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Abstract Although lipid membranes serve as effective

sealing barriers for the passage of most polar solutes,

nonmediated leakage is not completely improbable. A high

activation energy normally keeps unassisted bilayer per-

meation at a very low frequency, but lipids are able to self-

organize as pores even in peptide-free and protein-free

membranes. The probability of leakage phenomena

increases under conditions such as phase coexistence,

external stress or perturbation associated to binding of

nonlipidic molecules. Here, we argue that pore formation

can be viewed as an intrinsic property of lipid bilayers,

with strong similarities in the structure and mechanism

between pores formed with participation of peptides, lipi-

dic pores induced by different types of stress, and sponta-

neous transient bilayer defects driven by thermal

fluctuations. Within such a lipocentric framework, amphi-

pathic peptides are best described as pore-inducing rather

than pore-forming elements. Active peptides bound to

membranes can be understood as a source of internal

surface tension which facilitates pore formation by

diminishing the high activation energy barrier. This first or

immediate action of the peptide has some resemblance to

catalysis. However, the presence of membrane-active

peptides has the additional effect of displacing the equi-

librium towards the pore-open state, which is then main-

tained over long times, and reducing the size of initial

individual pores. Thus, pore-inducing peptides, regardless

of their sequence and oligomeric organization, can be

assigned a double role of increasing the probability of pore

formation in membranes to high levels as well as stabi-

lizing these pores after they appear.

Keywords Lipidic pore � Antimicrobial peptide �
Pore-forming proteins � Pore energetics � Membrane

permeability � Pore structure

Introduction

In functional studies of biomolecules, proteins and peptides

(polypeptides in general) usually take the starring role. This

is due to various reasons, such as the wide range of prop-

erties encoded by the side-chains of amino-acid residues,

which gives polypeptides extraordinary potential for

structure and function, and the direct link between the

polypeptide sequence and genetic information. In the case

of biological membranes, polypeptides occupy also a pre-

dominant position in terms of function. Thus, apart from

some cases where a particular lipid, usually attached spe-

cifically to a protein, exerts a recognized function (Lee

2004), lipids (or the lipid bilayer) are relegated to a sec-

ondary role or merely considered as a solvent. Much of this

conception is connected to the predominant view after

Singer and Nicolson’s fluid mosaic model (Singer and
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Nicolson 1972), where the lipidic part of the membrane is

depicted as a two-dimensional liquid. An alternative view,

however, regards biological membranes as dynamic

supramolecular complexes, where lipids are active com-

ponents even in functions usually assigned to proteins

(Fuertes et al. 2010b). The lipids impose specific physical

properties on the bilayer, determining its degree of order,

fluidity, and thickness, and in some cases being responsible

for the formation of domains (Simons and Vaz 2004). The

bilayer lipid arrangement is also crucial as a docking sur-

face for membrane-bound molecules, facilitates the proper

restructuring and reorganization needed for active mem-

brane proteins, and influences protein–protein interactions

(White et al. 2001). Lipids can thus function as a regulatory

factor in biomembrane-active complexes, and cells ‘‘know’’

how to ‘‘use’’ them to modulate membrane activity, e.g.,

varying the lipidic composition depending on conditions

(DeLong and Yayanos 1985; Avery et al. 1995). Examples

illustrating such a renewed protagonism of lipids include

membrane-mediated protein–protein interactions (Garcı́a-

Sáez et al. 2009), enzyme and channel activation controlled

by mechanical properties of the membrane (Jensen and

Mouritsen 2004; Phillips et al. 2009), and the proposed

influence of lipid channels for the propagation of nerve

pulses (Heimburg and Jackson 2005; Andersen et al. 2009).

For the pore-forming function assigned to amphipathic

peptides, lipids put also their peculiar physiochemical

characteristics into action. Although such properties are

generally broad and common to different types of lipids,

they can also be very specific; for example, lipids exhibiting

comparable shape may impose similar monolayer curvature

and thus have a similar effect on pore formation. However,

the special phase, shape, and dynamics characteristics of

particular lipids, such as cholesterol, may confer them with

specific roles in pore formation and/or activity (Fuertes et al.

2010b). Notice that from the peptide side, pores are weakly

specific phenomena, loosely codified at the sequence level,

as is shown by the large number and diversity of peptides

exhibiting similar pore activities over multiple types of

membranes. In fact, structure–function relationships for

these peptides appear to follow special rules, based on

interfacial activity (Wimley 2010). Such rules, which have

yet to be decoded, seem to be best expressed by physico-

chemical balances of peptide properties (Rathinakumar and

Wimley 2008), such as hydrophobicity and amphipathicity,

which are also important properties of lipids.

Pores are natural phenomena in lipid membranes, where

they may exist even in the absence of proteins or peptides.

An interesting manifestation of the intrinsic capacity of

bilayer lipids to self-organize to form pores is the increased

permeability of membranes specifically at, and near, the

phase-transition temperature. As explained recently in an

extensive review (Heimburg 2010), these so-called lipid

channels exhibit quantized conductance and may be

inhibited by drugs, being in fact very similar to (and even

indistinguishable from) protein channels. Throughout this

review we describe and explain membrane pores from the

perspective of lipids. We believe that this lipocentric view

is useful and complementary to the usual peptido/proteo-

centric perspectives and helps understanding critical

aspects of pore formation, structure, and stability. We

argue that purely lipidic pores and peptide-induced pores

are mechanistically related, and similar arguments may

indeed be extended to protein-induced pores.

Intrinsic leakage of membranes

Order, defects, and the passive permeability of bilayers

Lipid membranes act as barriers that separate compart-

ments in aqueous solvents. Their structure corresponds to a

lamellar bilayer which self-organizes due to the hydro-

phobic effect. However, contrary to what is often assumed,

lipid membranes are not perfectly sealing or insulating

media. They are semipermeable and, even in the absence of

proteins, may allow passive transport of small polar and

ionic molecules (Deamer and Bramhall 1986; Finkelstein

1987; Jansen and Blume 1995; Paula et al. 1996; Mathai

et al. 2009). Such an intrinsic dichotomy may have been

crucial at early stages of life (before proteins came onto the

scene) (Meierhenrich et al. 2010), because communication

with the outside is as important as homeostatic control of

the interior of cell compartments. For example, passive

diffusion of water across pure lipid membranes, i.e., apart

from the contribution of specialized protein channels called

aquaporins, is relatively fast and contributes to the osmotic

pressure of cells. Small ions can also permeate across

membranes, although with much slower diffusion (equili-

brating in days). For these cases, the large difference in the

electrostatic free energy between the bulk water solution

and the membrane hydrophobic core implies that ion

transport should occur with the participation of hydrated

gateways. However, such structures can also form

spontaneously.

Models of passive permeability

The mechanisms of passive permeation of polar and

charged molecules across purely lipidic membranes are

still not well understood (Paula et al. 1996; Heimburg

2010). Early experiments and theoretical considerations

suggest that water and other small, uncharged, polar mol-

ecules (such as glycerol and urea) may follow a solubility–

diffusion mechanism (Paula et al. 1996; Nagle et al. 2008),

which is described as a continuum model that considers
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partition of the solutes between the bulk water and a

membrane hydrophobic slab (Fig. 1a). However, water and

polar molecules most likely permeate through some sort of

pores (Jansen and Blume 1995), which in the most general

sense can be considered as bilayer edge defects. The sim-

plest of these and the easiest to be formed, since it involves

minimal distortion of the lipids, corresponds to so-called

water files or wires (Finkelstein 1987), which are single

rows of water molecules flowing across the bilayer

(Fig. 1b). These structures are often observed in molecular

simulations and are related to incipient (narrow) states of

hydrophobic pores (walled by the acyl chains of lipids)

which are the pre-pore states proposed by Glaser et al.

(1988). On the other hand, ions move across membranes

without completely losing their hydration shell. In some

molecular dynamics (MD) simulations they have been seen

to pass intercalated within the water files (Gurtovenko and

Vattulainen 2007; Böckmann et al. 2008) (see below). In

other MD studies (Wilson and Pohorille 1996) ions trans-

locate by means of local thinning defects filled with water

which alternate between the two monolayers (Fig. 1c).

Both types of defects can be considered precursors of lar-

ger hydrophilic pores (Gurtovenko and Anwar 2007;

Böckmann et al. 2008), through which ions would pass at

low free energy cost and where the walls are made of polar

head-groups of lipids (Fig. 1d). This latter structure is often

named a toroidal pore and involves transient reorientations

of some lipids at the membrane border, as first hypothe-

sized by Glaser et al. (1988), who also proposed that

hydrophilic pores derive from short-lived intermediate

hydrophobic pores after they reach a critical radius (a

mechanism described for electroporation but probably

having general validity; see below).

The role of membrane dynamics

Experiments and simulations are making it increasingly

clear that intrinsic membrane permeability is linked to the

complex structure and dynamics of lipid bilayers, as

illustrated in Fig. 2a, which shows a snapshot from a self-

assembly MD simulation (Esteban-Martı́n and Salgado

2007). The regions of the membrane occupied by polar

groups in the two monolayers, known as the interfaces, are

highly hydrated, and together are roughly as thick as the

hydrophobic center slab (White and Wimley 1999). How-

ever, the positions of polar (including water) and hydro-

phobic groups are spatially and temporally highly variable,

being best described by broad distributions (Fig. 2b). This

was first shown by Wiener and White (1991, 1992) from

the interpretation of X-ray diffraction and neutron dif-

fraction data and can be fairly well reproduced by MD

simulations. As a consequence, at any particular moment,

some lipids can be found displaced with respect to their

average structure, causing local thinning of the hydropho-

bic core, with water also penetrating deep (Fig. 2a). Such

dynamic/transient rearrangements are driven by thermal

fluctuations (Glaser et al. 1988; Jansen and Blume 1995;

Nagle and Scott 1978). They originate local defects in the

smectic liquid-crystal order of lipids which approximate to

the transition state for passive diffusion of polar molecules

across the membrane (Wilson and Pohorille 1996). At

arbitrary times and regions, defects may nucleate and give

rise to transient water-filled pores (as in Fig. 1d) which

may act as freeways for the passage of ions. Under normal

a b

c

d

Fig. 1 Schematic representation of simple models explaining passive

diffusion of small polar molecules, such as water, and ions across

membranes. a The solubility–diffusion model involves simple

partitioning equilibria of the transported molecule without lipid

rearrangement. This mechanism explains diffusion of nonpolar and

some polar organic molecules (Paula et al. 1996). b Water is believed

to cross membranes through special pores in the form of single-row

alignments called water files or wires (Finkelstein 1987; Böckmann

et al. 2008), which involve only mild reorganization of lipids and

correspond to the hydrophobic pores hypothesized by Glaser et al.

(1988). c Ions might move within the water wires, but most likely

(and readily) permeate through larger hydrophilic pores (d), with

walls lined by lipid head-groups, formed by reorientation of some

lipids at the pore rim (Glaser et al. 1988)
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conditions, such distortions are unfavorable, stochastic,

short-lived, low-probability events. However, given the

very large number lipids in a membrane (even for small

vesicles), and their fast dynamics and large fluctuations in

the liquid-crystal state, passive permeability occurs and is

measurable in unperturbed vesicles (Deamer and Bramhall

1986; Paula et al. 1996).

Permeation is enhanced at phase transition

Because the intrinsic membrane leakage proceeds via

bilayer defects, it is expected to be more likely at condi-

tions of higher probability of defects, such as at phase

coexistence (Nagle and Scott 1978). This is indeed the

case, since passive permeability of lipid bilayers to water

(Jansen and Blume 1995), cations (Papahadjopoulos et al.

1973), and large polar solutes (Blicher et al. 2009) exhibits

a maximum near the gel to liquid-crystalline phase tran-

sition, even in pure dipalmitoylphosphatidylcholine

(DPPC) membranes. These phenomena were discovered

early, both in macroscopic permeability experiments per-

formed with ensembles of vesicles (Papahadjopoulos et al.

1973; Jansen and Blume 1995) and in single-channel

recordings measured by electrophysiology (Yafuso et al.

1974; Antonov et al. 1980; Yoshikawa et al. 1988; Kauf-

mann et al. 1989). The purely lipidic ion channels are

found to be very similar to protein channels. They exhibit

quantized currents corresponding to large pores with a

narrow distribution of sizes (Antonov et al. 1980, 2005;

Boheim et al. 1980) and moderate ion selectivity (Antonov

et al. 2005). The presence of lysolipids at the gel-to-liquid

phase transition dramatically enhances membrane leakage,

and this is proposed to occur through lysolipid-stabilized

pores in the boundary of the partially melted solid phase

(Mills and Needham 2005). On the contrary, permeability

is inhibited in DPPC membranes in the presence of cho-

lesterol, in parallel with the clearance of the chain melting

transition (Papahadjopoulos et al. 1973). Although these

lipid ion channels (Heimburg 2010) were recognized as a

problem for the interpretation of experiments with proteins,

and were suggested as physiologically relevant for con-

duction of current in biological membranes (Yafuso et al.

1974; Antonov et al. 1980), membrane permeability con-

tinues to be largely assigned to proteins and peptides.

Through a series of detailed investigations (Seeger et al.

2005; Wodzinska et al. 2009; Blicher et al. 2009; Gallaher

et al. 2010; Heimburg 2010), the group of Heimburg has

recently revitalized the study of lipid ion channels, for

which they have proposed new and exciting physiological

relevance for nerve pulse propagation and the action of

anesthetics (Heimburg and Jackson 2005; Heimburg and

Jackson 2007; Andersen et al. 2009). Using a new theory

of membrane fluctuations, Heimburg describes the likeli-

hood of lipid channels with respect to temperature, pres-

sure, tension, and other thermodynamic variables, as well

as voltage, pH, ions, drugs (such as anesthetics and

Fig. 2 Example of a simulated self-assembled and equilibrated

DPPC lipid bilayer. The data correspond to a control MD simulation

at 323 K reported by Esteban-Martı́n and Salgado (2007) a. Acyl

chains of lipids are represented by gray lines, head-group atoms are

balls colored red (oxygen) blue (nitrogen), and yellow (phosphorus);

water is colored green, as small balls for molecules in typical

hydrated regions, and as a CPK representation for molecules

penetrating deeper (within a 20-Å center slab). Although lipid atoms

tend to occupy confined positions as dictated by the hydrophobic

effect and corresponding to the positional and orientational order of a

smectic liquid-crystal phase, the bilayer is characterized by large

spatial disorder. Notice, for example, the deeper penetration of some

polar lipid head-groups and of a few water molecules. Furthermore,

such positions are highly variable with time and are best described by

broad distributions, represented in b. Although positions of water and

polar groups reaching deep within the hydrocarbon region are of very

low probability, they occur as transient states which can be the source

of local thinning fluctuations and eventually facilitate pore formation.

The distributions in b were calculated by averaging the latest 2 ns in

the trajectory of the equilibrated self-assembled bilayer (20 ns after

complete closure of the pore that forms during aggregation), while the

picture in a corresponds to a selected frame within the same time

range
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neurotransmitters), and proteins (Heimburg 2010). All of

these can in fact be considered perturbation factors that

influence the melting transition regime. In addition, he

demonstrates via the fluctuation–dissipation theorem that the

dwell time of fluctuations and the lifetime of pores are closely

coupled (Heimburg 2010). The link between membrane per-

meability and phase transition is related to the coexistence of

domains, a condition where area fluctuations, heat capacity,

and compressibility are large. Nagle and Scott (1978) rea-

soned that the size of defects (pores),DA, is proportional to the

compressibility jT
A as (DA)2 � jT

A, and they related the

membrane permeability at phase transition (P) with that of a

pure phase (P0) and the (fluctuating) size of defects, according

to P = P0 ? C(DA)2 = P0 ? C0jT
A (with C and C0 being

proportionality constants). In turn, Heimburg derives that, for

transitions of lipid membranes, the changes of compressibility

are proportional to the excess heat capacity, from which it

follows that P = P0 ? aDCp, where a is a constant (Heimburg

2010). Such predicted proportionality between permeability

and heat capacity is nicely confirmed by experiments (Blicher

et al. 2009). The increased membrane permeability must be

attributed to the overall membrane fluctuations. Monte Carlo

simulations of binary lipid mixtures at the melting regime for

dimiristoylphosphatidylcholine:distearoylphosphatydylcho-

line (DMPC:DSPC) 1:1 at 36.9�C show lateral domain sep-

aration with larger local fluctuations in fluid than in gel

domains which are maximal in narrow areas at the domain

interfaces (Seeger et al. 2005). Thus, it can be expected that

pores form predominantly at interfaces, with possibly some

contribution of fluid phases to permeability.

Passive lipid flip-flop is coupled to intrinsic membrane

permeability

Another complex phenomenon related to membrane

dynamics and membrane permeability is transbilayer dif-

fusion of lipids, usually known as flip-flop. Although in cell

membranes this process is catalyzed by flipases (Daleke

2007), it can also occur spontaneously even in protein-free

membranes (on time scales of hours to days, depending on

conditions) (Kornberg and McConnell 1971; Wimley and

Thompson 1990; De Kruijff and Van Zoelen 1978; Nakano

et al. 2009). Unassisted flip-flop has been proposed to be

activated by lipid-packing defects, driven by thermal

fluctuations (Wimley and Thompson 1991; De Kruijff and

Van Zoelen 1978), and the experimentally determined

activation energy for lipid flip-flop (Kornberg and

McConnell 1971) is similar to the value measured for

spontaneous chloride permeation (Toyoshima and

Thompson 1975). In line with these data, lipid flip-flop in

MD simulations is mediated by transient water pores,

which facilitate translocation of the polar head-groups

across the membrane in a solvated state (Tieleman and

Marrink 2006; Gurtovenko and Vattulainen 2007a), alto-

gether suggesting that flip-flop coupled pores may be

responsible for passive permeation of ions (Toyoshima and

Thompson 1975; Tieleman and Marrink 2006; Gurtovenko

and Vattulainen 2007a). However, flip-flop pores would

represent a negligible contribution to the transbilayer dif-

fusion of water (Tieleman and Marrink 2006), in agreement

with the existence of multiple alternative pathways for

water permeability.

On the other hand, unassisted lipid flip-flop is enhanced

at phase transition (De Kruijff and Van Zoelen 1978), in a

way similar to described above for passive membrane

permeability. In fact, both phenomena appear to be affected

by the same membrane composition and perturbation fac-

tors; for example, ceramide facilitates flip-flop as well as

the formation of large and stable lipidic channels (Ruiz-

Argüello et al. 1996; Siskind and Colombini 2000; Con-

treras et al. 2005). Interestingly, MD simulations also show

that asymmetric transbilayer distributions of ions (Gurt-

ovenko and Vattulainen 2005, 2007a, Gurtovenko and

Anwar 2007) and/or lipids (Gurtovenko and Vattulainen

2007b) originate mild membrane potentials which are

sufficient to drive water-pore defects, allowing lipid flip-

flop and ion transport. These latter studies are important

because they correspond to internal stress conditions which

might be easily achieved at physiological states of

membranes.

The presence of proteins and peptides bound across the

membrane, even when they do not form pores per se, is

able to increase lipid flip-flop. Such is the case of gly-

cophorin (de Kruijff et al. 1978), some a-helical membrane

proteins from the membrane of bacteria (Kol et al. 2003),

and synthetic model transmembrane peptides (Kol et al.

2001; Sapay et al. 2010). Protein-facilitated flip-flop has

been proposed to occur through a reduction of the free

energy of phospholipid desorption as well as the barrier for

defect (water-pore) formation (Sapay et al. 2010). Trans-

membrane proteins may also alter the phase behavior of the

lipid membrane (Freire et al. 1983; Morrow et al. 1986;

Heimburg 2007). These facts are used to propose a protein-

mediated membrane perturbation mechanism via hydro-

phobic mismatch that would create small belts of highly

fluctuating, defect-prone lipids at the interface with pro-

teins (Heimburg 2010). Such a mechanism is supported by

Monte Carlo simulations of gramicidin A under negative

mismatch in model DPPC membranes in the gel state

(Ivanova et al. 2003).

Lipid pores induced by tension

The spontaneous lipid pores described in the previous

section are handicapped by a large energy barrier. This
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corresponds to the formation of a transition state that

consists of a type of edge defect generally termed a water

pore. Our discussion above also involves that such an

activation energy for pore formation can be lowered at

conditions of increased fluctuations, such as near the

membrane melting regime or by perturbations due to

membrane inclusions (such as peptides and proteins).

Similarly, pores can be induced by applying different types

of external tension, on the order of *1–25 mN/m (Bloom

et al. 1991). Mechanical (Zhelev and Needham 1993;

Sandre et al. 1999; Evans et al. 2003), osmotic (Taupin

et al. 1975) or electrical tension (Benz et al. 1979; Tsong

1991) is most often employed. One can easily reason that

what such an external tension does is, again, to increase

area and compressibility fluctuations, thereby increasing

the heat capacity [according to Heimburg’s (2010) frame-

work theory] and reducing the pore activation energy.

There are multiple examples relating spontaneous pores

(such as lipid channels and flip-flop pores) with pores

induced by tension; for example, pure lipid channels are

mechanosensitive, since they appear after suction on a

patch pipette (Kaufmann et al. 1989). They are also voltage

– sensitive, and in fact the reversible electrical breakdowns

of artificial membrane conductance produced at high

voltages (Benz et al. 1979; Glaser et al. 1988) are phe-

nomena closely related to electroporation of lipid vesicles

or cells (Ryttsén et al. 2000). On the other hand, both

experiments (Schwarz et al. 1999) and simulations (Kan-

dasamy and Larson 2006) show that lipid flip-flop can be

enhanced by applied external electric fields. Tension-

induced pores have important applications for biotechnol-

ogy and medicine (Neumann et al. 1982; Tsong 1991;

Bodles-Brakhop et al. 2009), which has motivated intense

investigation of these phenomena during the last decade.

Sophisticated experimental setups have allowed detailed

studies of pore kinetics and thermodynamics (Zhelev and

Needham 1993; Moroz and Nelson 1997; Sandre et al.

1999; Ahmad and Evans 2002), while ever-improving MD

simulations have provided descriptions at a molecular level

(Marrink et al. 2009). Notwithstanding the importance of

these recent achievements, the basis for understanding lipid

pore formation and evolution were set up at least one

decade earlier (Litster 1975; Taupin et al. 1975; Abidor

et al. 1979; Benz et al. 1979; Glaser et al. 1988; Melikov

et al. 2001). Let us now summarize these seminal ideas

The pore inversion mechanism

A model explaining pore formation and evolution under

electrical stress was proposed by Glaser et al. (1988).

Reversible electrical breakdowns recorded in planar

membranes were interpreted by assuming an initial

hydrophobic pre-pore (described above and illustrated in

Fig. 1b) which relaxes into a hydrophilic (inverted) pore of

larger radius, characterized by lipid reorganization and

participation of some lipids in the pore wall (Fig. 1d). The

hydrophobic pre-pore is an intermediate state with energy:

E0ðRÞ ¼ 2phRr0ðRÞ

that depends on the membrane thickness (h), the pre-pore

radius (R), and an interface-membrane tension, which in

turn is a function of the pre-pore size, r0(R) [r0(0) = 0,

r0(?) = 0.05 N/m]. The latter term is a hydrophobic

effect correction on the value of the interface tension,

which scales the pre-pore energy to near zero for very

small pores. Thus, the hydrophobic pores start at zero

energy (for R = 0), remain at low values in the small pore-

size regime (Fig. 3, red line), and can be simply driven by

thermal fluctuations of lipids. As the radius of the pre-pore

grows, its energy will eventually increase quickly, up to a

critical pore radius R* for which it equals the energy

corresponding to a hydrophilic pore of that size:

E0(R*) = Ei(R*). At this stage, the rearrangement of

some lipids to conform the hydrophilic pore wall

becomes energetically favorable (pore inversion) (Glaser

et al. 1988). The energy of the hydrophilic pore can be

described by the potential of a hole in a two-dimensional

continuum, often referred to as Litster’s model (Deryagin

and Gutop 1962; Litster 1975; Taupin et al. 1975; Glaser

et al. 1988; Evans et al. 2003; den Otter 2009):

EiðRÞ ¼ 2pcR� priR
2:

This includes a surface tension (ri) term (energy per unit

pore area) and a line tension (c) or edge energy term

(energy per unit length of the pore perimeter, assumed to

be circular). The line tension term corresponds to the

energy of cohesion, opposing the pore. The surface tension

term represents the potential for the mechanical work of

expansion of the pore, which originates from a source of

stress. Glaser et al. argue that such a continuum description

of the hydrophilic pore energy is not valid for small pores

(R � h), where the free energy should grow steeply

because of lipid packing constraints and repulsive

hydration interactions (Fig. 3, dashed blue line).

Nevertheless, this framework is useful to draw a

qualitative energy landscape, which predicts a minimum

of Ei for Rm. Beyond that size, but still within an

intermediate size regime, the pore tends to shrink back to

the minimum size, since the line tension term dominates

(Fig. 3, blue solid line). However, for R [ Rd = c/ri (the

large size regime), the energy barrier Ed = pc2/ri is

overcome and pore expansion becomes indefinitely

favorable (i.e., the membrane breaks irreversibly) (Litster

1975; Taupin et al. 1975; Abidor et al. 1979).

Various extensions of Litster’s model have been used to

describe the stability and evolution of hydrophilic pores in
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membranes [see, for example, Shillcock and Boal (1996),

Evans et al. (2003), Tolpekina et al. (2004b), Farago and

Santangelo (2005), and Wohlert et al. (2006)], but for the

sake of clarity we will stick to the simpler formulation as in

Glaser’s work. Despite the limitations of this model, it is

enough to infer that pre-pore and pore are metastable

states. The value of E0 (or Ei) at the critical radius, or

simply E* (Fig. 3) represents the activation energy for

hydrophilic pore formation, which should be taken as

mainly the energy barrier for lipid reorientation at the

membrane edge in the pore wall. Glaser et al. estimate a

value of R* = 0.5 nm from electrical recordings in planar

lipid bilayers induced by voltage pulses (Glaser et al.

1988). The lifetime of the pre-pore should be on the order

of the characteristic time for lipid fluctuations. However,

the hydrophilic pore can be expected to exhibit larger

metastability, since it is trapped between two energy bar-

riers: E* and Ed. In a more recent study (Melikov et al.

2001) of the evolution of single voltage-induced pores,

nonconductive metastable pre-pores were found between

spikes of transient pores. These are supposed to be different

from the short-lived hydrophobic pre-pores and hypothe-

sized to consist of small clusters of polar heads of lipids

and/or water molecules trapped in the hydrophobic interior

(Melikov et al. 2001). Chernomordik and coworkers

further hypothesized that small metastable pores and

pre-pores found under high electric field are a common

characteristic of other types of lipidic pores, such as those

formed under strong tension (Zhelev and Needham 1993)

or in the presence of nonbilayer lipids (Chernomordik et al.

1985), and also suggested that they are relevant for

explaining permeability induced by high local concentra-

tions of membrane-active peptides (see below).

As a general formulation, the pore-inversion mechanism

should apply to pores formed under very diverse (perhaps

all) sources of tension. These include externally applied

tension (mechanical, electrical, osmotic) as well as internal

tension, such as that originating from asymmetric distri-

butions of lipids or ions (Gurtovenko and Vattulainen

2005, 2007b) or binding of small surface-active molecules

(Gurtovenko and Anwar 2007; Moldovan et al. 2007) or

peptides/proteins (Huang et al. 2004; Sapay et al. 2010)

(see below). This thus helps understanding of and gener-

alization to a single theoretical framework for all types of

tension-induced or defect-mediated (Gurtovenko et al.

2010) pores in membranes, which again stresses the

importance of intrinsic lipid bilayer properties in these

phenomena.

Stress-induced pores studied by MD simulations

The molecular architecture of lipidic pores and pre-pores is

difficult to characterize from experiment. However,

detailed structural models are provided by a number of

recent computational studies which were able to simulate

pore formation and evolution on limited time and space

scales with atomistic and coarse-grained detail (Marrink

et al. 2009; Gurtovenko et al. 2010). Hydrophilic lipid

pores were first observed at atomic resolution as an inter-

mediate state during simulation of bilayer self-assembly

(Marrink et al. 2001). As postulated in earlier models

(Glaser et al. 1988), these pores had an approximately

toroidal shape, with the membrane edge stabilized by head-

groups of reoriented lipids, and a diameter of about 1 nm.

Very similar pores were described from subsequent MD

studies using simulated mechanical or electrical stress

conditions (Tieleman et al. 2003; Leontiadou et al. 2004;

Tarek 2005; Gurtovenko and Vattulainen 2005). Particu-

larly relevant is the observation in some cases of water files

(Gurtovenko and Vattulainen 2005, Gurtovenko and

Vattulainen 2007), identified as hydrophobic pre-pore

intermediates (Böckmann et al. 2008) (Fig. 4). These are

precursor, short-lived hydrophobic pores, formed after

1-1.4 ns of simulation, often by convergence of two water

fingers from opposite monolayers (Tieleman et al. 2003;

Leontiadou et al. 2004). They are favored by local defects

Fig. 3 Free energy of hydrophobic (pre-pore) and hydrophilic pores

as a function of pore radius. The graph is a qualitative representation

based on the continuum theory described by Glaser et al. (1988) for

reversible electrical breakdown. Initial pores (pre-pores) are postu-

lated to be of hydrophobic type (Fig. 1b). At a critical pore radius R*,

the energy of these pores equals that of a hydrophilic pore (Fig. 1d),

formed by reorientation of some lipids to line the pore wall with their

head-groups. Then, the energy at that state (E*) corresponds to a

hypothetical nucleation barrier for lipid rearrangement to form a

hydrophilic pore. This latter starts with an undefined energy (dashed
line), but as the radius increases the energy of the pore can be

assumed to follow Litster’s theory (Litster 1975; Taupin et al. 1975).

At larger pore size, a second critical value is predicted (Rd), beyond

which the membrane would irreversibly break
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in the head-group regions, and their likelihood increases

with increasing voltage (Böckmann et al. 2008). These

dynamic structures grow to form water pores which even-

tually relax into a hydrophilic pore by reordering of some

lipids to orient their head-groups at the pore wall, showing

nice resemblance to the two stages envisioned by Glaser

et al. (1988). The reorientation of lipid head-groups appears

to be the rate-limiting step. On the other hand, the pores

remain stable for relatively long times (more than 200 ns)

after voltage discharge (Gurtovenko and Anwar 2007),

similar to pores formed during membrane self-assembly.

It is noteworthy that lipidic pores simulated under

electrical and mechanical tension, pores appearing during

simulated self-assembly of bilayers, and pores appearing in

simulations of membrane-bound surface-active molecules

all exhibit very similar features to pores induced in the

presence of pore-forming peptides (Leontiadou et al. 2006;

Sengupta et al. 2008; Jean-François et al. 2008).

Peptides come into play: inducers and stabilizers

of pores

We finally come to the usually main actors in the biological

pore function, the so-called pore-forming peptides (Zasloff

2002). Throughout the previous sections, peptides and

proteins have been mentioned barely and as yet another

possible type of perturbation that may increase the likeli-

hood of pores. Do they really play such a secondary role?

We will see now that they in fact share protagonism with

lipids, although the role that they play may be substantially

different from that considered to date. As we have men-

tioned, proteins can exert perturbing effects by affecting the

phase properties of neighboring lipids, like in the case of

lipid channels linked to transitions and phase coexistence

(Weinstein et al. 1981; Heimburg 2010), or by reducing the

activation energy for the transition state of spontaneous

pores, as in the case of peptide/protein-enhanced lipid flip-

flop (Sapay et al. 2010). In their revealing paper, Glaser

et al. stated that ‘‘by becoming involved in the pore edge,

proteins in membranes are expected to slow down pore

resealing,’’ adding that ‘‘pore formation may be facilitated

at lipid–protein junctions’’ (Glaser et al. 1988). This implies

that plausible general effects of membrane proteins and

peptides are both easing pore formation and stabilizing

pores once they are formed. Can we maintain the same

arguments for the well-known, highly pore-active cationic/

amphipathic peptides? It should not escape us that so-called

pore-forming peptides and proteins can be seen as specifi-

cally designed to make use of their background membrane-

perturbing tendency as the basis for their specific role.

A link between metastable pores induced by electro-

poration in protein-free bilayers and lipidic pores induced

by peptides and proteins has been suggested by Cherno-

mordik (Melikov et al. 2001) and by Heimburg (2010). On

the other hand, Huang et al. (2004) go one step further and

adopt Litster’s theory to explain the stability of lipid pores

induced by peptides. According to this interpretation, the

peptides may act simultaneously as a source of internal

surface tension and as a relief of line tension, the former

favoring pore formation and the latter opposing pore clo-

sure. Membrane-active peptides then work essentially as

surface-active molecules, able to partition preferentially to

the membrane interface (Wimley 2010). The interfacial

peptide accumulation produces expansion (Longo et al.

1998; Lee et al. 2008) and thinning (Ludtke et al. 1995) of

the bilayer, up to a point where pore formation is no longer

kinetically hindered. In Huang’s words, ‘‘area expansion

creates a stress equivalent to a membrane tension,’’ which

he then terms internal membrane tension, r (Huang et al.

2004). Such internal tension is expressed as a function of

P/L (the peptide-to-lipid molar ratio): r = Ka(AP/AL)(P/L),

with Ka being the stretching modulus, AP being the area

Fig. 4 Pre-pore and pore in trajectories of a simulated bilayer under

electrical tension. a Snapshot after 0.9 ns of MD simulation of a

1-palmitoyl-2-oleoylphosphatidylcholine (POPC) membrane (512

lipids) at electric field of 0.5 V/nm. Water is drawn as red sticks,

lipid acyl chains are colored yellow, choline groups are in blue,

phosphorus atoms are in green, lipid oxygens are in orange, and head-

group carbons are in gray. Water-file defects are observed near the

middle of the membrane. After 50 ns of simulation with a decreased

field (V = 0.04 V/nm) the water wire has grown and transformed into

a hydrophilic pore, shown in b (with the same color coding, and water

in space-filling representation). The pore has an approximate radius of

*0.47 nm and is lined by *8 lipids (highlighted light blue).

Reprinted with permission from Biophysical Journal, Vol. 95

(Böckmann et al. 2008) � 2008 Biophysical Society
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increase per peptide molecule, and AL the area per lipid

molecule. r is estimated to be in the range corresponding to

tension-induced pores: 5–15 mN/m. In this sense, the role

of active peptides does not differ much from that of other

surface-active (amphiphilic) molecules able to bind readily

to membranes and increase their permeability. A simple

illustrative case is that of dimethyl sulfoxide (DMSO),

studied by MD simulations (Gurtovenko and Anwar 2007;

Moldovan et al. 2007), which induces pores through a

mechanism very similar to the one described above for

membranes under tension. The extensive interaction of

DMSO molecules at the membrane interface causes area

expansion and a concomitant reduction of thickness, which

according to Huang’s model is a source of internal tension.

This is accompanied by structural defects and water pen-

etration driven by thermal fluctuations, growing to a point

where lipid reorientation gives rise to hydrophilic pores

(Gurtovenko and Anwar 2007; Moldovan et al. 2007).

On the other hand, using an extension of Lister’s theory

(Litster 1975; Tolpekina et al. 2004a) it is shown that a

reduction of the line tension of the membrane in the

presence of DMSO, below a threshold value, facilitates

pore nucleation (Moldovan et al. 2007). In experiments

with giant unilamellar vesicles (GUV) it is also found that

detergents reduce the line tension of pores (Puech et al.

2003). A similar pore-stabilizing effect via line tension

attenuation is also hypothesized by Huang as a second

characteristic role of the active peptides. From this, he

estimates the radius of a stable pore to be in the range

1–2 nm for the case of magainin in DMPC:DMPG (3:1)

membranes (Huang et al. 2004), coinciding with mea-

surements by neutron diffraction (Ludtke et al. 1996).

Evidence of line tension reduction by active peptides has

been obtained in the presence of the Bax-a5 fragment. This

peptide originates shape changes and coalescence of liquid-

ordered domains in phase-separated bilayers, as observed

by fluorescence microscopy of GUVs and in situ atomic

force microscopy (AFM). The line tension changes were

further analyzed in AFM film-rupture experiments (Garcı́a-

Sáez et al. 2007) and agree with results of another AFM

study of membrane remodeling for a variety of pore-

forming and cell-penetrating peptides (Shaw et al. 2008).

Thus, pores stand as a response of the bilayer to peptide-

induced internal tension, and the peptide further helps by

maintaining the pore stable and with a defined size (Huang

et al. 2004; Lee et al. 2008; Ludtke et al. 1996).

Structure of pores induced by peptides

There is now a growing consensus around the idea that the

pores stabilized by most cationic membrane-active pep-

tides are of toroidal type (Zasloff 2002; Almeida and

Pokorny 2009; Fuertes et al. 2010b). These pores

correspond to Glaser’s hydrophilic pore (Glaser et al.

1988), defined by Matsuzaki as a supramolecular peptide–

lipid dynamic complex (Matsuzaki et al. 1996) and by

Huang as the worm-hole model (Ludtke et al. 1996). Direct

evidence and a low-resolution structure for such a lipid-

based arrangement, in this case for pores induced by the a5

active fragment of the protein Bax (Garcı́a-Sáez et al.

2005), have been provided by grazing-angle X-ray dif-

fraction using supported bilayers with brominated lipids

(Qian et al. 2008b) (Fig. 5). The lipid electron density

clearly shows a circular pore with toroidal geometry, with

the monolayers fused at the pore wall. Two facts should be

realized from this structure: (1) It corresponds to an equi-

librium state, with equal distribution of peptides across the

membrane (in the two monolayers), since the membranes

were prepared by reconstituting lipids and the peptide from

homogeneous mixtures; and (2) It provides information

only about the lipidic membrane edge of the pore, since the

analyzed diffraction data correspond only to the electro-

dense brominated lipids. Thus, the model unfortunately

gives no clue about the arrangement of peptides, which are

assumed to bind near the pore wall. The relative orientation

of the peptide in the membrane is taken as that inferred

from changes of the circular dichroism spectrum in ori-

ented bilayers as a function of the P/L ratio beyond a

threshold value (P/L)*, which occur in parallel to mem-

brane thinning (Ludtke et al. 1996). Interestingly, recent

calculations, using an implicit membrane model, predict

preferential binding of various cationic antimicrobial pep-

tides, with an oblique orientation, at the edge of toroidal

pores, which seems to be related to their imperfect am-

phipathicity (Mihajlovic and Lazaridis 2010).

On the other hand, simulated structures of peptide-

induced pores have been obtained by MD at atomic reso-

lution (Leontiadou et al. 2006; Sengupta et al. 2008; Jean-

François et al. 2008), which although agreeing essentially

with the toroidal model, are rather disordered in shape and

for the arrangement of lipids and peptides. However, the MD

studies simulate principally an asymmetric peptide attack to

the membrane, and the reported structures correspond to

snapshots or small time windows of individual pores. Mul-

tiscale simulations, combining coarse-grained and atomistic

resolution, were also performed and reached up to tens of

microseconds (Thogersen et al. 2008; Rzepiela et al. 2009),

but this time scale is still very far from the equilibration time

inferred from experiments with single vesicles (Fuertes

et al. 2010a), and the simulated pores likely correspond to

intermediate states. Therefore, the pores from MD simula-

tions are not directly comparable to the equilibrium exper-

imental structures (Qian et al. 2008b), but rather with kinetic

pores formed at short time after peptide biding to vesicles

(Yandek et al. 2007; Gregory et al. 2008; Fuertes et al.

2010a). Nevertheless, the MD trajectories have great value
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to understand, at molecular level, the requirements for pore

induction; for example, they show that a particular type of

secondary structure is apparently not strictly needed, since

pores are found with disordered, a-helical [magainin and

melittin (Leontiadou et al. 2006; Sengupta et al. 2008)] and

b-sheet peptides [cateslytin (Jean-François et al. 2008)].

However, the influence of peptide helicity described for the

case of magainin (Rzepiela et al. 2009) emphasizes the

importance of amphipathicity. In fact, although the peptide

charge is determinant, its effect depends on the peptide

sequence (Sengupta et al. 2008; Jean-François et al. 2008).

Simulations also show that peptide binding prior to pore

formation decreases the order of adjacent lipids and

increases fluctuations of local thickness (Sengupta et al.

2008). Below, we try to relate the latter perturbations to the

capacity of the peptide to reduce the activation energy for the

transition to a pore state.

Peptide-driven pore induction: a catalysis-like effect?

As we have discussed, formation of hydrophilic pores in

lipid membranes is generally hindered by high activation

energies, which manifest as a low frequency of membrane

permeability in the absence of perturbation factors. Thus,

to interpret pore induction by active peptides, we may

consider their role for reducing the energy barrier by way

of facilitating lipid reorientation, which is needed to yield

the hydrophilic pore (Wohlert et al. 2006; Tieleman and

Marrink 2006). The type of local defects from which such

lipid reorganization occurs may be regarded as the transi-

tion state. Because the peptide binds favorably to the

membrane interface, a reduction of the activation energy

involves an even more favorable binding affinity of the

peptide to the transition state (Fig. 6). This has resem-

blance to an induced fit (Koshland 1958), and in practice

the peptide may be viewed as exerting a catalysis-like

transformation of the bilayer from a nonporated to a

porated state. We must, however, stress that the concept

that we are proposing cannot be assimilated easily into

classical catalysis. First, the peptide action also involves

stabilization of the pore once it is formed (Fig. 6). This, as

we discuss below, is associated with reorganization of the

peptide–membrane complex, including a change of pore

size, and has the consequence of shifting the equilibrium

towards the membrane porated state; i.e., the putative

catalyst, the peptide, participates also as a reactant. Sec-

ondly, the decrease of the activation energy arguably

depends on the amount of membrane-bound peptide.

The nature of the transition state remains undefined.

Nevertheless, it may be approximated by a membrane state

prone to water defects, similar to those reported in some

simulations (Böckmann et al. 2008; Thogersen et al.

2008). The preferential binding of membrane-active pep-

tides for domain boundaries (Garcı́a-Sáez et al. 2007;

Shaw et al. 2008), which are defect-prone regions, would

in fact push the membrane towards the transition state. MD

simulations also show that binding of membrane-active

peptides (magainin and melittin) is accompanied by dis-

order of neighboring lipids and a nonlinear, P/L-dependent

increase of thickness fluctuations, which helps to drag the

lipid head-groups toward the membrane interior and thus

offers a plausible mechanism for reduction of the activation

energy (Sengupta et al. 2008).

Formation and evolution of pores: a play in two acts

Huang’s model of pore formation assumes a transition

between two states on the basis of the changes of peptide

a

b

Fig. 5 Bilayer structure at the edge of a peptide-induced lipid pore.

The lipidic outline of the pore is viewed from the electron density of

brominated lipids, resolved by grazing-angle X-ray diffraction (Qian

et al. 2008b) a. The structure corresponds to the pore induced by the

a5 active fragment of the protein Bax. It shows continuous electron

density between the two monolayers at the pore edge, as expected for

the case of toroidal pores with a wall lined (at least partially) by

lipids, drawn schematically in b, where the bromine labels in the acyl

chains of lipids are represented as small balls in lipids within a

dashed-line box. Because these experiments do not provide data about

the peptide part, we have purposely omitted it from the cartoon. A

different pore-edge structure, with no participation of lipid head-

groups in the wall, was found for the pore formed by alamethicin (a

nonionic amphipathic peptide), which is in agreement with a barrel-

stave model (Qian et al. 2008a). However, such a type of pore does

not appear adequate for the majority of pore-active peptides, which

are of cationic character, and it is thus not discussed in this work. The

figure in A is reprinted with permission from PNAS, Volume 105

(Qian et al. 2008b) � 2008 National Academy of Sciences, USA
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orientation around a threshold (P/L)* (parallel versus per-

pendicular to the membrane) and of the membrane thinning

reaching a plateau for the same (P/L)* (Huang 2000). This

was latter supported for magainin (Tamba and Yamazaki

2005) and melittin (Lee et al. 2008) by kinetic studies

using single GUVs. Pore induction by peptides starts with

an asymmetric attack to the external (accessible) mono-

layer (Fig. 7a). The peptide, initially unfolded in water, is

driven to fold in the membrane interface due to the more

favorable partitioning of hydrogen-bonded peptide groups

(Ladokhin and White 1999). As discussed above, the

interfacial peptide accumulation causes area stretching and

membrane thinning, equivalent to an internal surface ten-

sion (Ludtke et al. 1995; Huang et al. 2004). At this early

stage, the tension is exerted asymmetrically, just in the

accessible monolayer (Gregory et al. 2009; Tamba and

Yamazaki 2009). MD simulations suggest (Sengupta et al.

2008; Jean-François et al. 2008) that such an imbalanced

perturbation (area expansion and electrical imbalance,

arising from the peptide charge) plays a determinant role.

The asymmetric tension and lipid fluctuations increase with

the amount of bound peptide (Sengupta et al. 2008), and so

should also increase the probability for defect formation

(Fig. 7b), up to a point where pore formation is no longer

kinetically hindered. In an MD study of the stability of

membranes under a strongly asymmetric lateral pressure,

simulated using a different number of lipids in the two

monolayers (Esteban-Martin et al. 2009), it has been

shown that, in an asymmetrically expanded bilayer, the

packing of the compressed monolayer significantly retards

membrane rupture. However, for the case of asymmetric

expansion due to binding of peptides in just one monolayer,

the situation can be rather different if the peptides exhibit

preferential binding to the transition state (i.e., to bilayer

defects), since this will lead to a reduction of the activation

energy barrier. This is the basis for the proposed catalysis-

like action introduced above.

Once formed, the pore serves as a mechanism to relieve

the initial asymmetric tension (Fig. 7c); but, contrary to

what is often assumed, pores corresponding to the initial

attack do not close after equilibration. In a careful analysis

of successive leakage events in single GUVs porated by

Bax-a5, we have recently shown (Fuertes et al. 2010a) that

the porated state of vesicles is maintained over long periods

of time (Fig. 8) and up to equilibrium conditions. However,

initial pores are large, with an estimated radius near 5.8 nm

on the basis of size discrimination for release of dextrans

(Garcı́a-Sáez et al. 2006), and relax to pores of about

2.3 nm radius (Fuertes et al. 2010a). A reduction of the

pore size has been also suggested for melittin (Matsuzaki

et al. 1997) and magainin (Tamba et al. 2010). Thus,

generalizing to other cationic membrane-active peptides,

we may conclude that pores formed immediately after

peptide attack are in a transient state that relaxes to smaller

pores (Fig. 7d). Pore shrinkage is likely due to the re-

equilibration of the peptides across the bilayer. Addition-

ally the peptides are able to stabilize the lipidic toroidal

pores probably through a reduction of the line tension via

interactions at or near the pore edge (Mihajlovic and

Lazaridis 2010).

Finally, a few words should be added about the role of

peptide aggregation for the induction and stabilization of

pores. Although oligomers are not a necessary requirement

for the mechanism just described, it is clear that aggrega-

tion should facilitate the pore formation process. Aggre-

gates are expected to have stronger capacity to increase

membrane fluctuations and drive the appearance of defects,

and should thus involve a greater reduction of the activa-

tion energy, as suggested by MD simulations (Sengupta

et al. 2008; Jean-François et al. 2008). Similarly, proteins

should also exhibit a higher specific activity for pore

induction than peptides, especially for cases where more

than one membrane-active segment exists in the polypep-

tide chain, and this should be more enhanced even in cases

of protein aggregates. For example, the proapoptotic reg-

ulator Bax, which acts by porating mitochondria, possesses

two potent pore-inducing segments (a5 and a6), both

exhibiting independent activity (Garcı́a-Sáez et al. 2005,

2006; Guillemin et al. 2010; Valero et al. 2011). The indi-

vidual potency of fragments should add in the full-length

n Δ

Δ Δ

Fig. 6 Free energy along the reaction coordinate for opening of a lipidic

pore coupled to formation and reorganization of a peptide–membrane

complex. Starting from peptide and membrane free species an initial

membrane–peptide complex is formed favorably, with peptides

adsorbed at the interface. As peptides accumulate, the membrane is

stretched asymmetrically, causing thinning and increase of fluctuations.

Peptides are postulated to bind more strongly in zones of bilayer defects,

corresponding to the transition state, which reduces the activation free

energy (DGa) for lipid reorientation and lipidic pore formation. The DGa
*

energy barrier is expected to decrease with increasing the fraction of

membrane-bound peptide up to some threshold value. Additionally,

after the pore is formed, binding of the peptide near the pore rim

stabilizes it via reduction of the line tension. Notice that the first part of

the transformation resembles a catalyzed reaction
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protein, probably with some extra contribution from other

membrane-binding parts.

Concluding remarks

By reviewing defect-driven pore formation in peptide/

protein-free bilayers, both spontaneously and induced by

different types of stress, we show here that these pores are

clearly connected to pores formed in the presence of

membrane-active peptides, up to the point that the latter

can be best described as peptide-induced lipid pores.

Notwithstanding the importance of a broad family of

peptides as true specialists for pore induction, it can be

appreciated that the essentials of the pore formation

mechanism are shared by the different types of pores. We

reason that the long-recognized sealing capacity of bio-

membranes is mainly due to the background high acti-

vation energy for lipidic pore formation, which

corresponds to a barrier for nucleation of defects. How-

ever, defect-prone states such as phase coexistence, and

different perturbation factors, including external and

internal sources of tension, can lower the barrier and

increase pore likelihood. Litster’s pore nucleation theory

provides the basis for understanding pore stability.

Additionally, the mechanism, structure, and dynamics of

pores can be described by multiscale MD simulations,

which show hydrophobic pre-pore intermediates, first

consisting of water files, that grow and convert into a

hydrophilic pore lined by lipid head-groups. The same

basic framework explains pore induction by peptides.

They act as a membrane perturbation factor, similar to

other surface-active molecules, by stretching the mem-

brane after interfacial binding. This corresponds to an

internal increase of surface tension which decreases the

activation energy for pore opening and can thus be con-

sidered a type of catalysis. Additionally, the active pep-

tides stabilize the pore by reducing the line tension. The

recently determined structure of the hydrophilic toroidal

pore induced by the Bax-a5 fragment stands as a dem-

onstration of the peptide-induced lipidic pore hypothesis.

This type of pore is a highly dynamic structure. In a

biological context it should originate from an external

attack to the membrane outer monolayer. Then, it further

evolves to an equilibrium state where peptide molecules

distributed in the two monolayers stabilize pores of a

smaller size.

a

c

d

b

Fig. 7 General mechanism for pore induction by cationic amphi-

pathic peptides. a Pore-active peptides bind avidly to the accessible

interface of lipid bilayers, even if they are made of zwitterionic lipids.

Peptide binding is coupled to folding (in this case as an a-helix,

represented by a cylinder). The peptides occupy a volume only in the

interfacial region, causing asymmetric area stretching and membrane

thinning (Dh). As a consequence, fluctuations increase and defects

become more likely. b In the so-called Bex state (Tamba and

Yamazaki 2009), membrane perturbation increases with the amount

of bound peptides. We postulate (see the text and Fig. 6) that peptides

bind with higher affinity near bilayer defects, stabilizing them and so

reducing the activation energy for lipid reorganization and pore

formation, which would constitute the transition state. c Eventually,

the membrane yields and a pore is formed (so-called Pi state by

Tamba and Yamazaki). The initial pore is large (Tamba et al. 2010;

Fuertes et al. 2010a). As the peptides diffuse through the pore to the

opposite monolayer the accumulated asymmetric internal tension

diminishes and the pore tends to close due to the line tension at the

bilayer edge. However, the peptides bind near the pore rim and reduce

the line tension, until an equilibrium is reached with a smaller but

stable pore d. The appearance of pores can be understood as a phase

transition, and in the equilibrium state two phases coexist (Huang

et al. 2004; Huang 2009), namely S, with peptides bound essentially

parallel to the membrane and lamellar bilayer lipids, and I, with

peptides exhibiting a certain tilt rear the rim of pores and at the pore

wall formed by lipid head groups. The structure of such a toroidal

pore when induced by Bax-a5 has been characterized by grazing-

angle X-ray diffraction (Qian et al. 2008b)

b
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Membrane promotes tBID interaction with BCL(XL). Nat Struct

Mol Biol. doi: 10.1038/nsmb.1671

Glaser RW, Leikin SL, Chernomordik LV, Pastushenko VF, Sokirko

AI (1988) Reversible electrical breakdown of lipid bilayers:

formation and evolution of pores. Biochim Biophys Acta

940:275–287

Gregory SM, Cavenaugh A, Journigan V, Pokorny A, Almeida PFF

(2008) A quantitative model for the all-or-none permeabilization

of phospholipid vesicles by the antimicrobial peptide cecropin A.

Biophys J 94:1667–1680. doi:10.1529/biophysj.107.118760

Gregory SM, Pokorny A, Almeida PFF (2009) Magainin 2 revisited:

S test of the quantitative model for the all-or-none permeabili-

zation of phospholipid vesicles. Biophys J 96:116–131. doi:

10.1016/j.bpj.2008.09.017
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