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ABSTRACT Antimicrobial peptides (AMPs) are a class of host-defense molecules that neutralize a broad range of pathogens.
Their membrane-permeabilizing behavior has been commonly attributed to the formation of pores; however, with the continuing
discovery of AMPs, many are uncharacterized and their exact mechanism remains unknown. Using atomic force microscopy, we
previously characterized the disruption of model membranes by protegrin-1 (PG-1), a cationic AMP from pig leukocytes. When
incubated with zwitterionic membranes of dimyristoylphosphocholine, PG-1 first induced edge instability at low concentrations,
then porous defects at intermediate concentrations, and finally worm-like micelle structures at high concentrations. These rich
structural changes suggested that pore formation constitutes only an intermediate state along the route of PG-1’s membrane
disruption process. The formation of these structures could be best understood by using a mesophase framework of a binary
mixture of lipids and peptides, where PG-1 acts as a line-active agent in lowering interfacial bilayer tensions. We have proposed
that rather than being static pore formers, AMPs share a common ability to lower interfacial tensions that promote membrane
transformations. In a study of 13 different AMPs, we found that peptide line-active behavior was not driven by the overall charge,
and instead was correlated with their adoption of imperfect secondary structures. These peptide structures commonly positioned
charged residues near the membrane interface to promote deformation favorable for their incorporation into the membrane.
Uniquely, the data showed that barrel-stave-forming peptides such as alamethicin are not line-active, and that the seemingly
disparate models of toroidal pores and carpet activity are actually related. We speculate that this interplay between peptide
structure and the distribution of polar residues in relation to the membrane governs AMP line activity in general and represents
a novel, to our knowledge, avenue for the rational design of new drugs.

INTRODUCTION

With the overuse and misuse of antibiotics, pathogens that
were once highly susceptible to treatment have acquired
multidrug resistance, leading to escalating hospitalizations
and healthcare costs (1). Host-defense peptides, commonly
known as antimicrobial peptides (AMPs), are a potential so-
lution to this crisis. Serving as a first line of defense against
infections, AMPs are small, predominantly cationic, amphi-
pathic peptides that are found ubiquitously in the innate
(i.e., nonspecific) immune response of living organisms
(2,3). Their localization to vulnerable tissues ensures that
they can rapidly neutralize a broad range of microorgan-
isms, including bacteria, fungi, and even viruses. Unlike
conventional antibiotics, which interfere with easily
mutable targets (e.g., cell wall construction, protein biosyn-
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thesis, and genetic material replication), AMPs are believed
to target the more evolutionarily stable cell membranes of
invading pathogens by disrupting their barrier function to
cause eventual cell death. The membrane-permeabilizing
activity of AMPs is an advantageous characteristic in the
design of new drugs; however, the general mechanism by
which this activity occurs remains poorly understood and
contested, limiting their potential clinical application.

It has long been suggested that membrane-active AMPs
induce membrane pores (4—7), with the pore structure con-
forming to either the barrel-stave or toroidal type (8,9). For
example, alamethicin (ALM) (4,9,10) and pardaxin (6,11)
are thought to form barrel-stave pores in which the peptide
monomers form tight cylindrical bundles, whereas AMPs
such as protegrin-1 (12,13), magainin (7,12), human defen-
sins (14), and frog caerins (15) form toroidal pores with
curved peptide-lipid edges. However, direct observation to
differentiate between these pore types for an AMP is diffi-
cult and largely limited to intensive x-ray and neutron
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scattering methods (8,9,12). Unlike AMPs that form pores
of a well-defined size, AMPs that disrupt cell membranes
through a nonpore mechanism, known as the carpet model,
accumulate on the membrane surface and remain interfa-
cially in contact with the lipid headgroups throughout the
process of membrane destabilization, never inserting to
span the bilayer in an organized fashion. Although it was
originally proposed to describe the action of dermaseptin
(16), an amphipathic a-helix rich in Lys that resembles mag-
ainin, the carpet model has been referenced to explain the
activity of AMPs that are too short to span the entire bilayer
(e.g., aurein and citropin) and thus are needed in higher con-
centrations to elicit membrane permeation (15,17,18).
With more than 1000 AMPs discovered to date (19), it is
evident that these peptides vary widely in their primary
sequences and adopt all kinds of secondary structures,
including random linear, «-helical, and (-sheet motifs.
This variety has prompted the development of a number
of models to explain observations from the many techniques
that have been used to investigate AMP interactions (20,21).
Relatively few AMPs have been thoroughly investigated;
however, it would be a daunting task to categorize the activ-
ity of each AMP into a prevailing pore or nonpore model.
Although sequence homology has been implicated in elicit-
ing AMP membrane activity (22), the diversity of AMPs
across species challenges our ability to predict key struc-
ture-function relationships when designing novel drugs.
For this reason, attempts to achieve rational peptide design
remain rare and have principally identified positive charge
and amphiphilicity as key properties for AMP activity.
These properties have encouraged the development of novel
polymeric mimics that display selective antimicrobial activ-
ity across a variety of ordered and nonordered structures (3).
Evolutionarily speaking, it would be costly (and thus un-
likely) for each peptide to adopt its own membrane-disrup-
tion mechanism. Peptide plasticity would offer a clear
evolutionary advantage in terms of both sequence and struc-
ture, allowing AMPs to utilize a single underlying mecha-
nism in interacting with the membranes of various
pathogens. If such a universal mechanism exists, we could
improve the rational design of new antimicrobial agents
by gaining a better understanding of the underlying physio-
chemical properties that govern a shared AMP mechanism.
We recently showed that the disruption of supported lipid
bilayers by protegrin-1 (PG-1), an 18-residue, cationic,
B-sheet AMP isolated from pig leukocytes, proceeded in a
concentration-dependent manner (23,24). The insertion of
PG-1 into zwitterionic 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC) bilayers resulted in membrane struc-
tural transformations that extended beyond simple pores
and included instabilities at the bilayer edge and the pres-
ence of worm-like micelles at higher peptide concentra-
tions. The spectrum of self-assembled structures showed
that PG-1 acts to lower the interfacial line energy of the
bilayer in a manner similar to that exhibited by amphiphilic
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detergents, which are capable of generating and stabilizing
normally unfavorable line geometries (i.e., curved edges)
in membranes. Classifying PG-1’s mechanism as a static
pore former does not account for the full structural transfor-
mations we observed. Instead, PG-1’s activity should be
reframed as a dynamic transition between different self-
assembled structures that depends on the relative ratio be-
tween peptide and lipid. To this end, we have proposed
that AMPs in general share this line-active behavior and
act universally in a detergent-like manner.

In this work, we used atomic force microscopy (AFM)
to image the structural transformations of supported
DMPC bilayer patches induced by different AMPs (listed
in Table S1 of the Supporting Material). The investigated
AMPs are broadly active against many pathogens (see Table
S2 for representative minimum inhibitory concentrations
(MICs) against common pathogenic bacteria) and vary
considerably in their secondary structures (Figs. S1-S4).
By deliberately using a zwitterionic lipid rather than one
with a charged headgroup, we were able to better identify
other membrane attributes that dictate AMP interactions.
We show that with the exception of ALM, the activity of
the investigated peptides is driven by a common physical
principle that reduces membrane line tension. Our findings
indicate that line-active behavior is not dependent on the
peptide charge, and we suggest instead that the activity orig-
inates from imperfect amphipathic structures, which usually
position charged Lys and Arg residues at the bilayer inter-
faces to promote the creation of line geometries within the
membrane. These line geometries facilitate binding of the
peptides to the edge, which raises the peptide/lipid (P/L) ra-
tio and structurally transforms the lamellar bilayer into mi-
celles. Our results show that any barrel-stave-forming
peptide would not be line-active, and that seemingly dispa-
rate peptides categorized into either the toroidal-pore or car-
pet model are actually related through this line-active model
of AMP interaction.

MATERIALS AND METHODS
Materials

Chemical reagents (certified ACS or BioReagent grade, purity > 99%) and
high-performance liquid chromatography-grade organic solvents were pur-
chased from Fisher Scientific (Waltham, MA). Powder DMPC was pur-
chased from Avanti Polar Lipids (Alabaster, AL) and used without
further purification. ALM was obtained as a 5 mg/mL stock solution in
DMSO from Sigma-Aldrich (St. Louis, MO). Custom synthesis of aurein-
1.1, dermaseptin-1, human $-defensin-1, histatin-2, indolicidin, and magai-
nin-1 was done by Anaspec (Fremont, CA), and synthesis of caerin-1.3,
citropin-1.1, kalata-B3, and pardaxin-1 was performed by bioWORLD
(Dublin, OH). PG-1 synthesis was conducted in house and has been thor-
oughly described elsewhere (13). Peptide purity was assessed by high-per-
formance liquid chromatography and determined to be >95% by peak area
analysis. All aqueous solutions were prepared with ultrapure water (resistiv-
ity >18 MQ-cm) from a Milli-Q Advantage A-10 purification system
(EMD Millipore, Billerica, MA). Peptide stocks were prepared and quanti-
fied as described in Supporting Materials and Methods.
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Membrane-disruption assay

Details concerning the preparation of large unilamellar vesicles (LUVs) and
solid-supported phospholipid bilayers (SPBs) on mica are provided in Sup-
porting Materials and Methods along with descriptions of the image acqui-
sition, processing, and analysis. Briefly, DMPC SPB patches were imaged
under buffer by tapping-mode AFM at 30°C before and after the addition of
peptide. SPB patches were used instead of a contiguous membrane because
the latter does not permit membrane expansion upon peptide insertion, and
only increased membrane roughness has been reported for pore-forming
AMPs such as PG-1 (25). The peptide was equilibrated with the bilayers
for at least 15 min, after which structural changes of the same SPB patch
were monitored. This protocol was repeated by sequentially adding
increasing bulk peptide concentrations. During equilibration, the free pep-
tides in the bulk adsorbed to the membranes until a surface partition equi-
librium was achieved, resulting in the P/L being directly proportional to the
bulk peptide concentration.

RESULTS AND DISCUSSION

Peptide line activity induces membrane structural
transformations beyond pores

We recently demonstrated a detergent-like behavior of
PG-1 (23,24) that induces membrane disruption through a
range of structural transformations beyond pore formation.
The structural transformations induced by PG-1 serve as a
reference in the study presented here, which focuses on
AMP line activity in general. We performed new image
analysis in this study to calculate a bilayer shape factor
(S) that is used to illustrate contrasting behavior between
line-active and nonline-active peptides. In the absence of
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peptide (Fig. 1 A), the SPB patches were nearly round,
with an average shape factor of § = 1.33 = 0.17 (standard
deviation (SD), n = 100) and displayed smooth edges from
a high interfacial line tension. The average membrane
thickness was 4.7 = 0.7 nm (SD, n = 45), which is within
error of our previous value (23,24) and comparable to
neutron scattering results obtained for DMPC SPBs and
LUVs (26,27). To prevent hydrophobic core exposure to
the aqueous environment, lipids self-assemble at the edge
to form a seamlessly curved cap (28). As lipids have an
innate curvature, edge alignment causes clashing of the
acyl chains and induces steric stress within this confining
geometry. A penalty is exacted to maintain lipids in this
less favorable state and manifests as a line energy, a one-
dimensional (1D) equivalent of the familiar two-dimen-
sional (2D) surface energy. The line tension then acts to
minimize the overall energy of the system by reducing
the ratio of bilayer perimeter length to surface area. The
equilibrium size of an SPB patch is therefore determined
by the balance of two forces: the line tension, which favors
compact shapes, and a repulsive interaction from the phos-
pholipid dipoles, which favors extended boundaries (29).
Line-active agents (e.g., amphiphilic detergents) can adsorb
to an exposed edge, reducing the line tension and stabilizing
extended line geometries (e.g., curved edges like those of
pores) (30-34). The presence of a line geometry provides
a metric for assessing AMP line activity, although a bilayer
edge is initially absent in vivo when an AMP encounters a
target membrane.

FIGURE 1 DMPC membrane structural transfor-
mations induced by PG-1’s line-active behavior.
(A) In the absence of PG-1, the bilayer was compact
and nearly circular with a smooth and minimized
edge. (B) Introduction of 0.050 uM PG-1 caused
0 the bilayer to extend and become roughened, and
this remained stable over time. Line sections
(dashed white lines) of the bilayer before and after
the introduction of 0.050 uM PG-1 showed that
25 the lamellar core remained unaffected, and that
PG-1 adsorption at the curved edge resulted in a
reduction in the bilayer line tension. (C) With
increasing bulk PG-1 concentrations, the lamellar
organization of the bilayer was compromised by
0.70 uM PG-1, with the formation of worm-like
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micelles. Peptide insertion thinned the membrane
considerably (by ~1 nm). To better reveal the bila-
yer’s transformation in (C), the height data were re-
scaled to a 5 nm range. The dashed box in (C)
indicates a zoomed-in region (500 x 500 nm?) that
is shown in (C'). (D) A shape factor analysis of the
bilayer morphology (S) as a function of the bulk
PG-1 concentration showed that PG-1 had a consid-
erable effect in promoting extended morphologies
with increased perimeter lengths beyond initial
values near S = 1. Error bars in (D) are SDs from
at least three replicate bilayer monitoring experi-
ments. All images were obtained at 30°C. White
scale bars are 500 nm unless otherwise indicated.
To see this figure in color, go online.




As shown in Fig. 1 B, a low concentration of PG-1
(0.050 uM) caused the bilayer boundary to extend and
become destabilized from its once smooth contour, whereas
the bilayer core remained undisturbed with no discernible
pore formation. Line sections confirmed that the bilayer
center remained flat and did not alter in thickness with the
addition of PG-1. The calculated shape factor increased
from an initial, nearly circular value (S = 1) to § = 1.94,
confirming that an extended boundary had resulted from
the presence of peptides. This suggested that the curved
bilayer edge was more susceptible to initial PG-1 binding
as compared with the lamellar region of the bilayer patch,
as the line sections revealed no discernible membrane height
change. The stability of the extended morphology resulted
from an apparent reduction in the line tension caused by
PG-1’s line-active behavior. Indeed, recent molecular dy-
namics (MD) simulations have shown that PG-1 readily
adsorbs to curved edges (35) and lowers line tensions in a
concentration-dependent manner (24).

PG-1 interaction within the bilayer core also caused re-
modeling of the membrane structure. New edges were
created within the patch, presumably from the initial forma-
tion of toroidal pores, which facilitated favorable binding of
more PG-1, further lowering the line tension and allowing
porous defects to grow to an observable size (Fig. S5 A).
This edge extension allowed for yet more binding of PG-1
and ever-expanding porous defects (Fig. S5, B and O),
culminating in the complete structural transformation of
the lamellar bilayer into a network of worm-like micelles
by 0.70 uM PG-1 (Fig. 1 C). The rise of S as a function
of bulk PG-1 concentration (Fig. 1 D) revealed a consider-
able expansion of the bilayer boundary and demonstrated
the accelerating loss of membrane integrity that coincided
with PG-1’s line-active behavior. A relative height change
between the data in Fig. 1, A and C, showed a thinning of
nearly 27%. This agrees with the work by Huang and co-
workers in which they established a relationship between
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the insertion state of AMPs and the degree of elastic mem-
brane deformation by showing that various AMPs, including
ALM (36), magainin-2 (37), and PG-1 (38), caused mem-
brane thinning in direct proportion to the peptide concen-
tration. The lipid-peptide self-assembled structures that
formed were identical to those that formed between
bilayer-forming lipids and amphiphilic detergents such as
the short-chain lipid dihexanoylphosphatidylcholine (39)
and sodium cholate (40). The variety of structural transfor-
mations observed in these studies shows that PG-1’s antimi-
crobial activity is similar to the behavior of a detergent
adsorbing to an interface, in the manner of a Gibbs
adsorption isotherm (32). Therefore, we propose that mem-
brane-active AMPs act universally within a detergent-like
framework in which pore formation is not the defining
mechanism but instead represents a small part of a complex
process that encompasses lipid-peptide aggregates in addi-
tion to lamellar bilayers.

Barrel-stave-forming peptides exhibit
nonline-active behavior

For comparison with PG-1’s line-active behavior, we as-
sessed the interaction of another common pore-forming
AMP, ALM, whose barrel-stave pore has been well charac-
terized. Fig. S1 contrasts the secondary structure of ALM
with that of PG-1, showing that ALM achieves an ideal,
amphipathic helix, whereas PG-1 lacks discrete, separated
faces of hydrophilic and hydrophobic residues. The concen-
tration-dependent interaction of ALM with DMPC bilayers
is shown in Fig. 2. As the ALM concentration increased,
the bilayer patches in Fig. 2 A expanded and fused upon con-
tact (Fig. 2 B) to result in a single bilayer patch by 25 uM
(Fig. 2 C) that continued to grow laterally (Fig. 2 D). A con-
trol injection mimicking that of 50 uM ALM (Fig. S6)
showed no large-scale membrane expansion and ruled out
possible effects from the traces of DMSO and methanol

50 M FIGURE 2 Concentration-dependent interaction

of ALM with DMPC bilayer patches. (A) The unper-
turbed bilayer patches in the absence of ALM dis-
played smooth edges and compact shapes, as
shown in Fig. 1 A. (B—D) Through the course of suc-
cessive injections, the concentration of ALM was
raised from 5 uM (B) to 25 uM (C) and finally to
50 uM (D). In contrast to the structural transforma-
tions induced by PG-1, ALM had a negligible effect
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on the bilayer morphology and instead only caused
gross lateral expansion of the bilayers. Line sections
(dashed white lines) revealed progressive mem-
brane thinning, presumably from peptide insertion,
although pores were not observed. (E) Shape factor
analysis as a function of increasing ALM concentra-
tion. Error bars in (E) are SDs from five replicate
bilayer monitoring experiments to confirm repeat-
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ability. All images were obtained at 30°C. White
scale bars are 500 nm. To see this figure in color,
go online.
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present in the ALM stock. Assuming lipid conservation be-
tween injections, membrane expansion coincides with pep-
tide insertion as additional molecules are progressively
added. When a peptide partitions to the bilayer, the lipid
acyl chain volume remains constant; therefore, the expan-
sion coincides with a decrease in the membrane thickness
(41). From a comparison of the micrographs in Fig. 2, it is
evident that the membrane thinned in a concentration-
dependent manner, and a line section analysis showed that
by 50 uM (Fig. 2 D) the membrane was relatively thinner
(by 25%). As with PG-1, membrane thinning is an indica-
tion of peptide insertion and is a documented trait of
ALM’s interaction with membranes (36).

Pores were not detectable via AFM imaging, as the diam-
eter of the ALM pore was smaller than the quoted tip radius
of 8 nm and thus too small to resolve. Using a calcein-
leakage assay (see Supporting Materials and Methods), we
confirmed ALM-induced pore formation in our DMPC
bilayer system, which contributed to the bilayer expansion
observed in Fig. 2. The degree of ALM-induced leakage
(shown in Fig. S7 A) was greater than the background
leakage of dye-loaded DMPC vesicles alone. The fraction
of released dye and the apparent rate, K, of the efflux
(Fig. S7 B) increased in a concentration-dependent manner,
eventually reaching complete leakage. The leakage profiles
fit well to a double-exponential decay function, from which
we extract the rates of contributing processes, including
pore formation. In a double-exponential model, the overall
leakage profile must be a combination of at least two
simultaneous kinetic processes. As previously described
for several membrane-active peptides and polymers, the
leakage mechanism is assumed to involve one kinetic pro-
cess at a rate of k;, which causes only transient leakage
and approaches a finite value over time, and a second pro-
cess at a rate of k,, which causes unlimited leakage through
stable pore formation (42—44). At the low concentration of
0.05 uM ALM, the leakage profile (Fig. S7 A) reached a
maximum leakage near 70% and thus was dominated
more by the transient leakage process. As the ALM concen-
tration increased, the second process began to dominate and
ultimately led to complete vesicle leakage. Fig. S7 C shows
the amplitude of the second leakage process as a function of
the rate constant k. ALM-induced pore formation domi-
nated the leakage profile as the concentration increased,
since the probability of pore formation must increase in a
concentration-dependent manner. Although ALM pores
were too small to visualize by AFM, they were present at
the higher concentrations shown in Fig. 2 and thus contrib-
uted to the observed bilayer expansion. The interaction was
devoid of the membrane structural transformation seen with
PG-1 (Figs. 1 and S5). Dynamic light scattering (Fig. S8)
showed that the addition of ALM did not disrupt the dye-
loaded LUVs, as only single peaks were obtained, indicating
intact vesicles with a homogeneous size distribution. An in-
crease in the LUV diameter from 122 to 173 nm occurred at
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a P/L ratio of ~0.3 (50 uM ALM) and corroborates the onset
of membrane expansion observed in the AFM measure-
ments at a similar P/L ratio (Fig. 2 B).

Fig. 2 E shows the bilayer shape factor as a function of
ALM concentration, averaged across several experiments.
The shape factor remained invariant with increasing concen-
trations, indicating that ALM’s insertion had no pronounced
effect on the promotion and stabilization of extended bilayer
morphologies. This trend is contrary to the case with PG-1
(Fig. 1 D), where a persistent change in bilayer morphology
indicated a considerable expansion of the bilayer boundary,
supporting the line-active behavior of PG-1. We conclude
that ALM interacts with the membranes in a nonline-active
way. This conclusion is supported by the different pore struc-
ture formed by ALM compared with PG-1. In the barrel-
stave configuration, ALM monomers tightly associate to
form a cylindrical pore without a curved edge as a result of
their high hydrophobicity and lack of charged residues along
the helix. The hydrophobic face of the ALM helix, to a first
approximation, assumes the shape of a wedge, and thus only
a finite number of peptide monomers can favorably associate
to create such a tight circular bundle. This constraint on the
aggregate size of the pore places an upper limit on the size
to which an ALM pore can grow. Consequently, ALM does
not favorably permit bilayer edge growth, which explains
the invariant shape factor trend (Fig. 2 E) and the retention
of bilayer integrity seen in both AFM (see Fig. 2) and dy-
namic light scattering (see Fig. S8) measurements across a
large concentration range. In contrast, the greater polarity
of PG-1 necessitates peptide spacing along an edge with lipid
headgroups dispersed in between. These lipids in turn must
curve from one leaflet to the other to accommodate the
polar and apolar regions of the peptide. Toroidal pores can
vary in size and grow in diameter as more peptides bind
to the edge. In the case of PG-1, this behavior resulted
in the growth of defects to the extent that the bilayer was
structurally transformed into worm-like micelles.

Recent simulations have shown that many AMPs bind
more strongly to curved membrane edges (24,35,45,46). Us-
ing nanoscopic secondary ion mass spectrometry imaging,
Rakowska et al. (47) showed that the peptide amhelin was
enriched at the membrane edge and could induce the growth
of unusually large defects, several microns in diameter. The
contrasting results for PG-1 and ALM suggest that line ac-
tivity may depend on the overall charge of the peptide and
an interplay between hydrophilic and hydrophobic residues.
To address this issue, we tested 11 other peptides (listed in
Table S1) that differed in charge and amphipathic secondary
structures to ascertain their line-active ability.

The concentration response of line activity is
invariant with peptide charge

Within a line-active model for AMP behavior, we assume
that peptides with increasing charge, either positive or



negative, should be more disruptive than neutral peptides.
The size of a bilayer patch is determined by a balance be-
tween the opposing forces of line tension and electrostatic
repulsion. Peptide adsorption charges the membrane, inten-
sifying the electrostatic repulsion, and when this is coupled
with line-active behavior, the compact shape of the bilayer
becomes unstable and displays extended morphologies. In
effect, the instabilities observed in these 2D membranes
are related to the more common 3D case of the Rayleigh
effect, which describes shape instabilities in spherical drops
of increasing charge.

Figs. 3, 4, and 5 show the concentration-dependent inter-
actions of charged and neutral AMPs. Most AMPs are pre-
dominantly cationic, and this characteristic has long been
used as a simple electrostatic argument for AMP selectivity
toward pathogens, as prokaryotic membranes are largely
negatively charged and mammalian membranes are largely
zwitterionic. Fig. 3 shows that the positively charged pep-
tides aurein-1.1 (Fig. 3 A), citropin-1.1 (Fig. 3 B), magai-
nin-1 (Fig. 3 C), dermaseptin-1 (Fig. 3 D), indolicidin
(Fig. 3 E), and human @-defensin-1 (HBD-1) (Fig. 3 F)
clearly display line activity that causes the membrane to un-
dergo structural transformations similar to those observed
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with PG-1. The line-active behavior of the cationic peptides
is most notable in Fig. 3, A2, B2, C2, D2, E2, and F2, which
show edge instability at low peptide concentrations. We
observe that AMPs that are thought to interact only accord-
ing to the carpet model (e.g., aurein-1.1, citropin-1.1, and
dermaseptin-1) result in the same final micellized state as
peptides that insert into and span the membrane, forming
a transmembrane pore (e.g., PG-1, magainin-1, indolicidin,
and HBD-1). This suggests that these two models share an
underlying ability to lower line tension that drives pep-
tide-induced membrane transformations. Moreover, we
show that this commonality extends to negatively charged
(Fig. 4) and neutral (Fig. 5) AMPs.

Distinct from the majority of cationic AMPs, dermcidin
(DCD), a flexible peptide from human sweat that bears a
helix-hinge-helix motif (48,49), and kalata-B3 (KB3), a
plant cyclotide that displays a knotted topology of three di-
sulfide bridges (50), are AMPs with net negative charges at
physiological pH, and represent important exceptions to the
prevailing electrostatic model of AMP selectivity. Both
DCD and KB3 are broadly active against many prokaryotic
pathogens despite having noncanonical negative charges
(48,51), and are speculated to form multimeric pores
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FIGURE 3 (A-F) Membrane structural transformations of DMPC bilayer patches induced by the positively charged AMPs aurein-1.1 (A), citropin-1.1 (B),
magainin-1 (C), dermaseptin-1 (D), indolicidin (E), and HBD-1 (F). Bilayer patches were first imaged in the absence of peptide (A1, BI, CI, etc.) and then
monitored through the course of successive peptide concentrations (increasing from left to right). (A) Increasing concentrations of aurein-1.1 revealed edge
instability and a porated membrane (A2). Micrograph (A3) is from a separate experiment showcasing worm-like micelle formation by 3 uM aurein-1.1.
(B) Citropin-1.1 exhibited a similar response to aurein-1.1, displaying edge instability and a porated membrane (B2), with worm-like micelle formation
(B3) occurring by 3 uM. The concentration responses of magainin-1, dermaseptin-1, and indolicidin were similar, as the onset of micellization (C3, D3,
and E3) occurred in the same range below 0.5 uM. The bilayer patch monitored through images (E7) and (E2) was inadvertently smeared, and a nearby
patch (E3) on the substrate was chosen to obtain a high-resolution image of worm-like micelles induced by indolicidin. To better reveal the self-assembled
structures, the dashed box in (E3) indicates a zoomed-in region shown in the inset (data scaled to a 5 nm range). (F) Although bilayer edge instability was
observed at 0.3 uM HBD-1 (F2), a significantly higher amount of peptide was needed to observe detergent behavior (F3). All images were obtained at 30°C.
White scale bars are 500 nm unless otherwise indicated. To see this figure in color, go online.
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FIGURE 4 (A and B) Membrane structural trans-
formations of DMPC bilayer patches induced by
the negatively charged AMPs DCD (A) and
KB3 (B). Bilayer patches in the absence of peptide
(Al and BI) were monitored through the course of
increasing peptide concentrations. (A) DCD ex-
hibited a noticeable line-active behavior from an
observed expanded bilayer edge (A2). The number
and size of porous defects within the bilayer core
grew (A3 and A4), and eventually the integrity of
the membrane was fully compromised as micelliza-
tion resulted (A5). (B) KB3 exhibited less activity
than DCD. Bilayer edge instability was not observed
until 32 uM KB3 (B2). Detergent behavior was less
evident and the membrane was decorated with
peripherally bound peptide (B3). A line section in
(B3'") shows that the features are ~2 nm high from
the surrounding surface. The dashed boxes in (A5)
and (B3) indicate zoomed-in regions that are shown
in (A5) and (B3'). All images were obtained at
30°C. White scale bars are 500 nm unless otherwise
indicated. To see this figure in color, go online.
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when permeabilizing pathogens (52-55). Paulmann et al.
(52) showed that DCD preferentially forms a helical struc-
ture with negatively charged phosphoglycerol over zwitter-
ionic phosphocholine membranes. High ionic strength and
the presence of divalent cations, specifically Zn>", were
shown to enhance DCD’s channel-like behavior in mem-
branes, to support a pore-forming model. Recently, Song
et al. (53) posited that DCD forms a hexameric, barrel-stave
channel in POPE/POPG membranes.

Our experiments suggest that a barrel-stave pore-forming
model does not account for DCD’s behavior. Fig. 4 A shows
the membrane interaction of DCD as the bulk concentration
was increased. Upon injection of 1 uM DCD (Fig. 4 A2), a
distinctive line-active behavior and several defects were
observed within the bilayer core at this low concentration.
Insertion of DCD into the DMPC bilayer was evidenced
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by a relative thinning of the membrane as the bulk concen-
tration was increased (Fig. 4, AI-A5). The bilayer edge
continued to expand and the number and size of porous de-
fects within the lamellar core increased, providing more
edges to which DCD could adsorb. Ultimately, the detergent
behavior of DCD resulted in micellization of the membrane
into the bulk superphase at a final concentration of 42 uM
(Fig. 4 A5), where remaining lipid/peptide material on
the mica surface assembled into worm-like micelles
(Fig. 4 A5"). Clearly, DCD’s action required a line geometry
for favorable binding to cause such degradation of mem-
brane integrity. Using AFM, Paulmann et al. (52) observed
defect formation in supported POPC membranes when
2 uM DCD was present. However, their study was limited
to a single concentration and no detergent behavior was
observed, precluding a line-active explanation for DCD’s
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FIGURE 5 (A-C) Membrane structural transformations of DMPC bilayer patches induced by the neutral AMPs pardaxin-1 (A), caerin-1.3 (B), and his-
tatin-2 (C). Bilayer patches were first imaged in the absence of peptide (A1, B1, and CI) and then monitored through the course of successive peptide con-
centrations (increasing from left to right). (A) With increasing pardaxin-1, the bilayer underwent structural transformations exhibiting edge instability (A2),
porous defects (A3), and finally worm-like micelles (A4) within a low concentration regime similar to that of PG-1, magainin-1, dermaseptin-1, and indo-
licidin. (B) The line activity of caerin-1.3 was evident from the bilayer edge instability observed at 4 uM (B2) that caused porous defects to form within the
core of the bilayer (B3) and led to micellization (B4). The bilayer patch monitored through images (B/)-(B3) was damaged from its softened state, and a
nearby patch (B4) on the substrate was chosen to obtain a high-resolution image of the micellized state at 19 uM caerin-1.3. To better reveal caerin-induced
membrane transformations, the dashed boxes in (B3) and (B4) indicate zoomed-in regions shown in the inset (data scaled to a 5 nm range). (C) Edge insta-
bility and membrane thinning were observed upon introduction of 1 uM histatin-2 (C2). (C3) Zoomed-out image showing bilayer solubilization in the sur-
rounding area. A dashed box is included to indicate the scanning area corresponding to images (C/) and (C2). The sample was translated laterally to a new
area (C4) to capture the presence of worm-like micelle structures. All images were obtained at 30°C. White scale bars are 500 nm unless otherwise indicated.

To see this figure in color, go online.

behavior. It is possible that the contiguous membrane used
in their study prevented peptide insertion, since room for
bilayer expansion was constrained. As ALM did not show
line activity, we concluded that a barrel-stave pore is un-
likely for DCD, given the observed membrane disruption
in our study.

In contrast, the onset of KB3 activity with DMPC mem-
branes (Fig. 4 B) was shifted to a higher dosage regime as
compared with DCD, as no significant bilayer changes
were observed below 32 uM. The membrane interaction
of kalata cyclotides has a lipid headgroup preference, and
a higher binding affinity has been observed with phospho-
ethanolamine compared with phosphocholine lipids (55,56).
This helps to explain why higher amounts of KB3 were

needed for us to see detergent-like behavior in our ex-
perimental system. Upon incubation with 32 uM KB3
(Fig. 4 B2), membrane thinning and disruption at the bilayer
edge were observed. Additionally, the surrounding bare
mica surface was covered by the apparent, nonspecific
adsorption of the peptides. The line activity we observed
for KB3 does not agree with the AFM results of Hall
et al. (56), who reported that no bilayer structural transfor-
mations were seen in DMPC membranes upon addition of
10 uM kalata-B1. At a concentration of 65 uM KB3
(Fig. 4 B3), the surface of the bilayer became decorated
with aggregates, presumably made of peptide, that were
~2 nm high from the undecorated portion of the bilayer. Ka-
lata peptides can self-associate to form tetramers in solution,
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suggesting that an oligomerized state may be important for
their membrane binding and possible pore formation (57).
Using coarse-grained MD simulations, Nawae et al. (58)
showed that kalata-B1 remained peripherally bound and
did not penetrate deeply into the membrane to form well-
organized pores. Instead, the cyclotides clustered on the sur-
face, resulting in curvature deformation of the membrane.
The low penetration depth is likely a consequence of the
facial organization of the hydrophobes (Fig. S3 B) that cre-
ates a shallow surface for membrane insertion, a trait of ka-
lata cyclotides (50). Moreover, Nawae et al. (58) reported
that the center of mass of kalata-B1 on the membrane was
on average 1.9 nm from the center of mass of the lipid head-
groups. Our line section analysis resulted in a nearly iden-
tical value and supports the conclusion that the aggregates
on the membrane (Fig. 4 B3) are interfacially bound KB3
peptides. Subsequent time-lapse imaging (Fig. S9) revealed
slow membrane solubilization into the superphase.

We have shown that both positively and negatively
charged AMPs share a line-active behavior in their mecha-
nism for inducing membrane disruption. Curiously, lower-
charge peptides and higher-charge peptides were observed
to disrupt membranes at similar concentrations. This was
especially clear when the interactions of magainin-1 (43),
dermaseptin-1 (+3), and indolicidin (4+4) were juxtaposed
with those of PG-1 (+7), as all reached a final micellized
state at a maximum concentration of 1 uM. Although
HBD-1 has a +4 charge, much higher peptide concentra-
tions were required to completely disrupt the membrane,
and its response even differed by two orders of magnitude
when compared with indolicidin (+4).

The apparent lack of a charge-dependent effect on the
concentration response of the peptides was further rein-
forced when we examined the interaction of neutral
AMPs (Fig. 5). Pardaxin-1 and caerin-1.3 share similar sec-
ondary structures characterized by helix-hinge-helix motifs
(59,60) and are thought to form barrel-stave pores (par-
daxin) and toroidal pores (caerin) (11,15). The exact
structure of histatin-2 when membrane bound remains un-
known; however, work on the related histatin-5 indicates
that C-terminal «-helical content is important for its bacte-
ricidal activity (61). A putative zinc-binding motif has been
implicated in the stabilization of secondary structure in
histatins in the presence of negatively charged membranes
(62). Mechanistically, the membrane interaction of histatins
remains largely unknown, and our AFM results represent
a unique investigation of these poorly studied AMPs.
Fig. 5, A2, B2, and C2, show that pardaxin-1, caerin-1.3,
and histatin-2 display characteristic line-active behavior,
as evidenced by the morphological changes that occurred
at the bilayer edge. Increasing concentrations led to the for-
mation of porous defects (Fig. 5, A3 and B3) and eventually
to complete disruption of the bilayer patches. Zemel et al.
(63) showed computationally that neutral to weakly charged
peptides form barrel-stave pores and that higher peptide
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charges are needed to favor toroidal-pore formation, sug-
gesting that line activity is only present with charged
peptides. Our investigations reveal that, with the exception
of ALM, all of the AMPs we studied exhibited line
activity despite having different charges and concentration
responses.

Molecular origins that drive line-active behavior

Given the ability of AMPs to lower line tension indepen-
dently of charge, it is energetically favorable for the pep-
tides to bind at the edge, increasing the P/L ratio in the
membrane that drives structural transformations. A potential
molecular origin of line activity is the adoption of amphi-
pathic secondary structures. Segregation of hydrophobic
and hydrophilic amino acid residues in spatially arranged
faces affords AMPs the ability to favorably partition and
insert into membranes. For instance, the disulfide bonds pre-
sent in $-sheet peptides, such as PG-1 and human defensins,
create stable amphiphilic structures, as a reduction of these
covalent linkages was shown to diminish their membrane
lytic activity (64,65). The interfacial activity model pro-
posed by Wimley (66) emphasizes the altered packing and
organization of lipids that results from imperfect amphi-
pathic secondary structures. These imperfect structures
can be consequences of poor segregation of hydrophilic/
hydrophobic residues or deviations of the peptide from
ideal secondary structures. They distort the membrane in a
way that accommodates the apolar, polar, and charged
groups of the peptide distributed along the structure. The
emphasis on altered packing and organization of lipids
upon peptide partitioning accords with the work of
Huang and co-workers (36-38), which showed that sur-
face-bound AMPs elastically thin membranes, and with
studies by Bechinger (67) and Zemel et al. (68) that corre-
lated peptide shape with the induction of membrane curva-
ture strain. In essence, AMPs can be assumed to have
intrinsic curvatures (e.g., a wedge), and their incorporation
into the membrane can transform it into different structures
limited by the molecular dimensions of the peptide. This
is related in part to the behavior of proteins in the Bin/
Amphiphysin/Rvs-domain superfamily, variants of which
display positive or negative spontaneous curvatures that
are needed to stabilize common cell membrane topologies
found in endo- and exocytotic events and in membrane pro-
trusions (69).

Using MD simulations, Lazaridis and coworkers
(35,45,70) convincingly showed the effects that imperfect
amphipathic structures have on the generation of barrel-
stave or toroidal pores. For instance, when they investigated
K7Q or K7A in silico mutants of melittin, they found that
preformed barrel-stave pores did not evolve into toroidal
pores. In contrast, when GIn7 was mutated to Lys in
ALM, barrel-stave pores were not stable and toroidal pores
were formed. These results indicated that a nonuniform



charge distribution along the peptide structure is a critical
factor in organizing phospholipids into the curved configu-
ration found in toroidal pores (70). Moreover, when melit-
tin’s structure was made to be a more ideal, linear helix
through Leu mutation of two charged residues found along
its hydrophobic face, the initial cylindrical pore remained
stable. This finding suggested that the more-ideal amphi-
philic structure deterred the induction of membrane curva-
ture. Combined, these results implicate the overall peptide
structure and the distribution of charged residues in line-
active behavior.

Many of the peptides we investigated displayed an imper-
fect amphiphilic structure (Figs. S1-S4) resulting from poor
segregation of apolar and polar residues, or exhibited devi-
ations from ideal secondary structural motifs, such as the
breaking of an ideal helix into more flexible helix-hinge-he-
lix constructs. A comparison of indolicidin and PG-1 dem-
onstrates the effect that an imperfect amphiphilic secondary
structure has on line activity. Although they differ in charge
and structure, they both transform the membrane into worm-
like micelles within almost identical concentration regimes.
Whereas indolicidin assumes a random, linear conforma-
tion, PG-1 has a well-defined §-hairpin; however, both share
a similar planar amphiphilicity with a central hydrophobic
zone bounded by clusters of Arg residues (Figs. S1 B and
S2 E). Tang et al. (71) showed that for an inserted state,
the Arg residues of PG-1 make proximal guanidinium-phos-
phate connections that may underlie the lipid orientational
changes necessary for the formation of toroidal pores.
Hence, the line-active behavior we observe for both indoli-
cidin and PG-1 may depend on the terminal placement of
these residues so that they can interact simultaneously
with both membrane leaflets.

The line activity of the a-helical peptides studied here
seems to be governed by their ability to achieve imperfect
helical arrangements that optimize polar and apolar interac-
tions across the membrane. A flexible hinge region bounded
by Pro15 and Pro19 in caerin-1.3 (60) and the subtle bend in
magainin-1 from a Gly(X,)Gly motif, which is known to arc
related piscidin peptides (72), cause both caerin-1.3 and
magainin-1 to adopt curved architectures necessary for their
biological activity. For example, Fernandez et al. (73)
showed that in the caerin-related peptide maculatin-1.1, mu-
tation of the arc-inducing Prol5 residue lowered its mem-
brane-disrupting capabilities. The Gly(X4)Gly motif is
also seen between Gly18 and Gly23 in the primary sequence
of dermaseptin-1, where four Lys residues span the length of
the structure. Additionally, Mihajlovic and Lazaridis (70)
noted that Lys4 in an analog of magainin is a more important
residue for toroidal-pore formation than the other lysines
positioned in the middle of the helix (Lysl1 and Lys14),
and implicates the N-terminal Lys in the line activity of
both magainin-1 and dermaseptin-1. We observed that mag-
ainin-1 and dermaseptin-1 caused membrane micellization
at nearly the same concentration, whereas aurein-1.1 and

AMPs Share Line-Active Behavior

citropin-1.1 interacted at slightly higher concentrations.
This suggests that peptides that can easily insert into and
span the length of a membrane are more effective at forming
line geometries, as key residues are positioned to facilitate
distortion of the membrane into a curved edge. The helix-
bend-helix motifs present in pardaxin and DCD ensure
that a C-terminal portion of the peptide can span a mem-
brane and an N-terminal helix can lie along the membrane
surface (52,59). As can be seen in the secondary-structure
representation for both DCD and pardaxin-1 (Figs. S3 A
and S4 A), this break in the ideal helical structure primes
the N-terminal Lys residue at the headgroup interface
through surface-lying helices. Although the exact structure
of histatin-2 remains to be determined in a membrane-
mimetic environment, it is suggestive that both Lys and
Arg residues (Argl, Lys2, Lys6, and Argll) are clustered
within the N-terminal half of the peptide.

The guanidinium group of Arg has been proposed to be a
greater inducer of membrane curvature than the primary
amine group of Lys, given its bidentate hydrogen binding
(14). B-sheet-containing peptides have a higher Arg content
as compared with a-helical peptides, and when we exam-
ined the interaction of HBD-1 and KB3, we found that
both were less line-active than PG-1 and indolicidin, as
higher concentrations were needed to elicit an interaction
with DMPC bilayers. The lower activity of HBD-1 and
KB3 may result from a more diffuse distribution of charged
residues and the presence of a flat, hydrophobic face, which,
as noted in the case of KB3, presumably keeps the peptides
peripherally bound. Schmidt et al. (14) suggested a condi-
tion in which peptides with lower Arg contents can still
induce curved membrane topologies by offsetting to higher
contents of Lys and hydrophobic residues. Fig. S10, A
and B, show the primary sequence analysis of our line-active
peptides, which we performed in a manner similar to that
described by Schmidt et al. (14) and Mishra et al. (74).
Although our sample size is small, we are in agreement
that the «-helical AMPs examined tend to have higher
average hydrophobicities and greater Lys contents as
compared with their (-sheet counterparts (Fig. S10 A).
Moreover, peptides that are line-active at lower concentra-
tions have higher fractions of total Lys and Arg residues
in their primary sequence (see Fig. S10 B). However, there
are exceptions to the rule: caerin-1.3 has no positive resi-
dues within its primary sequence but can still impart its
line activity within a moderate concentration regime, and
HBD-1 has a fairly high fraction of total positive charges
and requires higher concentrations as compared with other
positively charged AMPs to cause complete membrane
disruption. Theoretically, peptides with nearly identical
Kyte-Doolittle hydropathy values would partition similarly
to zwitterionic DMPC bilayers; however, the line activities
of PG-1 (—0.25), KB3 (—0.20), and HBD-1 (—0.27) display
drastically different concentration responses. Our examina-
tion suggests that a simple categorization of AMPs based on
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their overall Arg and Lys contents may not be a direct indi-
cator of their eventual membrane line activity. Instead, our
data show that membrane distortion results from a more
complex interplay between peptide structure and the distri-
bution of these key residues.

CONCLUSIONS

Collectively, our results show that AMPs share a common
ability to reduce membrane line tension in a concentra-
tion-dependent manner that is physically similar to the ac-
tion of simple detergents. Reduction of the line tension
from the edge adsorption of these peptides (referred to as li-
nactants due to their line activities) causes the edge contour
to expand, and in turn enables further binding events at the
edge that increase the P/L ratio in the membrane. With
further increases in the bulk peptide concentration, the accu-
mulated surface density is able to reach a critical stage for
peptide insertion into the bilayer. The critical concentration
necessary for AMP insertion would therefore be dependent
on factors that modulate peptide partitioning to the mem-
brane, such as lipid headgroup specificity (75,76), packing
defects (77,78), and line interfaces at phase boundaries
(79-81). The creation of new edges within the bilayer facil-
itates the binding of more AMPs, further reducing the
bilayer line tension. Ultimately, the lamellar organization
of the membrane is transformed into new peptide-lipid
self-assembled structures that are limited in scale by the
molecular dimensions of the peptide itself. Although an
exposed edge does not initially exist in a cell membrane,
this positively reinforcing condition will become evident
once an initial edge geometry is created within the mem-
brane from peptide insertion. The self-assembled structures
that we observed through the course of AMP-induced
membrane disruption, culminating in the formation of
worm-like micelles, could not be explained by a pore-only
model. Rather, a common reduction of line tension may
underlie AMP activity and appears to be biologically rele-
vant, as membrane protrusions resembling worm-like mi-
celles have been observed to emanate from AMP-exposed
bacteria (82—84).

Careful selection of a variety of peptides that differ in
both charge and secondary structure revealed important
physical parameters that affect the observed line-active
behavior. With the exception of the most hydrophobic pep-
tide, ALM, which exhibited no line activity, more polar pep-
tides that exhibited line activity were surprisingly invariant
in their concentration response with respect to their overall
charge. The ability of positive, negative, and neutral AMPs
to utilize a common line-active mechanism in their interac-
tion with membranes challenges the prevailing electrostatic
model of AMP selectivity and its general application to all
membrane-active AMPs. Instead, factors such as membrane
fluidity and lipid acyl chain length are relevant parameters
that modulate the ability of AMPs to distort the membrane
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into the geometries necessary for their favorable incorpora-
tion into the membrane.

The line-active behavior of the AMPs correlated with
their adoption of imperfect secondary structures resulting
from either poor amphiphilic segregation of residues or
breaks in the symmetry of ideal secondary motifs, such as
flexible kinks introduced into linear helices. As a conse-
quence of these structural imperfections, polar residues
(typically Lys and Arg) were strategically placed at the pe-
riphery of the membrane for subsequent reorganization of
the phospholipids. Moreover, the type of secondary motif
employed by an AMP did not ultimately determine its line
activity, as peptides with «-helical, §-sheet, and even
random, linear backbone configurations (e.g., indolicidin)
exhibited similar detergent-like behavior. We speculate
that this interplay of peptide structure and the manner in
which polar residues are distributed in relation to the mem-
brane governs the line activity of AMPs. Future experiments
to investigate the positional placement of Lys and Arg resi-
dues along a given AMP would clarify the role that residue
distribution has in modulating line activity. Additionally,
by systematically altering the degree of rotational amphiphi-
licity present in antimicrobial polypeptides, as recently
developed by Xiong et al. (85), the role of imperfect amphi-
pathicity in peptide structures can be more definitively
correlated with AMP line activity. Future work should
also examine the role of negatively charged residues in
line-active behavior, given that caerin-1.3, lacking both
Lys and Arg residues, exhibited line activity within a mod-
erate concentration regime.
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