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It has long been suggested that pore formation is responsible for the increase in membrane permeability by
antimicrobial peptides (AMPs). To better understand the mechanism of AMP activity, the disruption of model
membrane by protegrin-1 (PG-1), a cationic antimicrobial peptide, was studied using atomic force microsco-
py. We present here the direct visualization of the full range of structural transformations in supported lipid
bilayer patches induced by PG-1 on zwitterionic 1,2-dimyristoyl-snglycero-phospho-choline (DMPC) mem-
branes. When PG-1 is added to DMPC, the peptide first induces edge instability at low concentrations, then
pore-like surface defects at intermediate concentrations, and finally wormlike structures with a specific
length scale at high concentrations. The formation of these structures can be understood using a mesophase
framework of a binary mixture of lipids and peptides, where PG-1 acts as a line-active agent. Atomistic mo-
lecular dynamics simulations on lipid bilayer ribbons with PG-1 molecules placed at the edge or interior po-
sitions are carried out to calculate the effect of PG-1 in reducing line tension. Further investigation of the
placement of PG-1 and its association with defects in the bilayer is carried out using unbiased assembly of
a PG-1 containing bilayer from a random mixture of PG-1, DMPC, and water. A generalized model of AMP in-
duced structural transformations is also presented in this work. This article is part of a Special Issue entitled:
Membrane protein structure and function.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

A central paradigm of modern molecular biology is the mutual de-
pendence of structure and function. Thus, discovering the structure of
a biological system often leads to the understanding of its function.
For example, membrane fusion protein has a strongly curved intrinsic
shape, and, when coated on a membrane, can distort the initial shape
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of the membrane surface, driving its fusion with an opposing mem-
brane [1]. In an opposite manner, the formation of vesicles out of plas-
ma membranes and trans-Golgi membranes is attributed to the
adsorption of proteins with an intrinsic shape opposite to that of
the membrane fusion protein [2–5]. Consequently, the shape of the
membrane is controlled not only by the mechanical properties of
the lipid bilayer itself [6], but also to a large extent by proteins that
are embedded or associated with the lipid membrane [7]. The inclu-
sion of proteins in a membrane can cause a lipid bilayer to undergo
structural transformations, turning the original planar geometry into
a variety of mesophases [8]. The equilibrium configuration of a mem-
brane is determined by minimizing its free energy, which in turn is
subject to perturbations dictated by the molecular details of the inclu-
sion [9].

A special class of membrane inclusion proteins is that of the anti-
microbial peptide (AMP). These peptides have been shown to kill bac-
teria by increasing the membrane's permeability to ions or larger
molecules [10–16]. It has long been proposed that the lytic effect of
AMPs stems from their ability to induce structural changes in the
membrane, resulting in pore formation [10–16]. Therefore, one can
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gain insight into the breakdown of the membrane as a permeability
barrier if one can better understand what dictates the mixed assem-
bled structure resulting from such lipid–peptide interactions. For in-
stance, it has been suggested that the resulting pore structure can
be barrel-stave-like [10–12,14] or toroidal-like [13,15,16], depending
on the specific peptide, though direct observation of such pores on
membranes has been difficult. Protegrin-1 (PG-1) is an AMP from
porcine leukocytes that has only 18 amino acids (NH2-
RGGRLCYCRRRFCVCVGR-CONH2), and a net charge of +6 due to the
six arginine residues in the sequence. It exhibits antimicrobial activity
over a wide range of bacteria including Escherichia coli, Listeria mono-
cytogenes, and Neisseria gonorrheae. In recent years, pore formation
induced by PG-1 on supported lipid bilayer patches has been directly
visualized using atomic force microscopy (AFM) [17]. In addition to
pores, increasing PG-1 concentration has led to other unique types
of lipid–peptide assembled structures. The spectrum of structural
transformations observed with increasing PG-1 concentration pro-
gresses from bilayer edge instability, to pore formation at the center
of the bilayer patch, and finally to a network of wormlike structures
[17]. These higher degrees of structural transformations also agree
with a number of observations whereby wormlike protrusions from
the cell membrane have been observed when the cells are incubated
with AMPs [18–20].

The rich mesophase behavior in membranes containing PG-1 is
reminiscent of a classic amphiphilic system involving a binary mix-
ture of short- and long-chain lipids such as 1,2-dihexanoyl-sn-gly-
cero-3-phospho-choline (DHPC) and 1,2-dimyristoyl-sn-glycero-3-
phospho-choline (DMPC) [21–23]. These systems exhibit disk-like,
elongated (ribbon or wormlike micelle), or porous (vesicle or lamel-
lar) aggregates, depending on composition, and have in common
the coexistence of a flat bilayer region rich in the long-chain lipid
and an edge region preferentially occupied by the short-chain lipid.
Such structures are not found at equilibrium among single-
component DMPC aggregates in solution, where the line tension
drives the system to minimize edge lengths either by fusing bilayer
fragments into extended sheets or by curving fragments into closed-
shell vesicles. The stability of disk, ribbon, or pore edges in the
DMPC/DHPC mixtures indicates that the line tension – the excess
free energy per unit length of the edge – is negligible, a result of the
line activity of DHPC. The similarity in phase behavior between the
simple mixed lipid system (DMPC/DHPC) and the antimicrobial pep-
tide incorporated lipid system (DMPC/PG-1) with substantial biolog-
ical importance suggests that the structural formation by the twomay
be driven by the same underlying principle.

The small size, apparent simplicity, and biophysical interest of PG-
1 have motivated a number of atomistic simulation studies, recently
reviewed [24], aimed at understanding the behavior of PG-1 within
the lipid environment. Several simulation studies have been pub-
lished on the interactions of PG-1 with lipid membranes [25–28].
Langham et al. [27] performed simulations of PG-1 with sodium-
dodecyl-sulfate (SDS) and dodecyl-phospho-choline (DPC) micelles
that were chosen to model the bacterial and mammalian membranes,
respectively. They found a clear difference between the behavior of
SDS versus DPC, which implies distinct mechanisms of interaction
for PG-1 with bacterial and mammalian membranes. Bolintineanu et
al. [29] screened several PG-1 mutants by molecular dynamics simu-
lations in micelle environments, trying to correlate the toxicity of
those molecules to their physicochemical properties such as interac-
tion energies and radius of gyration. Jang et al. [30] simulated the in-
teractions of PG-1 with model membrane bilayers consisting of either
palmitoyl-oleoylphosphatidyl-choline (POPC) lipids to mimic mam-
malian membranes or mixed POPC/POPG lipids to mimic bacterial
membranes (POPG, or palmitoyl-oleoyl-phosphatidylglycerol, is a
negatively charged lipid). They found that the PG-1 molecules bind
more strongly to the model bacterial membrane than to the model
mammalian membrane because of electrostatic interactions.
Kandasamy and Larson performed MD simulations for the interac-
tions of PG-1 with model lipid bilayers of different hydrophobic
widths [31]. They showed that PG-1 possessed diverse binding
modes in the trans-membrane orientation. They also showed that
the membrane disruption was weaker for membranes composed of
shorter lipids, and that the assembly of a bilayer in the presence of
PG-1 led to a bilayer with a pore stabilized by a transmembrane pep-
tide. The tilting behavior of PG-1 embedded in bilayers of different
thickness has been explored in great detail using umbrella sampling
calculations by Rui and Im [32] which led to a reinterpretation of
NMR results that had originally indicated a large discrepancy be-
tween simulation and experiment regarding the tilt angle. Using a
structure derived from NMR results [33], Langham et al. [34] modeled
octameric PG-1 pores in a barrel-stave arrangement; however, NMR
evidence of close headgroup–backbone interactions [35] brought
this model into question. Jang, Nussinov, Lal and coworkers simulated
PG-1 pores stabilized by eight PG-1 monomers [36]. They found little
difference between the oligomeric structures in zwitterionic lipid bi-
layers and anionic lipid bilayers [36]. Members of the same team sub-
sequently reported MD simulations for PG-1 pores formed by 10
monomers in anionic dioleoylphosphatidylserine/dioleoylphosphati-
dylethanolamine lipid bilayers showing that these gave better fits to
pore sizes determined by AFM [37].

In this work, we present the structural formation in mixed DMPC/
PG-1 systems revealed via AFM, and results of full atomistic and
coarse-grained molecular dynamics simulations on the perturbation
of the lipid bilayer edge by PG-1 molecules. A ribbon geometry is
used in the atomistic simulations to mimic the wormlike micelles ob-
served in AFM experiments. The geometry also provides simplicity to
analyze the energetics of the edge under periodic boundary condi-
tions [22,38].

Our findings suggest that the lytic effect of PG-1 should not be cast
merely as a static picture of the induction of pore structure, but
should rather be viewed as a dynamic picture of structural transfor-
mations adopted by the lipid–peptide mixture depending on the rel-
ative ratio of the two species.

2. Material and methods

2.1. Material

DMPC was purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL) and used without further purification. High-grade mica was
purchased from Ted Pella, Inc. (Redding, CA). Ultrapure water
(resistivity>18 MΩ cm) was obtained with a MilliQ (Millipore, Bed-
ford, MA) system. Dulbecco's phosphate-buffered saline (D-PBS),
without calcium and magnesium (Invitrogen Co., Carlsbad, CA),
was used as the superphase for all the experiments. PG-1 was syn-
thesized in-house; the synthesis of the peptide has been described
elsewhere [40].

2.2. Experimental methods

The interaction of bilayer patches and PG-1 was studied as fol-
lows: Prior to the experiment, the fluid cell was flushed with MilliQ
water. (1) Bilayer patches were deposited on the mica surface by ves-
icle rupture method. (2) After vesicle injection, excess vesicles were
purged with buffer solution and AFM images were obtained. (3) PG-
1 solution was injected into the superphase and AFM images were
taken to record the height profile of the system (see Fig. 1).

Large unilamellar vesicles were prepared via the freeze–thaw ex-
trusion method [40]. The lipid, dissolved in chloroform, was dried to
a thin film under a stream of nitrogen and was left overnight in vac-
uum for the solvent to completely evaporate. The lipid film was
then hydrated with water and vortexed at 40 °C for 30 min. A typical
concentration used during vesicle preparation was 2 mg/mL. After six



Fig. 1. Experimental protocol for AFM imaging: 1. Formation of lipid bilayer patches via vesicle rupture on mica surface; 2. Imaging bilayer patches after flushing unattached ves-
icles; 3. Scanning morphology and topology of bilayer patches after the introduction of PG-1.

Table 1
Atomistic simulations. Line tension is calculated according to Eq. (1).

System
code

System information Line
tension

Duration

AT-1 183 DMPC, 20631 H2O 37.2 pN 40 ns
AT-2 166 DMPC, 2 PG-1 at edge, 16182 H2O 38.6 pN 40 ns
AT-3 165 DMPC, 4 PG-1 at edge, 20479 H2O 19.6 pN 60 ns
AT-4 165 DMPC, 4 PG-1 at edge(anti), 20479 H2O 13.5 pN 60 ns
AT-5 165 DMPC/4 PG-1 in bulk, 20479 H2O 65.1 pN 48 ns
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freeze–thaw cycles, the suspension was extruded through the pores
of a polycarbonate membrane (100 nm, Avanti Polar Lipids, Inc.).
The size distribution of the resulting vesicles was determined by dy-
namic light scattering using a model PD2000DLS (Precision Detectors,
Franklin, MA) instrument and was typically found to have a diameter
of 130±28 nm.

Supported bilayers were formed using the vesicle rupture method.
All experiments were performed under buffer using a commercial
fluid cell (Digital Instruments, Santa Barbara, CA). Mica fixed on a
stainless steel disk was freshly cleaved and used as a substrate. The
mica was immediately hydrated by the buffer solution. Subsequently,
0.4 mL of a 20 μg/mL vesicle solution with 10 mM MgCl2 (Fisher Sci-
entific, ACS grade) was injected to the sample chamber. After 2 min,
whereby self-assembled bilayer patches have been formed, the sam-
ple chamber was flushed with buffer to remove excess vesicles in sus-
pension. With this concentration, the area coverage of resultant
bilayers was measured to be around 20%. All experiments were con-
ducted at 30±2 °C, a temperature above the critical temperature of
DMPC, so that the bilayers were in a fluid state throughout the exper-
iments. Temperature of the bilayer was maintained constant using a
heating controller (Veeco Instruments Inc.) throughout the
experiment.

Imaging of the unperturbed supported bilayer was then per-
formed in fluid with a MultiMode Nanoscope IIIA Scanning Probe Mi-
croscope (Digital Instruments) using tapping mode. Cantilevers with
oxide-sharpened silicon nitride tips (Digital Instruments), with a
nominal spring constant of 0.32 N/m were used in tapping mode
with a 160-μm scanner (type J). The drive frequency was between
8–9 kHz, and the drive amplitude was between 0.25 V and 0.5 V,
which corresponded to 5–10 nm. The setpoint was usually between
0.8 and 0.9 of the free amplitude in our experiments. Minimized tap-
ping force was applied during scan to prevent membrane damage and
possible artifacts. Typical scan rate of 1 Hz at a resolution of 256–-
512 pixels/line was used. Images shown were subjected to a first-
order plane-fitting procedure to compensate for sample tilt, and, if
necessary, to a zeroth-order flattening. The height of the bilayer was
obtained by analyzing the distribution of surface height over a scan
(bearing analysis) or the line section of a scan, depending on the na-
ture and the quality of the image. The area of the bilayer was estimat-
ed by counting the number of pixels above a certain threshold value
determined by analyzing the distribution of surface height over a
scan.

After imaging the unperturbed bilayer patches, PG-1 solution of
known bulk concentration (Cb) was injected to fully exchange the
superphase. A stock PG-1 (1.0 mg/mL) solution was prepared by dis-
solving the peptide in ultra-pure water with 0.01% glacial acetic acid
to prevent aggregation, and then further diluted to the desired con-
centration Cb in buffer. An AMP solution of known concentration, Cb,
was injected into the fluid cell to fully exchange the superphase.

Two types of AFMmeasurement were carried out, namely the con-
centration study and the time-lapse study. In a concentration study,
the peptide solution was allowed to equilibrate with the bilayers for
an hour, after which structural changes of the same bilayer patch
were monitored. This procedure was repeated with increasing Cb to
assess the effect of peptide concentration on membrane structure.
Cb was increased by 0.5 μg/mL at a time; this small concentration
step was used to ensure that the full range of structural transforma-
tions could be captured. During equilibration with the bilayer
patches, free peptides in the bulk adsorbed to the bilayer until surface
partition equilibrium was reached. Since the bilayer patch coverage
on the mica surface was approximately the same in each experiment,
the peptide to lipid ratio should be directly proportional to Cb [41]. In
addition, since approximately the same amount of lipids was present
in each experiment, we expect the time-scale for peptide adsorption
and equilibration to be independent of Cb [41]. For example, all the
changes induced by PG-1 on fluid DMPC bilayer patches were com-
plete within an hour after peptide injection. This long time scale
allowed us to carry out time-lapse study. In a time-lapse study, imag-
ing commenced immediately after PG-1 injection, and changes in the
structure due to the various states of peptide association were suc-
cessfully observed.

2.3. Simulation methods

The molecular dynamics simulations were carried out using GRO-
MACS [42–44]. Most simulations were performed on a Linux cluster
of Dual-Core AMD Opteron Processor. The VMD package [45] was
used for visualization andmolecular graphics. The systems investigat-
ed are listed in Table 1.

For atomistic ribbon and ribbon/peptide simulations, the starting
configuration was taken from the endpoint of a 183-DMPC ribbon
system that had been fully equilibrated [38]. The X and Y dimensions
of the simulation box were expanded to ~9 nm and ~15 nm, with the
Z dimension (along the ribbon edge) fixed at 6.14 nm, to reduce elec-
trostatic interactions between periodic images of the peptides that
are inserted into the ribbon later. The empty spaces in the simulation
box were filled with water using the genbox utility of GROMACS. The
expanded system was then relaxed for 8 ns. Data for the first system
(AT-1), a single-component DMPC ribbon, were collected from the
endpoint of the 8-ns simulation. Meanwhile, the last frame of the 8-
ns simulation was adapted as a template for peptide insertion. Four
ribbon systems with PG-1 embedded were investigated. In passing,
we note that the two beta-strands of PG-1 stabilized by the disulfide
bonds are quite robust, so a vector can be assigned to represent the
molecule's orientation. In the beginning, all the peptides inserted to
the ribbons are roughly parallel to the normal of the flat part of the
ribbons. For the second system, AT-2, a few lipids are removed from
both edges of the ribbon to create one hole in each edge. Two pep-
tides were then inserted into the two holes separately, but in a paral-
lel fashion. For the third system, AT-3, two holes were created in each
edge of the ribbon. Four peptides were then inserted into the four
holes separately in a parallel fashion. The fourth system, AT-4, is
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similar to the third system except that two peptides inserted into the
same edge were roughly anti-parallel to each other. For the fifth sys-
tem, AT-5, lipids were removed from the flat part of the ribbon to cre-
ate four holes that accommodate four peptides parallel to each other.
System AT-1 contains 183 lipids and 20631 waters. Na+ and Cl− ions
were added to the lipid/peptide systems for charge-balancing and
bringing the system to an ionic strength that is physiologically rele-
vant. The combination of protein OPLS-AA (All Atom) forcefield [46]
with united atom lipid forcefield of [47] was used as suggested in ref-
erence [48]. The TIP3P water model [49] was used for all simulations.
The Berendsen thermostat and barostat [42] were used to maintain a
constant temperature of 323 K (with time constant 0.1 ps) and con-
stant 1 bar pressure (with time constant 0.1 ps assuming a compress-
ibility of 4.5×10−5 bar) in the X and Y directions, perpendicular to
the edge. The box dimension along the ribbon axis was fixed. The
particle-mesh Ewald method for electrostatic forces calculated during
the MD step [50]. The integration time step was 2 fs, and bond dis-
tances were kept constant during MD steps through the SETTLE [51]
and LINCS [52] algorithms. The positioning and dynamics of lipids
close to the edge are evident from Fig. 2.

Line tension was calculated from the anisotropy of pressure be-
tween the main axis along the ribbon edge and the perpendicular
axes. As shown in Ref. [22], the line tension Λ in our setup can be cal-
culated in terms of the elements of the pressure tensor Pxx, Pyy and Pzz
and the box length Lx and Ly,

Λ ¼ 1
2
LxLy

1
2

Pxx þ Pyy

� �
−Pzz

� �
: ð1Þ

Here the brackets denote an average over the course of the simu-
lations. No surface tension term appears in this equation because the
area of the bilayer ribbon is not constrained by the box dimensions;
the bilayer can therefore be considered to be at zero surface tension.

To create random mixtures as initial configurations, PG-1 mole-
cules were first placed, with random orientations at random loca-
tions, in a simulation box of size 6.8×6.8×6.8 nm. 128 DMPC lipids
were randomly placed in the box as well. The box was then solvated
with water and salt ions were added to maintain the charge neutrality
of the systems. Before starting long MD simulations, energy minimi-
zations were done to remove bad contacts in the created random
Fig. 2. (A) Trajectories of Protegrin-1 molecules of an 80-ns simulation, for the ribbon that c
middle in white, and the end is in blue. The phosphorus atoms in lipid head groups as gray do
dots to top gray dots in the figure, is about 9.5 nm. Lower panel includes initial and final sn
embedded in “bulk”-like region of the ribbon.
mixtures and 1 ns relaxation was implemented with an isotropic
pressure coupling scheme, at 300 K, to reduce the internal stresses.
The last frames of the relaxation processes were picked as the inputs
for conventional MD simulations. To allow the systems to evolve into
their optimal states, anisotropic pressure coupling was applied, with
the box shape constrained to be orthorhombic. After 80 ns of simula-
tion, the resulting structure was heated with a linear temperature
ramp to 500 K over 10 ns, then quenched over 10 ns back to 300 K
over 10 ns. The annealed structure was then simulated by conven-
tional MD for an additional 150 ns.
3. Results

3.1. Experimental results

A typical DMPC bilayer patch is shown in Fig. 3A. It exhibited a
round contour and a flat lamellar region ranging from 0.1 to a fewmi-
crons in diameter. Line scans revealed that these patches were 4.4±
0.2 nm in height when measured from the bare mica surface. A range
of different structural transformations was observed when PG-1 with
increasing concentration, Cb, was added to DMPC bilayer patches
(Figs. 3 and 4). At 0bCbb1.5 μg/mL, no changes in the structure
were observed as the bilayer patches remained round and smooth
(data not shown, refer to Fig. 3A). However, even at this low concen-
tration, the rigidity of the bilayer was found to be higher in the pres-
ence of PG-1 as the AFM tip could trace the patch better, and with less
perturbation to the patch shape during lateral scanning. Thus, PG-1
was most definitely associated with the bilayer patches, even though
its association did not induce detectable morphological or topological
changes. At 1.5bCbb2 μg/mL, edge destabilization of the bilayer
patches was observed while the lamellar region of the bilayer
remained intact, suggesting that the bilayer edge was more suscepti-
ble to PG-1 disruption. The fluid bilayer edge became rugged
and did not relax back to the round contour with time (Fig. 3B). At
2bCbb4 μg/mL (Fig. 4 panels A2, A3, A4, B2, B3, and B4), the edge de-
stabilization was progressively more significant with increasing Cb. In
addition, surface defects in the lamellar region were also found, with
the number density as well as the size increasing with higher Cb. At
Cb~2 μg/mL, the sparse surface defects appeared, in time-lapse AFM
onsists of four parallel Protegrin-1 molecules. Beginning of the trajectory is in red, the
ts visualize the shape of the ribbon. The width of the ribbon, distance from bottom gray
apshots only, highlighting positions of arginine sidechains. (B) As 2a, but for peptides

image of Fig.�2


Fig. 3. Atomic force microscopy image of equilibrium structure in DMPC lipid bilayer patch incubated with the increasing concentrations of PG-1 solution on a mica substrate (from
A to D). The color scheme shows higher structure with lighter color. (A) Without PG-1, line-tension of a unperturbed liquid lipid bilayer patch maintain a smooth edge contour (B)
With the perturbation of PG-1 at low concentration, bilayer contours are extended and stable over time, suggesting line tension is lowered with the incorporation of PG-1 at the
edge of the bilayer (C) With further increase of PG-1 content in the bulk, pore formation was observed. While the size of PG-1 molecule is much smaller than the dimension of
these pores (~9 nm in diameter), the PG-1 molecules are believed to aggregate in order to induce pore formation (D). At higher concentrations of PG-1, wormlike micelle formation
was observed transforming the entire bilayer into a structure with characteristics width of ~7 nm and a much reduced thickness. The rich morphologies of structural transformation
in the lipid/PG-1 mixture are reminiscent of phase behavior of DMPC/DHPC mixture, in which DHPC acts as line-active agent to lower line tension.
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imaging, to be laterally diffusive within the bilayer patch, and the
depth of the defects was measured to be approximately 1–2 nm
(Fig. 4, panels A2 and B2). However, the depth measured was
resolution-limited by the large AFM tip size (~10 nm radius of curva-
ture) and could not be fully resolved. As the lateral size of the defects
increased with increasing Cb, the defects were found to span the en-
tire depth of the bilayer, suggesting that these structures were
pores in the bilayer. The structural transformation at the edge of the
bilayer patch as well as the porous bilayer interior continued to
evolve with increasing Cb. Finally, at Cb>4 μg/mL (see, for example,
Fig. 4, panels A5 and B5) wormlike structures were found throughout
the bilayer patch. Radial distribution in a Fourier spectrum of these
wormlike structures (data not shown) revealed a characteristic
width of ~9 nm. The average thickness of the structure was 2.6±
0.3 nm from the mica surface, greatly reduced from the original thick-
ness of 4.4±0.2 nm for an unperturbed DMPC bilayer. The wormlike
structures persisted to even much higher Cb, representing the final
structural transformation observed in the system. At PG-1 concentra-
tions over 20 μg/mL, these structures became easily detachable from
the mica surface when scanned by the AFM tip. An AFM time-lapse
movie can be found in the Supplemental material, showing the grad-
ual thinning of the bilayer as well as the lateral expansion during the
PG-1 induced membrane disruption process. The high-resolution
image (Fig. 4 B5) revealed that the bilayer thinning was a process of
transforming bilayer into wormlike structures during the disruption.
Fig. 4. Atomic force microscopy images of structural transformation with increasing concen
number and larger in size with increasing concentration of PG-1 until the formation of wor
3.2. Simulation results

Ideally, a molecular dynamics trajectory would be carried out long
enough for a peptide to reach the same free energy minimum struc-
ture irrespective of starting conditions. In the present case, the slow-
ness of translational diffusion of the peptide (among other degrees of
freedom) prevented the direct assessment of the relative stability of
PG-1 embedded in flat and rim environments of a bilayer ribbon. In-
direct evidence drawn from the effects of PG-1 presence and place-
ment on edge line tension, and structures formed during unbiased
assembly of PG-1 containing lipid bilayers provide consistent support
for a mechanism of PG-1 action as a line-active agent at the bilayer
edge.

3.2.1. Positioning of PG-1 molecules with respect to bilayer edge
The position as well as orientation of PG-1 has been monitored in

the course of the atomistic simulations. Snapshots of DMPC ribbons
with four PG-1 molecules at the edge are shown in Fig. 5. The PG-1
molecules span the bilayer with the arginines associated with the
lipid headgroups and the hydrophobic core associated with the hy-
drocarbon chains of lipids (Fig. 5B). In most of the cases, arginines
at the terminals and at the turn regions are associated with the head-
groups of the lipids that approach the edge from opposite leaflets, re-
spectively. This resulted from electrostatic interactions between the
arginines and the lipid headgroups. The arginines at the N-terminal
tration of PG-1. Pore formation was observed at Cb>2 μg/mL, which became denser in
mlike micelles at ~4 μg/mL.

image of Fig.�3
image of Fig.�4


Fig. 5. Shown from left to right are: (A) the structure of the DMPC lipid and the PG-1 peptide, (B) perspective views of the snapshots of atomistic simulation for system AT-3 and
(C) system AT-4. The lipids are represented by gray sticks except the phosphorus atoms that are highlighted into orange spheres. The backbones of the PG-1 are represented by
green ribbons. The cysteine bridges are represented by yellow sticks and the arginines by blue sticks. The phenylalanines at the turn region are visualized in red, to give a sense
of the orientation of the PG-1. It can be seen in (B) and (C) that the arginines at the terminals and the turn region bind to the headgroups of the lipids that approach the edge
from opposite leaflets, respectively. The PG-1 in the foreground of (C) is an example that explains why these molecules can stabilize the bilayers edge— the flexible terminal region
can easily adjust to curved environment at the edge and thus seal the edge. The arginines in that particular PG-1 pose a neat semicircle arrangement that is almost a perfect fit for
the edge.
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of the PG-1 molecules are exceptionally flexible, allowing the mole-
cule as a whole to fit to a range of curvatures present at the bilayer
edge. In a single-component DMPC ribbon, in order to shield the hy-
drophobic tails from water, lipids near and at the edge have to bend
and rotate about the bilayer normal. The curved environment of the
edge is not natural to DMPC, as it dictates an area per headgroup
that is larger than in the unperturbed bilayer, so that non-zero line
tension arises. With PG-1 molecules embedded in the edge, however,
the PG-1 molecules stabilize the curvature by pulling lipid head-
groups from opposite leaflets toward each other, since the natural
length of the PG-1 is less than the thickness of the DMPC bilayer.
When doing so, however, PG-1's own hydrophobic part was
partially exposed to water. Our observations indicate that lipids not
being displaced from the edge help shield PG-1's hydrophobic part
from water. An occurrence is found that the peptide hairpin turn
region and the terminals of PG-1 bend toward to the surface of the bi-
layer edge (as illustrated in Fig. 5C). The arginines in that particular
PG-1 arrange into a neat semicircle that nicely fits the curved edge.
It has been proposed that PG-1 could stay in a flat bilayer with differ-
ent binding modes characterized by different tilting angles [53]. Our
results further showed that PG-1 embedded at the edge of the
DMPC ribbon were relatively free to rotate (Fig. 2A), while peptides
embedded in the bulk show much lower orientation fluctuations
(Fig. 2B) over 80 ns of simulation. Simulations were initiated without
close peptide–peptide contacts and remained separated throughout
the simulation; no conclusions could be drawn from the simulations
regarding the formation of either parallel or anti-parallel dimers.
3.2.2. Lowering membrane line tension by PG-1
With one PG-1 molecule embedded in each edge (at a spacing of 1

peptide per 6.12 nm of edge length), the ribbon yields approximately
the same line tension in comparison to a single-component DMPC
ribbon (~37–38 pN), as demonstrated by data in Table 1. Ribbons
with two parallel or anti-parallel PG-1 molecules embedded in each
edge (at an average spacing of 1 peptide per 3.06 nm of edge length)
yield line tensions lower by 47% and 64%. To distinguish actual stabi-
lization of the edge from any non-specific effects of including the
highly charged peptides in an anisotropic box, control simulations
were performed in which the peptides were embedded in the flat
“bulk” portion of the bilayer ribbon rather than at the edge — these
simulations yielded increases in calculated line tensions. While tra-
jectory times were insufficient to observe PG-1 moving towards or
away from the edge, the decrease in line tension is evidence that
the peptide is a line-active agent, which would necessarily indicate
that it would be enriched at the edge at equilibrium.

The line tension of the DMPC ribbons studied at present with a few
peptides at the edge does not drop to zero, but remains high enough
(between 13 and 20 pN, or ~3–5 kBT per nm of edge) to suppress the
development of such edge instabilities as shown in Fig. 3. Given that
at the highest line density studied, a significant amount of DMPC sur-
face remains exposed at the rim, it is reasonable to conjecture that a
higher peptide line density could be achieved (either by removal of
DMPC – shortening the edge – or addition of PG-1 at constant edge
length) and would yield a further lowering of line tension. Further
studies at higher line density would be needed to determine whether
in this model a truly stable (zero line-tension) edge can be achieved,
as was found in DHPC/DMPC ribbons [54].

3.2.3. Unbiased assembly results
As the migration of PG-1 among different membrane environ-

ments is slow on the simulation timescale, simulations were per-
formed of the self-assembly of PG-1 containing bilayers from
isotropic, random mixtures of peptide, lipid, and water. While the
strongly irreversible nature of these simulationsmeans that the struc-
tures formed may not be fully equilibrated, the procedure has the
possibility of yielding structures that would not otherwise be pre-
dicted. In a control run, where PG-1 molecules were absent, a random
mixture of DMPC in water evolved into a bilayer after 90 ns simula-
tion time. Mixtures containing 6, 8, or 12 PG-1 yielded lipid aggre-
gates with complex topologies, in which PG-1 placement could not
be easily analyzed. The mixture containing 4 PG-1 molecules evolved
into a structure containing a line defect reminiscent of a seam be-
tween two bilayer ribbon edges. The defect appeared stable at the
end of an 80-ns simulation. Fig. 6A, B and C shows the snapshots at
10, 40 and 80 ns simulation times, respectively, at 300 K. Two PG-1
molecules were co-localized with the defect. To check whether the
defect would survive perturbations, one round of heating and cooling
was carried out at constant volume. The temperature was first raised
linearly from 300 K to 500 K over 10 ns run, which partially smeared
the defect in the end of the simulation (Fig. 6D). Over the next 10 ns
of the trajectory, the temperature was dropped linearly from 500 K to
300 K (Fig. 6E), and the system was equilibrated for a further 150 ns
(Fig. 6F–H). During heating and cooling, one of the peptides associat-
ed with the defect (depicted in yellow) moved into a partially trans-
bilayer position while the edge defect became a hydrophilic pore
defect, containing solvent and lined with lipid headgroups. The
trans-bilayer peptide, highlighted in Fig. 7, in fact occupies a
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Fig. 6. Snapshots from assembly, heating and cooling of initial randommixture of 128 DMPC, 4 PG-1 peptides, 5227 waters, 9 Na+ and 33 Cl− ions: (A) 10 ns, (B) 40 ns, (C) 80 ns, all
at 300 K; (D) at the end of another 10 ns run during which the temperature was raised from 300 K to 500 K; (E) another 10 ns run during which the temperature was lowered from
500 K to 300 K; and extended equilibrations at 300 K after that: (F) 50 ns, (G) 100 ns, and (H) 150 ns. The total simulation time was 250 ns.

Fig. 7. Side-view of pore-containing bilayer from endpoint of DMPC/PG-1 self assembly
run. DMPC position is represented by phosphorus atom site only (large spheres); water
represented as gray sticks, PG-1 with dark ribbon backbones with only Arg sidechains
visualized.
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conformation similar to those observed at bilayer ribbon edges,
extending from a flat surface of the bilayer to the curved opening of
the pore, with arginine sidechains interacting with solvent and
headgroups.

4. Discussion

Definitive demonstration of the mode of peptide disruption of a
bilayer is difficult both for experiment and even within a simulation
model, especially as a single peptide may exhibit more than one
mode of interaction with the bilayer. The current simulations of bilay-
er ribbons showed considerable variability in the details of peptide
placement near the edge, with some remaining parallel to the bilayer
normal, embedded firmly in the hydrophobic tail region, and others
staying closer to the interface and shifting around the rim. In a simu-
lation of 4 PG-1 and 128 DMPC self-assembling into a bilayer from a
random mixture, two of the PG-1 were found at edge-like line defect
site. After a cycle of heating and cooling, lipids and peptides rear-
ranged, leading to a small hydrophilic pore associated with one trans-
membrane peptide and two surface-associated peptides. In the
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Fig. 8. Model of line activity induced structural transformations. The schematics pro-
vide a molecular view of structural transformations adopted by the lipid–peptide mix-
ture as a function of the relative ratio of the two species. Depending on the
concentration of PG-1 (Cb), and therefore the peptide to lipid ratio (P/L), PG-1 and
lipid assemble into various structures in the course of membrane disruption. A PG-1
molecule is represented by a hairpin shape molecule with a hydrophobic core
(white) flanked by cationic groups (blue). A DMPC lipid molecule is represented by a
zwitterionic headgroup (pink) and hydrophobic tails. (A) A lipid bilayer edge with ste-
ric stress contributing to its line energy is unfavorable. (B) PG-1 binds to a bilayer edge
and lowers the line tension of the bilayer, forming a fundamental unit of the lipid–pep-
tide complex which stabilizes the lipids at the edge. (C) PG-1 not only binds to the
curved edge, but also creates local curvature by forming pores. However, pore forma-
tion only represents an intermediate step of the structural transformation. (D) At
higher P/L, the stable units of the lipid–peptide complex combine to form wormlike
micelles, a thinner and elongated structure. The relative orientation in the peptide
dimer is for illustration only. Figures are not to scale; refer to the text for detailed
explanations.
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present work, the observation that the line tension of a bilayer rib-
bon's edges is reduced when PG-1 is placed near the edge provides
evidence that this peptide behaves as a line-active agent with a great-
er affinity for the edge than for the intact bilayer.

It is intriguing the rich structural transformations in Figs. 3 and 4
can be the results from the interaction of two rather simple mole-
cules: a phospholipid and an 18-residue AMP. Here, we discuss the
driving force and give a molecular interpretation of these PG-1 in-
duced structures (Fig. 8). Understanding the driving force and the en-
ergetics for the bilayer structural transformation induced by PG-1
might help shed light on the mechanism of how other antimicrobial
peptides work.

4.1. PG-1 preferentially binds to locations of high curvature, lowering the
line tension of the bilayer edge

At a low Cb, instability begins at the edge of the lipid bilayer patch,
which does not relax to a smooth contour over time. Although an
edge like the one in a bilayer patch does not exist in the usual cell
membrane geometry and the peptide exerts its activity by binding
to the lamellar portion of the membrane, the edge instability none-
theless reveals an invaluable physical property of PG-1. Before we
can understand why the edge does not relax spontaneously, we
need to discuss the origin of line tension in the bilayer patch.

To prevent direct exposure of the hydrocarbon chains to the aque-
ous environment in a pure lipid bilayer patch, lipid molecules self-
assemble to form a highly curved cap at the edge of the lipid bilayer
(Fig. 8A). With lipid having neutral or positive spontaneous curva-
ture, their alignment in the cap region can induce steric stress due
to tail interactions. As a result, it is energetically less favorable for
these lipid molecules to stay at the edge than in the lamellar core of
the patch, and the penalty comes in terms of a line energy, a 1D
equivalent of the more familiar surface energy for a 2D surface.
Many factors, including steric effects between lipids, the spontaneous
curvature of the lipids, and the difference in the number of neighbor-
ing molecules, contribute to this line energy. Line tension acts to min-
imize the line energy, by reducing the length of the border. A fluid
supported bilayer patch has a minimized edge contour due to the ac-
tion of line-tension. The energy-costly edge can be eliminated by as-
sembling into other structures such as the closed structure of
vesicles, or reduced by adsorbing line-active agents at the border
[55,56]. Free PG-1, when dissolved in the bulk, partitions between
the bilayer surface, the bilayer edge, and the bulk to an equilibrium
balance of chemical potentials. The initial observation of edge insta-
bility suggests that PG-1 does adsorb from the bulk to the edge
even at a small bulk PG-1 concentration. By preferentially adsorbing
to the edge, PG-1 molecules lower the line energy and reduce the
line tension (Fig. 8B), giving rise to a rugged and more extended
edge that does not relax to a minimized contour (see Fig. 3B). Our re-
sults therefore indicate that PG-1 is line-active.

Indeed, the concentration dependent results of our study are in
line with other observations involving other line-active agents. Like
detergents, which lower the tension of water surface (2D), these
line-active agents can be considered as detergent that is active in
1D. As measured in detergent–membrane systems, detergent mole-
cules are line-active and preferentially bind to the edge of the bilayer
to lower line energy [56,57]. The reduction in line tension of the lipid
patch is analogous to the Gibbs adsorption isotherm when the
amount of adsorbed detergent is small. As the amount of detergent
is increased to a certain critical concentration, Cb⁎, the line tension
cannot be further reduced as adsorption at the edge has reached sat-
uration. Detergent molecules begin to bind to the lamellar region of
the bilayer after saturating the edge of the bilayer. Ideally, adsorption
of detergent molecules to the lamellar surface does not contribute to
the line tension. In our experiments, PG-1 molecules act like one-
dimensional detergents lowering the line tension of bilayer edges.
The observed edge instability corresponds to the edge adsorption
stage at CbbCb⁎ (Fig. 8B); similar undulatory instability at the edge
was seen in coarse-grained [22] and atomistic [54] simulations of
DMPC/DHPC mixed ribbons beyond a critical fraction of DHPC. With
further increase in Cb, the accumulated surface adsorption reaches a
critical stage to induce structural transformations, including pore
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and wormlike micelle formation in the lamellar region (Fig. 8C and
D). At the same time, the extended contour length resulted from
these structural transformation acts to lower the density of adsorbed
peptides of the edge, which in turn allows for further peptide edge
adsorption.

Lowered line tension due to the stabilization of the curved edge
state may be observable for other AMP's with different secondary
structure. For instance, stabilization of nanometer-sized pores ob-
served in simulations of the alpha helical AMP magainin [58] was
similarly attributed to the induction and stabilization of lipid curva-
ture in a “disordered toroidal pore”model, effects that are likely to re-
main important whether the curvature is associated with the inside
edge of a pore or an extended edge.

4.2. Adsorbed peptide can induce local curvature change, giving rise to a
rich spectrum of mesophases

At higher Cb, the rich structural transformation observed in the
lipid–peptide assembly is reminiscent of a classic amphiphilic system
involving a binary mixture of short- and long-chain lipids such as
DHPC and DMPC [21–23]. DHPC is a mild detergent with the same
headgroup as DMPC, but only six carbons in the two acyl chains (ver-
sus 14 in DMPC). DHPC is well-known for its ability to form bicelle
structure when mixed with DMPC [21–23]. DHPC is a line-active mol-
ecule, and, when mixed with lipids, preferentially occupies the edge
in the mixed assembly. The structural transformations observed in
the DMPC/DHPC system share strikingly common characteristics
with our DMPC/PG-1 system. With increasing ratio of line-active
agent (DHPC) vs lipid (DMPC), q, the bilayer undergoes structural
transformations from a perforated bilayer, to wormlike micelle for-
mation, and finally to bicelle (disk) and micelle formation. With the
incorporation of DHPC at a low q, the DMPC/DHPC binary mixture
adopts a porous sheet geometry, with the line-active DHPC collecting
around the pore and raising its linear density. Pore size and density
also increase with increasing DHPC content. As the DHPC content fur-
ther increased, flexible wormlike micelles are found to be ribbon-like,
rather than cylindrical. Presumably, the edges of these ribbon-like
structures are preferentially occupied by DHPC molecules as well
[21]. Further increase in DHPC content leads to the formation of
bicelles and micelles (Fig. 8 in Ref. [59]). A model representation of
DMPC/PG-1 mixtures as a function of PG-1 content is proposed in
Fig. 8, which bears great resemblance to the manner of structural
changes found in the DMPC/DHPC system. It should be pointed out
that the forces that drive DHPC and PG-1 to the edge in their corre-
sponding mixed systems might not be identical: they have different
solubility in water and mix with DMPC to a different extent. Nonethe-
less, the two systems form analogous structures as both DHPC and
PG-1 act as line-active agents.

4.3. Molecular structure of wormlike-micelles and pores

While sharing similar mesophases of the DMPC/DHPC system, the
DMPC/PG-1 mixture is likely to have different molecular details in the
orientation and the spatial arrangement of the two species. We will
first discuss the molecular structure of wormlike micelle and pores,
and then speculate on the stages in their formation in light of the
line-active characteristic of PG-1 in membrane.

At a high enough Cb, the entire planar DMPC bilayer transforms
into wormlike micelles with a characteristic width and height, highly
differentiated from the lamellar structure of the lipid bilayer. Similar
transformation has been observed when PG-1 is added to saturated,
unsaturated or cationic lipids, suggesting that wormlike micelle for-
mation is not specific to lipid architecture [60]. The possible molecu-
lar model for the formation of pore and wormlike micelles as
proposed in Fig. 8 is based on the following: 1) the dimensions of
the wormlike structure from our experiments, 2) the dimensions
and structures of the peptide and the lipid [19,39,61], 3) the orienta-
tions of the peptide and the lipid [62–66], 4) the hydrophobic–hydro-
philic interaction between the molecules, and 5) curvature and
electrostatic considerations. A DMPC lipid molecule is represented
by a zwitterionic headgroup (pink sphere) and hydrophobic tails
(black wiggly lines) in Fig. 8A. The peptide forms an anti-parallel β
sheet with the strand constrained by two disulfide bonds and joined
by a β turn, resembling a hairpin. The central portion of the β sheet
in PG-1 is relatively restricted in shape and contains only apolar res-
idues on both surfaces (white) whereas charged residues are clus-
tered in the turn region and at the two terminus (blue) [39]. The
disulfide bond has been shown to be essential for PG-1 activity as an-
alogs of PG-1 without disulfide bonds show diminished activity under
certain salt conditions, whereas wild type PG-1 molecules are im-
mune to salt effects [67]. Recognizing the importance of the architec-
ture of the two disulfide bonds in PG-1 activity, we represent the
peptide by a dumbbell shape with a hydrophobic core (white)
flanked by cationic groups (blue) to illustrate the tightly bound disul-
fide bonds region (Fig. 8B). We assume the peptide drives lipids with
a neutral spontaneous curvature to form a stable lipid–peptide unit
(Fig. 8B) with higher curvature, and therefore lowering the line ten-
sion of bilayer edge. Line tension continues to lower with the forma-
tion of lipid–peptide complex, resulting in various
molecular structures as in edge adsorption (Fig. 8B), pore formation
(Fig. 8C) and wormlike micelles growth (Fig. 8D).

In a pore geometry (Fig. 8C), the formation of an edge follows the
two lipid leaflets as they bend towards each other, assembling into a
stable structure with minimal exposure of the hydrophobic core to
the surrounding aqueous phase. When pore density and pore size in-
crease as the number of lipid–peptide units grows with increasing Cb,
pores can encounter one another with their peptide “backbones” fac-
ing opposite to each other. As a result, PG-1 can form dimers, and
these dimers can be embedded in the center of the wormlike micelle
(Fig. 2D). Although a monomer construct for the wormlike micelle is
possible, the dimer backbone provides a width that is more commen-
surate with our AFM measurements, and agrees with NMR studies
reporting that a dimeric structure is adopted by PG-1 when bound
to lipids [39,68–72], though neither our experimental nor our simula-
tion results can confirm the proposed antiparallel dimeric structure
from NMR results. Furthermore, amide proton exchange studies
have also suggested the possibility of an association between several
dimers [68].

In a wormlike micelle geometry (Fig. 8D), due to the disruption of
lipid orientation, the height of the structure is significantly reduced.
In our experiments, we have measured a significant decrease in the
height of the wormlike structure from the lipid bilayer. In fact, the
height of the wormlike micelle is close to that of the long molecular
axis of PG-1. The physical dimensions of a PG-1 molecule are ~8 Å
wide by ~25 Å long [19], whereas that of a DMPC lipid molecule are
~55 Å2 in the cross-sectional area [61,73] by ~22 Å long [74]. Since
the length of the hydrophobic chains of DMPC in the extended con-
formation is about 14 Å [74], which would give rise to a bilayer with
a hydrophobic core diameter of about 28 Å. It would be hard to ima-
gine any lipid bilayer structure could have the much lowered height
of 2.6 nm observed in the wormlike micelles, and the observed struc-
ture is a logical consequence of the line-active nature of PG-1 and
high peptide concentrations. These stabilized extended structures,
however, are reminiscent of those observed when E. coli cells are ex-
posed to PG-1 where the outer membrane is greatly expanded and
thrown into numerous folds (microvilli) that are absent in untreated
controls [19].

Our model for wormlike micelles and pores thus agrees with both
the geometric parameters of the molecules and our experimental re-
sults. In the model (Fig. 8D), hydrophobic tails of DMPC molecules as-
sociate with the hydrophobic part of PG-1. The polar headgroups of
the lipid molecules form a surface of prolate ellipsoid shield, and
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prevent the hydrophobic parts from being exposed to the aqueous
environment. Notice that the DMPC molecules are oriented perpen-
dicular to the peptide in the model, forming a semi-cylindrical belt
around the hydrophobic surface. This model agrees with extensive
solid-state NMR studies, showing that PG-1 inserts at an angle into
the membrane and can disorder lipid orientation in zwitterionic
phosphatidylcholine bilayers [62–65]. NMR has also shown that PG-
1 molecules form oligomeric aggregates that contact both the surface
and the hydrophobic center of the PC bilayer [63]. Furthermore, there
is close contact between the lipid chains and the peptide [66], and it
has been proposed that PG-1 disrupts the DMPC membrane by break-
ing the extended bilayer into smaller structures, whereby a signifi-
cant fraction of lipids are located at the edges of the structure with
a distribution in lipid orientation [65].

The main driving force for these structural formations lies with the
principle of energy minimization, including contributions from the
curvature of the resulted structure, and the electrostatics as well as
the hydrophilic–hydrophobic interactions between lipid and PG-1
molecules. The zwitterionic or the anionic lipid headgroup associates
with the cationic peptide through dipole–charge or charge–charge in-
teractions, while the hydrophobic core of the peptide stabilizes the
structure through favorable interactions with the hydrocarbon chains
of the lipids. While the hydrophilic part of PG-1 is positively charged,
the lipid as well as the associated water molecules would further act
as a dielectric shield between repulsive peptides. The screening
length in our experiments is on the order of 1 nm, allowing short-
range electrostatic interactions to be significant. With the addition
of salt, the screening of long range electrostatic repulsions between
the charged lipids or peptides would allow a stable aggregation of
the lipids and the peptides, resulting in the formation of the wormlike
micelle. In an environment without the contribution of salt screening,
we have observed from our experiment that membranes containing
anionic lipids in a pure water superphase result in structures that
are easily detachable by the AFM tip. These results suggest that the
long-range electrostatic repulsion between peptides may reduce the
overall length of the wormlike micelles.

5. Conclusion

A combination of experimental and simulation results provides
evidence that PG-1 behaves as a line-active agent, stabilizing the
edge of the DMPC bilayer in analogy to the activity of DHPC in
DMPC/DHPC “bicelle” mixtures. In general, direct edge stabilization
can be added to the list of proposed mechanisms by which this and
similar antimicrobial peptides can disrupt membranes, including for-
mation of small octamer pores [71] and general electrostatic effects
[75]. Further simulation work will be necessary to examine at higher
line densities of peptides at the edge, which could potentially yield in-
sight into structural changes due to dimerization or other peptide–
peptide interaction, and the density of peptides necessary to fully sta-
bilize the edge.

We show that the reduction of line tension by PG-1 can be demon-
strated by simulating a DMPC bilayer ribbon with free edges. As dem-
onstrated in the DMPC/DHPC system, line-active agents could induce
structural transformation, including pore and wormlike micelle for-
mation. The lytic effect by antimicrobial peptides is usually attributed
to the formation of pores in the lipid membrane. These structural
transformation mechanisms by line-active agents may therefore be
responsible for the stabilization of pore formation and the subsequent
membrane disruption by antimicrobial peptides.

Our study helps elucidate the mechanism through which PG-1 sta-
bilizes the edge of lipid bilayers. The PG-1 molecules that are placed
to bilayer edge have been found to lower the line tension of the
edge. It should be a stage through which more advanced structures
of PG-1 assembly emerges when the PG-1 concentration increases.
The line tension of the DMPC ribbons studied at present with few
peptides in edge does not drop to zero. The line tension of DMPC/
DHPC ribbons [54], on the other hand, approaches zero progressively
with increasing fraction of the shorter-tail lipids, as demonstrated by
our simulations. It is worthwhile to simulate ribbons with more PG-1
molecules placed at the edge next. It is possible that above a thresh-
old in the line density of the peptides, these peptides start to interact
with each other and aggregate into an assembly that truly facilitates
the growth of the edge. The line tension is expected to be zero
when this happens. Also needs to be investigated is the impact of
PG-1 mutants to the stability of bilayer edge, in order for us to pin
down the uniqueness in PG-1's structure. As mentioned in the
Introduction, Langham et al. [28] attempted to correlate toxicity of
PG-1 mutants to their physicochemical property such as radius of gy-
ration in aqueous solvent. Directly simulating the behavior of those
mutants in bilayer edge will give further insight into the mechanism
of line-active role of these mutant peptides.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.11.002.
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