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Abstract: Three families of membrane-active peptides are commonly found in nature and are clas-

sified according to their initial apparent activity. Antimicrobial peptides are ancient components of

the innate immune system and typically act by disruption of microbial membranes leading to cell
death. Amyloid peptides contribute to the pathology of diverse diseases from Alzheimer’s to type II

diabetes. Preamyloid states of these peptides can act as toxins by binding to and permeabilizing

cellular membranes. Cell-penetrating peptides are natural or engineered short sequences that can
spontaneously translocate across a membrane. Despite these differences in classification, many

similarities in sequence, structure, and activity suggest that peptides from all three classes act

through a small, common set of physical principles. Namely, these peptides alter the Brownian
properties of phospholipid bilayers, enhancing the sampling of intrinsic fluctuations that include

membrane defects. A complete energy landscape for such systems can be described by the innate

membrane properties, differential partition, and the associated kinetics of peptides dividing
between surface and defect regions of the bilayer. The goal of this review is to argue that the

activities of these membrane-active families of peptides simply represent different facets of what

is a shared energy landscape.

Keywords: cell-penetrating peptides; antimicrobial peptides; amyloid; lipid biophysics; membrane

protein folding

Introduction

Membrane:protein interactions are routinely defined

in terms that suggest a passive role for membrane

structure. BAR domains bend membranes to defined

curvatures.1 SNARES are responsible for inducing

membrane fusion.2 Cell-penetrating peptides, as their

names state, penetrate the membrane.3 Antimicrobial

peptides insert into the membrane bilayer.4 Amyloid

peptides porate membranes.5 These protein-centric

phrases reveal a dogma that membrane proteins are

the active species whose folding and self-assembly

drive the gains of membrane function. In contrast,

the bilayer is viewed as a passive substrate for forma-

tion of these proteinaceous structures.

Phospholipid membranes, however, are not pas-

sive.6 The effects of Brownian dynamics result in

spontaneous thinning and the continuous formation

and dissipation of membrane microdefects. Larger

scale effects such as pore formation, fusion, and fis-

sion are also possible. In pure artificial membranes,

these thermal fluctuations are sufficiently minor

that they can be taken as irrelevant to biological

processes. However, alterations of the energetic
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landscape of the lipid bilayer by the binding of pro-

tein can cause these transient defects to contribute

significantly in changing membrane structure.

In this review, we describe an alternative uni-

verse in which membrane perturbation and protein

interactions are cooperative phenomena.7 Specifi-

cally, we examine recent and not-so-recent reports

regarding the interaction of short amphiphilic pep-

tides with biological membranes. These interactions

cover the physical basis of cytotoxicity caused by

preamyloid toxins (PAT) in many amyloid diseases

including Alzheimer’s and type II diabetes.8 They

are also addressed by the expansive field of antimi-

crobial peptides (AMP), a prominent subdiscipline of

innate immunity.4 Understanding of their properties

and mechanism is vital given the increasing emer-

gence of antibiotic resistant pathogens. Lastly, these

interactions are critical to the behavior of cell-pene-

trating peptides (CPP) whose capacity to transport

cargo or gain access to intracellular compartments is

central to their activity.9 This defining property of

CPPs is finding increased importance as these pro-

teins are being developed as delivery vehicles for

cargos as diverse as small molecule drugs to oligonu-

cleotides for gene therapy.3 We aim to show that

these three seemingly disparate systems are simply

subsets of a common physical chemistry.

General Properties

A well defined and large subset of amyloid proteins,

antimicrobials, and cell-penetrating peptides are am-

phipathic, short (<50 amino acids), and readily solu-

ble in both aqueous and membrane environments

(Fig. 1).3,4,8 They are typically unstructured in solu-

tion,13–15 but undergo a disorder-to-order transition

upon membrane association which promotes either

a-helical or b-strand secondary structural states

that are generally amphipathic in nature.5,15,16 This

amphipathic character allows the structures to bind

membranes such that the peptide initially interca-

lates between lipid headgroups.

These initial adsorption events usually result in

peptides orienting parallel to the plane of the bilayer

with the polar side of the helix exposed to the lipid

headgroups and solvent, while the nonpolar side is

exposed to the membrane acyl core.17,18 Preformed

amphipathic oligomeric structures may also bind via

a similar mechanism.19 The orientations of these

binding events have been measured in many sys-

tems using a variety of tools. For example, the orien-

tation of AMP cecropin A was found to be parallel

with the surface of a phospholipid bilayer by solid

state NMR.20 Similarly, EPR measurements of mem-

brane-bound amyloid peptides a-synuclein (aSyn)

and islet amyloid polypeptide (IAPP) indicated an

orientation parallel to the bilayer surface.17,21 In

contrast, a combined SFG vibrational spectroscopy

and ATR-FTIR spectroscopy study indicated that the

orientation of CPP Pep-1 was perpendicular to the

bilayer at low peptide concentration.22 The degree of

membrane curvature has been shown to alter the

orientation of bound peptides,23 leading to multiple

binding modes or even a dynamic switching between

alternate modes.24 For larger proteins, and for pro-

teins such as CPPs carrying cargo, these initial

binding events are suggested to be performed by a

subdomain of the larger protein.13,25

A set of coupled phenomena is associated with the

membrane interactions of these peptides, including:

lateral adsorption/desorption (see above),

Figure 1. Helical wheel diagrams for three representative peptides discussed in this review. These are a-synuclein,8

which forms a PAT associated with disease progression in Parkinson’s disease, LL-37,10 a human AMP, and Pep-1,11 a

designed CPP. Members of these three classes of peptide generally possess an amphipathic structure, as seen here,

with nonpolar and polar/charged residues segregated on opposite faces of an a-helix. This allows peptides to partition onto

membranes, with the nonpolar regions residing in the acyl core and the polar regions contacting the lipid headgroups and

solvent. Green circles represent nonpolar residues, yellow polar uncharged residues, red acidic residues, and blue

basic residues. Arrows represent the hydrophobic moment of the shown helix. Helical wheel diagrams produced using MPEx.12

Last et al. PROTEIN SCIENCE VOL 22:870—882 871



oligomerization, leakage, and translocation. Oligomeri-

zation is typically identified indirectly. Membrane

adsorption often leads to a change in secondary struc-

ture, which can be observed by circular dichroism or IR

spectroscopy.26–28 This allows measurement of concen-

tration-dependent membrane binding affinity, which

can be taken as evidence of oligomerization.26 Alterna-

tively, direct measures of oligomerization can be made.

Several pore-like structures have been directly

observed using atomic force microscopy.29 Direct visual-

ization of oligomers30 or puncta31 on both cells and arti-

ficial membranes has also been observed using

fluorescently labeled protein. Finally, neutron scatter-

ing,32 X-ray diffraction,33 or single-particle FRET34 of

pores or oligomers in membranes has given direct evi-

dence of protein–protein interactions on membranes.

Membrane leakage induced by these peptides

has been observed for both artificial membranes and

live cells and has given some insight into the mecha-

nism of membrane disruption. Measurements of

delayed membrane leakage show that the amyloid

protein IAPP forms membrane pores that are indefi-

nitely stable,35 eliminating transient mechanisms of

permeabilization such as detergent or carpeting.

Similarly, leakage of dyes or fluorescent quenchers

from synthetic liposomes showed AMP cecropin A to

induce leakage in an all-or-nothing fashion,36 while

CPP transportan 10 causes gradual, graded leakage

from all liposomes exposed to the peptide.37 Several

amyloid proteins also give conductance recordings

with discrete levels and clear transitions similar to

bona fide ion channels.38,39 Such observations have

also been made for the AMP protegrin-1.40,41 Finally,

in vivo leakage has been observed for several pep-

tides through the introduction of intracellular cal-

cium sensitive fluorophores42 or through the

measurement of efflux of intracellular or mitochon-

drial proteins such as lactate dehydrogenase43 or

cytochrome c.44

Translocation, as a property of state, simply rep-

resents equilibration across a bilayer. As a phenom-

enon observed with this class of peptides, it captures

attention as a result of the presence of charged moi-

eties on the peptides which would not normally be

expected to cross the hydrophobic layer. The

capacity of cationic peptides and proteins to cross a

bilayer in a cellular system was first observed in

1965 using polyarginine and histones.45 This work

foreshadowed the discovery of CPPs (see below).

Thus, it has long been recognized that while mem-

branes may be relatively impermeable to inorganic

cations, amphipathic structures have a strong

capacity to be membrane-active and translocate.

This review is predicated on the idea that

within the literature, differences within and

between AMP, CPP, and PAT activities are simply

the result of differences in each protein’s intrinsic

capacity to bind, desorb, oligomerize, permeabilize,

and translocate across a given membrane. Similarly,

within a given system, changes in behavior are

noted and assigned to changes in properties result-

ing from altered membrane composition. In AMPs,

for example, enhanced anionicity of bacterial cell

membranes is often cited as a possible origin for

selective toxicity toward a foreign organism relative

to a host.46 Membrane compositions are also invoked

to account for gains of toxic function in amyloid pro-

teins. For example, IAPP has long been known to

form channels in membranes with greater anionic

lipid content and less likely in membranes with cho-

lesterol.39 Likewise, many well-studied CPPs have

been observed to have a higher propensity to assume

secondary structural motifs in the presence of lipid

vesicles of greater anionic composition.47,48 Mem-

branes differ between organisms and can even

change as an origin or result of disease.49 These dif-

ferences allow for changes in protein–membrane

interactions and can lead to dramatically different

behaviors between proteins or even for the same

protein in alternate environments. Thus, the constel-

lation of behaviors described here may be related by

a common set of physical principles.

Systems

Amyloid peptides
Amyloid peptides are a class of protein characterized

by their ability to form stable b-sheet-rich structures

known as amyloid fibers.50 Amyloid proteins play a

role in many functional biological processes includ-

ing biofilm formation51 and hormone storage.52

There are also a wide variety of diseases in which

amyloid proteins play a central role, including Alz-

heimer’s disease (AD), Parkinson’s disease, and type

II diabetes mellitus (TDM).5,8 Here, we focus on the

subset of peptide amyloids that lead to cellular toxic-

ity, such as amyloid beta (Ab) in AD, a-Syn in Par-

kinson’s, and IAPP in TDM. Historically,

considerable research was focused on the fibrillar

state as central to disease progression. More

recently, however, it has been shown that the toxic

species of amyloid proteins are nonfibrillar PATs,

with the mature fibers being relatively benign.8

The discovery that amyloid proteins can be

membrane permeabilizing in synthetic systems has

led to the hypothesis that membrane disruption may

be a significant contributor to pathology. Indirect

evidence for a role for prefibrillar states had long

been in evidence. For example, familial forms of AD

show alterations in brain amyloid plaque burden

that is not well correlated with dementia.53 In cell

culture, it has been shown that addition of amyloid

precursor to culture media is far more toxic than

addition of preformed fibers.54 With such studies

serving as backdrop, the discovery that PATs could
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induce membrane disruption in cells and in syn-

thetic liposomes has drawn considerable interest.5,8

Amyloid precursor proteins have been observed to

form a number of unique, nonamyloid structures on

membranes. Ab was observed to create a constellation

of oligomeric structures, ranging from dimers to large

oligomers.30 IAPP was similarly observed to oligomer-

ize into puncta on cell membranes.54 Importantly, the

development of a single antibody selective for the

amyloid oligomers of a variety of different source pro-

teins55 suggests there is a commonality of oligomer

structure shared among different amyloid proteins.

A number of studies have now identified struc-

tures that are unique to preamyloid states on mem-

branes. The prefibrillar membrane-bound states of

many amyloid proteins, including Ab,56,57

IAPP,13,21,26 and aSyn,17,58 have been found to be

a-helical. This is surprising as these states often

precede rapid formation of b-sheet filaments. These

helices are generally slightly cationic, and mem-

brane binding is usually driven by electrostatic

effects.59–61 A number of tools have been used to im-

plicate the role of these structures in disease. In AD,

for example, small molecules designed and demon-

strated to interact with the helical portions of Ab

are cytoprotective.62 A folded, helical tetramer of

aSyn has also been observed to be capable of both

binding membranes or existing freely in solution.19

In our own work with IAPP, we have shown that

structural mutants affecting helix formation elimi-

nate cytotoxicity in insulin secreting cell lines.63 Sin-

gle-pair FRET measurements of IAPP have also

shown the presence of a small family of membrane-

bound antiparallel dimers.34

The connection between a-helical structures and

the downstream formation of b-sheet rich amyloid is

challenging to reconcile. One possible pathway

between those species is offered by the structure

determination of an oligomer formed by a fragment of

the amyloid protein ab crystallin (ABC).64 This pep-

tide forms an oligomer from six antiparallel b-strands

with a greasy, closed central cavity. This structure

offers a link between small, membrane-bound oligom-

ers and amyloid and is suggestive of a pore in a man-

ner similar to those identified at low resolution using

AFM.29 These do not yet, however, show that the

pore-like shape is the basis for these molecules

capacity to act as a toxic agent. Plainly, however, it

illuminates one possibility of how PATs may interact

with a membrane to induce a well-defined pore.

Bilayer permeation can additionally be driven

by interactions which induce distortions and other

disequilibria upon initial binding of protein to mem-

branes.7 Amphiphiles, such as PATs, can act as

detergents removing one leaf of a lipid bilayer.

Relaxation of this condition requires flipping of

phospholipids from the unaffected leaf to the dam-

aged leaf in a process that can be coincident with

leakage. A second possibility is the induction of

membrane distortion as a result of a preference for

specific membrane curvatures. Here, a portion of

binding energy is available to distort membrane geo-

metries that deviate from the protein’s optimum.

Curvature preferences that strongly affect lipid dis-

tributions are increasingly being observed in many

proteins, such as cholera toxin subunit B.65 Several

PATs, including IAPP,66 Ab,67 and aSyn,68 have dem-

onstrated preferences for membrane regions of nega-

tive or increased positive curvature. As with

detergent, distortions require a relaxation of pho-

pholipid from one leaf to another offering an oppor-

tunity for leakage events. Structure- and detergent-

induced strain could thus be a general mechanism of

poration by these peptides. Importantly, these mech-

anisms allow for leakage that is not dependent on

specific proteinaceous structures (Fig. 3, see below).

It is clear from recent reports that PATs act on

cells as a consequence of several gains of function.

This includes CPP-like and/or antimicrobial gains of

function such as in IAPP and Ab.31,69–71 Given the

much larger published set of insights and systems

investigated for AMP and CPP properties, it is clear

that the PAT community has much to gain by con-

sidering those disciplines’ effort.

Antimicrobial peptides

Antimicrobial peptides are an ancient component of

innate immunity acting to protect against invading

pathogens. Insects, for example, ward off bacterial

infection without lymphocytes or antibodies, in part,

because they possess an arsenal of protective

AMPs.72 These peptides are often toxic to a broad

spectrum of bacteria, but are relatively inactive to-

ward host eukaryotic cells at bactericidal concentra-

tions. To date, more than 1200 peptides have been

identified or predicted to be AMPs.73

A fundamental characteristic of nearly all AMPs

is that they are shorter than 50 residues in length

and rich in cationic and hydrophobic amino

acids.72,74 Among these, the majority show a transi-

tion from disorder to order upon encountering a

membrane.4,72,74 Many linear AMPs, such as cecro-

pin, magainin, and melittin, form amphipathic heli-

cal structure in the presence of lipid bilayers.75

Increasing evidence, however, suggests it is the am-

phipathic nature of peptides, and not the specific

structural motifs they adopt, that is responsible for

biological and membrane activity.7

AMPs are thought to selectively target bacterial

membranes because of an electrostatic attraction to

negative charges originating from lipopolysaccha-

rides and a higher abundance of phosphatidylgly-

cerol and cardiolipin.76 However, this form of

targeting may not completely explain selectivity as

many nondiscriminant toxins also have high net pos-

itive charges.77,78 Alternatively, the overall
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hydrophobicity of AMPs and toxins may be a con-

tributing factor to selectivity. Several studies have

established that increased hydrophobicity results in

enhanced cytotoxicity but does not lead to enhance-

ment of antimicrobial activity.79–81 These observa-

tions indicate a delicate balance of amphipathic

properties are essential for the design of potent and

selective AMPs.

AMPs utilize a variety of mechanisms to kill

bacteria. Poration of a membrane can result in cell

death because of simple leakage of key components

of the cell. In some cases, membrane disruption may

serve instead as a precursor event. Translocation of

the AMP through the membrane to access intracel-

lular targets, for example, is a putative pathway for

dermaseptin and histatins. These AMPs act by in-

hibiting protein and DNA synthesis or enzymatic ac-

tivity.4,82 Additionally, pore formation can result in a

disruption of the electrochemical balance across the

lipid membrane (e.g., ion channel formation).4,82

Diverse models of membrane poration, including to-

roidal and barrel stave pores and carpeting, have

been suggested for various AMPs,74 and it is possi-

ble that an individual AMP may utilize different

mechanisms depending on experimental conditions

(see below).

The mechanisms of a small group of AMPs have

been identified based on measurements of the struc-

ture and orientation of peptides as well as the lipid

membrane. Fluorescence and FRET-based experi-

ments suggest helical peptides cecropin P1 and der-

maseptin employ a carpeting mechanism, where

bound amphipathic proteins act as detergents and

solubilize membrane patches into proteolipid

micelles.83,84 Magainin 2 was observed to form toroi-

dal pores based on pore size and peptide orientation

measured by oriented circular dichroism and neutron

in-plane scattering.85 Comparatively, protegrin-1

forms toroidal pores based on the orientation of the

peptide and lipids measured by solid-state NMR spec-

troscopy.86 Helical alamethicin is currently the only

known antimicrobial peptide to embody the barrel-

stave mechanism, where a peptide-lined pore is

formed with lipid chains exposed to the hydrophobic

faces of the transmembrane peptides. This was defin-

itively investigated by X-ray diffraction, neutron in-

plane scattering, and scanning tunneling micros-

copy.32,33,87 Finally, cecropin A and magainin 2 at low

concentrations have been observed to induce leakage

through a so-called chaotic pore, where proteins

induce a dramatic but temporary leakage state that

rapidly re-seals.36,88 These pores may resemble toroi-

dal pores, though there is no requirement that these

pores be well formed or stably lined with peptide.

Some AMPs have mechanisms that have been

categorized in more than one way, indicating ambi-

guity when associating peptides with specific proc-

esses. Melittin, for example, a helical peptide toxin

and AMP from honeybee venom, has been catego-

rized as alternatively utilizing toroidal pore, barrel-

stave, and carpeting mechanisms.89–92 Differences in

experimental parameters such as peptide concentra-

tion, protein:lipid (P:L) ratio, and membrane compo-

sition may account for the variety of observations for

a single peptide. In fact, the original segregation of

AMPs, toxins, and other membrane-active peptides

into separate categories may be attributable to var-

iations in experimental parameters, which can

greatly affect poration capacity and mechanism.7,93

Cell-penetrating peptides

Cell-penetrating peptides and proteins are systems

with the intrinsic capacity to translocate across bio-

logical membranes. This capacity was first noted

indirectly in 1965 as a property of polyarginine and

histones applied exogenously to cell culture.45 A

relationship of this property to protein folding was

noted in 1984 where it was shown that apocyto-

chrome C could spontaneously translocate across a

bilayer in a synthetic liposome system.94 As a disci-

pline, work on CPPs emerged as a result of the ob-

servation that systems retained these properties

even when attached to other materials, termed

cargo. The first peptide to show this capacity was

the polycationic peptide from HIV, TAT. Numerous

short CPPs have now been identified that are either

naturally occurring or have been engineered.3,95

The range of potential cargo carried by CPPs is

enormous, ranging from small molecules to polya-

nionic stretches of DNA. It is this capacity of CPPs

that captures the imagination, as frequently cargo is

dramatically larger than the CPP and/or highly

membrane impermanent. As such, these proteins

represent a potentially versatile mechanism for in-

tracellular delivery appropriate for basic scientific

research, translational research, and therapeutics.

Indeed, over 20 clinical trials are currently under-

way in which a CPP forms an element of the

delivery.3,95

The physicochemical properties of CPPs sound

all too familiar to those working on AMPs and PATs.

CPPs are typically polycationic. In one remarkable

study, GFP was engineered so that the external sur-

face carried a net 136 charges.96 This system has an

ability to carry cargo far more efficiently than com-

monly used peptide systems such as penetratin. More

typical, however, are smaller peptide-based CPPs

that are intrinsically disordered in solution and adopt

defined structures on biological membranes.

The mechanisms of CPP action are generally di-

vided into two categories: those that are dependent

on cellular processes, such as endocytosis and mac-

ropinocytosis, and those for which an active cellular

process is not required for cargo delivery. As physi-

cal chemists, we view this distinction differently.

Lysosomal escape represents a CPP that is affected
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by the acidification and/or crowding of its compart-

ment. An illustrative example is the peptide pHlip,

which includes a centrally located anionic residue.

Cargo delivery with this peptide leverages its

requirement for a drop in pH which neutralizes the

buried charge.97

Structure formation by CPPs is a necessary com-

ponent in the assessment of their properties. It is

tempting to look to the high efficiency of cargo deliv-

ery by supercharged GFP as validation of the central

role of cationic character. However, that system

requires endocytosis as a prerequisite for CPP func-

tion. Standing in contrast is a combinatorial library

of protein segments that was evaluated for CPP func-

tion in a cell free liposome system.98 One of the many

remarkable features of this screen is that it allowed

identification of sequences that could translocate

cargo without an energy source and without induc-

tion of leakage. The 10,000 member library included

sequences with as many as nine arginines and yet

the most efficient hits carried as few as two and three

positive charges. It is this observation that offers a

route to connecting CPP mechanism with the CPP-

like behavior observed for PATs. The sequences of

PATs often contain only limited stretches of cationic

residues. For example, IAPP has only three to four

positive charges at neutral pH.

As membrane activity is related to the amphi-

pathic nature of peptides, AMPs, CPPs, and PATs

are likely mechanistically linked. Some AMPs, for

example, are rich in one or two amino acids, a com-

mon characteristic of CPPs, and are capable of deliv-

ering cargo to cellular compartments.99,100 Likewise,

amyloidogenic peptides are often short and amphi-

pathic, with hydrophobic stretches that sample

membrane bound structures8 indicating strong over-

lap in these, often regarded as disparate, fields.

A Membrane Deformation Model of Poration

The close physicochemical properties of AMPs, PATs,

and CPPs makes it surprising that most biophysical

work has been done in intellectual isolation. This

has occurred in part because of the broad range of

seemingly unrelated phenotypes that have been

observed. The result is a bewildering array of pro-

posed mechanisms. Carpeting, toroidal pores, barrel-

stave pores, detergent effects, and additional models

such as the sinking-raft model101 have been put for-

ward, each with robust data to support it.

Direct observations of pore-like objects using

EM and X-ray techniques have been made by sev-

eral groups.29,64 Others, including ourselves, have

used indirect measures of leakage.26,42,102 We

observed, for example, that membrane leakage

induced by IAPP has a high reaction order and

nucleation-dependent formation of the leakage com-

petent species.35 High reaction order is typically

ascribed to protein oligomerization. We were

therefore surprised to observe that mixtures of D-

and L-enantiomeric IAPP behaved indistinguishably

from single enantiomeric conditions (Fig. 2).69 Such

an observation is difficult to rationalize with pro-

tein-specific pore formation. This and related obser-

vations have inspired us and other groups to look

for a small set of governing principles which can

instead manifest as the myriad of mechanisms listed

above.

One such set of principles focus on the mem-

brane as an active participant in the formation of

pores.6,7,89 Consider a phospholipid bilayer, above its

melting transition and at equilibrium [Fig. 3(i)]. This

is not a static state. Transient thermal fluctuations

lead to localized membrane thinning and rare forma-

tion of pores [Fig. 3(ii,iii)]. The latter are highly

unfavorable and rapidly vanish without inducing any

leakage of membrane contents or, indeed, any signifi-

cant contribution to solute permeation rates. While

few would argue that this cannot be true, most would

argue that the contribution of such phenomena to bi-

ological manifestations are rarely, if ever, significant.

Membrane-bound peptides can, however, alter

the energetic landscape, allowing the stabilization of

these membrane fluctuations. A framework has al-

ready been suggested for several AMPs [Fig. 3(iv–

vii)]103–105 and we view such mechanisms as broadly

capable of accounting for binding, pore formation,

and translocation across PATs and CPPs as well.

The starting point for such a model is that pep-

tide binding causes displacement of lipid headgroups

without a concomitant expansion of the acyl

chains.89,106 This leads to thinning of the bilayer107

and the induction of a surface tension due to the re-

sultant nonideal packing of the lipid acyl chains.89

The presence of tension decreases the energetic pen-

alty of pore formation, as formation of a pore will

decrease the overall membrane surface area, allow-

ing a fraction of the acyl chains to return to their

preferred conformations. The combination of binding

and surface tension increase the rate of stochastic

poration, which can be nucleated by a combination

of thermal fluctuations108 and local defects at the

site of bound proteins.6

It is useful to first consider insights that are

illustrated using membrane-only liposome systems.

Deviation from equilibrium can be introduced into

model systems using transient intense light illumi-

nation. The energy of a pore relative to a pore-free

liposome in such a system varies with its radius [Eq.

(1)]109,110:

E Rð Þ ¼ 2pcR 2prR2 (1)

E(R) is the energy of the system for a pore of ra-

dius R, r is the membrane surface tension, and g is

the line tension. The term containing r represents

the loss of surface tension energy that results from
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forming a pore of radius R. The term containing c
represents the energy gained per unit circumference

of an ideal circular pore due to nonideal packing

around the pore rim. Line tension can be thought of

as the energetic penalty caused by poration due to

nonideal packing of lipids around the pore rim.111

Regardless of shape, line tension is the first deriva-

tive of the sum of energetic contributions to the sta-

bilization of the edges of the pore.

At small radii (or more precisely R< c/r), the

linear term is dominant. Line tension forces exceed

forces due to surface tension release and the pore

rapidly reseals and vanishes. Beyond a critical ra-

dius (R> c/r), pores move down their energy gradi-

ent, rapidly expanding until the liposome ruptures.

A critical change can occur in such a process if

one simply asserts that amphipathic proteins bind

differentially to the surface of a membrane com-

pared to the rim of a pore. Many membrane-active

peptides have been observed to both induce a curva-

ture strain in membranes as well as preferentially

bind to regions of higher curvature, as would be

experienced in the interior of a toroidal pore. Obser-

vation of alterations in membrane phase transitions

have shown a curvature preference for AMPs magai-

nin 2112 and LL-37,113 IAPP,66 and the HIV TAT

CPP.114 The binding of detergent-like proteins to a

pore rim may also decrease the line tension, leading

to more favorable lipid packing along the rim, and

stabilizing the pore.111 In addition, cooperativity of

protein binding to pore structures has been observed

via oriented circular dichroism. When no pores are

present, all bound proteins are observed to lie with

their a-helices parallel to the plane of the mem-

brane.107 Upon crossing a minimum concentration

threshold, protein begins to reorient into the mem-

brane’s pore state. Once this threshold is passed,

additional protein is now able to cooperatively orient

into the pore. For example, at high concentrations,

the AMP alamethicin orients completely perpendicu-

lar to the membrane, with all the protein that was

initially surface bound in the pore state.115 Coopera-

tive stabilization of pores by membrane-active pep-

tides can thus allow otherwise transient membrane

defects to be long lived.

This idea has been modeled to show that protein

stabilization of a pore can relieve both line and sur-

face tension.89 Protein binding results in negative

feedback, where membrane tension drops as a pore

expands due to loss of protein to the pore itself.106

In addition, protein binding to the rim of a nascent

pore can relieve line tension and induce stabilization

of a pore that would otherwise reseal. This provides

an additional mechanism by which the apparent

rate of pore formation is increased with protein con-

centration. Overall, the model creates a local energy

minimum for a pore of radius greater than zero

Figure 2. Cross-cooperative membrane leakage induced by

L- and D-enantiomers of amyloid protein IAPP. Liposomes

were prepared so as to encapsulate 70 kDa fluorescently la-

beled dextrans. These were incubated with the indicated

concentration of protein for 48 h. Membrane integrity was

then interrogated through the extraluminal introduction of the

fluorescence quencher DPX, which transits into the

liposome and quenches the entrapped fluors. Doubling the

concentration of IAPP or D-IAPP individually (blue bold, pur-

ple bold) leads to an �100-fold increase in leakage rate con-

stant over the initial concentrations (blue thin, purple thin).

Instead, mixing equal activities of the two peptides brings

about the same highly cooperative increase in leakage rate

(orange). This observed leakage is more than an order of

magnitude faster than the expected leakage rate if the pep-

tides acted noncooperatively (black). Figure adapted from

Ref. 69.

Figure 3. Schematic of the effect of protein binding on

lipid bilayer integrity. (i) The reference state for energy

change is an intact phospholipid bilayer. (ii) Spontaneous

fluctuations result in the sampling of membrane defects.

These are energetically unfavorable and therefore sampled

infrequently. (iii) Widening of the defect to permit leakage

results in a further energetic penalty. (iv) In the presence of

surface-bound protein (magenta), membrane tension is

induced. (v) Protein binding increases the frequency of

defect formation. (vi) Surface tension is released by pore

formation89 and stabilized by peptide binding resulting in

equilibrium poration (vii). Note, many forms of defect,

such as chaotic pores,36 can be accommodated by this

model, and defect characteristics may differ between alter-

nate peptides or the same peptide under alternate

conditions.
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(Fig. 3), by allowing for the formation of a stable,

tension-induced proteolipid pore.

A common model of membrane poration for

PATs, AMPs, and CPPs can be put forward based on

these physical chemical principles. Upon initial ex-

posure, amphipathic peptides partition into the

exposed face of a lipid bilayer, inducing a membrane

tension [Fig. 3(iv)]. The membrane will initially be

in a high energy but unporated state. While in a

tense state, stochastic transient poration will occur

[Fig. 3(v)]. Localized distortions caused by bound

monomeric protein, or more dramatically by large

oligomers, may catalyze this process. Sufficiently

small pores will rapidly reseal. Pores larger than the

previously described critical radius, or pores that

are stabilized by stochastic binding of a line tension

relieving peptide, may be stabilized and grow

[Fig. 3(iv)]. This expansion will be met by further

protein binding with concomitant curvature stabili-

zation and tension release. Expansion will continue

until the net membrane tension matches the line

tension, resulting in a stable pore [Fig. 3(vii)].

Pores themselves are dynamic entities with

sizes (in protein units) that vary in response to vari-

ation within and across the leaves of the bilayer.

Above a critical P/L ratio, the porated state will be

at a global energy minimum and therefore be stably

present as has been often observed.89 Below this

critical point, pores still form and can be transiently

stabilized, but with lifetimes that are dictated by the

interplay of line-binding and dissociation rates. A

further evolution of pores has also been observed for

several systems including IAPP,35 magainin 2,116

and a fragment of the Bax protein,117 an amphi-

pathic pore forming peptide important in mamma-

lian apoptosis. In these systems, pores have been

observed to shrink from an initial highly leaky state

to slower equilibrium leakage. These effects are

likely a result, in part, of the equilibration of protein

across the leaves of the bilayer. Indeed, we view

CPP behavior to represent a coupling of pore forma-

tion with such translocation. In the case of unleak-

ing CPPs, cargo would occupy the transiently

formed hole thereby diminishing or eliminating leak-

age. Such a model would also account for the

capacity of CPPs to transport cargo with a broad

range of physicochemical properties.

A vital characteristic of the tension-based mech-

anism is that it is not dependent on any specific pro-

tein–protein interactions; the driving force for

poration is the total tension that the membrane is

under and the ability of individual peptides to stabi-

lize the pore rim. As membrane tension is a distrib-

uted phenomenon across the entire liposome,

tensions from different bound proteins sum on the

membrane regardless of whether they share common

primary structures. As a result, unrelated tension-

inducing peptides would act cooperatively in the

induction of a tension-based pore (Fig. 2).69 Protein–

protein interactions may occur, and could contribute

significantly to the nucleation or overall energy of

some pore systems, but are not obligatory for the ini-

tiation and stabilization of pores.

Relationship to other mechanisms
Surface and line tension serve as useful underpin-

ning for the breadth of proposed mechanisms and

structures. The changes in energy that contribute to

this breadth come from a small number of sources:

(1) The energy associated with disorder <-> order

transition upon membrane binding which may be

favorable or unfavorable depending on whether the

protein is surface or pore bound. (2) The energy

associated with relocating protein from surface to

pore. (3) The change in energies (1) and (2) that are

dependent on the degree of self-assembly of the pro-

tein. Note that protein self-assembly may include

strongly specific protein–protein interactions or may

simply be described as colocalization resulting from

a phase transition from a surface-bound to a pore-

bound phase.

Lipid-lined toroidal pores, proteinaceous barrel-

stave pores, and less well-defined chaotic pore dis-

persions of peptides and lipid headgroups can all

provide a framework for membrane disruption. The

specifics of the structures are less important than

the capacity of the structures to stabilize curvature

or decrease surface tension upon withdrawal of the

constituent peptides into the pore state. For several

systems, there is contradictory support for alterna-

tive structures. For example, the venom melittin has

been observed to be pore forming in neutral

vesicles118 but induce leakage via a detergent mech-

anism in anionic vesicles.91 Similarly, magainin 2

has been reported as a toroidal structure at high

concentration85 and a chaotic pore at low P/L.88 The

alternative possibilities can simply reflect a change

in the balance of energies that satisfy the reduction

in surface tension that occurs when the pore is

bound. A compact toroidal structure formed from a

discrete number of peptides might be favored at

high concentration because tension and protein con-

centration is sufficiently high to bind and maintain

a stable pore structure. In contrast, at low concen-

trations, a chaotic assembly may arise from tran-

sient stabilization of unstable pore states by the

binding and release of peptides.

For both equilibrium and nonequilibrium leak-

age, a central practical distinction is the delineation

between graded leakage and all-or-none. An ensem-

ble of liposomes showing a net 50% leakage could

reflect all liposomes with 50% of their contents

leaked or 50% of liposomes fully leaked. The latter

represents a change of state from an impermeable to

a leakage competent state.35,36,116,118 Such observa-

tions can be associated with either transient or
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persistent pores, depending on specific experimental

conditions such as protein concentration.35,116 Above

a critical concentration and after equilibration, pore-

like states are persistent. At lower concentrations,

membranes can undergo transient cycles of poration,

where membranes alternate between a porated and

nonporated state.35,36 Such behavior might even

account for the discrete, ion channel-like steps of

current observed in electrophysiological measure-

ments of IAPP39 and protegrin-3.40

Implications Going Forward

Over the course of this review, we have put forward

a common framework for membrane disruption by

PATs, AMPs, and CPPs, resulting from their shared

physical properties. Many membrane-active proteins

have been placed into one of those three categories

based on a few defining traits, specifically their

amyloidogenic, toxic, antimicrobial, or membrane

penetrating potential. While central to many of the

physiological activities of the peptides, these traits

are not necessarily unique. In fact, there is signifi-

cant sharing of AMP, CPP, or PAT characteristics

between peptides of all three classes.

Numerous reports have now asserted significant

crossover between PATs and AMPs, with examples

from both classes of peptide displaying characteris-

tics of the other. Amyloid protein Ab was found to

have antimicrobial activity against a wide spectrum

of both bacterial and fungal microbes, including C.

albicans, E. coli, and S. pneumoniae.70 In many

cases, the minimum inhibitory concentration of Ab

required to halt microbial growth was less than that

of LL-37, a canonical human antimicrobial peptide.

IAPP has also been shown to have antimicrobial ac-

tivity against E. coli, S. aureus, and P. denitrificans,

a soil bacterium frequently used as a mimetic for eu-

karyotic mitochondria.69,71 As with AMPs, there

appears to be a broad-spectrum character to the tox-

icity of amyloid proteins. This amyloid toxicity spans

from bacteria through animals and further supports

the nonspecific character of cellular attack.

AMPs have also been observed to have amyloid

characteristics. Protegrin-1, a porcine b-sheet AMP,

was observed to form amyloid fibrils upon deposition

on hydrophilic mica surfaces with kinetics compara-

ble to the formation of Ab fibrils.119 Additionally,

helical LL-37 forms fibrils visualized by bright field

microscopy in the presence of anionic lipid

vesicles.120 The LL-37 fibrillation is particularly

interesting, as amyloid fiber formation by PATs are

often reported to be catalyzed by anionic lipid

vesicles.59,121,122 This similar behavior, both as amy-

loids and antimicrobials, demonstrates a possible

conformational and functional link between two pep-

tides previously allocated to different categories.

Crossover is similarly evident between PATs

and CPPs. Consider, for example, the contentious

issue of identifying the site of cellular toxicity medi-

ated by PATs. Cellular experiments have focused on

the plasma membrane (by exogenous introduction of

PATs to culture media) and membranes of the secre-

tory pathway (by transfection). However, reports

have now shown that Ab, aSyn, and IAPP all are

found to localize to the mitochondrial membrane, an

intracellular target.31,123,124 Indeed, mitochondrial

damage is frequently evident in patients or animal

models of these proteins’ associated dis-

eases.123,125,126 Furthermore, mitochondrial target-

ing and dysfunction by these peptides is found to

occur before cell death is evident in these systems.

In our own work, IAPP was found to have CPP char-

acteristics, enabling it to cross plasma membranes

and possibly lysosomal membranes to access the

cytoplasm and mitochondrial membranes.31 Thus,

the ability of amyloid proteins to act as CPPs may

be as central to their mammalian cytotoxicity as

their pore forming characteristics.

AMPs have also been shown to possess CPP-like

behavior and characteristics. For example, apidae-

cins and indolicidin are rich in one or two amino

acids, a common characteristic of CPPs. LL-37 has

been observed to translocate the lipid bilayer and

deliver cargo to cellular compartments.99,100,127

Additionally, analogs of magainin and buforin trans-

locate the lipid bilayer, indicating AMPs can serve

as a constructive template for engineering these

properties once only attributed to CPPs.128–130 While

membrane permeation is an obvious mechanism of

cytotoxicity, many AMPs also induce cytotoxicity

intracellularly through a variety of other mecha-

nisms.4 For such peptides, their CPP-like character-

istics are clearly central to their toxicity.

Cellular toxicity has been observed for PATs,

and is a defining requirement of AMPs, but also has

been observed for CPPs. The CPPs TP10 and pVEC

were found to enter both bacterial and mammalian

cells, but inhibited bacterial growth well below con-

centrations that damaged mammalian cells.131

Another study found penetratin, MAP, and pVEC to

have strong antimicrobial activity against the Gram-

positive bacteria B. megaterium.132 Beyond possible

AMP activity, the amphipathic MAP and transpor-

ton family of CPPs have also demonstrated cytotox-

icity toward mammalian cells.133–135 More typically,

strongly cationic or arginine-rich CPPs are observed

to be nontoxic.9 However, cytotoxicity or membrane

destabilization and poration has been reported even

for polyarginine.136 The membrane deformation

required for protein internalization must thus be

considered to ensure minimal possible toxicity for

any CPP-based therapeutics.

In conclusion, it is useful, synergistic, and cor-

rect to cross compare the efforts of these three disci-

plines. CPP and AMP-like behavior is observed in

PATs. PAT and CPP-like behavior is observed
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in AMPs. AMP and PAT-like behavior is observed in

CPPs. The path going forward requires recognition

of this cross-talk with particular attention given to

elements of an under-recognized lexicon. Namely,

that of a dynamic phospholipid bilayer whose inter-

actions with proteins manipulate and are manipu-

lated by alterations in surface tension and the

induction and stabilization of bilayer defects.
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