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Coarse-Grained Simulations of the Membrane-Active Antimicrobial
Peptide Maculatin 1.1

Peter J. Bond, Daniel L. Parton, James F. Clark, and Mark S. P. Sansom

Structural Bioinformatics and Computational Biochemistry Unit, Oxford Centre for Integrative Systems Biology, Department of
Biochemistry, University of Oxford, Oxford, United Kingdom

ABSTRACT Maculatin 1.1 (M1.1) is a membrane-active antimicrobial peptide (AMP) from an Australian tree frog that forms a
kinked amphipathic a-helix in the presence of a lipid bilayer or bilayer-mimetic environment. To help elucidate its mechanism of
membrane-lytic activity, we performed a total of ~8 us of coarse-grained molecular dynamics (CG-MD) simulations of M1.1 in the
presence of zwitterionic phospholipid membranes. Several systems were simulated in which the peptide/lipid ratio was varied. Ata
low peptide/lipid ratio, M1.1 adopted a kinked, membrane-interfacial location, consistent with experiment. At higher peptide/lipid
ratios, we observed spontaneous, cooperative membrane insertion of M1.1 peptide aggregates. The minimum size for formation of
atransmembrane (TM) aggregate was just four peptides. The absence of a simple and well-defined central channel, along with the
exclusion of lipid headgroups from the aggregates, suggests that a pore-like model is an unlikely explanation for the mechanism of
membrane lysis by M1.1. We also performed an extended 1.25 us simulation of the permeabilization of a complete liposome by
multiple peptides. Consistent with the simpler bilayer simulations, formation of monomeric interfacial peptides and TM peptide
clusters was observed. In contrast, major structural changes were observed in the vesicle membrane, implicating induced
membrane curvature in the mechanism of active antimicrobial peptide lysis. This contrasted with the behavior of the nonpore-
forming model peptide WALP23, which inserted into the vesicle to form extended clusters of TM «a-helices with relatively little

perturbation of bilayer properties.

INTRODUCTION

Antimicrobial peptides (AMPs), or host defense peptides, are
short, amphipathic, cationic membrane proteins (~10-50
residues) secreted by many tissues in a variety of organisms.
Over 880 such peptides have been characterized (1), ranging
from human defensins to insect cercopins. AMPs have con-
siderable therapeutic potential because they exhibit broad-
spectrum antimicrobial activity and form part of the host’s
innate immune response. They can kill both Gram-positive
and Gram-negative bacteria, as well as mycobacteria, fungi,
and even coated viruses and transformed or cancerous cells
(2). They are of interest because they present a possible so-
lution to the increasing problem of bacterial resistance to
antibiotics (3). This is because they do not bind to specific
membrane protein receptors, as revealed by the fact that their
activity is independent of amino acid chirality (4). Instead,
they are thought to disrupt the lipid component of cell
membranes. The cationic nature of AMPs results in a selec-
tivity toward anionic bacterial cell membranes. Upon bind-
ing, they penetrate the cell membrane and induce lysis.
However, their precise biophysical mode of action is not well
defined, and may well vary from peptide to peptide (1).
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The dorsal skin secretions of Australian tree frogs are es-
pecially rich in AMPs (2,5), which form part of the defense
system of the animal and include the well-studied peptides
citropin, aurein, and maculatin (2,4). These amphibian pep-
tides adopt an a-helical conformation at the membrane sur-
face, and upon interaction with the membrane they lead to its
disruption. Several general mechanisms have been proposed
to explain the action of AMPs (4). The simplest of these are
the barrel-stave, toroidal pore, and carpet mechanisms. In
both the barrel-stave and toroidal pore models (6), peptides
aggregate at the membrane surface and subsequently insert to
form a transmembrane (TM) ion-permeable pore. In the
barrel-stave mechanism, the lipid headgroups remain located
along the membrane surface (i.e., the local bilayer structure is
preserved), with the pore surface lined solely by peptide
helices. In the toroidal pore mechanism, peptides cause a
local reorganization of the membrane leaflets, which curve so
that the pore is lined by both peptide side chains and lipid
headgroups. In contrast, in the carpet mechanism the peptides
assemble with their axes parallel to the membrane, forming
a carpet-like monolayer on the bilayer surface. This is sug-
gested to lead subsequently to bilayer disruption in a deter-
gent-like manner.

Maculatin 1.1 (M1.1) is a well studied but incompletely
understood AMP. M1.1 is a wide-spectrum antimicrobial
peptide from Litoria genimaculata, with the following se-
quence: GLEGV LAKVA '’ AHVVP'’ AIAEH?*’F-NH, (see
Fig. 1). Its structure has been resolved by NMR in both the
nonaqueous solvent trifluoroethanol (TFE) and detergent
(dodecylphosphocholine (DPC)) micelles (7). The peptide
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GLFGVSLAKVA°PAHVVPSAIAEH2F-NH,

FIGURE 1 Structures of CG and AT structures of M1.1 in space-filling for-
mat. Red, E19 side chain; silver, backbone and hydrophobic side chains; dark
blue, K8 side chain; light blue, H12 and H20 side chains; and green, P15.

adopts a similar conformation in both of these environments,
namely, an amphipathic a-helix of length ~30 A, with a
central kink in the vicinity of the central proline (P15) resi-
due. The NMR structure of P15SA M1.1, whose antibiotic
activity is markedly reduced relative to the wild-type se-
quence, reveals a well defined helix lacking the central kink
(7). The proline-induced kink (8,9) may be important in
providing a well defined amphipathic surface for the peptide
to interact with the membrane interface (10), and/or enabling
partial penetration of the peptide into the bilayer, facilitating
subsequent complete insertion (11).

Of interest, a number of experimental biophysical studies
suggest that maculatin may exhibit different lytic mecha-
nisms depending on the model membrane systems used.
Thus, 3'P solid-state NMR spectroscopy data were
interpreted as suggesting that the membranes of live Gram-
positive bacteria are lysed by M 1.1 via formation of micelle-
like structures (7). Similarly, solid-state NMR studies
combined with specific protein and lipid labeling showed that
M1.1 was located in the interfacial region of dimyristoyl-
phosphatidylcholine (DMPC) bilayers, and also that the long
axis of the a-helix was at an angle of ~50° to the bilayer
normal, again suggesting a carpet, i.e., detergent-like, mech-
anism of membrane lysis (12). Electron microscopy revealed
that M1.1 severely disintegrates cells of Staphylococcus
aureus, suggesting that lysis in live cells may be due to an
extreme case of the toroidal pore mechanism (4). On the other
hand, studies in model phospholipid vesicles suggest a pore-
forming mechanism (13). Attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy revealed that
the angle of the helix axis of maculatin in membranes com-
posed of dimyristoyl-phosphatidylglycerol (DMPG), and to a
lesser extent DMPC, is ~35° relative to the bilayer normal
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(13). Moreover, solid-state NMR and oriented CD mea-
surements in DMPC bilayers suggest a similar angle, albeit
dependent on the lipid/protein ratio (11), thus suggesting a
TM pore-forming model for insertion. Most recently, a novel
method involving observation of leakage of two differently
sized fluorescent molecules from giant unilamellar vesicles
(GUVs) was developed (10). Upon addition of M1.1 pep-
tides to GU Vs, differential quenching of the two fluorescent
probes was observed, suggesting that pores were formed
by M1.1 through which only the smaller probe could pass.
Significantly, the structure and integrity of the GUVs were
preserved upon pore formation. Intriguingly, similar lytic
behavior was observed in palmitoleoyl-phosphatidylcholine
(POPC) and mixed POPC/palmitoleoyl-phosphatidylglycerol
(POPG) vesicles, in contrast to that observed for DMPC
versus DMPG bilayers (13). Thus, it remains unclear whether
a carpet-like or pore-like (or both) model better describes
the action of maculatin on membranes.

Atomistic molecular dynamics (MD) simulations provide
a means to study in molecular detail the interactions of
membrane peptides and proteins with lipid bilayers (14—18)
or other lipid phases (19-22), and may be applied to more
complex membrane-related processes, such as membrane
protein folding (23), or vesicle fusion (24). Recently, an
extended atomistic MD simulation study revealed the inter-
action of 24 molecules of magainin (an AMP related to
maculatin) with a dipalmitoyl-phosphatidylcholine (DPPC)
membrane (25). Spontaneous formation of nanometer-sized,
toroidally shaped pores in the bilayer was observed.

In general, however, the time- and length scales accessible
to all-atom (AT)-MD simulations are too short to observe
spontaneous changes in complex protein/lipid systems that
are directly comparable to both experimental measurements
and biological phenomena. Coarse-grained (CG)-MD simu-
lations, in which small groups of atoms are treated as single
particles, provide a promising alternative (26-34) and have
proved useful in enabling us to model the dynamics of lipid
bilayers (26,27,35) and the interactions between lipid bilay-
ers and membrane proteins (36—40). We have adapted one
such model that has been applied extensively to lipids and
membranes (26) for application to proteins. In this model,
instead of representing each atom in a protein, water, or lipid
molecule, particles corresponding to ~4 atoms are used and
are parameterized to capture the hydrophobicity/hydrophi-
licity, charge, and H-bonding properties of their constituent
atoms. This method has been successfully applied to a
number of membrane proteins and peptides (38—42).

Here we exploit the extended timescales available with
coarse-grained molecular dynamics (CG-MD) to explore the
interactions of M1.1 with zwitterionic phospholipid mem-
branes (Table 1). The process of coarse-graining, illustrated in
Fig. 1, results in preservation of the overall shape and surface
exposure of the M1.1 peptide in the CG model compared to
the starting atomistic structure, while it also reproduces the
physicochemical properties of the component residues.

Biophysical Journal 95(8) 3802-3815



3804 Bond et al.
TABLE 1 Summary of simulations

Simulation System Peptide/lipid Box Number of Simulation

name components ratio size (A% simulations time (ns)

Imac-sa 1 M1.1, 256 DPPC (random*), 3200 waters 1:256 100 X 100 X 100 9 200 or 300
16mac-bil 16 M1.1, 256 DPPC (bilayer*), ~5500 CG waters 1:16 90 X 90 X 160 5 200
16mac-bil-1us 16 M1.1, 256 DPPC (bilayer*), ~5500 CG waters 1:16 90 X 90 X 160 3 1000
100mac-ves 100 M1.1, 877 POPC (vesicle*), ~55,000 CG waters 1:9 210 X 210 X 210 1 1250
100WALP-ves 100 WALP23, 877 POPC (vesicle*), ~55,000 CG waters 1.9 210 X 210 X 210 1 1250
Control-ves 877 POPC (vesicle*), ~60,000 CG waters — 210 X 210 X 210 1 400

*Three classes of simulations were performed: self-assembly (sa) simulations in which the lipid molecules were initially placed at random within the
simulation box, bilayer (bil) simulations in which the lipids were initially in a (planar) lipid bilayer, and vesicle (ves) simulations in which the lipids were in a

vesicle.

In the current study we use CG-MD simulations to explore
the mechanism of interaction of M1.1 with zwitterionic
(DPPC) lipid bilayers, and we compare it with a synthetic
peptide (WALP23) that does not exhibit antimicrobial ac-
tivity (43,44). By varying the numbers of M1.1 and lipid
molecules present in the simulations, we are able to demon-
strate spontaneous adsorption and insertion of M1.1 peptide
complexes leading to local bilayer disruption via formation of
dynamic transbilayer aggregates of peptide molecules. Thus
these simulations provide a direct insight into the mechanism
of interaction of AMPs with liposomes, and are suggestive of
the nature of the effect of AMPs on biological membranes.

MATERIALS AND METHODS
System setup

The structure of M1.1 used as the basis of all of these simulations was de-
termined by solution-state NMR in a trifluoroethanol/water mixture and in
dodecylphosphocholine micelles (7). This structure was converted to a CG
model as described in Bond et al. (41) (Fig. 1). The CG model peptide was
composed of a chain of backbone particles with attached side-chain particles.
For all peptide simulations, the distance between backbone particles was
restrained to mimic secondary structure H-bonds in the atomistic structure
(38), using a harmonic distance restraint with an equilibrium length of 6 A
and a force constant of 10 kJ mol ' A~ Note that because proline lacks a
hydrogen on the imide group, no H-bond restraint was present between
Prol5 and Alall, and their backbone particles were respectively treated as
CG types ‘““Na’’ and ‘‘Nd”’, rather than ‘“NO’’ as described previously (38).

For the single-helix bilayer self-assembly simulations (1mac-sa; Table 1),
the CG model of the M1.1 peptide was placed in the center of a box of
dimensions 100 X 100 X 100 A®. The system was subsequently combined
with 256 randomly positioned CG DPPC lipid molecules, before solvation
with ~3200 CG water particles. The system was then energy-minimized
using <500 steps of the steepest-descent method to relax any steric conflicts
between protein, lipid, and solvent. Multiple production simulations (using
varying random seeds for initial velocities) were performed for 200—-300 ns
(Table 1).

For the multiple-helix bilayer simulations (16mac-bil), 16 M1.1 peptides
were randomly added on either side of a preequilibrated CG 256-molecule
DPPC bilayer in a box of dimensions 90 X 90 X 160 A%, before solvation
with ~5500 CG water particles. The system was then energy-minimized
using <500 steps of the steepest-descent method to relax any steric conflicts
between protein, lipid, and solvent. Multiple production simulations (using
varying random seeds for initial velocities) were performed for 200—1000 ns.

For the control vesicle (Control-ves) simulation, coordinates were down-
loaded from the Marrink CG web site (http://md.chem.rug.nl/~marrink/
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MARTINI/Coordinates.html) of an 877-palmitoleoyl-phosphatidylethanol-
amine (POPE) vesicle containing ~60,000 CG water particles in a box of
dimensions 210 X 210 X 210 A®. The lipids were converted from POPE to
POPC by appropriate modification of their headgroup particles, and the sol-
vated POPC vesicle system was energy-minimized using <500 steps of the
steepest-descent method to relax any steric conflicts between lipid and sol-
vent. A production simulation of 400 ns was then performed.

For the multiple-helix vesicle simulation (100mac-ves), 100 M1.1 pep-
tides were randomly added outside the outer leaflet of the ‘‘control’” 877-
POPC vesicle. Subsequently, the system was solvated with ~55,000 CG
water particles in a box of dimensions 210 X 210 X 210 A3, The system was
then energy-minimized using <500 steps of the steepest-descent method to
relax any steric conflicts between protein, lipid, and solvent. A production
simulation of 1.25 us was then performed.

A multiple-helix vesicle simulation (100WALP-ves) was also run using
the nonpore-forming peptide WALP23 (43,44) (see Table 1). The peptide
was modeled as an idealized a-helix and then converted to a CG model. The
100WALP-ves system was prepared in the same way as the 100mac-ves
system, and a 1.25 us production simulation was then performed.

Simulation protocol

Simulations were performed using GROMACS (www.gromacs.org) (45,46).
CG simulations were performed as described in Bond and Sansom (38), with
CG parameters for lipid and water molecules as in Marrink et al. (26), and for
amino acids as in Bond and Sansom (38), with minor modifications to bond
and angle potentials as described in Bond et al. (47).

Lennard-Jones interactions were shifted to zero between 9 A and 12 A,
and electrostatics were shifted to zero between 0 A to 12 A, with a relative
dielectric constant of 20. The nonbonded neighbor list was updated every 10
steps. All simulations were performed at constant temperature, pressure, and
number of particles. The temperatures of the protein, lipid, and solvent were
each coupled separately using the Berendsen algorithm (48) at 323 K, with a
coupling constant 77 = 10 ps. The system pressure was anisotropically
coupled using the Berendsen algorithm at 1 bar with a coupling constant 7p =
10 ps and a compressibility of 1 X 107> bar~". The timestep for integration
was 40 fs. Simulations were performed on Linux workstations and a 30-node
dual-core Linux cluster. Analyses were performed using GROMACS tools
and locally written code. Visualization used visual molecular dynamics
(VMD) (49) and RasMol (50).

RESULTS AND DISCUSSION
Simulations performed

Three classes of simulations were performed, as summarized
in Table 1. In self-assembly (1mac-sa; Fig. 2 A) simulations a
single M 1.1 molecule was surrounded by lipid molecules that
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FIGURE 2 Starting snapshots for each simulation system in space-filling
format. In each snapshot, red = backbone particles of M1.1 peptides; and
cyan, green, tan, and dark blue = lipid tail, glycerol backbone, phosphate,
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were initially placed at random locations/orientations within
the simulation box to discover the preferred location of
monomeric M1.1 relative to a (self-assembled) bilayer. In the
bilayer (16mac-bil and 16mac-bil-1us; Fig. 2 B) simulations
the lipids were initially in a (planar) lipid bilayer, with 16
M1.1 molecules in the aqueous phase. Finally, in the vesicle
(100mac-ves; Fig. 2 C) simulation a small (diameter ~200
A) vesicle was surrounded by 100 M1.1 molecules, initially
in the (external) aqueous phase. Thus the bilayer and vesicle
simulations allow us to model the interactions of multiple
M1.1 molecules with a preformed bilayer, mimicking the in-
teractions of M1.1 with membranes in vitro. Note that these
simulations also explored peptide/lipid ratios ranging from
1:256 (Imac-sa) to ~1:9 (100mac-ves).

Single helix simulations

Self-assembly simulations (lmac-sa) were performed be-
ginning from a system containing randomly-positioned lipids
and water plus a single M1.1 peptide, at a peptide/lipid ratio
of 1:256 (Fig. 2 A). In each simulation a lipid bilayer spon-
taneously formed, proceeding via a stalk-intermediate be-
tween the bilayer and its periodic image, as described
previously for both CG (26,38) and atomistic (51) simula-
tions. The mean time for bilayer formation was 60 = 60 ns. In
three of the nine simulations, upon bilayer formation the
M1.1 peptide was observed to be at an interfacial location
with an in-plane orientation (Fig. 3, A and B). In the other six
simulations, the peptide adopted a TM orientation upon bi-
layer formation, but subsequently (within 10 ns) switched to
an interfacial position. In none of the simulations was the
peptide observed to either flip back to a TM orientation or to
dissociate from the bilayer once it had adopted an interfacial
orientation. Thus, the CG self-assembly simulations suggest that
the preferred orientation for monomeric, bilayer-associated
M1.1 is approximately perpendicular to the bilayer normal,
at the interface between the hydrophobic acyl tails and the
polar lipid headgroups.

While the M1.1 peptide remained stably anchored at the
membrane interface in all the 1mac-sa simulations, some
variations in the helix conformation and the depth of pene-
tration into the bilayer were observed. From the distributions
of tilt angles of the M1.1 peptide with respect to the bilayer
normal, and of helix kink angles around the P15 residue (Fig.
S1 of the Supplementary Material, Data S1), the M1.1 helix
was most frequently observed at an angle of ~75-90° to the
bilayer normal, with a small kink of ~15-30° in the center of
the helix (Fig. 3 A). A degree of variation in the helix kinking
about the P15 hinge (Fig. S1 A, Data S1) was observed (as
permitted by the parameterization of the restraints around the

and choline particles, respectively. (A) Single-helix, DPPC bilayer self-
assembly simulations (lmac-sa). (B) Multiple-helix, DPPC preformed
bilayer simulations (16mac-bil). (C) Multiple-helix, POPC vesicle simula-
tion (100mac-ves).

Biophysical Journal 95(8) 3802-3815
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FIGURE 3 (A and B) Representative snapshots from the
Imac-bil simulations, after bilayer self-assembly. In A, the
approximately straight M1.1 peptide is shown anchored to
the membrane interfacial region. In B, the peptide has
kinked at P15 residue and is ‘‘dipping’’ into the hydropho-
bic core of the bilayer. (C) Snapshots of a representative
peptide integration pathway (see text for details), with time

proline), with kink angles of up to ~150° observed. As il-
lustrated in Fig. 3 B, this more pronounced kinking process
often occurred alongside a greater degree of penetration of
the peptide into the bilayer core. The N-terminal half of M1.1
seems to facilitate this process of semiinsertion, possibly be-
cause the lysine residue (K8) is able to ‘‘snorkel’’ toward the
interfacial region. It therefore seems likely that this kinking
process may facilitate TM insertion of M 1.1 peptides, as seen
under conditions of increased peptide/lipid ratios (see be-
low). This is therefore consistent with previous experimental
studies indicating that the a-helical peptide may lie around the
headgroup region but may also partially insert into the mem-
brane core as a result of the kink-inducing proline (11,12).

Multiple helix bilayer simulations

Having established that the preferred location of a single
MI.1 helix is at the bilayer/water interface, we next per-
formed simulations with multiple peptides (16mac-bil) at a
higher peptide/lipid ratio (1:16) starting from a preformed
bilayer with M1.1 helices in the surrounding aqueous phase
(Fig. 2 B). These conditions were designed to model the
multiple-peptide complexes required for propagation of an-
timicrobial membrane lysis via the carpet or pore mecha-
nisms. They also mirror the conditions used for a range of
structural, biophysical, and activity measurements of M1.1
and other AMPs (4). Five simulations of duration 200 ns
(16mac-bil) were run to enable observation of the initial
aggregation behavior. Three of these were extended to 1 us
(16mac-bil-1us; Table 1) to follow the long-timescale be-
havior of the M1.1 aggregates within the membrane.
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frames indicated, from one of the 200 ns duration 16mac-bil
simulations. In each snapshot, the N- and C-terminal halves
of the M1.1 peptide backbone are shown in green and sky
blue cartoon formats, respectively, centered around the
kink-inducing P15. The DPPC lipid particles are shown in
space-filling format, colored as follows: cyan, green, tan,
and dark blue = lipid tail, glycerol backbone, phosphate,
and choline particles, respectively.

In each of these simulations, the M1.1 peptides were ob-
served to rapidly (within 10 ns) aggregate together, reducing
the solvent exposure of their hydrophobic helices while si-
multaneously adsorbing to the bilayer surface. Subsequently,
membrane insertion was observed over a timescale approx-
imately an order of magnitude slower.

The peptide aggregation process may be quantified by ex-
amining the sizes of the peptide clusters over time (Fig. 4 A).
A peptide is defined as being part of a cluster if any of its
constituent particles are <6 A from the particles of another
peptide (or cluster of peptides). A rapid (~10-20 ns) initial
aggregation phase was observed, during which several small
clusters formed and then fused to form at least one large
cluster of =12 peptides. Subsequently, over the following
~100 ns, in all but one of the five 16mac-bil simulations, all
peptides fused to form a complete cluster of 16 M1.1 pep-
tides. In the remaining simulation, a cluster varying between
14 and 16 peptides was observed (Fig. 4 A). During the pro-
cess of M1.1 aggregation, adsorption of the peptide clusters
to the bilayer surface was also observed. Concurrently, these
clusters inserted into the bilayer core, as revealed by the sim-
ultaneous, gradual increase in the number of peptides in
contact (<6 A) with both lipid headgroup and acyl tail par-
ticles (data not shown), with insertion times ranging from
~100 to 200 ns. A slightly asymmetric peptide distribution
with respect to bilayer leaflets was normally observed upon
insertion, so that by 200 ns, on average ~15 vs. ~11 peptides
were in contact with either opposing leaflet.

Multiple pathways for ‘‘clustering and insertion’” seemed
to be followed. The minimum cluster size required for initial
TM insertion was just 4 M1.1 molecules (Fig. 3 C, 50 ns).
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FIGURE 4 Behavior of peptide aggregates during 16mac-bil simulations.
(A) The size of M1.1 peptide clusters during the 200 ns duration 16mac-bil
simulations I (black), 11 (red), III (green), IV (blue), and V (gray). A peptide
is defined as part of a cluster if any of its constituent particles are <6 A from
the particles of another peptide (or cluster of peptides). (B) Radius of
gyration for all peptide backbone particles during the 16mac-bil-1us
simulations I (black), II (red), and 111 (green).

(This has also been seen in both atomistic and CG simula-
tions of the related peptide magainin H2 (25,52).) Of these
small TM clusters, only one peptide typically traversed the
bilayer, while the remaining peptides were located in an in-
plane, interfacial orientation. These ‘peripheral’’ peptides
were nevertheless flexible, resulting in kinking around P15
and partial insertion into the membrane core (Fig. 3 C, 90 ns),
as observed for the single peptide 1mac-sa simulations (see
above). These minimal TM aggregates are reminiscent of
results from a recent atomistic MD study of magainin, where
small, spontaneously formed toroidal pores consisted of a
single peptide in the bilayer center along with a few parallel
peptides at the edge of the pore (25). Over more extended
timescales, it was observed that the small TM aggregate at-
tracted larger, extramembranous peptide clusters, subse-
quently nucleating fusion and bilayer insertion of the entire
complex (Fig. 3 C). Alternative scenarios are also observed in
which several variously sized clusters adsorb to the surface of
one or both bilayer leaflets, again with their component
helices in a primarily parallel orientation. Subsequently, the
complexes fuse while also converting to TM complexes, but
they often proceed through intermediates involving just a
single TM peptide. In some cases large peptide complexes
were observed to form outside of the membrane and then
adsorb onto the surface. These subsequently traversed the
bilayer core, approximately maintaining the aggregate struc-
ture achieved out of the membrane, with minor changes in the
orientation of individual helices, e.g., at the interfacial region
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where several helices adopt an approximately perpendicular
orientation relative to the bilayer normal.

The membrane-inserted M1.1 aggregates had compact
structures that for the most part excluded lipid molecules, and
in particular, lipids did not curve or deform significantly to
enable headgroups to penetrate the aggregates. The peptide
clusters had rather ill-defined structures, as illustrated by
analysis of the longer-timescale (i.e., 16mac-bil-1us) simu-
lations. Consistent with the membrane insertion of these
complexes, the mean distribution of tilt angles of the M1.1
peptides (Fig. S2, Data S1) revealed a large increase in the
number of helices arranged in an approximately parallel ori-
entation with respect to the bilayer normal, in comparison
with the single helix 1mac-sa simulations (Fig. S1, Data S1).
Thus, an increased peptide/lipid ratio favors helix kinking
and hence penetration of interfacially located peptides into
the bilayer. This may not only aid insertion of individual
peptides, but perhaps more importantly may enable interac-
tion with already-inserted TM helices, thus stabilizing their
localization in the bilayer core, especially during the initial
stages of aggregate insertion (see, e.g., Fig. 3 C). Upon in-
sertion, the precise internal arrangement of M1.1 peptides
with respect to one another within a particular aggregate re-
mained stable for timescales of at most ~50 ns, with frequent
periods of ~200 ns during which a particular cluster was
dynamically changing (as indicated by the root mean-squared
deviation (RMSD) of a peptide cluster, calculated with re-
spect to its respective structure 40 ns previously; Fig. S3,
Data S1). Nevertheless, the clusters remained in a membrane-
inserted state, diffusing only within the bilayer plane, and
maintained a globally constant shape, as indicated by the
preservation of the maximum cluster size of 16 peptides (data
not shown) throughout the simulations.

The radius of gyration (Rg) of a M 1.1 peptide cluster over
the course of the simulation describes its size evolution (Fig.
4 B). This confirmed that the primary changes in aggregate
dimensions occurred within the first ~200 ns, whereas the
final Rg was ~2 nm for each simulation. Thus, the TM ag-
gregates are irregular, fluctuating structures, which neverthe-
less remain complexed together. The presence of peripheral,
kinked peptides at the bilayer interfacial region that ‘‘dip
into”’ the core enable the central TM peptides to remain
stably inserted.

Vesicle simulations

Three simulations of POPC vesicles of diameter ~200 A
were performed: one in the absence of M1.1 (i.e., a control
simulation, control-ves), a second in which the vesicle was
initially surrounded by 100 randomly-placed M1.1 helices
(100mac-ves; Fig. 2 C), and a third in which the vesicle was
initially surrounded by 100 randomly placed WALP23 he-
lices (100WALP-ves). The 100mac-ves simulation was de-
signed to model the interaction of AMPs with biological
membranes that exhibit bilayer curvature and in which only

Biophysical Journal 95(8) 3802-3815


http://www.biophysj.org/cgi/data/biophysj.108.128686/DC1/1
http://www.biophysj.org/cgi/data/biophysj.108.128686/DC1/1
http://www.biophysj.org/cgi/data/biophysj.108.128686/DC1/1

3808

one face of the bilayer is exposed to peptide. The conditions
also mirror the higher lipid:protein ratios utilized during a
number of in vitro studies, including recent fluorescent-probe
leakage measurements made upon addition of M1.1 to POPC
vesicles (10). The 100WALP-ves simulation was included as
a control, using a peptide that is suggested to self-associate
within membranes but does not form pores (53).

The 100mac-ves simulation allowed the observation of
spontaneous adsorption and insertion of M1.1 peptide com-
plexes into the vesicle membrane, the description of which
has been broadly separated into three main stages: 1), an
initial, fast (~0-100 ns) process of peptide/peptide aggre-
gation; 2), an intermediate stage (~100-300 ns) of peptide
clustering and lipid adsorption/insertion; and 3), a slower
relaxation stage over the remainder of the simulation (Fig. 5).
The initial phase (0—100 ns). During the first ~50-100 ns,
peptides rapidly aggregate, as seen from the distribution of
clusters of peptides over time (Fig. 6 A). It may thus be ob-
served that in the first ~100 ns, ~15 small clusters of ~5-15
peptides each are formed (for further cluster analysis, see Fig.
S4, Data S1). Many of these clusters also adsorb to the vesicle
surface, as shown by the increase in number of peptide
molecules in contact (<6 A) with the heads and tails of outer
leaflet lipid molecules (Fig. 7 A). Within ~100 ns, ~70
peptides have come into contact with both the outer leaflet
headgroups and also, interestingly, tails. This appears to be
because the clusters of M1.1 peptides form patches on the
surface of the vesicle, and their hydrophobic a-helical re-
gions penetrate into the outer leaflet acyl tail particles, forcing
lipid headgroups away from this region. Indeed, this cluster
insertion process means that even a few particles of the inner
leaflet tails are contacted by (~20) peptides over this short
timescale (Fig. 7 A). Of the few peptides which are still
monomeric after ~100 ns, these lie on the surface of the
vesicle in an interfacial, in-plane orientation, with no evi-
dence of TM insertion (Fig. 5 A). Thus, peptide aggregation
may be necessary to form sufficiently large patches devoid of
lipid headgroups, easing peptide access to the hydrophobic
acyl tails.

The intermediate phase (100-300 ns). Over the next ~200
ns, there is a gradual, stepwise increase in the number of
MI1.1 peptides in contact with the outer leaflet tails and
headgroups, as the remaining clusters in the aqueous phase
adsorb to the vesicle (Fig. 7 A). Thus, by ~300 ns, there are
~85-90 contacts with both outer leaflet tails and headgroups.
There are a total of ~90-95 peptide molecules in contact with
all lipids (i.e., tails or headgroups), and this remains ap-
proximately constant for the remainder of the 1.25 us sim-
ulation. At the same time, there is also an increase in the
number of peptides in contact with the lipids of the inner
leaflet as peptide clusters begin to penetrate into the interior
of the vesicle (Fig. 7 A). Visual inspection reveals that these
are made primarily by the peptide clusters already adsorbed
to the outer vesicle surface at ~50-100 ns (Fig. 5). Of in-
terest, between ~0-300 ns, there are several sudden stepwise
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FIGURE 5 Snapshots from the 100mac-ves simulation at (A) 50 ns, (B) 300
ns, and (C) 1250 ns. B and C are “‘cut through’’ the vesicle to reveal its cross
section. (A) A peptide cluster in solution (purple arrow), three peptide clusters
adsorbed to the vesicle surface (black arrows), and groups of monomeric/
dimeric peptides adsorbed to the surface (yellow arrows). (B) Three mem-
brane-integrating peptide clusters (black arrows), two of which later fuse to
form a larger peptide aggregate (purple arrow). (C) Two TM peptide clusters
are evident. In each snapshot, the M1.1 peptide is shown in red backbone
format. For the POPC lipids, cyan, green, tan, and dark blue = lipid tail,
glycerol backbone, phosphate, and choline particles, respectively.
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jumps in inner leaflet tail contacts (Fig. 7 A). In each case,
~50 ns after each of these tail-contacting events, similar
patterns are observed for peptides contacting the inner leaflet
headgroups. By ~300 ns, there are ~45 M1.1 molecules in
contact with the inner tails, and ~25 in contact with the inner
headgroups. Moreover, visual inspection reveals that there
are three component clusters making the majority of these
contacts, of sizes ~15, ~25, and ~40 peptides (Fig. 5, ar-
rows). Thus, on average, by this stage about half of the M1.1
peptides in a ‘‘penetrating’’ cluster are able to contact the
inner leaflet tails, and only about half of those (i.e., about a
quarter of each peptide cluster) are able to interact with the
inner interfacial region. A range of orientations are observed
for the peptide molecules that interact with the inner leaflet
headgroups, as discussed further below.

By ~300 ns, all protein clusters are in contact with the
vesicle, and no further changes occur in fotal protein-lipid
contacts. Over this period there are also morphological
changes in the vesicle as a whole. Thus, the Rg for the vesicle

3809

lipids gradually increases from ~55 A nm at 0 ns (as in the
control-ves simulation) and plateaus at ~57 A by ~300 ns.
This does not change significantly over the remainder of the
simulation (Fig. 8 A). Thus, protein adsorption/insertion ap-
parently results in an increase in the mean size of the vesicle,
as confirmed by the rapid reduction in the Rg of the protein
plus lipid as a whole, which reduces rapidly from ~75 A at
0 ns and levels off at ~62 A by ~300 ns (Fig. 8 A).
Changes in the overall morphology of the vesicle may be
quantified by the three time-averaged principal moments of
inertia (MOIs): I, I,, and I3. The POPC control vesicle is
approximately spherical, with a ratio of I /l,/I; ~ 1:1:1
throughout the control-ves simulation. In contrast, there is a
gradual change over the first ~300 ns of the 100mac-ves
simulation to a ratio for the vesicle lipids of I,/l,/Iz ~
1.3:1.2:1 (Fig. S6, Data S1). Thus, the vesicle has become
more ellipsoidal. This change is even more evident when the
peptide is included in the calculation; the ratio is ~1.5:1.3:1,
reflecting the overall asymmetric distribution of M1.1 mol-
ecules within the vesicle membrane. If one calculates the
MOI for the lipids of the inner leaflet only, the ratio becomes
L/L/I5 = 1.7:1.5:1 by ~300 ns (Fig. S7, Data S1). This oc-
curs because of the smaller number of lipids in the inner
leaflet and consequently increased lamellar curvature.
Overall, it appears that the clustering, adsorption, and sub-
sequent penetration of M1.1 peptides induces a significant
degree of “‘stretching’’ of the vesicle along its principal axis.
The changes in vesicle shape are reflected at the molecular
level by altered dynamics of the constituent lipids. The mean
second-rank order parameter P, = (1/2 (3cos’0 — 1)) was
calculated for each of the lipid bonds of the inner and outer
leaflets (Fig. 9 A). Here, 0 is defined as the angle between the
bond of interest and a vector connecting the center of the
bond to the center of mass of the vesicle (i.e., approximating
the local membrane normal), with P, = 1 representing perfect
normal alignment of a bond, P, = —0.5 representing perfect
antialignment, and P, = O reflecting a random orientation. It
should be noted that these values did not significantly change
in the 100mac-ves simulation after ~300 ns. It is clear that
for the control-ves simulation, the order parameters for the
inner and outer lipids are largely similar along the chain,
with random alignment of the choline-phosphate bond, an
approximately semialigned orientation for the phosphate-
glycerol bond, and then gradually decreasing order along the
lipid tails, again attaining an almost random alignment at the
ends of the acyl tails. Slightly more disorder is observed for
the lipid tails of the inner leaflet. This overall pattern re-
sembles a similar order parameter profile obtained for a CG
vesicle containing DPPC lipids (54). Analyzing the 100mac-
ves simulation, it seems that the lipids of the outer leaflet
behave in a manner similar to that of the control vesicle, with
only slightly reduced order for the phosphate-glycerol and
glycerol-tail bonds. However, there is a striking reduction in
the order parameters for the bonds connecting, in particular,
the headgroup and glycerol backbone particles, along with
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the first few tail particles. Thus, the morphological changes in
the vesicle that lead to “‘stretching’’ along the principal axis
result primarily in a reduction in ordering of bonds of the
inner leaflet lipids. Evidently, the high induced curvature of
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simulations.
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the inner leaflet is compensated for by a disordering of in-
dividual lipids, easing the global changes in the shape of the
vesicle as it is ‘‘stretched’’.

Significantly, at ~300 ns, when the vesicle shape has more

or less stabilized, the largest M1.1 clusters that have pene-
trated the vesicle bilayer, allowing peptides to interact with
the inner leaflet, are clearly located at the ‘‘poles’” of the
ellipsoidal vesicle. By definition, the bilayer curvature, and
thus lateral membrane tension, is greatest at the poles of the
now-ellipsoidal vesicle. Thus, the ““stretching’’ of the vesicle
and clustering of protein aggregates at either ‘‘pole’” facili-
tates the gradual, stable insertion of M1.1 peptides into the
inner leaflet. This is a consequence of the locally increased
membrane tension, which results in membrane thinning
around the penetrating clusters and a decrease in the struc-
tural order of lipids of the inner leaflet. Both effects appear to
ease the transition of peptides into the bilayer core.
The final phase (300 ns onward). The vesicle shape does
not change substantially over the remainder of the 1.25 us
simulation, although there are still some changes in peptide
aggregation. At ~400 ns, the two large TM clusters com-
posed of ~40 and ~25 peptides begin to fuse with one an-
other (Fig. 6 A). Subsequently, for the remainder of the
simulation, the average population of all clusters consists
of the two main ‘‘polar’” clusters of ~60-70 and ~15-20
peptides each (Fig. 5 C). Of these peptide aggregates, visual
inspection reveals that, similar to the peptide/vesicle complex
at 300 ns, about a third to a quarter of the individual peptides
in each cluster interact directly with the inner leaflet head-
groups. This final fusion event seems to accompany a slightly
deeper penetration of peptide clusters, with a loss of ~5 outer
leaflet headgroup contacts and a corresponding increase in
inner leaflet tail contacts.
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FIGURE 9 P, order parameters for lipid bonds of the inner (black) and
outer (red) vesicle leaflets for the (A) 100mac-ves and (B) 100WALP-ves
simulations. In each case the order parameters for the simulation in the
presence of peptides (solid lines) are compared with those of the control-ves
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normal, as described in the text. Values are shown for consecutive bonds
between the choline (NC3), phosphate (PO4), glycerol backbone (GL), and
acyl tail (C1-C5) particles (as indicated by labels). The mean order
parameters were calculated after discarding the initial 200-400 ns of each
simulation.

Visual inspection suggests that the vesicle cavity remains
“‘stretched’” along the proteoliposome principal axis, par-
ticularly in the vicinity of the two peptide aggregates local-
ized at the “‘poles’’ (Fig. 5). Thus, while already in contact
with the inner leaflet at 300 ns, these aggregates continue to
optimize their lipid-protein interactions over the course of
the simulation, becoming more intimately associated with
the headgroups (Fig. 5). This is partly a result of changes in
peptide orientation/dynamics. The average tilt angle of the
peptides with respect to the bilayer surface normal was es-
timated by calculating the angle between a vector fitted to the
backbone particles of each helix and a vector connecting the
center of each helix to the center of mass of the vesicle. As in
previous simulations, a range of tilt angle distributions were
observed, skewed toward an in-plane orientation. Although a
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modal tilt angle of 75-90° was observed throughout the
simulation (Fig. S8 A, Data S1), when all peptide clusters are
adsorbed to the vesicle at the end of the simulation, the
overall distribution is flatter, with an increase in the number
of peptides tilted at an angle of <45° with respect to the
bilayer normal.

Thus, with respect to a simple bilayer environment, as the
simulation proceeds and M1.1 peptides become more in-
corporated into the vesicle membrane, a shift occurs from
single-helix-like (cf., the 1mac-sa simulations, Fig. S1 B,
Data S1) to multiple-peptide behavior (cf., the 16mac-bil
simulations, Fig. S2 B, Data S1). Moreover, although the
kink angle distribution changes little as the 100mac-ves
simulation proceeds (Fig. S8 B, Data S1), the modal kink
angle range is higher (30—45°) than for either of the bilayer
systems (Figs. S1 A and S2 A, Data S1) for which the mode
was 15-30°. Thus, a combination of the high peptide/lipid
ratio along with the increased membrane curvature of the
vesicle phase leads to a greater degree of peptide kinking,
again aiding stable insertion of M1.1 peptides.

It is informative to compare the behavior of WALP23
(which does not form pores in membranes) with that of
maculatin in the vesicle simulations. The clustering pattern
for WALP23 is rather different from that of maculatin (Fig.
6), suggesting the formation of a small number of less-dis-
perse clusters for WALP23. Differences in the structures of
the clusters formed are reflected in their protein-lipid inter-
actions. Thus, while both types of peptide insert rapidly into
the vesicle, many more WALP23 helices form contacts with
the inner leaflet lipids compared to maculatin (Fig. 7). This
reflects the greater tendency of WALP23 to adopt a TM ori-
entation, which is also indicated by the mean tilt angles with
respect to the vesicle surface normal for the two species of
peptide (data not shown). Similarly, the radii of gyration of
the lipid alone and of the lipid plus protein have the same final
values for WALP23, in contrast to the situation for maculatin
(Fig. 8). This is again consistent with a more equal distri-
bution of peptide residues across the vesicle bilayer for the
nonpore-forming WALP23 compared to maculatin.

There is also a pronounced difference between the two types
of peptide in terms of their effects on the lipid order parameters
(Fig. 9). For M1.1 the effects on order parameters were rela-
tively small (as discussed above) in the outer leaflet, with a
distinct decrease in order in the inner leaflet. In contrast, the
order of the inner leaflet lipid tails is actually increased in the
presence of WALP23, and the decrease in order around
the glycerol region is less pronounced. This is presumably a
result of the WALP23 peptides adopting a TM orientation,
thus being able to pack uniformly within the vesicle membrane
and causing less vesicle distortion and lipid disruption com-
pared to maculatin (Fig. 10). Indeed, estimates of MOIs (data
not shown) indicate that WALP23 has significantly less of an
effect on the ‘‘elongation’’ of the vesicle.

Overall, the groups of inserted M 1.1 peptides in the vesicle
simulation consist of compact, lipid-excluded aggregates,
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FIGURE 10 Representative snapshots of final peptide clusters for the (A)
100mac-ves and (B) 100WALP-ves simulations. In each snapshot, the
peptide is shown in red backbone format, and the lipids in space-filling
format with cyan, green, tan, and dark blue = lipid tail, glycerol backbone,
phosphate, and choline particles, respectively.

lined on either vesicle leaflet at the bilayer interfacial region
by many in-plane helices, some of which kink toward the
membrane center to stabilize a few fully TM peptides, which
nevertheless tilt to different degrees with respect to the local
membrane normal. In contrast, the WALP23 peptides form
more ordered TM helix bundles. Thus, even at the CG level
there is a clear difference in the qualitative and quantitative
behavior of pore-forming and nonpore-forming «-helical
peptides.

CONCLUSIONS

These long-timescale CG-MD simulations have enabled us to
explore the interactions of M1.1 with zwitterionic phospho-
lipids over a range of peptide/lipid ratios and with various
lipid configurations, including a large-scale and extended
simulation of the permeabilization of a vesicle by multiple
peptides. Single-helix self-assembly simulations demon-
strated that the preferred position of monomeric M1.1 is at
the membrane interface with an in-plane orientation. Nev-
ertheless, the kinking dynamics of the helix around the cen-
tral P15 residue were observed to favor the partial penetration
of the peptide, particularly its N-terminal half, which contains
alysine that can ‘snorkel’’ toward the lipid headgroups upon
semiinsertion.

The observed average location and kinking behavior of the
monomeric M1.1 a-helix are consistent with experimental
studies (11,12) and suggest that helix insertion may require
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the interactions of multiple helices. It is difficult to obtain
experimental evidence for the exact numbers of helices in
transient peptide clusters. However, for alamethicin (albeit a
rather different system), pores form with >12 helices (as
reviewed in, e.g., Sansom (55)). It therefore does not seem
unreasonable to suggest that large assemblies are formed by
other AMPs. We therefore tested the ability for M1.1 to insert
into preformed bilayers at a higher peptide/lipid ratio. These
simulations revealed the cooperative membrane insertion
of M1.1 peptide aggregates. Before the formation of larger
clusters, the minimum size of an aggregate required for a TM
orientation of one or more M1.1 helices was just four pep-
tides, as previously observed for the toroidal magainin pores
observed in both atomistic MD simulations (25). As pre-
dicted, the insertion of each aggregate, small or large, was
stabilized by peripheral interfacial helices that kinked into
the membrane core to support deeper TM helices. Similar
structures have been seen in recent CG simulations of pores
formed by the AMP magainin-H2 (52).

The arrangement of peptides within each membrane-
inserted aggregate within the bilayer phase was dynamic and
underwent significant fluctuations, but the approximate shape
and size of each cluster was maintained over a microsecond.
Importantly, the peptide aggregates exhibited compact
structures, which for the most part excluded lipid molecules.
Occasionally, a central, pore-like cavity could be identified
within an aggregate, but this was only transient and did not
exhibit water passage during the simulated timescales. It is
probable that the CG level of representation, with four waters
approximated by a single particle, may prevent the obser-
vation of such events. Thus, it may be beneficial to convert
the M 1.1 aggregate structures into an AT representation via a
multiscale approach to investigate this possibility (31,56,57).

Indeed, there are a number of limitations to the CG ap-
proach. In particular, it cannot reproduce atomistic detail and
so cannot fully capture the likely role of peptide-water-ion
and lipid-water-ion interactions in membrane permeabiliza-
tion/lysis. It will also be of interest to see how improved CG
force fields (52,58) may refine our model of maculatin/bi-
layer interactions. However, in the longer term, the solution
to the limitations of CG methods (such as the absence of a
detailed treatment of water) may be to combine CG and AT
models together in a multiscale approach (31,32,56,57). This
would combine the ability of CG approaches to model large-
scale self-assembly and membrane reorganization events
with the ability of extended AT-MD simulations to refine
initial structural models of peptide/lipid/water interactions
(59). Indeed, it may even be necessary to extend such multi-
scale methods to include polarizable water models (60),
given, e.g., discussions of electroporation as a possible
mechanism of pore formation (61,62). Such multiscale sim-
ulations would also allow us to explore, e.g., detailed changes
in peptide conformation upon peptide clustering.

However, at the present stage, in the absence of fully at-
omistic detail, our results indicate that the absence of a well-
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defined and long-lasting central pore, and the exclusion of
lipid headgroups from the aggregates make either the barrel-
stave model or the toroidal pore model an unlikely expla-
nation for the mechanism of membrane lysis by M1.1. This is
very different from models of classical pore-forming peptides
such as alamethicin (55), reflecting the different nature of
their interactions with lipid bilayers.

These simulation results led us to ask how the interaction
of M1.1 peptides with a liposome, which has direct relevance
to experimental studies (4), might inform our understanding
of the mechanism of lysis. An extended 1.25 us simulation
revealed the spontaneous adsorption and insertion of multiple
MI.1 peptide complexes into a vesicle membrane. This
proceeded via initial, rapid peptide-peptide aggregation ac-
companying adsorption of the peptides to the vesicle surface,
followed by a slower (>100 ns) process of peptide cluster
TM insertion. Monomeric peptides on the surface of the
vesicle remained in an interfacial, in-plane orientation, with
no evidence of TM insertion, thus resembling the single helix
bilayer simulations. In contrast, clusters of peptides were
sufficient to form large patches on the vesicle surface devoid
of lipid headgroups, hence ‘‘opening up’’ the bilayer and
easing access to the hydrophobic acyl tails. As the simulation
proceeded, some of these clusters were able to penetrate
further and fully integrate into the membrane over hundreds
of nanoseconds, with about a third of each cluster becoming
associated with the lipid headgroups of the inner leaflet.
Again, this was aided by kinking around the central Pro
residue of interfacial M1.1 peptides at the edge of each
cluster, and the final aggregates resembled their counterparts
in the multiple-peptide bilayer simulations.

An important difference between the bilayer and vesicle
simulations was the morphological changes in the structure
of the membrane. The process of TM integration of peptide
clusters seemed to ‘‘stretch’’ the vesicle along one axis, re-
sulting in a more ellipsoidal shape and hence an increased
membrane tension as a result of induced curvature, particu-
larly for the inner leaflet due to its greater lipid density
compared to the outer leaflet. This was further evidenced by a
reduction in order parameters for the bonds of the inner leaflet
lipids. Accompanied by this was the TM insertion of two
peptide clusters located at either end, or ‘‘pole’’, of the axis
along which the vesicle was observed to be stretched. Thus,
the “‘stretching’’ of the vesicle and reduction in inner leaflet
lipid order eased peptide aggregate incorporation into the
membrane, particularly at the resultant vesicle ‘‘poles’
where the membrane tension due to curvature is highest and
lipid order is lowest.

Critically, these morphological changes in the vesicle
membrane were stable, and over a microsecond timescale the
vesicle actually began to resemble two curved, stacked bi-
layers around the two main TM peptide aggregates in cross
section (Fig. 6). Thus, the global membrane structure is
clearly destabilized, and it is possible that over more ex-
tended timescales the vesicle could become ‘‘torn’’ near the
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aggregates where the bilayer curvature stress is still high,
resulting in dramatic increases in bilayer permeability. This
might be tested via a more CG approach, as in a recent study
that showed that clustered model proteins adsorbed on lipid
bilayer membranes could induce membrane curvature and
vesicle formation (63). Thus, our observations suggest that
M1.1 may in fact proceed via a modified, curvature-desta-
bilizing carpet mechanism. Rather than serving as a neces-
sarily ‘‘detergent-like’” model for bilayer disruption at the
surface, the M1.1 peptides appear to form stable, lipid-
excluded complexes that modify membrane structure by
changing the local spontaneous curvature (particularly of the
inner leaflet), and may eventually bend it enough to cause
local and/or global lysis of the proteoliposome. This is in
contrast to the behavior of, e.g., TM helices as represented by
the WALP23 peptide.

We note that the current simulations are limited to zwit-
terionic lipids. In the future, such studies will be extended to
more complex lipid mixtures (including anionic lipids). To
fully explain lipid selectivity, it may of course be necessary to
employ multilevel simulations, i.e., combining CG and at-
omistic approaches. It will also be of interest to extend these
simulations to establish the extent to which our observations
may be generalized to a wider range of AMPs.

SUPPLEMENTARY MATERIAL
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