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Antimicrobial peptide
Bacteriocin AS-48 is a membrane-interacting peptide that acts as a broad-spectrum antimicrobial against
Gram-positive and Gram-negative bacteria. Prior Nuclear Magnetic Resonance experiments and the high reso-
lution crystal structure of AS-48 have suggested a mechanism for the molecular activity of AS-48 whereby the
peptide undergoes transition from a water-soluble to a membrane-bound state upon membrane binding. To
help interpret experimental results, we here simulate the molecular dynamics of this binding mechanism at
the coarse-grained level. By simulating the self-assembly of the peptide, we predict induction by the bacteriocin
of different pore types consistent with a “leaky slit” model.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Antimicrobial peptides (AMP) have a number of interesting prop-
erties that make them promising candidates for the treatment of
infectious diseases and food preservation. Their mechanisms of action
have been addressed in several experimental and simulation studies
[1–21]. These studies have revealed, for example, that by having sev-
eral mechanisms of enzyme inhibition, some AMPs are able to avoid
the development of microbial resistance. In recent reviews of the
structure and properties of AMPs [4,14], cyclic peptides in particular
emerged as a special class of very stable active compounds [13].

In the late 1980s, AS-48, a cyclic 70-residue peptide showing re-
markable stability and bactericidal activity, was isolated from bacteria
by Galvez, Valdivia, Maqueda and coworkers [22–24]. Ten years later,
NMR and X-ray crystallography revealed the dimeric structure of this
bacteriocin [25–27]. The monomer (aka protomer) is composed of
five alpha-helices enclosing a hydrophobic core in a compact globular
structure (see Fig. 1). It is accepted that charged residues are mainly
located in the α4 and α5 helices separate from the hydrophobic
regions. Four negatively charged GLU residues form a patch that seg-
regates the hydrophobic zone from an area of positively charged res-
idues (blue regions in α4 and α5).

In aqueous solution, AS-48 peptides appear as dimeric form I or II
(PDB ID: 1O83 and 1O84, respectively) depending on the chemical
environment. Protomers arrange themselves in such a way that hydro-
phobic residues are buried in the dimer peptide corewhile charged res-
idues interact with the surrounding water environment (see Fig. 2.a).
ruz).
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When a detergent is added, the dimer adopts a contiguous organisation
such that the hydrophobic moiety of each protomer remains in the
hydrophobic phase while charged residues occupy the water phase
(see Fig. 2.b).

According to this behaviour, it has been hypothesized [27] that, in
solution, AS-48 adopts the configuration of dimeric form I and
switches to dimeric form II upon binding to the bacterial membrane
(see Fig. 4 in ref [27]). This transition implies a 90° rotation of each
protomer within dimer I allowing the dimer to insert in the mem-
brane. This exposes the hydrophobic peptide surface to the hydro-
phobic lipid tails whereas charged areas interact with the charged
phospholipid head groups. Unfortunately, direct experimental sup-
port for this hypothesis is lacking.

A further hypothesis based on the results of electrochemical ex-
periments proposes that the bacteriocin is able to form membrane
pores some 7 Å in diameter [28].

Bacteriocin AS-48 selectively attacks bacterial membranes [29,30].
This observation is consistent with the general trend noted for some
antimicrobial peptides and has been nicely illustrated by in vitro
experiments using model membranes [31–33]. Bacterial membranes
feature high proportions of anionic lipids suchas dipalmitoyl posphatidyl
glycerol (DPPG) or dipalmitoyl phosphatidic acid (DPPA) [34,35]. Exper-
iments performed on AS-48 and DPPA monolayers have revealed that
only at pH > 10 does energetically favourable interaction between
these monolayers occur, but at the expense of substantial modification
to the secondary structure of AS-48 [36]. This finding, however, contrasts
sharply with the increased bactericidal effect detected at pH values
between 4 and 8 in bioactivity experiments [37].

A number of experiments using engineered AS-48 derivatives have
sought to identify the main amino acids responsible for the bioactivity
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Fig. 1. Tube representation of the AS-48 protomer. Blue and red colours indicate posi-
tively and negatively charged residues, and green and white, polar and hydrophobic
amino acids, respectively. Negatively-charged GLU resides are explicitly shown as the
CPK model. The five helices α1 to α5 span residues 9–21, 25–34, 37–45, 51–62, and
64–5, respectively [26].
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of this peptide [38–40]. The results of such studies indicate that wild
type bacteriocin is the most active peptide [41].

The present study was designed to gain insight into the mecha-
nism of action of bacteriocin AS-48 via a series of simulation experi-
ments. For the simulations, we selected the MARTINI coarse-grained
(CG) force field model since it is able to probe the spatial and time
scales of systems beyond what is feasible using traditional all-atom
models [42–44]. In effect, several studies have confirmed the consis-
tency of different coarse-grained models used to simulate AMP sys-
tems and their interactions with lipid bilayers [6,45–50].

2. Computation methods

The starting structure for peptide dimer I was built directly from
its X-ray structure (PDB ID: 1O83). For all the systems examined,
Fig. 2. The two dimeric forms of AS-48 indicated by crystallography. a: Dimeric form I (in aq
(top) and surface (bottom) representations in which the colours blue and red indicate pos
amino acids, respectively.
the MARTINI CG force field model was used to map four atoms to
one coarse-grained particle, i.e., four heavy atoms are represented
by a single interaction centre [51,52]. DPPA lipid particleswere similarly
assigned to the DPPC molecule except that the particle associated with
the choline group was removed leaving a net charge of −1 as the
expected charge at physiological pH. Simulations were run in the NPT
ensemble, coupling the system to a temperature and pressure bath
according to the Berendsen coupling scheme [53]. The target tempera-
ture was 310 K and semi-isotropic pressure coupling was set to a refer-
ence pressure of 1 atm using a compressibility of 4.6 × 10−5 bar−1.
Lennard–Jones interactions were smoothly shifted to zero within the
range of 0.9 and 1.2 nm and electrostatic interactions were also shifted
to zero between 0 and 1.2 nm, according to recommendations for
these coarse-grained simulations [48].

The total charge of the system was neutralized with 500 counter
ions. Each protomer has a net charge of +6 and each DPPA lipid mol-
ecule has a −1 charge, as stated above.

The DPPA bilayer was built after the removal of choline particles
from a previously equilibrated DPPC bilayer. This bilayer was dupli-
cated in the X and Y directions, yielding a final system of 512 lipids.
A water slab was added to the system to yield a Z dimension of
15.5 nm. This gives room for the later insertion of a peptide dimer,
avoiding periodicity artefacts. The system was then equilibrated for
100 ns under the described conditions. In a subsequent step, the dimer
was inserted in the water phase, and all water particles within 0.25 nm
of any protein particle removed. The system was energy-minimized
and then equilibrated using position restraints in protein pseudoatoms
until lipid/protein, protein/water interaction energies had stabilized.
In the next step, simulations of variable lengthswere performedwithout
further restraints. For systems with the protein inserted in the bilayer,
the same procedure was applied. Protomers were placed in the se-
lected position in the bilayer interior and lipid and water molecules
within 0.25 nm of each protein particle were excluded from the
model. Further details of the simulated systems are given below in
the corresponding sections. The time-step used in all simulations was
0.03 ps, as recommended forMARTINI coarse-grainedbased simulations.

All calculations were performed using the GROMACS 4.5 package
[54].
ueous solution, PDB ID: 1O83). b: Dimeric form II (in detergent, PDB ID: 1O84). Cartoon
itively and negatively charged residues, and green and white, polar and hydrophobic
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Elastic network formalism was used for each protomer to maintain
the overall structure of the bacteriocin while preserving the internal
flexibility inherent to the stability of this globular structure [55]. The
networkwas built taking into account a cut-off of 0.9 nmwith an elastic
force constant of 500 kJ/mol.

Our use of elastic networks was justified by the relative rigidity of
the AS-48 peptide structure observed in both X-ray and NMR experi-
ments. We attribute the additional structural stability ascribed to this
antimicrobial peptide to its α-helix packing and cyclic nature.

3. Results and discussion

3.1. Stability of AS-48 in solution

Coarse-grained simulation of dimeric form I of the peptide indicat-
ed a highly stable quaternary structure in water solution compared
to its initial structure derived from crystallographic data. Fig. S1
(Supplementary Information) shows the rmsd of each protomer
throughout the simulation, this value remaining constant from the
start. The parameters selected for the elastic network seemed to guar-
antee the overall structure of each protomer. In Fig. 3, the structure of
the dimer is illustrated after 3 μs. During simulation, the overall struc-
ture of the dimer was stable. Hydrophobic residues remained in the
dimer centre shielded by polar and charged residues. In Fig. 3, the
changes produced in distances between the centre of mass (COM) and
the hydrophilic residues of both protomers may be observed, along
with the COM distance between the respective hydrophobic domains.
It may be noted that the dimer remains essentially stable during simu-
lation with only a slight change detected at around 1 μs, presumably
due to a small adjustment of hydrophobic interaction in the inner por-
tion of the AS-48 dimer.Wemapped the averageminimumdistance be-
tween residues of both protomers (Fig. S2) to assess their interactions.
The figure shows that helices 2 and 3 of the first protomer interact
with helices 1 and 2 of the second protomer. Helices 1 to 3 are rich in
hydrophobic residues so are prone to interact either with the lipid
acyl chains orwith those helices in other protomers. Conversely, helices
4 and 5 contain charged LYS, ARG andGLU residueswhich tend to inter-
act with lipid polar heads or the water solvent.

3.2. AS-48 dimer I binding to the lipid bilayer

The available experimental data indicate that AS-48 selectively
binds to the bacterial membrane while it leaves normal Eucaryotic cell
membranes intact [12]. The main difference between bacterial and
Fig. 3. AS-48 dimer in solution. Left: Structure of dimeric form I after 3 μs of MD simulation
drophobic) and red cylinders the hydrophilic helices 4 and 5. Blue and cyan arrows indicate
tively. Right: Changes produced in the distance between hydrophilic and hydrophobic resid
Eucaryotic cytoplasmic membranes is the high proportion of anionic
lipids in the former and abundant zwitterion species in the latter.

We simulated the binding process to two types of lipid bilayer,
the first consisting of the anionic DPPA lipid and the other comprised
of the zwitterion-neutral DPPC molecule. DPPA was modelled as a
single negative charge at phosphate particles, corresponding to the
ionization state of the lipid at a pH range of 3 to 9. In a 50 ns run,
the AS-48 dimer was found to spontaneously bind to one of the
DPPA layers (Fig. 4) and remained on the bilayer surface via separa-
tion of phosphate particles.

In contrast, no AS-48 dimer binding to the DPPC membrane was
observed after 3 μs of simulation. Thus, the AS-48 dimer persisted in
the water phase during the whole simulation period, as may be ob-
served in Fig. 4. This finding is in line with the general observation
that cationic AMPs do not seem to interact with zwitterionic bilayers,
the major components of mammalian Eucaryotic cells [12].

Anothermodel for an anionic lipid frequently used is the dipalmitoyl
phosphatidyl glycerol DPPG bilayer. Following 4.5 μs simulations of
AS-48 dimer binding to a DPPG bilayer, we observed similar behaviour
to that noted for DPPA. Hence, the dimer was adsorbed onto the lipid
surface without penetrating it. In Fig. 4, we provide the final snapshot
of one of these simulations including the DPPG bilayer and the distance
changes produced over time from the As-48 dimer COM to the bilayer
centre.

The water model originally included in the MARTINI force field
model used in our simulations does not consider electrostatic contri-
butions. To determine the possible effects of electrostatic forces we
replaced the water model with a polarisable water model described
by Yesylevskyy [56]. The computational cost is aroundone order ofmag-
nitude over the cost of the non-polarisable water model. The results
obtained are similar to those obtained using the original MARTINI
water model. Thus, the AS-48 dimer approaches the bilayer surface
and is adsorbed onto the surfacewithout penetrating the bilayer interior
within the simulation time. The main difference with the uncharged
water model is that the approximation to the surface is delayed by
the polarisable water, as can be observed in Fig. S3 (Supplementary
Information). In this figure, the distance from the dimer COM to the bi-
layer centre is plotted against time illustrating that it takes close to
1.5 μs for one of the protomers to approach the lipid bilayer surface.
The final snapshot of this simulation is shown in Fig. S3 and can be com-
pared with the corresponding one for the non-polarisable water model
system in Fig. 4.

Binding of AS-48 to an anionic lipid bilayer shows a complex poten-
tial energy landscape with non-negligible energy barriers between
stable states. This could mean that the system is kinetically trapped in
at the coarse-grained (CG) level. Green cylinders represent helices 1 to 3 (mostly hy-
distances between the centres of mass of hydrophobic and hydrophilic residues, respec-
ue centres of mass in both AS-48 protomers.

image of Fig.�3


Fig. 4. Binding of dimeric form I. Upper left: AS-48 dimer bound to a DPPA bilayer. Peptides are represented as in Fig. 3. The phosphate polar head particles of each lipid appear as
gold balls and hydrophobic lipid chains as blue lines. Solvent particles are omitted. Upper right: distances between the centre of mass of each AS-48 protomer and the bilayer centre
for both DPPA and DPPC lipid systems. Lower left: AS-48 dimer bound to a DPPG bilayer. Lower right: distances between the centre of mass of each AS-48 protomer and the bilayer
centre for the DPPG system.

2527V.L. Cruz et al. / Biochimica et Biophysica Acta 1828 (2013) 2524–2531
some particular configuration, as is likely the case for surface binding
structures.

3.3. Pore formation

Considering the experimental information to date, pore formation
should take place in a time scale of milliseconds [28]. We therefore
ran self-assembly computational simulations of the AS-48 peptide in
a DPPA/solvent mixture [57]. This kind of simulation has been used
by others to explore peptide–membrane interactions by coarse-
grained methods [48]. We simulated a system consisting of four
separate bacteriocin protomers immersed in a box containing 200
DPPA molecules together with 5000 water particles and a sufficient
number of counterions to generate a neutral system. The system was
energy minimized and equilibrated with position restraints on the
protomers. Simulations were then performed for at least another 2.7 μs
using NPT molecular dynamics as described in the Computation
methods section. In this case, isotropic pressure coupling was performed
with a 1 atm reference pressure and compressibility of 4.6 × 10−5 bar−1.
The simulation protocolwas repeated for different starting configurations
produced by randomly assigning different locations and orientations to
the peptide molecules in the box. In total, 15 self-assembly simulations
were performed. The pore structures formed remained stable during
the last 1 μs of simulation.

All self-assembly simulations yielded a bilayer structure in which
the AS-48 protomers were fully embedded. Protomers were generally
aligned such that hydrophobic helices H1 to H3 could interact with the
DPPA acyl chains. The charged helices H4 and H5were also observed in
the bilayer. These charged helices showed two different alignments
depending on whether they interacted with other protomer helices or
with lipid bilayer head groups.
Interactions between the protomer's hydrophobic moieties ob-
served for the dimer partially shifted to interactions with lipid acyl
chains. In turn, charged amino acid-rich helices 4 and 5 in the differ-
ent protomers either interacted amongst each other or with the lipid
phosphate particles. Fig. S4 provides a minimum inter-residue distance
map for the four peptides of a selected self-assembly simulation. Con-
trasting with the situation for the dimer in solution, some interaction
between charged residues of different peptides was observed, e.g., be-
tween the first and fifth protomers. In addition, hydrophobic interac-
tions amongst peptides were weaker (compare Figs. S2 and S4).

In 9 of the 15 simulated systems, direct interaction was detected
between helices 4 and 5 and the lipid phosphate groups throughout
the bilayer interior, dragging water particles and giving rise to posi-
tive curvature of the lipid layer. Moreover, this embedding of the par-
ticle in the membrane provoked the formation of toroidal-like pores
of variable dimension (see Fig. 5). These toroidal pores resemble
those proposed by Zhao et al. for their “leaky slit” model [58]. Pore
structure was also in line with the model first anticipated by Ludtke
for magainin [59] and the description of these pores by Marrink and
co-workers as disordered structures [9,16]. Pore structure was very
stable during the last microsecond of simulation, with the three hy-
drophobic helices interacting with the lipid tails and the charged res-
idues of helices 4 and 5, either on the bilayer surface or in its interior
facing the charged phosphate particles making up the toroidal lipid
structure.

One of these simulations gave rise to a structure that could be
assigned to a protein fibril. In this simulation, the four AS-48 protomers
form a linear, amphipathic array inside the bilayer interior. A fracture is
produced in the bilayer in a manner equivalent to that proposed for the
“leaky slit” model discussed in reference [58]. The resulting linear ar-
rangement of the protomers is graphically shown in Fig. 6. It can be

image of Fig.�4


Fig. 5. Different views of the “toroidal” pore geometry produced after 2.7 μs of simulation. a: DPPA particles. b: DPPA + AS-48 protomers. c: DPPA + water particles (shown as
small green balls) penetrating the bilayer. d: View across the normal to the bilayer of DPPA + AS-48 protomers. AS-48 hydrophobic and charged helices are represented as
green and red cylinders, respectively.
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seen that the hydrophobic helices (green cylinders in the figure) inter-
act with the hydrophobic lipid chains in a fraction of the bilayer. On
the other hand, the charged helices (red cylinders in the figure) force
the positive curvature of the lipid bilayer through electrostatic interac-
tion with charged phosphate particles, and these give rise to a toroidal
Fig. 6. Different views of the fibril-like pore geometry produced after at 2.7 μs simulation.
small green balls) penetrating the bilayer. d: View across the normal to the bilayer of D
green and red cylinders, respectively.
pore. The curved bilayer surface can be seen in Fig. 6a, and the linear
arrangement of the AS-48 protomers in Fig. 6d.

The charged residues effectively penetrate the bilayer interior.
Positively charged LYS and ARG amino acids drag the negative phos-
phate lipid particles, which form a lipid surface with a positive
a: DPPA particles. b: DPPA + AS-48 protomers. c: DPPA + water particles (shown as
PPA + AS-48 protomers. AS-48 hydrophobic and charged helices are represented as

image of Fig.�5
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Fig. 7. Specific interactions between AS-48 protomers and DPPA. a: Density profiles for PO4 particles and charged LYS, ARG and GLU residues. b: Structure representation of a final
simulation snapshot showing the distribution of LYS residues (cyan bonds) and PO4 lipid particles (gold balls).
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curvature. Fig. 7a shows a density profile for the phosphate particles
and charged residues along the bilayer axis. Around the bilayer
mid-point, densities for the lipid head particles were not zero. This
is typical of phosphate particles inside a bilayer. In addition, the den-
sity of charged residues, particularly LYS, occurs in the membrane
interior. Fig. 7b shows a detailed picture of the LYS residues facing
the phosphate particles to create a positive-curvature lipid surface,
compatible with the presence of a large pore.

Another structural arrangement found for the pore formation pro-
cess is that shown in Fig. 8. In this case, most of the charged residues
in the H4 and H5 helices of different protomers are oriented towards
the centre of a pseudo cylindrical hole formed by the proteins, which
are in turn shielded from the lipid hydrophobic phase by helices 1 to 3
(see Fig. 8a).

The pore seems to be narrower in this second structure type
(closed pore). In our simulations, the hydrophobic helices of each
protomer interact with the DPPA tails such that charged helices 4
and 5 sometimes point to the pore interior while others occur at the
lipid surface and interact with the water phase (see Fig. 8b). Only a
few phosphate particles were dragged to the bilayer interior, as
observed for the toroidal pores (see Fig. 8c).

Table 1 provides parameters associated with the different pore
types for each self-assembly simulation: estimated pore diameter
and the density of phosphate particles inside the hydrophilic bilayer
zone. As described earlier, pore type was defined as “toroidal” or
“closed”. Pore diameter was estimated from the density profile of
water molecules through the bilayer. The formation of a pore implies
Fig. 8. Closed pore formation. a: Normal to the bilayer view of the pore formed by four AS-48
c: View across the bilayer of the pore formed showing only water particles (in green) and
that water penetrates the bilayer's hydrophobic core in a quantity
directly proportional to pore size. This pore size can be estimated
from the ratio of the water density values for the hydrophobic region
relative to bulk density values. The following equation gives an esti-
mate of pore radius assuming the cylindrical geometry of a pore:

ρw=ρbulkð Þ ¼ πbr>2
=bxby

� �
ð1Þ

where bx and by are the box dimensions in the membrane plane. The
average radius (br>) is calculated from all contributions to water
density inside the hydrophobic core region (ρw) spanned by the
bilayer's acyl chains. For example, in Fig. 9, density profiles for
water, hydrophobic and phosphate lipid particles are provided for
the last μs of a particular simulation yielding a closed pore. The hydro-
phobic core region of the lipid bilayer can be assumed to be located
between 3.9 and 5.4 nm. The average ρw for this region is then calculat-
ed. Themeanwater density value for the bulk (ρbulk) can be taken as an
approximate value for water density just above and below the mem-
brane bilayer (0–2 nm and 7–9.5 nm in this example). In this hydro-
phobic region, average PO4 density can also be determined. These
values give information about the relative quantity of phosphate
particles protruding into the lipid bilayer to form a toroidal surface
of positive curvature (see Fig. 5).

Table 1 indicates that pore radius is 0.6 to 1.0 nm for a closed
pore and 1.5 to 3.0 nm for a toroidal pore. It can be observed that
for phosphate particles in hydrophobic regions, closed pores show
protomers. Peptides and lipids are represented as in the remaining figs. b: Lateral view.
PO4 particles (in gold) penetrating the bilayer interior.

image of Fig.�7
image of Fig.�8


Table 1
Pore characteristics associated to each self-assembly simulation.

Simulation # Pore type Pore radius (nm) PO4 density inside pore (kg/m3)

1 Toroidal 1.7 ± 0.3 10.9 ± 0.9
2 Closed 0.9 ± 0.1 5.8 ± 0.5
3 Toroidal 1.4 ± 0.1 6.7 ± 0.5
4 Toroidal 2.0 ± 0.1 14.6 ± 0.7
5 Toroidal 2.1 ± 0.1 15.8 ± 0.4
6 Closed 0.7 ± 0.1 2.2 ± 0.3
7 Toroidal 1.7 ± 0.2 7.3 ± 0.3
8 Closed 1.0 ± 0.1 4.9 ± 0.2
9 Toroidal 1.6 ± 0.1 12.5 ± 0.9
10 Closed 0.9 ± 0.2 7.3 ± 0.3
11 Closed 0.7 ± 0.1 4.9 ± 0.3
12 Toroidal 2.9 ± 0.3 18.7 ± 0.3
13 Toroidal 2.8 ± 0.4 22.0 ± 0.8
14 Closed 0.6 ± 0.1 4.5 ± 0.2
15 Toroidal 2.9 ± 0.3 28.2 ± 0.9
Average Toroidal 2.1 ± 0.6 15.2 ± 6.9
Average Closed 0.8 ± 0.2 4.9 ± 1.7
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PO4 averaged densities of 4.9 ± 1.7 kg/m3, and toroidal pores of
15.2 ± 7.0 kg/m3.

In both pore types, the hydrophobic helices of each protomer span
the entire width of the bilayer. Bilayer width is around 1 nm more
than the size of the AS-48 hydrophobic helix package, so a hydropho-
bic mismatch is expected. This mismatch can be resolved by bending
the phosphate layer to interact more effectively with the charged
residues of the peptides (see Fig. 5).

4. Conclusions

Our coarse-grained simulations showed good agreement with ex-
perimental data reported for the bactericidal activity of peptide
AS-48. The stability of the dimer in aqueous solution was confirmed
in 3 μs simulations in which the hydrophobic core was shielding by
charged helices 4 and 5, thus preserving the so-called dimeric form
I indicated by crystallography and NMR experiments.

In solution, the dimer binds to anionic DPPA and DPPG lipid bilay-
ers but not to the zwitterionic DPPC bilayer. This is consistent with
the experimental observation that this peptide shows specificity
towards bacterial membranes, which contain high proportions of
anionic lipids.

Through self-assembly simulations of systems comprised of the
AS-48 protomers, DPPA molecules, water particles and the corre-
sponding number of counterions, the capacity of this bacteriocin to
induce the formation of stable pores was examined. Our findings indi-
cate that the pore formation process takes place in a millisecond to
Fig. 9. Density profiles across the normal to the bilayer for the water, phosphate and
acyl particles of an average “closed” pore structure for the last 1 μs of simulation.
second timescale, far beyond predictions so far using coarse-grained
models. The purpose of self-assembly simulation is to yield stable struc-
tures comprised of the assembled lipid bilayer and trans-membrane
protein as a shortcut to obtain the final inserted structures. Two types
of pore were produced. The first type was a small pore of around
1 nm radius, which is in close agreement with experimental estimates.
This pore is formed by at least three protomers oriented in such a way
that several charged residues point to the pore centre while they are
shielded from the lipid hydrocarbon tails by hydrophobic helices with
additional lipid phosphate groups lined up along the pore margin. The
second pore type was a larger toroidal pore of variable dimension
formed by dragging of phosphate lipid groups towards the bilayer inte-
rior due to interactions with charged protein residues. The resulting
structure is mostly in agreement with the “leaky slit” model.

The coarse-grained simulations presented allow the interpretation
of several experimental data and provide a model for the type of pore
that this interesting bacteriocin is able to generate.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2013.05.036.
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