiple dimers to construct channels. An iterative proce-
dure of “manual” adjustment and automated energy minimization of
side-chain and backbone conformations was used to eliminate atomic
overlap and unfavorable charge and polarity interactions. This also
served to maximize van der Waals contact, remove internal cavities
and gaps between adjacent helices, and increase the number of sait-
bridges and hydrogen bonds. To reduce the computational time, large
structures were modeled from a relatively small asymmetric unit and
energy minimized with symmetric images. It should be noted that the
use of symmetry provided a constraint on the number of possible mul-
timeric structures.

Energy minimization

Energy minimization was carried out with the CHARMM molecular
mechanics program (Molecular Simulations, Waltham, MA) (21).
The polar hydrogen /extended atom topology and PARM30 parameter
sets supplied by Molecular Simulations were used. Except for a dis-
tance-dependent dielectric constant, no attempt was made to include
the effects of the solvent in the potential energy calculations. Likewise,
except for explicitly placed phosphatidylserine and phosphatidyletha-
nolamine molecules, no attempt was made to include the effects of the
membrane in the calculations. To compensate for the lack of hydro-
phobic forces in the energy function, special attention was given to
positioning the side-chains in the correct polarity environments. For
example, hydrophobic residues were made to contact other hydropho-
bic residues or lipid alkyl chains, and hydrophilic residues were made
to contact other hydrophilic residues, the solvent, or lipid head-groups.
The only goal of the energy minimization procedure was to optimize
packing; no attempt was made to judge the correctness of a structure
from its relative potential energy.

RESULTS

Sequence analysis

Fig. 1 shows the alignment of the cecropin A, B, and D
sequences with the related bactericidin (from tobacco
hornworm) (22) and sarcotoxin (from flesh fly) (23)
peptides. The sequences are very similar with many of
the substitutions being conservative. Four residues in the
NH,-terminal region are identical among all of the se-

Cecropins 1 5 10 15 20 25 30 35

H.c. A KWK1FKkIBKvGONIRDGITIkAGPAVavVGgAtqIaK-nh,
H.c. B KWKvFKKkIEKMGRNIRNGIVKAGPAIavLGeAkaLg-nh,
A.p. B KWKiFKkIBKVGRNIRNGIIkAGPAVavLGeAkaLs-nh,
B.m. B RWKiPKkIRKMGRNIRDGIVKAGPAIevLGsAkal-nh,
H.c. D -WNpFKeLEKVGQrVRDAVIsSAGPAVatVAgAtaLaK-nh,
A.p. D ~WNpFKeLERaGQrVRDAIIsAGPAVatVAgAtaLaK-nh,
Bactericidins

M.s. 2 -WNpFKeLERaGQrVRDAVIsAaPAVatVGgAaalaR-nh,
M.s. 3 -WNpFKeLERaGQrVRDAIIsAGPAVatVGgAaaIla-nh,
M.s. 4 ~WNpFKeLERaGQrVRDAIIsAaPAVatVGgAaalaR-nh,
Sarcotoxins

S.p. Ia gWlkKigKkIERvGQhtRDAtIgAlgiaqggaAnvaataRg-nh,
S.p. Ib gWlkKigKkIERVGQhtRDAtIgvigvaggaAnvaataR-nh,
S.p. Ic gWlrKigKRkIBRVGQhtRDAtIgvlgiaggaAnvaataR-nh,

FIGURE | Sequence alignment of cecropin A, B, and D (from Hyalo-
phora cecropia, Bombyx mori, and Antheraea pernyi) with bacterici-
dins (from Manduca sexta) and sarcotoxins (from Sarcophaga pere-
grina). Residues identical among the cecropins and that also occur in
the other sequences are indicated as bold capital letters. Single conserva-
tive substitutions among the cecropins and that also occur in the other
sequences are indicated as regular capital letters. The PAM120 muta-
tion matrix was used to judge conservative substitutions (33).

quences (Lys 6, Glu 9, Gly 12, and Arg 16). There are an
additional seven residues that are identical among the
cecropins (Trp 2, Phe 5, Ala 22, Gly 23, Pro 24, Ala 25,
and Ala 32). The Ala 22-Gly 23-Pro 24-Ala 25 hinge
sequence (described above) is among the latter group.
Although the hinge is not strictly conserved among the
superfamily, the other peptides have helix breaking gly-
cine and/or proline residues at this location. Consider-
ing the overall similarity, it is likely that the bactericidin
and sarcotoxin peptides adopt similar structures to the
cecropins and act to lyse bacterial cell membranes in an
analogous manner.

Fig. 2 shows the pattern of conserved residues around
the NH,-terminal helix of cecropin A. The feature of
unilateral conservation is seen, where the identical resi-
dues among the cecropin sequences are clustered along
one face of the helix. The sites of single conservative
substitutions radiate from the identical residues around
both sides of the helix. Fig. 2 also shows the sharp parti-
tioning of hydrophilic and hydrophobic residues around
the NH,-terminal helix (previously described by Steiner
[13] and Merrifield et al. [14]). This amphipathic pat-
tern is a commonly observed feature of membrane
bound peptides. The COOH-terminal helix is less am-
phipathic with the hydrophobic surface being at least
twice as large as the hydrophilic surface (not shown).

Dimer model

It is generally observed that conserved residues play im-
portant roles in protein structure and function and are
often involved in interprotein contacts in oligomeric
structures (24, 25). Based on this principle, an antiparal-
lel dimer model was constructed to place the highly con-
served NH,-terminal helix residues (those conserved
among the superfamily) in contact with each other. (It is
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hydrophobic

hydrophilic

FIGURE2 Helical wheel projection of the NH,-terminal sequence ( res-
idues 4-21) of cecropin A. The residues identical within the cecropins
(Fig. 1) are shaded dark gray, and the residues at locations of conserva-
tive single substitutions are shaded light gray.

unlikely that the conserved residues in cecropin are in-
volved in binding to a membrane bound receptor or
other protein, because the all-D amino acid enantiomer
of cecropin A was found to have the same antibacterial
activity as the native, all-L form [26].) Fig. 3 a shows the
dimer in a schematic of the bilayer membrane (this is
similar to the initial bound states proposed by Christen-
sen et al. [7] and Fink et al. [16]). The NH,-terminal
helices are sunken into the head-group layer of the mem-
brane, and the COOH-terminal helices span the alipha-
tic phase of the membrane. Fig. 3 b displays a top view of
the NH,-terminal helices coded for sequence conserva-
tion. The dimer configuration allows for two salt-bridges
to be formed between the conserved Glu 9 and Arg 16
residues of opposite cecropin strands. The conserved
Phe 5 residues rest on top of the conserved Pro 24 resi-
dues of the adjacent peptides. The NH,-terminal helices
were found to pack best in the cross-ridge motif with a
crossing angle of —20° (27) (in contrast to the knobs-
into-holes [28] and ridges-into-grooves [27] motifs).
The close packing of the helices is facilitated by the
small, conserved Gly 12 residues near the intersection.
Fig. 4 a shows the pattern of hydrophilic and hydro-
phobic residues on the dimer surface. When bound to
the membrane, the hydrophilic residues of the NH-ter-
minal helices are in contact with the polar head-groups
of the lipid molecules on the sides and with the solvent
molecules on the top. The hydrophobic residues on the
bottom of the NH,-terminal helices are in contact with
the lipid alkyl chains. Fig. 4, b and ¢ show explicit con-
formations for how phosphatidylethanolamine mole-
cules may bind to the dimer. The lipid molecules of the
bottom half of the membrane bilayer are assumed to be

in the regular, perpendicular orientation and are not
shown. Because the NH,-terminal helices are sunken
into the top head-group layer of the membrane, the alkyl
chains of the lipid molecules fold underneath the dimer.
This has the result of thinning the top lipid monolayer of
the membrane. The thinning of the top monolayer al-
lows the 25 A long COOH-terminal helices to com-
pletely span the alkyl phase of the membrane, which is
normally ~30 A thick.

Type | channel

The simplest type of channel structure we envisioned is
shown in Fig. 5, in which six of the membrane bound
dimers are arranged in a circular pattern like the spokes
of a wheel. The pore is formed by the six adjacent
COOH-terminal helices, with the polar faces oriented
toward the center. Fig. 5 b shows a detailed top view of
the pore structure. The narrowest part of the pore is
formed by the six Gin 31 and Gln 34 residues, which
form two stacked, hydrogen bonded rings (see also Fig. 3
a). A similar single ring structure occurs in models of the
alamethicin channel, in which the GIn 7 residues are
postulated to regulate the pore size and conductance
(29). It should be noted that alamethicin has a weak

N-terminal helices

FIGURE 3 Antiparallel dimer of cecropin A. (a) Position of the dimer
in membrane bilayer. (5) Top view coded for sequence conservation.
The residues identical within the cecropin sequences are shaded dark
gray, and the residues at locations of conservative single substitutions
are shaded light gray.
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FIGURE 4 Interaction of cecropin dimer with membrane lipids. (a)
Distribution of hydrophilic and hydrophobic residues on the dimer.
The hydrophilic residues are shaded gray. (5) Side view of phosphati-
dylethanolamine lipid molecules bound to dimer. The bottom mono-
layer of the membrane lipids is not shown. The lipid head-groups are
shaded dark gray, and the alkyl chains are shaded light gray. (¢) End-on
view of membrane bound dimer. The front COOH-terminal helix was
removed to expose the underlying alkyl chains.

FIGURE 5 Top view of the type I channel model of cecropin A. (a)
One peptide in each of the dimers is shaded. (b) Detailed view of the
pore structure. The Trp 2, Lys 3, Phe 5, GIn 31, and Gln 34 residues are
labeled. The Lys 1 and Asp 9 sidechains were removed to expose the
Trp 2 and Phe 5 residues. The Ile 8 residues are beneath the Trp 2
residues.

cation selectivity, whereas the chimeric cecropin AD has
a weak anion selectivity (Cl~/Na* = 2:1) (7). However,
the anion selectivity in cecropin may be due to the rings
of positively charged Lys 1, Lys 3, and Lys 37 residues
around the pore entrances. Glutamine residues also have
been postulated to play a role in the gating mechanism of
the [Leu']zervamicin channel (30). In the type I model
of cecropin A, the inner diameter of the glutamine rings
is 5.6 A, which is large enough to allow the passage of
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FIGURE 6 Top view of hexagonal lattice structure of cecropin A. The
NH,- and COOH-terminal helices of the peptides are displayed as cylin-
ders for clarity. A complete type I channel is highlighted in dark and
light grey. The COOH-terminal helices form the pores at the sites of
sixfold symmetry.

solvated Na* and Cl~ ions. This is similar to the frog
muscle endplate acetylcholine-activated receptor chan-
nel, which has an experimentally determined minimum
diameter of 6.4 A (31). It should be pointed out, how-
ever, that we cannot predict the exact number of dimers
that will be involved in forming the type I pores. How-
ever, pores of type I channel models built with less than
four dimers (not shown) appear too small to conduct
ions.

As seen in Fig. 5 b, the conserved Trp 2 residue from
one dimer fits into a hydrophobic pocket formed from
the conserved Phe 5 and Ile 8 residues (1.eu 8 in cecropin
D) of the adjacent dimer (located clockwise looking
from the top: the Ile 8 residue is directly underneath the
Trp 2 residue). This packing occurs in six symmetric
locations around the mouth of the pore. The formation
of these hydrophobic interactions serve to stabilize the
channel structure. This would explain why the substitu-
tion of Trp 2 to first a phenylalanine and then a gluta-
mate residue leads to a progressive reduction in antibac-
terial activity (18).

As shown in Fig. 6, the sixfold symmetry of the type I
model naturally lends itself to the formation of a hexago-
nal lattice, in which each monomer has identical interac-
tions with the surrounding molecules. In this structure, a
transmembrane pore is formed at each site of sixfold
symmetry by six COOH-terminal helices. The lipid
head-groups (not shown) would be sequestered in the
triangular regions between the NH,-terminal helices.

The thinning of the top layer of the membrane described
for the bound dimer (see above) would be extended over
the range of the lattice. The membrane surface area per
peptide in the type I lattice is 453 A2/peptide, which
corresponds to the areas calculated for the LD50 concen-
trations of cecropin A with E. coli and B. megaterium
(660 and 400 AZ/peptide) (6).

Type |l channels

The second class of channel models (type II) have the
pore formed from the NH,-terminal helices rather than
from the COOH-terminal helices. Channels of this type
have been proposed by Christensen et al. (7) and Fink et
al. (16). An important consideration in forming the type
II models is that the NH,-terminal helices are highly
charged (e.g., cecropin A has 8 positive and 2 negative
formal charges). It is unlikely that the NH,-terminal he-
lices would insert individually into the hydrophobic
phase of the membrane and then form the channel, be-
cause this would require a considerable amount of en-
ergy to remove the bound water molecules and lipid
head-groups from the charged residues. Instead, Fig. 7
diagrams a concerted conformational change by which
the hydrophilic residues of the NH,-terminal helices can
move from the membrane surface to the pore lining
without encountering the hydrophobic phase of the
membrane. The relative orientations of the two NH,-ter-
minal helices in the dimers, and thus the contacts be-
tween the conserved residues (see Fig. 3 b), are main-
tained between the type I to type II models. Fig. 7 a

FIGURE 7 Conformational change from the type I to type II channel
structures. Cross-sections through the (a) type I, () type Ila, and (¢)
type IIb models.
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shows a cross-section of the type I channel in Fig. 5. Fig.
7 b illustrates the type Ila channel, in which the central
COOH-terminal helices have moved to the opposite side
of the membrane and the NH,-terminal helices are at a
45° angle to the membrane plane. Fig. 7 c illustrates the
type IIb channel, in which the outer COOH-terminal
helices have moved to the top membrane surface and the
NH,-terminal helices are perpendicular to the mem-
brane plane. The NH,-terminal helices are 35 A long,
which enables them to completely span the membrane
core.

The type I1a and IIb channels are shown in Fig. 8 (the
peptides are displayed as cylinders for clarity). In the
figures, the channels are surrounded by six dimers in the
type I orientation, which shows how both type I and 1I
channels can be incorporated in the lattice structure of
Fig. 6. The net positive charge of the NH,-terminal he-
lices, which form the pores of the type II channels, would
likely cause the observed anion selectivity (7). Unlike
the type I and type Ila models, the structure of the type
IIb channel is symmetric with respect to both sides of the
membrane. This would likely cause a symmetric
current-voltage curve similar to that observed for the ce-
cropin AD peptide (7). The pore size of the type Il mod-
els is larger than the type I model (11 and 15 A for the
narrowest regions of the type Ila and IIb channels versus
5.6 A for the type I channel). The fact that the cecropin
AD peptide displays two distinct conductance states (0.4
and 1.93 nS) (7) suggests that both the type I and II
channel structures are possible for this chimeric peptide.

Fig. 8 b shows a cross-section of the type Ila channel.
This demonstrates how the lipid head-groups, which are
bound to the sides of the NH,-terminal helices in the
type I model, could be brought into the lining of the type
II pores. In going to the type IIb channel, the head-
groups could either move back to the membrane surface
or remain bound to the sides of the NH,-terminal he-
lices. The possibility of lipids being incorporated into the
pores of peptide channels deserves some attention, as the
size and charges of the head-groups may influence the
ion gating and selectivity.

DISCUSSION

The purpose of this work was to assimilate what is
known and inferred about the structure and function of
cecropin into three-dimensional computer models,
which can then be used to design further experiments.
The use of an atomic-scale versus a more generalized
model enables the investigator to determine what struc-
tures are sterically possible. In evaluating this work it is
important to assess the validity of the basic principles
and assumptions, the uniqueness of the resulting mod-
els, how they compare with previous models, and what
insights and experiments they suggest.

The first assumption was that each peptide has the
helix-bend-helix secondary structure motif predicted by

FIGURE 8 Type II channel models. The NH,- and COOH-terminal
helices are shown as cylinders for clarity. The lipid head-groups are
shaded dark gray, and the alkyl chains are shaded light gray. (a) Top
view of the type lla channel. () Side view cut-away of the type Ila
channel. (¢) Top view of type IIb channel.

sequence analysis and circular dichroism spectroscopy
(13, 14) and determined by NMR in reduced polarity
solvent (15).

The next step was to use the sequence and secondary
structure information to predict how cecropin peptides
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would bind to the membrane and combine with each
other. Because of the amphipathic character (Fig. 2), the
NH,-terminal helices are expected to lie parallel in the
hydrophilic head-group/hydrophobic alkyl-chain inter-
face of the membrane. This satisfies the thermodynamic
constraint that the hydrophilic residues are in contact
with the polar head-groups and/or water and the hydro-
phobic residues are in contact with the alkyl-chains
(7, 16).

The pattern of amino acid conservation was then used
to predict the most plausible interaction between cecro-
pin peptides. The main assumption was that the con-
served residues play important roles in the structure
and/or function of the protein (25, 26). As seen in Fig.
2, the zone of conserved residues in the NH,-terminal
helix of cecropin A straddles one of the interfaces be-
tween the hydrophobic and hydrophilic residues. This is
in contrast to most amphipathic helices in soluble pro-
teins, for which primarily the hydrophobic face is con-
served, and for most transmembrane helices in integral
membrane proteins, for which primarily the hydrophilic
face is conserved. If the linear-helix structure is accepted
for the NH,-terminal region of cecropin, then it is impos-
sible for the conserved residues to be involved in con-
tacts within a single peptide. Likewise, the finding that
the all L- and D-amino acid forms of cecropin have simi-
lar activity (26 ) indicates that the conserved residues are
also not involved in binding to a hitherto unknown
membrane protein and/or receptor. Thus, the con-
served residues are likely involved in binding multiple
peptides together. Given the orientation of the NH,-ter-
minal helices parallel to the membrane, and the spread
of the conserved residues along only one of the hydro-
phobic/hydrophilic interfaces, the only way to bring the
conserved helix surfaces together is to form an antiparal-
lel dimer (see Fig. 3). As described in Methods and Re-
sults, the specific interhelical orientation and residue
contacts were dictated by optimization of the packing.
Thus, it is seen how basic assumptions, theoretical princi-
ples, and experimental data are combined to form a
unique model for cecropin aggregation in the mem-
brane.

A number of experiments could be done to test
whether antiparallel dimers form between membrane-
bound cecropin peptides. For example, the model in Fig.
3 can be used to predict where cysteine residues could be
substituted into the sequence to form detectable disul-
fide bridges between the NH,-terminal helices. Likewise,
fluorescent probes could be added to measure distances
by energy transfer. As also described in Fig. 3, salt-
bridges are predicted to form between the conserved Glu
9 and Arg 16 residues. The substitution of either of these
residues to one of opposite or neutral charge should re-
duce the binding of the peptides and thus reduce the
activity. In contrast, simultaneously mutating Glu 9 to
arginine and Arg 16 to glutamate might maintain the
peptide binding affinities and measured activity.

The antiparallel dimer model is a unique structure de-
veloped from the principles and procedures outlined
above. However, the prediction of the channel structure
is less well defined. The first assumption was that the
channels are built from a collection of the dimer sub-
units. This is reasonable if the dimer is accepted to be a
stable, low energy structure. Given that the channels are
constructed of identical subunits, it is reasonable to as-
sume that the channels have a rotational axis of sym-
metry down the center of the pore. These two assump-
tions drastically reduce the number of different channel
structures that can be imagined. Unfortunately, the num-
ber of cecropin peptides that actually form a channel
structure is not experimentally known. This information
would also help to limit the number of possible models.
We have chosen to illustrate the type I and type II chan-
nel models with six dimers, because this produces reason-
able pore dimensions and forms a simple hexagonal lat-
tice. Four dimers are predicted to be the lower limit,
because type I channel structures built with less than
four dimers appear not to have pores large enough to
conduct ions.

It is also unknown whether the pore of the channel is
formed by the NH,- or COOH-terminal helices. Chris-
tensen et al. (7) and Fink et al. (16) have proposed that
the pore is formed by the positively charged NH,-termi-
nal helices, due to the requirement of a positive potential
on the same side of the membrane as the added peptides
for conductance. However, the COOH-terminal helices
also have a positive charge at the end, due to a lysine
residue and COOH-terminal amidation (see Fig. 1), and
the positive potential requirement could also reflect the
insertion and/or alignment of these helices into the hy-
drophobic phase of the membrane. In either case, Fig. 7
demonstrates how the NH,-terminal helices could be in-
serted into the membrane core and form a pore without
having to desolvate the charged residues. It should be
noted, however, that the observation of two distinct con-
duction states for the cecropin AD peptide ( 7) supports
the hypothesis that both the type I and II channels, which
have different sized pores, are physiologically active.

The type I and II channel models can be used to sug-
gest experiments to determine whether the active pores
are formed by the NH,- or COOH-terminal helices or
whether both types of channels exist. For example, in the
type I model of cecropin A (Fig. 5) the narrowest region
of the pore is formed by two hydrogen bonded rings of
the Gin 31 and GlIn 34 residues. If this type of pore does
exist, then the substitution of the glutamines to residues
of different size and/or charge should affect the current
and/or selectivity. Likewise, mutations of the hydro-
philic residues of the NH,-terminal helices should affect
the conductance properties if the type II model pore is
active. It was also described how lipid head-groups could
be incorporated into the lining of the type II pore (Fig.
8). If this does occur, then changes in the charge and/or
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size of the head-groups should also affect the conduction
properties of the type II pore.

An interesting question about the activity of cecropin
(and magainin as well) is why such a large number of
peptides are required to be bound to the bacterium to be
lethal. Steiner et al. (6) estimated that the quantity of
bound cecropin molecules is sufficient to form a mono-
layer over the membrane surface. This is in contrast to
the protein colicin (32), for which only one bound mole-
cule may be lethal. Citing the similar concentration and
sequence dependencies for channel formation and anti-
bacterial activity, Christensen et al. (7) concluded that
the main lethal effect of cecropin is the formation of ion
channels in the bacterial membrane. Although not rul-
ing out the initial formation of pores, the high density of
bound peptides led Steiner et al. (6) to suggest that the
main lethal effect is the disintegration of the membrane.
It would seem that if Christensen et al. (7) is right, then
the channels would be formed only when the peptide
density on the membrane is high. This is because even a
few large channels formed at low peptide density would
likely be lethal.

We formulated the channel models as part of a lattice
(Fig. 6) to accommodate the calculated high packing
density of the peptides on the membrane surface (6). It
must be noted that there is no experimental evidence for
a regularized lattice structure. However, the formation
of at least a partial lattice would not be unexpected, as
this would be an evenly distributed, low energy struc-
ture. The hexagonal geometry was chosen for illustration
purposes because it provides reasonable pore dimen-
sions for cecropin A and AD (5.6 and 15 A) based on
their conductances (7) and in comparison with other
channels. However, a smaller square lattice gecometry
may be appropriate for the cecropin B and D peptides,
which have lower single channel conductances than ce-
cropin A (0.035, 0.026, and 0.007 versus 0.16 nS) (7). It
was described how the binding of the peptides leads to
thinning of the top lipid monolayer of the membrane
over the extent of the lattice. This phenomenon could
facilitate the membrane disintegration proposed by
Steiner et al. (6). It would be of considerable interest to
attempt to grow two-dimensional crystals of cecropin
and measure the unit-cell dimensions. If the lattice does
exist, then this information would provide useful con-
straints for model development.

It is important to consider that the formation of an
extended type I lattice, in which the NH,-terminal he-
lices of cecropin are sunken in between the headgroups,
would cause an expansion of the outer lipid monolayer
of the bacterial cell membrane. Since the outer and inner
membrane monolayers are geometrically constrained to
have approximately the same surface area, the expansion
pressure may drive the formation of the type II channels,
which affect both sides of the bilayer equally. This mecha-
nism could explain why many cecropin peptides must
bind to the cell to be lethal and agrees with the postulate

of Christensen et al. (7) and Fink et al. (16) that the
NH,-terminal helices must be inserted into the mem-
brane to cause cell death. It should be noted that the
expansion-pressure mechanism would not occur in the
planer bilayer system in vitro, in which the cis and rrans
monolayers can expand independently. This could ex-
plain the positive voltage requirement for conductance
observed by Christensen et al. (7) for the in vitro system.

The models presented here for the cecropin channels
are the best we could develop that satisfy the experimen-
tal data and physiochemical principles (see Methods).
Unfortunately, there does not currently exists a compre-
hensive method to systematically search and determine
the most probable channel structures. Ideally, the likeli-
hoods of proposed models would be ranked by their rela-
tive free energies. However, it is presently beyond the
scope of computer simulations to calculate free energy
differences for systems of this size, which must include
both enthalpic and entropic contributions to the interac-
tions between the peptides, lipids, water, ions, and mem-
brane voltage. This being the case, we would like to stress
that even if the overall peptide configurations are
correct, then the models should only be considered as
approximations of the actual atomic structure. This is
especially true for the lipid molecules, which were used
to determine possible modes of peptide binding to the
membrane. In reality, the lipids are expected to undergo
large and continuous conformational changes. Despite
these shortcomings, the channel models serve as descrip-
tive examples of different classes of assemblies and pro-
vide working hypotheses for future experiments.
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